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NUCLEAR STRUCTURE AND NUCLEAR PROPERTIES 

NUCLEAR SPECTROSCOPY STUDIES ON 237 Np 

E. Browne and F. Asaro 

The conversion electrons accompanying the alpha decay of 237Npwere studied by alpha-elec
tron coincidence experiments with solid- state detectors. The conversion electrons were measured 
in coincidence with all the a particles, with (a 23R + a 2 {2)' and with (aR6 + ( 104 ). In the last two 
experiments the source was mounted on the inSlae surlace of an Ai cylInder with the alpha and 
electron detectors facing the base of the cylinder. This experimental arrangement enabled both a 
particles and electrons to strike their respective detectors with reasonably high efficiency without 
passing through a backing plate. The full width at half maximum (FWHM) for the 200-keV electrons 
was 1.8 keY, and the alpha resolution was 22 keY (FWHM). 

We evaluated the conversion coefficients of most of the transitions, using the electron intensi
ties obtained from these experiments and the y- ray intensities from our previous a-y coincidence 
and y-ray singles experiments. 1 The transition rnultipolarities of most of the y rays were obtained 
by comparing our experimental conversion coefficients with those calculated by Sliv and Band. 2 
The decay scheme of 23jPa based on our experimental results is shown in F)g. 1. 

We had previously made the single-particle Nilsson state3 assignments, n + (N, n , A), of 
3/2 + (651) and 5/2 + (642) to the rotational bands whose lowest energy states were at !f6 and 238 
keY respectively. 1 We now believe the state at 212 keY is probably the 5/2 member of the 1/2 + 
(400) Nilsson state mixed with the 1/2 + (660) state through a .6.N = 2 coupling. 3 This type of inter
action would be significant only in that limited ]~ion of the Nilsson diagram where the states are 
close together in energy. This is the case in 2 Pa, for which the orbits effectively cross each 
other at a deformation of 5 = 0.22. The states at 201.8 and 279 keY are probably the 3/2 and 7/2 
members of the same rotational band. The low hindrance factors of the alpha groups that pOl?ulate 
the members 'of the 3/2 + (651) rotational band, as well as the 5/2 and 7/2 members of the 1/2 + 
(400) "mixed" band, could be explained by a Coriolis coupling of these bands with the favored band. 
The Coriolis coupling of the 1/2 + (400) "mixed" band with the favored band is due to the admixture 
of the 1/2 + (660) state in the 1/2 + (400) level. This coupling introduces large admixtures of the 
favored rotational band in the wave functions of the states mentioned above, leading to relatively 
strong alpha transitions populating these levels. 

We performed calculations which included both Coriolis and .6.N = 2 interactions in order to ob
tain the energies as well as the admixtures of the perturbed states. The secular equations for each 
spin were solved by using a computer program written by Thomas P. Clements of this Laboratory. 
This program solved the secular determinants for all the I values involved, simultaneouslyadjust
ing all the parameters until a least- squares fit to the experimental levels was made. We used 10 
parameters in our calculations, including the matrix element of the .6.N = 2 interaction. The best 
least-squares fit was obtained with a value of -37 keY for the .6.N =2 interaction matrix element. 
This value is of the same order of magnitude as that calculated for A = 160 by Andersen. 4 The 
following admixtures of the 5/2 + (642) band were obtained in the members of the 3/2 + (651) and 
1/2 + (400) bands: 

State energy I K 2 
a K = 5/2 

(keV) (~) 

86.6 5/2 3/2 26 

103.7 7/2 3/2 39 

107.8 9/2 3/2 29 

212.3 5/2 1/2 36 

279 7/2 1/2 3 
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Becaus e of the large nUITlbe r of paraITlete rs in our calculations, the excellent ag reeITlent be
tween calculated and experiITlental energies could have been fortuitous. As a check on the quality 
of our final wave functions we evaluated the '{-ray transition probability ratios expected froITl these 
values. As seen in Table 1, the ratios for unITlixed Nilsson wave functions (coluITln 4) differ con
siderably froITl the experiITlental values, in SOITle cases about an order of ITlagnitude. With our 
final IITlixed" wave functions, the theoretical results were consistent with the experiITlental values. 
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1968, p. 1. 

2. L. A. Sliv and 1. M. Band, Tables of Conversion Coefficients are given in the book, 
Alpha, Beta and GaITlITla-Ray Spectroscopy, Vol. 2, Ed. by Kai Siegbahn (North-Holland Publishing 
Co., AITlsterdaITl, 1965), p. 1939. 

3. S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. -Fys. Medd 29, No. 16 (1955). 
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Table 1. Reduced M1 GaITlITla Transition Probability Ratios in the Alpha Decay of Np237 

Ki-+Kf \-+If' It' 

B 143 . 3 5 3 5 3 
--+- --+-

B 151.4 2 2 2 2 ' 

B 143 . 3 5 3 5 3 
--+- --+-

B 134 . 3 2 2 2 2 ' 

B 117 . 6 1 3 5 3 
--+- --+-B . 2 2 2 2 ' 125.5 

B 117. 6 1 3 5 3 
--+- --+-

BiOS 2 2 2 2 ' 

B 214 .0 5 3 7 5 
--+- --+-

B197 2 2 2 2 ' 

B 214 .0 5 3 7 5 
--+- --+-

B 193 .0 
2 2 2 2 ' 

B197 5 3 7 7 
--+- --+-

B 193.0 2 2 2 2 ' 

5 
"2 2.33 

7 
"2 14,0 

5 
"2 0.15 

7 
"2 0.14 

7 
"2 1.4 

9 
"2 6.43 

9 
"2 4.57 

Theoreticala 

value 

2.S 

6.5 

32 

1.1 

1.S 

3.4 

1.9 

ExperiITlental 
value 

2.S ±0.4 

5 ±2. 

~1.3 

1.9 ±0.6 

a This value was obtairied by taking into account the ·ITlixing of the rotational bands. 

b B 193 .0 used in this coluITln was obtained froITl the theoretical ratio (B214.0);(B193.0) = 3.4 

and the experiITlental value of B 214 .
0

. . 
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Fig. 1. Alpha decay sche:me of 237Np . 

ALPHA DECAY OF 238 pu 

C. M. Lederer, F. Asaro, and 1. Perl:man 

Alpha branches as weak as 10- 60/0 can be :measured by coincidence techniques. 1,2 Due to the 
strong energy dependence of the a-decay process, even this high sensitivity is sufficient to observe 
only the lowest and least hindered intrinsic states in even-even nuclei. Si:mple y-spectral :mea
sure:ments on strong sources are potentially :more sensitive, but are subject to :many difficulties: 
sa:mples :must be exceedingly clean, nuclear reactions of the a particles on the source and sur
rounding :materials can give rise to spurious y rays, 1 and spontaneous fission gives rise to co:m
plex y spectra which place the ulti:mate li:mit on sensitivity for :many isotopes. We have used a 
si:mple new technique in an atte:mpt to solve the sirst two of these difficulties, and thereby: ~uc
ceeded in the observation of a branches fro:m 23 Pu to :me:mbers of five excited bands in 2 4U. 

Ga:m:ma spectra of two 238Pu sources, of different origins and with diff~rent environ:ments, 
were studied with a Ge(Li) spectro:meter. Source I consisted of 300 :mg of 2j8Pu as the oxide in a 
stainless steel bottle, loaned to us fro:m Oak Ridge. Source II was prepared fro:m :material (2.8 :mg) 
available in this Laboratory. After che:mical purification by anion exchange. it was evaporated 
fro:m solution in a quartz tube attached to a stopcock and sealed under heliu:m. This excludes at
:mospheric nitrogen, which would otherwise result in production of an 871-keV y ray fro:m the re
action 14N(a,p)f70*. 1 
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In Table I we cOInpare the spectra of the two sources. The intensities of low-energy transi
tions from source I were corrected for self-absorption by using the source II intensities for a few 
strong lines whose assignments are certain. 

Gamma rays present in only one source, or whose intensities in the two sources are different, 
can be assigned to "impurities." Of the remaining 'I rays, only those at 208, 238 and 305 keV do 
not fit between known levels or inferred rotational states of the very well-known 234U level spec
trum. 3-~38 We believe these three lines are also due to impurities, but cannot exclude their assign-
ment to Pu Ct decay. 

Table II summarizes the data obtained from both sources. The energies are recalibrated with 
the use of internal standards in separate measurements .. Absolute intensities are obtained by nor
malizing to the 100- and 153-keV 'I rays, whose intensities were determined by absolute Ct andy 
counting. Considerable information c,;n be derived from the Ct- andy-branching intensities; these 
are discussed in a forthcoming paper. . 
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6. C. M. Lederer, F. Asaro~nd 1. Perlman, The Alpha Decay of 238 pu and 236pu 
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Table 1. 
238 

Gamma rays from the two Pu sources. 

Source I (300 mg) Source II (2.8 mg) 

Energy (keV) Intensity Energy (KeV) ~ntensity 

not measured U Ka 1 
315 ± 30 

99.8 [2.80 X 10 4 ]~' 99.8 (2.80 ±0.18)X 10
4 

not measured UK I 238±55 
(31 

not measured UK I 74 ±48 

[3865] * 
. (32 

152.33 152.23 3865 ±250 

194.54 3±1 

196.95 22 ±4 

199.41 4.3 ± 1.0 199.62 28(grows) 

200.80 [ 15]':' 200.88 15 ±3 

203.80 0.7 ±0.2 

207.99 0.8 ±0.3 207.89 0.8 ±0.2 

209.68 1.2 .±0.3 

210.75 0.87 ±0.15 

211.65? 0.15±0.10 

214.37? 0.19±0.08 

228.10 3.3 ±0.3 

235.87 0.O4±0.02 236.0 0.04 ±0.03 

238.60 0.42 ±0.05 238.50 0.61±0.15 

247.52? 0.45 ±0.20 

252.52 3.0 ±0.2 252.55 20(grows) 

258.25 0.34 ±0.04 258.27 0.38±0.10 

263.66? 0.13±0.06 

277.68 4.4 ±0.3 

279.90? 0.12 ±0.07 

285.54 0.25 ±0.03 

295.41 0.33 ±0.10 

299.27 0.19±0.04 299.23 0.26±0.10 

305.54 0.45 ±0.05 305.44 0.61±0.10 

312.01 0.25 ±0.03 

315.97? 0.10 ±0.06 

332.71 0.11 ±0.03 

335.04 0.21 ±0.03. 

338.03 0.09 ±0.05 

344.62 0.10 ±0.05 

350.87 6.0 ±0.4 350.72 4.9 ±0.3 

368.47? 0.08 ±0.04 

375.36? 0.10 ±0.05 

393.16?? 0.03 ±0.03 

413.63?? 0.05 ±0.03 



6 

Table 1- ( continued) 

Source I (300 mg) Source II (2.8 mg) 

Energy (keV) Intensity Energy (keV) Intensity 

439.86 0.26 ±0.07 

511 (y±) 0.30 ±0.05 511 (y±) 1.3 ±O.1 

513.78 0.21±0.10 

583.21 0.44 ± 0.06 583.03 9.5 ±0.4 

586.457 0.26 ±o. 16 

589.4 77 0.07 ±0·.O4 

609.30 0.86±0.10 

669.62 0.45 ±0.09 

672.23 0.20 ±0.08 

692.127 0.10±0.04 692.51 0.48±0.12 

693.697 0.08 ±0.04 

694.33 0.38±0.10 

696.82 0.39±0.10 

706.10 0.42 ±0.07 706.15 0.42 ±0.07 

708.46 1.20 ±0.07 708.42 1.09 ±0.08 

718.24 0.78±0.08 

742.82 23.1 ±0.4 742.72 23.3 ±0.5 

766.40 100 766.38 100 

770.35 1.9 ±0.5 

786.30 14.4 ±0.3 786.27 14.5 ±0.3 

805.81 0.58 ±0.05 805.72 0.54 ±0.05 

808.25 3.41 ±0.08 808.20 3.39±0.10 

819.41 0.08 ±0.03 

831.36 0.06 ±0.03 

846.86 0.51 ±0.04 

851. 79 5.83 ±0.17 851. 70 5.70 ±0.20 

865.0 0.63 ±0.15 

867.6 0.77±0.20 

870.76 31.2 ± 1.5 870.68 1.40 ±0.08 

874.827 0.45 ±0.25 

880.56 0.85 ±0.08 880.52 0.58 ±0.08 

883.31 3.68 ±0.10 883.24 3.37±0.12 

890.60 3.34 ±0.15 

904.52 0.29 ±0.03 904.33 0.32 ±0.06 

911.18 0.60 ±0.06 

911.75 0.06 ±0.03 

914.27 0.02 ±0.02 

918.67 0.13 ±0.03 

924.27 0.37 ±0.04 



~:< 
The intensities of these '{ rays from Source II were used to correct for self-absorption in 

Source 1. 
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T bl II B t . d . t .. f . d 238 a e . es energles an ln ensltles or'{ rays asslgne to Pu a decay. 

Energy (keV) 

43.50 ±O. 04a 

UKa2 

99.84 ±0.04 

U KI3~ 
UK132 

152:71 ±0.05 

200.9 ±0.2 

235.9 ±0.3? 

258.3 ±0.2 

299.2 ±0.2 

706.1 ±0.3 

708.42 ±0.20 

742.77±0.10 

766.39±0.10 

786.30 ±0.10 

805.8 ±0.3 

808.25±0.15 

851.70±0.10 

880.5 ±0.3 

883.23 ±0.10 

904.37±0.15 

926.72±0.15 

,941.9 ±0.2 

946.0 ±0.3 

1001.03±0.15 

1041.8 ±0.3 

1085.4±0.3 

Relative 
lntensity 

315 ± 3D 

28000 ± 2000 

238 ± 55 

74 ±48 

3865±250 

15 ± 3 

0.04 ±0.02 

0.35 ±0.05 

0.20 ±0.05 

0.42 ±0.06 

1.15 ±0.09 

23.2 ±0.4 

100 

14.5 ±0.3 

0.56 ±0.06 

3.40 ±0.08 

5.79 ±0.20 

0.7 ±D.2 

3.43 ±0.15 b 

0.30 ±0.04 

2.53 ±0.10 
b 

2.06 ±0.09 

0.40 ±0.06 

4.39 ±0.14 

0.84 ±0.07 

0.34 ±0.04 

'{/aX10
7 

3800 a 

10.4±1.5 

920 ± 60 

7.8 ±2.0 

2.4±1.6 

127 ±9 

0.5 ±0.1 

0.001 ±0.0005 

0.011 ±0.002 

0.007 ±0.002 

0.014 ±0.002 

0.038 ±0.004 

0.76 ±0.07 

3.3 ±0.3 

0.48 ±0.04 

0.018 ±0.002 

0.11±0.01 

0.19±0.02 

0.023 ±0.003 

0.11±0.01 

0.010 ±0.002 

0.083 ±0.008 

0.067 ±0.007 

0.013 ±0.002 

0.14 ±0.02 

0.028 ±0.003 

0.011 ±0.002 

PlaceITlent 

02+ -+ 00+ 

04+ -+ 02+ 

06+ -+ 04+ 

08+ .:. 06+ 

02+" -+ 03-

00+" -+ 01-

02+" -+ 01-

03- -+ 04+ 

02+' -+ 04+ 

01- -+ 02+ 

00+' -+ 02+ 

01- -+ 00+ 

03- -+ 02+ 

02+' -+ 02+ 

02+' -+ 00+ 

23- -+ 04+(?) 

22+ -+ 02+ 

04+' -+ 02+ 

22+ -+ 00+ 

02+" -+ 04+ 

22- -+ 02+ 

00+" -+ 02+ 

02+" -+ 02+ 

02+" -+ 00+ 

a. The energy and intensity of this transition are taken froITl the literature. 

b. The intensities of these lines froITl source I were corrected for sITlall contributions froITl 
238N p'{ ray·s. 
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TABLE OF ISOTOPES 

J. M. Hollander and C. M. Lederer 

The sixth edition of the Table of Isotopes, a compilation of radiation and level-scheme infor
mation on radioisotopes, was published in 1967. Planning has recently begun for the seventh edi
tion of the Table, and we summarize here some of the new aspects of this compilation effort. 

The major problem encountered today in the nuclear data compilation field is a result of the 
so-called "data explosion"; data are being produced at a rate that challenges our ability to assim
ilate them. We are making an effort to come to grips with this problem as it relates to nuclear 
data compilation. 

The sixth edition of the Table, as the preceding ones, was produced in the "traditional" way, 
that is, all operations--including the abstracting of data, drawing of level schemes, and preparing 
of master data sheets--were done by hand. A disproportionate amount of time was consumed by 
this type of hand work, and it was additionally wasteful because of the multiple proofreading oper
ations that necessarily had to accompany the copying and recopying of information. A major goal 
in producing further editions of the Table is to eliminate such wasteful expenditures of compilers' 
time on mechanical operations, so that the time can be better spent where it is vitally needed, on 
the analysis of data. 

We are developing a new mechanics of compiling that centers around digital data files (mag
netic tapes) containing all references, data, and level schemes, and involving also associated 
computer methods for creating, editing and updating these files. Future editions of the Table of 
Isotopes will be produced directly from these files, thereby elirninating most of the repetitious 
and time- consuming hand operations that have been unavoidable in the past. Benefits of this new 
approach will include (a) dramatic reduction of the time between literature cutoff and publication 
dates, (b) the production of new editions more frequently, and (c) the possibility of producing a 
variety of secondary compilations {i. e., a table of '{ rays in order of energy from neutron-capture
induced activities) with little additional effort. 

We emphasize our intent to computerize the mechanical aspects of compiling and not the intel
lectual aspects. On the contrary, by minimizing wasted effort in mechanical operations by the 
compiler, the use of computers can enhance his ability to serve his primary goal of accurate and 
speedy data recording and analysis. Computerization will in fact promote better and more effi
cient use of both scientific manpower and support effort. 

The first step in computerizing a nuclear data compilation is to develop appropriate input and 
~diting systems, which do not now exist. We regard the use of abstract symbolisms in input oper
ations (presently required in key-punch devices) as antithetical to the goal of accuracy, so we have 
developed an expanded character input device (shown in Fig. 1) which will accommodate on its key
board all the symbols of nuclear physics, plus provisions for variations in language, font, etc. 
Although this device is now operational as a card punch, we are working toward conversion to a 
direct input- to- tape device with simultaneous CRT display, for ease in proofreading, editing, and 
updating. Examples of how textual proofreading material from the Table will appear on the CRT 
display (or photorepro therefrom) are shown in Fig. 2. Level schemes, too, can be generated 
graphically by computer and displayed on CRT, or plotted, for proof checking: Fig. 3 is an ex
ample of a computer-plotted level scheme. 

For final output and publication, much finer-resolution devices, such as photocomposers, 
will be used. Work is in progress on the development of programs for outputting textual and graph
ical material on these devices. 

Further details of the Table of Isotopes program, including flow diagrams and descriptions of 
the compiling process, are given in UCRL-18530, from which this report was abstracted. 
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Fig. 1. The expanded character keyboard for inputting data into Tab l e of Isotopes files. 

XBB 68 10-6032 
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~ {3- (GoeR49) 
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~ fr.1 EC] (CumJ55. 
LindnL55a. CumJ59). 
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Re l80 (90 h): 
I: 1. J.t: + 1.728alomic beam (ArmL65) 

rr: 1.071 (t77). 0.933 (t23) mug specl. {3"1 coinc (PorlF56) 
olhers (MalyL64. JohnM56. Slem51. MelF51. GranN9a. LangeU9. 
DeacL49a.DashE63a) 

"I wilh {3-:"la 0.13716 crysl specl (MarkI63) 
"la 0.1372 (t,IOO. e~h 0.44. K/t.,...lL. 91/100/58)."13 0.632(t~0.37). 
"I, 0.768 (t~0.41) mag specl. mag specl cony. scinl specl (MalyL64) 

"la (L.i L. 1.24) mag specl cony (SwanJ53.SwanJ53b) 
"I wilh EC:"lt 0.1227 (t~/t~("I.) 0.073. e~/"I 0.53. K/t.,.,/L. 91/ 100/76) 

mag specl. mag specl cony. scinl spect (MalyL64) 
olhers (RiceM55. PorlF56. JohnM56. Nie1K58. ENesM63a. Slem51. MelF51. 

AjzF56. AnloN53. ThosB64) 
n(O): (LindqT57d. KinW59. BodE6la. LerjC61. VervJ63) 
(3"1(O): (DuIH63. NoveT56) 
(3"1 polariz(O): (DeIM61. DeuJ60) 
Isomeric level of Re l8a: lj 7.0 x 10-6 s delay coinc (BranK64) 

prod: Re 187("I.n) "I: K X-rays (t).80).0.10 (t~I). 0.13 (t~l) scinl 
specl (BranK64) 

XBL 6811-6178 

Fig. 2. Computer-generated CRT displays of sec
tions from the 6th edition of the Table of Isotopes. 
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Fig. 3. Computer-drawn level scheme as would be used for proofreading and editing pur
poses. 

STUDY OF LEVELS IN 92 Mo AND 9 4
Ru 

BY IN-BEAM ,,{-RAY SPECTROSCOPyt 

J. M. Jaklevic, C. M. Lederer, and J. M. Hollander 

The excited states of 92Mo and 9
4

Ru populated in (a, 2n) reactions have been studied by in-beam 
"{- ray spectroscopic techniques. The study was performed by using Ge( Li) detectors to observe the 
"{ rays emitted from isotopically enriched targets of 90 Z r and 92Mo bombarded with 3D-MeV a par
ticles at the Berkeley 88-inch sector-focused cyclotron. Preliminary measurements consisted of 
in-beam single "{-ray spectra and two-parameter data of "{-ray energy vs time. In these latter 
measurements the time distributions of"{ rays relative to the preceding beam pulse are observed 
in order to measure the lifetimes of isomeric states. 1 . For 3D-MeV a particles at this cyclotron, 
natural beam bunching produces pulses of "" 4 nsec width at intervals of 163 nsec. These param
eters plus the instrumental time resolution of the Ge(Li) detectors impose a practical limit upon 
the range of half-life measurements by this technique of 2 nsec ,,; T 1/2"; 500 nsec. 

Figure 1 shows the level schemes for 92Mo and 94Ru based on the results of this work. The 
ordering of the levels in the decay chain is based on considerations of intensity balance. Addi
tional data obtained with two Ge(Li) detectors in coincidence unambiguously support the level as
signments for both isotopes. 
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The s~in assignments are based on 'angular distributions of the y rays relative to the beam 
direction. Measurements of these distributions together with additional information concerning 
the presence or absence of cross-over transitions support the spin and multipolarity assignment 
indicated. 3 

The half-life of the 8+ to 6+ in 92Mo tran~ition and the energies of levels throu~h the Z761-keV 
state are in a~reement with previous results. The positive-parity states can be described as 
simple (g9 / Z) excitations. The spin 5 state has been tentatively assigned negative parity by com
parison wltli a similar sequence in 90z r . 

This investigation discloses the existence of new levels, which appear from their simple pat
tern of deexcitation to constitute a "band" of related states, based on the 5- level. The probable 
{Pi IZ);r (gq/z);r configuration of this state and the spin 11 of the highest member suggest the four
prot~n con~iguration (p1/Z)(g9/z)3 .. The tran~ition probability of the ~ 1.- ..... 9- EZ Y ray, 1.5 si.ngle-
partlcle umts, lends support to Ehe lnterpretatlon of these levels as anslng from the same conflg- . 
uration. 

In 94Ru we fail to find 'an iso~er analogous to the 4487-keV 11- state of 9ZMo . The 3655- and 
4346-keV levels are probably of similar structure to the 7- and 9- levels of 92Mo . Angular distri
bution measurements are consistent with these assignments although the large observed asymmet
ries for the 691- and 1033-keV transitions allow other possible assignments. However, the tran
sitions which follow them are prompt (t1/z < Z nsec), and we do not observe any strong transitions 
feeding the 4346-keV level. This may be related to the appearance of a second 9- level below t~e 
11- level, or the greater spacing between the 11- and 9- levels in the calculated level scheme. 

Z In the positive parity band of 94Ru we note that the transitions are greatly retarded relative to 
9 Mo. This trend is to be expected as one adds more particles to the g9 I level. The half-life of 
74 ± 7 nsec for the 6+ state, measured by delayed y-y coincidence and confrrmed by analysis of the 
complex decay curve of the 311-keV y ray with respect to the beam pulses, is in reasonable agree
ment with the calculated value of Z9 nsec. 5 However, the apparent half-life of the 8+ state, 71 ± 5 
f-Lsec, is larg1-r than p'redicted by a factor of ~ZO. This is especially surprising, since the half
lives of the 8 and 6 + levels should be simply related by a common effective quadrupole moment 
for the gq IZ proton. This half-life is measured by studying the decay curves of the 145- and 311-
keY transi'tlOns in the microsecond pulsed beam at the heavy-ion linear acce~erat<;.r. We have 
considered the.possibility that a 71- f-Lsec isomeric transition precedes the 8 ..... 6 transition, but 
there is no evidence for such a transition. 

The closed 50-neutron shell and the assumed simple proton structure of the observed states, 
involving only two orbitals, provide a simple model for theoretical calculations. Figure Z shows 
a comparison of the observed level scheme with the ~elevant theoretical states as calculated by 
assuming the abov&mentioned orbital configuration. In addition to the obvious agreement be-
tween the observed levels and the calculated states, the orde:s of the calculated level also explains 
the failure to observe even-spin members of the (P1/z) (g9/z) configuration. 
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Fig. 2. Comparison of observed levels with those calculated in Ref. 5. 

SYSTEMATICS OF EVEN-EVEN Mo AND Ru NUCLEI 

J. M. Jaklevic, C. M. Lederer, and J. M. Hollander 

As part of the program of in- beam y- ray spectroscopy at the 88-inch cyclotron, a study is 
being made of the e~1ited state~ of even-even Mo and Ru istopes. A detailed study of the N = 50 
closed- shell nuclei ':J Mo and 9 Ru has been completed, and is described in the preceding paper. 
Techniques similar to those discussed therein have been applied to the heavier Mo and Ru isotopes 
in an attempt to establish the systematic trends of energy levels and possible isomers as one in
creases the neutron number beyond N = 50. 

. 92 94 96 98 94 96 98 100 102 " The even- even Isotopes ' , , Mo and ' , , , Ru we re studIed by USIng the (Of, 2n) 
reaction on the appropriate Zr and Mo targets. The only evi'\r.rce for isomerism ( T 1/2 > 2 nsec) 
attributed to these isotopes is a state of 100-nsec half-life in Mo. We have established the loca
tion of this isomer in the level scheme, although further data will be necessary before the detailed 
character of this state can be determined. 

In each of the isotopes studied it has been possible to tentatively assign energy levels up to 
and including In = 8+. These data are summarized in Fig. 1. States indicated by heavy lines 
refer to previously established levels. 1,2 The levels of 104 Ru have not been studied9tn this work, 
but are included because of their relevance to the discussion. With the exception of Mo, 98Mo , 
and 102 Ru, the cascade relationships have been verified by y-y coincidence measurements. Since 
angular distribution measurements have been performed only on 92Mo and 94Ru, the spin and 
parity assignments for the remainder are based principally upon systematics and a knowledge of 
the manner in which these levels are populated in (Of, 2n) reactions·. Angular distribution measure
ments will be carried out in the near future in an attempt to verify these tentative assignments. 

It is evident from the energy-level systematics that these nuclei become more collective as 
the neutron number is increased. As was pointed out in the preceding paper, the levels of 92Mo 
and 94Ru can be adequately described in terms of shell-model configurations arising from the 
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coupling of protons in the 2P1! and 199i2 shells. 96Mo and 98 Ru exhibit a structure closely 
reseITlbling that of the siITlple p'bonon excItations in the vibrational model. As still ITlore neutrons 
are a~~ed, the .levels s.how a trend toward ~ quasi- rotatio~al ~tructure,. a~ eviden:ed in 102 Ru 
and 1 Ru. FIgure 2 IS an atteITlpt to attaIn a ITlore quantItatIve descrIptIon of thIs trend. It 
is a plot of the ratio of the energies of the lowest-lying 8+ level to the 2+ level as a function of the 
ratio of 4+ to 2+ level energies for even- even nuclei. Ifcluded in the plot are data representative 
of other regions not covered by the isotopes studied. 1, The points ITlarkcd "rotational" and 
"vibrational" represent those values calculated froITl the respective ITlodels. The point labeled 
"shell ITlodel" refers to the case in which the 0+ to 2+ level separation is ITluch greater than the 
spacings between other levels. 

This type of plot has been previously shown for 6+ level energies, 4 and has recently been ap
plied to a discussion of the transition froITl rotational to vibrational nuclei. 5 The isotopes studied 
in the work reported here are seen to span a portion of the plot centered about the vibrational re
gion, consistent with the previous discussion concerning their level structures. It is interesting 
to note that a correlation can be ITlade between the order of the points along the abscissa 
[E(4+)/E(2+)] and the total nUITlber of particles or holes outside the nearest. neutron and proton 
shells. Deviation froITl this ordering occur principally where ITlinor closed shells (e. g., N = 40) 
are neglected. . 

This correlation parallels the SITlooth behavior of the B(E2) values. 6 Although its theoretical 
significance is not clear, it is reITlarkable that the correlation can be used to predict the positions 
of higher-spin levels of positive parity in any nucleus given only the energies of the first 2+ and 4+ 
levels. 
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I,.OW-LYING 2- STATE IN 236 U t 

C. M. Lederer, J. M. Jaklevic, and S. G. Prussin 

In 1959 Gallagher and Thomas reported the existence of a level of 236U at 688 keV. 1 In 
1963, dur~~1) an investigation of very weak Q' branching, Ledere2: observed the same state in the 
decay of Pu and characterized it tentatively as a 2- state. Conversion coefficients of the 
deexciting transitions, on which the spin assignment was based, also showed the surprising fact 
that the state decays by M2 transitions which compete favorably with an E 1. However, the poor 
electron and y- ray resolution in these experiments shed some doubt on the conversion measure
ments. Added to this difficulty is the impossibility of populating a 2- state directly, necessitating 
an assumption that the 688-keV level was fed via an Q' transition to a somewhat higher-lying level, 
although there is no direct evidence to support this assumption. It also seemed surprising to ob
serve a 2- state at such a low energy. 

In order to confirm the spin assignment and more fully characterize the 688-keV level, we 
have studied the decay of 236Np. The results are reported in detail in a paper to be submitted to 
Nucl. Phys., and we summarize them briefly here. 

The spectra of y rays and K x rays were studied with a Ge(Li) spe.ctrometer, and conversion 
electrons and 13- particles with a Si(Li) spectrometer. Sources were prepared by ii-MeV deu
teron bombardment of 235U in the 88-inch cyclotron; due to the low cross section for the 235 U(d, n) 
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. reaction and much higher ones for 238 U[(d, n) + (d, p)2 39U (j3-)] and 238U (d,2n) reactions, il3'S'as 
nece~~~ry to use uranium of very high enrichment (99.7%) in order to reduce the amount Of· . Np 
and Np produced. 

Tabl~s I and II summarize the data on the electromagnetic transitions. In addition to the two 
transitions noted above, a new 'V ray: (538 keY) is observed. The 688-keV level decays to 
spin 0, ·2, and 4 members of the 236U ground-state band, which strongly supports the assignment 
of spin 2. 

In the conversion spectrum (Fig. 1) it was possible to resolve partially the L-subshelllines of 
the 642- and 688-keV transitions. The conversion data (Table II) define M2 multipolarities for the 
538- and 688-keV transitions and an M2 + E1 admixture for the 642-keV transition. We also ob
serve some L lines of the transitions 45.3 keY (U) and 44.6 keY (Pu), and a 13- continuum with an 
end point of 537 ±8 keY. 

From the relative intensities of the 13- continuum, conversion lines, 'V rays, and K x rays, we 
derive primary electron-capture and 13- branchings which are given on the decay scheme, Fig. 2. 
By measuring delayed K x ray-642-keV 'V-ray coincidences (Fig 3), we determine the half-life of 
the 688-keV state as 4.4±0.6 nsec. 

The 2- state is characterized by a remarkably low energy, by fast M2 transitions, (0.1 single 
particle unit), and by highly hindered E1 transitions (3X1o- 8 ·· single particle unit). As discussed 
in the full paper, these properties suggest that the state is very pure in K-quantum number and is 
quite collective, and that it may be necessary to assume coherent contributions from a number of 
two-quasi-particle states in order to account for the strength of the M2 transitions. 

Footnote and References 

t Condensed from a ~aper to be submitted to Nucl. Phys. 
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ing (Ph. D. Thesis), UCRL-11028, Sept. 1963. . 
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Table 1. Gamma rays of 236 Np . 

E 
(kJV} 

UKa2 
UKa1 
UK' 

131 
UK ' 

i3z 
not 

538.25 ±0.20 

642.42 ±0.10 

687.71 ±0.10 

Relative 
intensity 

1047±50 

1712±85 

599 ± 50 

well resolved 

1.11 ±0.12 

100 

26.5 ±0.5 

Half-life 
(hours} 

22.5 ±0.4 

23 ± 6 

22.4±0.6 

22 ±2 



a. 

20 

Table II. C . ff' . f 236N onverSlon coe lClents 0 p " rays. 

Coefficient and Experimental Theoretical value a 

transition value 
E1 E2 E3 M1 M2 

eKi"Y 
642 0.112 ±0.O10 0.00950 0.0186 0.0451 0.109 0.251 
688 0.22 ±0.02 0.00598 0.0165 0.0394 0.0908 0.207 

eLI +IIi"Y 
538 0.086 ±0.027 0.00156 0.00975 0.0532 0.0330 0.101 

K/L 642 3.59 ±0.11 5.73 2.79 1.48 5.29 4.19 
688 3.27 ±0.16 5.75 2.99 1. 66 5.26 4.26 

~/LII 
642 11 ±4 6.2 1.24 0.61 8.1 6.3 
688 7 ±3 6.5 1.40 0.69 8.2 6.3 

642 36 
+ 10 

13.9 9.4 10.3 254 43 
LI +II/Lm - 7 

688 46 
+40 

14.5 10.5 11.4 256 48 
- 20 

Interpolated from the tables of Hager and Seltzer (Ref. 4). 
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LEVEL SCHEME OF 176 Hf __ A STUDY OF THE DECAYS OF 176 Ta 
AND Lu176mt 

* . * F. M. Bernthal, J. M. Hollander, and J. O. Rasmussen 

Because of the extreme complexity of the EC-f3+ decay of 8-hr 176Ta to levels in 176H f, a de
tailed investigation this decay has until recently been an impractical if not impossible proposition. 
But the marriage of the computer and the semiconductor detector now permits such studies to be 
made with relative ease and unprecedented speed. 

The 176Ta activity for this study was produced via the 175 Lu (a, 3n)176Ta reaction by irradi
ating 99.940/0 enriched 175Lu203 with 43-MeV a particles at the Berkeley 88-inch cyclotron. A 6-
mil Al foil covered the 175 LU203 powder, so that the a-particle energy incident on the target ma
terial was about 40 MeV. The Ta activity was separated from other reaction products by extrac
tion from 6N HCI solution by using 2, 4-dimethyl-3-pentanone (diisopropyl ketone), a procedure 
described inRef. 1. Small amounts of 175Ta, 177 Ta , and 178Ta contamination were noted in the 
y-ray spectra. 

A variety of detection systems has been used to measure (a) the singles y- ray spectrum, (b) 
the conversion-electfgn spectrum, (c) the y-ray "pair" spectrw:n, and (d) the entire y-y coinci
dence spectrum of 1 Ta. These measurements were carried out, respectively, with the following 
detection systems: 

(a) A 7_cm3 planar Ge(Li) detector(resolution 2.3 keY at 1.33 MeV) in conjunction with the Comp
ton-suppression system at LRL-Livermore; a 1-cm3 "thin-window" Ge(Li) diode with resolution 
0.85 keY at 122 keY. 

(b) A 3-mm by 3_cm2 Si(Li) diode with resolution 2.6 keY for the 1.06-MeV 207 Bi K-conversion 
line (operating temperature, about 110 0 K). 

(c) A five-crystal pair spectrometer consisting of a N~I(TI) annulus split into four optically iso
lated sections encircling a Ge(Li) planar detector 10 cm in volume with resolution 2.2 keY at 1.33 

M(~. 135-cm3 "five-sided" coaxial-drift Ge(Li) detector (resolution 3.4 keY at 1.33 MeV) and a 
10-cm planar detector (resolution 2.5 keY at 1.33 MeV) in conjunction with the PDP-7 multipararn
eter data-acquisition ~Y6stem. 2 In Fig. 1 we show a portion of the COffiton-suppressed y-ray 
singles spectrum of 1 Ta. In all, some 350 transitions attributed to 1 Ta decay have been ob
served at energies up to 3.0 MeV. Figure 2 shows the region of the Si(Li) conversion electron 
spectrum from :::0 800 to 1300 keY. The K-conversion lines labeled 1149.9 and 1293.2 keY repre
sent EO transitions leading from the low-lying K = 0+ excitations at those energies. In Fig. 3 we 
show the 88- and 202-keV coincidence spectra as exampl7g of the 80 coincidence spectra obtained 
by using the multiparameter system. Complete data on 1 Ta decay may be found in the full paper. 

In Fig. 4 is shown the proposed level scheme of 176Hf, constructed on the basis of this study 
of the decay of 176Ta . The transitions and levels shown have all been assigned on the basis of 
supporting coincidence data. Additional transitions that could be placed by considering energy 
sums and differences alone are not included, but are displayed in a similar level scheme in the 
full paper. The electron-positron branching has been d3duced from intensity balance and by com
bining our electron data with the data of Fominikh et al. 

Of particular interest·in the 176Hf level scheme are the two K=O+ states at 1149.9 and 1293.2 
keV. One of these states presumably represents the f3 vibration of 176H f. However, recent the
oretical studies of such low-lying K = 0+ states suggest that they may possess significant pairing
vibrational character in certain cases, 4 and also that their characteristics may be substantially 
influenced by spin-quadrupole interactions in addition to the usual quadrupole-quadrupole inter
actions. 5 

Prelimi/1\f.Y comparisons between the 176Hf data and the predictions of Ref. 5 indicate that 
the nucleus 1 Hf may provide tentative confirmation of the influens::e of spin-quadrupole interac
tions on low-lying 0+ states in deformed nuclei. We observe in 17bHf a second 0+ excited state, 
at or below the two-quasi-particle energy, with E2/EO branching markedly different from the first 
0+ excited state. Although we have no direct measurement of the E2 lifetime, the unusually small 
E2/EO branching ratio for the 1293-keV 0+ state could result from a retardation of the E2 transi
tion moment. Such a retardation would be expected to identify the low-lying 0+ excitation strongly 
influenced by spin-quadrupole coupling. 5 
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The 2+ ITleITlber of the lower K = 0+ band is found at 1226.6 keY, and the higher (K = 0,2+) state 
ITlay be at 1379.4 keY. E2 branching froITl excited K = 0,2+ states to ITleITlbers of the ground rota
tional band in such nuclei is a topic of considerable current interest because of the apparent en
hanceITlent of the Ll.I = 0 E2 transitions of this type, an enhanceITlent that has been proposed to a
rise froITl M1 adITlixture. 6 

In Table I we sUITlITlarize the data of interest pertaining to the K = 0+ excited states in 176H f. 
The paraITleter X is that proposed in Ref. 7 to provide a cOITlparison between EO and E2 transition 
strengths froITl j3-vibrational states: 

[
B(EO; 0'+ _0+) ]_ 

X . B(E2; 0'+--2+) -

2 R 4 2 
e 0 p 

B(E2) 

The 1379.4-keV state is tentatively assigned as (K = 0 32+). If this assig=ent is correct, the 
2+0 3 -+ 2+01 transition would in this case be very strongly enhanced 0 175 the 1379.3- and 1089.1-
keY (E2) transitions. Further investigation of the two K = 0+ bands in Hf is clearly warranted. 

. PreliITlinary results froITl a reinvestigation of 176ITlLu £3.7 hr) decay indicate very weak feed
mg to the 1150-, 1227-, 1248-, an11693-keV states, in 17 Hf and are in agreeITlent with the con-
clusions earlier obtained froITl the Ta decay data. 
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Fig. 3. The 88-keV ,{-'{ coincidence spectrum from 176Ta decay. Taken with a 35_cm
3 

coaxial detector. 
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Table 1. Branching from K=O+ excited states in 176H f. 

Transition Energy Relative x[ B(EO)] 
(keV) intensity B(E2l 

°2+ ...... °1+ 1150 0.091(14) 0.16(3) 

°2+ 2
1

+ 1062 10.0(9) 

0 3+ °1+ 1293 1.58(24) 7.3(1.2) 

°3+ 2
1

+ 1205 6.1(5) 

Y1 
l1rK 11'11'K1 Ey 1(keV) 1n+y 1 B(E2) 12-+11 n 

Y1 EY2(keV) 1n+ Y2 B(E2) I -I ' 
I'11'K 11''I1'K1 

2 1 
n 

2 + °2 """ 4 + °1 936 10.4(8} 2.2(2) 
2 + 02 ...... 2 + °1 1138 12.6(1.0) 

2+ ° 2 """ 0+ °1 1227 5.5(1.0} 0.30(6) 
2 +02 ...... 2 + °1 1138 12.6(1.0) 

2+°2- 4 +°1 936 10.4(8} 7.3(1.6) 

2+°2- 0 +°1 1227 5.5(1.0) 
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THICK-TARGET METHOD FOR NUCLEAR RECOIL STUDIES 

M. K. Go and S. S. Markowitz 

In the recoil studies of nuclear reaction mechanism, two techniques are generally employed-
thin- target and thick- target methods. In the thick- target method, the target thickness is large 
compared with the range'of the recoiling nuclei, so only nuclei sufficiently close to the surface of 
the target can escape out of the target. It can be shown1 that the fraction of recoiling nuclei (F) 
is related to the target thickness (W) and the projected range (Rp) as 

F = R / W. 
p 

( 1) 

Usually F is the only quantity measured during a thick- target recoil experiment, and the pro
jected range is inferred from Eq. (1). 

In a thin-target (-10 fLg/cm2 ) experiment, the distribution of the recoil nuclei in a stopping 
medium is measured and the range is obtained directly from the distribution curve. Generally the 
thin-target experiment yields more information about the nature of the nuclear reaction in question. 
However, it is quite difficult to prepare very thin and uniform targets, and sometimes the low prod
uct yields render the subsequent detection of radioactivity impossible. It is therefore desirable to 
determine the range distribution by using a thick target. 

The distribution of the ranges about the mean range RO for a thin-target' experimentis 1 " 

- 1/2 - 1 [ 2/ 2 2 ] Y(R) = (21T) (p RO) exp -(RO-R) 2p RO ' 

with p, the straggling parameter, given by2 
the masses of the recoiling and stopping nuclei 

2 2 
P = 2 M.1M]/3 (M 1 + M 2 ), 
respectlvery. 

(2) 

where M1 and M2 are 

A compute2 program was used to simulate the recoiling nuclei from a 1- fLg/ cm
2 

target into a 
few 160-fLg/cm stopping foils. The fractions of recoiling nuclei passing through each foil are cal
culated for the distribution of Eq. (2). The result is shown in Fig. 1. The straight line in this 
probability plot is indicative of a Gaussian distribution, and the point at 50% corresponds to RO' 

A thick target can be thought of as a stack of thin targets, and the distribution of the recoiling 
nuclei can be taken as the sum of the contributions from each of the thin targets in the stack. If 
we choose a stopping material having approximately the same stopping power as the target mate
rial, and use the recoil distribution of Eq. (2) for each of the thin targets, a curve similar to Fig. 
1 can be constr'2cted. Figure 2 represents such a calculation for a 1-mg/cm2 target as the sum 
of 1000 1-fLg/cm targets. Since many of the recoil nuclei have been stopped in the target, the 
50% point no longer corresponds to the R O' 

To test the feasibility of such a "thick target" method, recoil distribution of 48Cr in Al were 
measured, with a 1-mg/ cm2 Ti02 target. The target is pre~ared by sedimentation of Ti02 in 
alcohol onto 5-mil Al foils. The Ti02 usej. is enriched in 4 Ti, with the average mass per atom 
(A) 26.2, and the average atomic charge (Z) 12.7. The stopping power .of the target material is 
taken as equal to that of aluminum (A = 27, Z = 13). A stack of six aluminum foils (160 fLg/cm 2 

each) is used as catchers. The target is bombarded at the 88-inch c.lclotron with 40-MeV D! par
ticles at the rate of 1 jJ.A. The actual alpha energy impinging on the 6Ti nuc~i is estimated from 
the range-energy curve for Al calculated by the computer program RANGES. After the ~~mbard-
ment, the target arid the catcher foils are counted with a Ge(Li) counter. The activity of Cr is 
determined from the 0.116-MeV (100%) 'Y ray. 4 The result is plotted in Fig. 2. RO is es~i~ated 
to be ~1P fLg/cm 2 AI. The implication of the experimental result to the mechanism of the Ti 
(D!,2n) Cr reaction is described elsewhere. 5 
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(D!, 2n)48Cr reaction. The RO for 2he experimental 
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RECOIL STUDIES OF 46 Ti (C!!, 2n)48 Cr 

M. K. Go and S. S. Markowitz 

The usefulness of recoil studies as applied to the compound-nucleus reaction mechanism has 
been pointed out by several authors. 1, 2 When a projectile particle fuses with the target nucleus 
to form the so- called compound nucleus, the momentum transfer from the incoming particle to the 
compound nucleus is complete. If the subsequent deexcitation of this compound nucleus is assumed 
to be isotropic emission of particles, the recoil energy of the residual nucleus is given by3 

E 
r 

A A 
prE, 

(A + A )2 P 
P t 

( 1) 

where E = energy and A = mass number, and t, p, and r refer to target, projectile, and recoil 
nucleus respectively. Theoretical tr'7tatment of ion-matter interaction has been advanced by 
Lindhard, Scharff, and Schi¢tt (LSS). They obtained the range-energy relations for ions in a 
stopping medium. A series of universal range-energy curves for different values of the electronic 
stopping parameter k is plotted in the dimensionless range and dimensionless energy space. 
Their plot can be converted to the more conventional range-energy curves. A plot for 48Cr recoil
ing into aluminum is calculated, and is presented in Fig. 1-

An experiment wi~ C!! particles on 46 Ti has been performed, using the "thick target" method 
~gscribed previously. The actual alpha energy is 31.6 MeV. According to Eq. (1)8 the recoiling 

Cr nuclels has a recoil energy of 2.4 MeV. The experimental average range of 4 Cr recoil is 
390 fJ.g/cm -AI, as seen from Fig. 2 of the preceding report. This value is consistent with the 
value 400 j.!,g/cm2-AI from Fig. 1. From a simple forward fraction.measurement5 the range is 
396 fJ.g/cm 2 in Ti02 . 

The Gaussian distribution of the recoil can be inferred from the straight line of Fig. 2 of the 
preceding report. This Gaussian distribution and the g00.f6agreemeI1tt8between the experimental 
and theoretical average ranges strongly indicate that the Ti (C!!, 2n) Cr reaction proceegs pre-
dominantly via a compound-nucleus route, and the subsequent neutron decay is isotropic. 
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6. The same conclusion can be reached by assuming that the neutrons are emitted symmetri
cally about an axis perpendicular to the beam direction. 
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EXCITATION FUNCTIONS FOR 47Ti + 3 He REACTIONS 

M. K. Go and S. S. Markowitz 

Nuclear reactions for medium-weight nuclei (45 < A < 100) at energies up to 10 MeV per inci
dent nucleon have been successfully described by the statistical theory. 1 The main feature of this 
theory is that a compound nucleus is formed during a nuclear reaction and the subsequent decay of 
this compound nucleus can be treated statistically. Schematically the reaction of the incident par
ticle a with the target nucleus A to yield the residual nucleus B and outgoing particle b can be 
represented as 

a + A -+ C -+ b + B, ( 1) 

where C is the compound nucleus. The reaction cross section for such a reaction is 

a(a, b) = a (E ) Wb' (U)/\ w, (U), 
c a ~ J 

(2) 

j 

where ac(Ea) is, the ~ross sectio~ f,or the for.ma,tion of the comp?und ~ucleus with Ea as the kinetic 
energy of a, Wb(U) 1S the probab1hty per umt time that only b 1S em1tted from the compound nu
cleus with excitation energy U, and the summation includes all particles that can be evaporated. 

Weisskopf
2 

has shown that the probability per unit time for evaporating a particle j with 
kinetic energy between E and E + dE is 

g.m.. Pf 
P,(€)dE =..:..J..-t a(E) - EdE, 

J 1Tfl 1\ 
( 3) 

where gj is the statistical weight of particle j, m, is the reduced mass of the system, a(E) is the 
inverse cross section for the evaporation process, Jand Pi' Pf are the level densities of the initial 
and final nuclei. The level density is usually taken as 3 

1/2 1/2 p(U) = C exp {2 [a (U-o) ]}, (4) 
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where C is a constant and a is proportional to A within a small range of A; 0 is a pairing 
energy correction. 

The cross section of the reaction given by {1} can then be expressed explicitly as 4 

U-S· 

+ S J 

U-S.-o. 
J J 

O'{E .}E .dE. ] ' 
J J J 

IE. dE. 
J J 

{5} 

where A = U-Sb -S2 {if U-Sb -S2 < 0, A = O}, and Sb is the separation energy of b from the com
pound nucleus. S2 is the separation energy of the most loosely bound particle after the evapora
tion of b. For a simple calculation the summation is taken over neutron, proton, and Q! particle 
only. In this work, the empirical formula for the inverse cross section is taken from Dostrovsky 
et al. 3 The separation energies are taken directly from a calculation by Seeger. 5 

Equation {5} was programmed for computation on the CDC 6600 computer. The program was 
also able to calculate the evaporation of two neutrons. The result is presented in Fig. 1. 

The experimental points we47 obtained' by a stacked-foil method. Targets w'3re made by sed
imentation of Ti02 {enriched in Ti} in alcohol onto aluminum foils. A 30-MeV He beaIfgfrom 
the 88-inch cyclotron was used for bombardment. The 0.116-MeV 'Y ray {1000/0} from the Cr de-
cay was counted with a Ge{Lik detector. The 3 He energy at each target was estimated with the 
computer program RANGES. 

The ~8termination of 47 Ti~~He':f.:}49cr ,fross section has been unsuccessful, since the target 
contains Ti{16.50/0}4 and3theTi{ He,2n} 9Cr reaction cross section is expected to be much 
greater than that of 7Ti{ He, n}49Cr. 
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Fig: 1. Excitation functions for 
47Ti (3 He , n)49Cr and 47 Ti(3 He , 2n)48Cr 
reactions. The [) values are taken frolTl 
Chen and Miller (Ref. 4). The level 
density paralTleter "a" is taken to be 2. 
The dots are experilTlental values. Solid 
line and dashed line are calculation re
sults. 
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3 He ACTIVATION OF Mg, Si, Ca, Ti, Ni, Ge, AND Ta: 
EXCITATION FUNCTIONS AND THICK-TARGET YIELDS 

J. F. LalTlb,' D. M. Lee, and S. S. Markowitz 

Nuclear reactions induced in Mg, Si, Ca, Ti, Ni, Ge, and Ta by 0- to 30-'MeV 3 He ions have 
been studied in order to investigate the application of 3He activation analysis both for estilTlation 
of these elelTlents and for deterlTlining other elelTlents in their presence. 

The 3 He ion bOIubardlTlents were perforlTled at the Berkeley Hilac at bealTl currents ranging 
frOlTl 0.05 to 0.5 flA. Cross-section data were obtained by using both stacked-foil techniques and 
individual foil irradiations with the3 He ion bealTl energy adjusted frolTl its initial 31.2 MeV by alu
lTlinulTl degrader foils. Range-energy data were taken frolTl Ref. 1. Product activities were ob
tained nondestructively by '(-ray spectroscopy using both NaI(TI) scintillation detectors and Ge(Li) 
detectors coupled to lTlultichannel analyzers. 

Figures 1 through 7 show the reaction cross sections lTleasured. Since naturally occurring 
lTlaterials were used throughout these experilTlents, absolute excitation functions were deterlTlined 
only in the cases in which production of a particular nuclide was either unalTlbigu~'6s or

3
in which 

contributing reactions could be assulTled negligible. AlTlonJ2: the forlTler §ase are Mg(, He, p)28AI 
and 26MgeHe, 2~)27Mg; the latter includes 4\)Ca(3He , p)4Z"lTlSc, 181Ta( He,4n)180Re, and 
181 Ta(3He,3n)18 Re. In calculating the cross sections for the Ta reactions, however, 100% rel
ative intensity was assulTled for the '{-ray line lTleasured because the decay schelTles of the Re 
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isotopes are incomplete in the literature. 2 All other cross-section data are represented as total 
production cross sections; i. e., no corrections for target isotopic abundances were made. 

The excitation functions in Figs 1 through 7 were used to calculate thick-target reaction yields, 
which roughly measure the obtainable analytical sensitivities for these elements. Each curve was 
graphically integrated, with 20-MeV 3He energy used as the upper limit. The lower integration 
limit was chosen as the beam energy corresponding to a cross section equal to 1% of the maximum, 
(j below 20 MeV. The average cross section over the energy range thus determined was used to 
calculate the yield by 

where dpm 
fig 

yield = dpm 
fig 

-A.T 
n(j 1(1 - e ), 

avg 

end-of- bombardment activity resulting from irradiation of 1 flg of the element 
sought, 2 
number of !fuclei per cm per fig of the element sought in the target, 
1.873x 10 1 3He/min (1 fiA of beam), 
0.5 (A. is the decay constant of the product activity and T the bombardment 
length, here set equal the half-life). 

The target is assumed to be such that the beam, 'in passing t2rough, is degraded in energy by an 
amount equal to the integration interval and that the 1 fig/cm of the element sought is uniformly 
distributed over this thickness. The thick-target yields are shown in Table 1. The interferences 
listed in the last column of the table refer only to reactions of other elements which, if present, 
might lead to the same final product. The excitation funstions

3
0f only a tew of these reactions 

have been obtained. These are 3 He + AI, 3,4 3 He + Na, and He + Cu. In order to obtain an 
analytical sensitivity from the yield data, corrections for detection efficiency of the equipment 
used to measure activities must be made, and the target matrix specified. For example, 1 fig/crti2 
of Ti distributed over 81 m~/cm2 of ~r would result, under the above bombardment conditions, in 
production of about 1.5X 10 dpm of 4 Cr. Using a PfRical solid-state detector, this activity may 
be detected with an overall detection coefficient(=~) of about 4.5X10- 3 , resulting in an initial 
count rate of about 680 cpm. The composition of s&:.Wa sample is about 24 ppm Ti. A convenient 
counting interval for this 42m half-life activity might be about 20 min, so that a statistically sig
nificant analysis might be' performed down to fractional ppm. 
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Table I. Thick- target yields from nuclear reactions induced by 20-MeV 3He ions. 
T = target element (natural composition); P = reaction product; T 1/2 = half-life of 
product activity; dpm/jJ.g = yield as defined in text. 

T P T jLZ Reactions dpm/jJ.g Interferences 

Mg 
28

Al 2.3m 26Mg(3 He , p)28 Al 8.9X10
3 27 Al(3 He , 2p)28 Al 

27
Mg 9.5m 26Mg(3He,2p)27Mg 1.1X10

4 27 Al(3He , 3p)27Mg 
24Na 15h 

26 3 24 
Mg( He, ap) Na 1.6X10

4 23Na(3He,2p)24Na 

24Mg(3He,3p)24Na 

Si 
30p 2.5m 28Si (3 He , p)30 p 1.3X10 5 31 p (3 He , a)30 p 

28Si (3 He , n)30S ... 30p 32S(3 He , ap)30 p 

29Si (3 He , d)30 p 32S(3He , an)30 S-+30 p 

30Si (3 He , t)30 p 

Ca 42mSc 61s 40C (3H )42mS a e, p c 1.3X10
4 41K(3He,2n)42mSc 

Ti 49Cr 42m 47 Ti(3 He , n)49Cr 1.5X10
5 50Cr(3 He , a)49Cr 

48Ti(3He,2n)49Cr 

49Ti(3He,3n)49Cr 
48

Cr 23h 46Ti(3He , n)48Cr 1.5X10
2a 50 3 48 

Cr( He, an) Cr 

47 Ti(3 He , 2n) 48Cr 

48Ti(3He,3n)48Cr 
48

V 16d 46Ti (3 He , p)48 V 3.2 50Cr(3 He , ap)48 V 

47 Ti(3 He , d)48 V 

49Ti(3He, t)48 V 

Ni 59
Cu 82s 58Ni(3 He , d)59Cu 1.7X10

5 59Co(3He,3n)59Cu 
60

Cu 24m 58Ni (3 He , p) 60Cu 2.8X10
4 59Co(3He,2n)60Cu 

58N ·(3 H )60 Z 60c 1 e, n n-+ u 

60 Ni (3 He , t)60 Cu 
61Cu 3.3h 60 Ni (3 He , d) 61Cu 4.0X10

5 59 Co(3 He , n)61Cu 

60Ni(3He,2n)61Zn ... 61Cu 63 3 61 Cu( He, an) Cu 

61 Ni (3 He , t) 61 Cu 
a 

Ni 
62 

9.3h 60Ni (3 He , n)62 Zn 2.1X10
3 64 3 62 

Zn Zn( He, an) Zn 

61Ni(3He,2n)62Zn 

62Ni(3 He , 3n) 62 Zn 
57

Ni 36h 58Ni (3 He , a)57Ni 5.3X 10
2a 

56Fe(3He,2n)57Ni 
56

Ni 6.1d 58N ·(3 H )56N · 1 e, an 1 4.3X 10
2a 

56Fe(3He,3n)56Ni 

3a 
54Fe (3He , n)56Ni 

Ge HAs 62h 70 Ge (3 He , d) 71As 2.2 X 10 69 Ga(3 He , n) HAs 

70 Ge(3 He , 2n) 71se-+ 71As 
74

As 18d 72Ge(3 He , p) 74As 8.0 a 75 As(3 He , a) 74As 
73 Ge(3 He , d) 74As 
74Ge(3 He , t) 74As 

75
Se 7 3Ge(3 He , n) 75Se 

a 
74Se(3 He , 2p) 75Se 120d 3.4X10 1 

74Ge (3 He , 2n) 75Se 76Se (3 He , a) 75 Se 

75 As(3 He , t) 75Se 
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Table I. ( continued) 

T p 
T1L2 Reactions dpm/flg Interferences 

180
Re 181 Ta(3He , 4n) 180 Re 

b 
180 W(3 He , t) 180Re Ta 2.4m 1.2X10

4 

181
Re 18h 181 Ta(3He ,3n) 181 Re S.9X 10

3a 
182W(3He,4n)181as-+181 Re 

180 W(3 He ,d) 181 Re 

a. The yields for products whose half-lives are longer than 4 hours are based on an irradiation 
time of 1 hour. 180 
b. The yield of Re is based on an entrance beam energy of 30 MeV. 
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Fig. 1. Absolute excitation functions and 
total production cross sections for re
actions 3He + Mg . 
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Fig. 2. Total prod~ction cros~ section 
for the reaction He + Si -+ Op. 
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Fig. 5. Total prfduction cross sections 
for reactions He + Ni. 
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SINGLE-PARTICLE LEVEL SYSTEMATICS IN ODD-MASS NUCLEI 
WITH 123 NEUTRONS t 

i.' 
K. Valli and E. K. Hyde 

During the course of investigation of alpha-decay properties of many nuclei with neutron number 
126 or less produced by reactions induced by nuclear projectiles accelerated in the heavY:-l~n 
linear a1c~lerator, we have studied the complex alpha structure in the decay of 2.7-min 2 Ra and 
1.2-sec 1 Th. If we compare the a-decay schemes of these nuclei with those of other even-Z 
nuclei containing 12S neutrons, some systematic trends in the levels of the ~r#hter nucl~i can be 
discerned. Figure 1 summarizes the data we wish to discuss. The data on Th and 21 Ra corne 
from our work; 1 those for 211Rn and 209po corne from the references cited by Lederer, Hollander, 
and Perlman. 2 In the case of the daughter nuclei, 20S p b and 207 po , many other excited levels are 
known, but we show only thzo;owest-Iying ones, which are the ones populated by a decay. The 
properties of the levels of Pb are well established and there seems little question that the 1/2-. 
S/2-. and 3/2- levels can be assi~ned to the P1 1 ' fS/2' and P3j2 wave functions of the indepen
dent particle shell model. The S/2 and 1/2 levefs are also well established in 207 po and, in par
ticular, the ground-state spin has been established to be S/2 by the work ofAxenstenandOlsmats. 3 

The figure reveals a regular trend in the relationship of th~ three lowest levels, and although 
the alpha spectra do not establish the spins of the levels in 20 Rn and 2URa. it is tempting to 
make the assignments shown in parentheses and to regard the shifts in the level positions as a re
flection of the operation of residual internucleon forces as the proton pairs are increased beyond 
the" 8 2-proton shell. No one has treated this particular problem. with any of the current theoret
ical models for the residual internucleon forces, although the shift in these levels in going from 
207 pb to 20Spb has been treated by several authors. 
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As suming that this identif1cation of the levels shown in the figure is correct, we can make the 
predictions of the levels of 21 Th and the a-decay pattern of 21 U shown in the figure . 

. Footnotes and References 

tExcerpted from Phys. Rev. 176, 1377 (1968). 
';'Present address: Department of Physics, University of Helsinki, Finland. 
1. Full article [Phys .. Rev. 176, 1377 (1968)] and K. Valli, W. Treytl, and E. K. Hyde, 

Phys. Rev. 161, 1284 (1967). 
2. C. ~Lederer, J. M. Hollander, and 1. Perlman, Table of Isotopes, sixth edition 

(John Wiley and Sons, Inc., New York, 1967). 
3. S. Axenten and C. M. Olsmats, Ark. Fys . .11, 461 (1961). 
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Fig. 1. Alpha-decay schemes of the 125-neutron isotopes of the 
even elements polonium, radon, radium, and thorium. The 
framed values have been measured directly, those shown with
out parentheses have been derived from extensive data, and 
those given in parentheses are suggested assignments. The 
predicted decay scheme of 217U is indicated by broken lines. 

ISOMERISM IN ODD-ODD NUCLEI WITH 127 NEUTRONSt 

K. Valli* and E. K. Hyde 

1 212 . 2 214 As a result of the work of Jones on At, of Torgerson, Gough, at.ld Macfarlane on Fr, 
of ourselves 3 on 214Fr, and of the authors cited in The Table of Isotopes on 210 Bi, we now have 
proof of the systematic occurrence of isomerism in nuclides of odd elements above lead containing 
127 neutrons. The cases are summarized in Fig. 1. 

The isomerism can be explained by the high spins of the odd neutron and proton. The shell 
model predicts g9/2 for an odd proton lying just above the 82-proton shell and h9/2 for an odd neu
tron just above the 126-neutron shell, so that close-lying levels of 0- and 9- are possible. The 
case of 21%i is particularly interesting from the standpoint of theory,5 because it provides an oppor
tunity to test the np interaction for a single neutron and single proton of high spin beyond a double
closed- shell core. The residual interaction between these two particles gives rise to a multiplet 
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of 10 negative-parity levels with spins from 0 to 9. The correct ordering of these levels seems to 
occur only if a short-range tensor force is added to a central force of the type successfully 1.ls~d 
to explain the nn interaction in such nuclei as 206pb . A particularly interesting feature in ~1UBi 
is that the ground s tate is 1- rather than 0-. The 0- level occurs at 4 7 ~IY and then a wide spin 
gap occurs; the next state is 9- at 250 keV. Theoretical calculations on At, 214Fr , and 210Ac 
would be more complex because of the extra pairs of protons beyond the closed shell; but the ex
perimental results prove that a wide gap in spin is preserved in the ground-state multiplet, at 
least for the fir~t iwo, T~e ,rata also suggest strongly that 1- rather than 0- is preserved as the 
ground state in 1 At and 1 Fr. This conclusion comes from the fact that the pair of alpha 
groups from the isomer have the same energy separation as the pair from the ground state, indi
cating that the g round and first excited s tat~s are bein9J, populated in bo th ins tances. But this 
could not be the case if the ground state of 12At or 21 Fr were 0-, because-the selection rules of 
alpha decay would forbid a 0- to 4+ transition, and it is highly likely that the ground state and first 
excited state of the daughter nuclei are 5+ and 4+, respectively, resulting from the coupling of 
P1/2 neutron and h9/2 proton. 

For 216Ac the systematic trends would suggest the occurrence of isomeris~. In our work, 3 
we have observed four Ct groups and a tentative indication of isomerism, but more measurements 
are required. 

Footnotes and References 

t Excerpted from Phys. Rev. 176, 1377 (1968). 
*Present address: Department of Physics, University of Helsinki, Finland. 
1. W. B. Jones, Phys. Rev. 130, 2042 (1963). 
2. D. F. Torgerson, R. A. Gough, and R. D. Macfarlane; Phys. Rev. 174, 1494 (1968). 
3. K. Valli and E. K. Hyde, Phys. Rev. 176, 1377 (1968). 
4. C. M. Lederer, J.M. Hollander, and I. Perlman, Table of Isotopes, sixth edition 

(John Wiley and Sons, Inc., New York, 1967). 
5. Y. E. Kim and J. O. Rasmussen, Nucl. Phys. 47, 184 (1963). 
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Fig. 1. Alpha-decay schemes of the 127-neutron isotopes 
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LEVELS OF 208 po FROM RADIOACTIVE DECAY AND 
NUCLEAR REACTION '{ - RA YSPE C T ROSCOPyt 

w. J. Treytl, E. K. Hyde, and T. Yamazaki* 

A de~'Oiged study was made of the radiations emitted by 1.7-hr 208At in its ele~tron-capture 
decay to· Po. Additional information was obtained gy on-line measurements of 08 po radiations 
emitted during the course of 209 Bi(p, 2n)208po and 20 Pb(a, 2n)208 po reactions carldgd out at the 
88-inch cyclotron. The purpose of the work was to determine the level sc~nw.e of Po, a nu-
cleus which is only two protons and two· neutrons away from doubly magic Pb and hence of con-
siderable theoretical interest. 

Pure samples of 208 At were prepared by first isolating its 20-min ~arent, 212Fr, whic~ l'2as 
made at the heavy-ion linear accelerator by the :nuclear reaction 20S T l( 2C, Sn)212Fr. '12~13 1 Fr 
parent was prepared in radioactivity--pure form and, after a. suitable decaoleriod, the At 
daughter was isolated by chemical procedures specific for astatine. The 2 At'( radiations were 
studied with Ge(Li) detectors by singles and coincidence techniques. Electrons were measured by 
silicon semiconductors. Delayed transitions were studied by the technique of delayed coincidence. 

In the in- beam measurements at the cyclotron, both prompt and delayed coincidences were 
measured, and angular distributions were measured for the prominent '{ cascade. 

The results of the measurement are summarized in Fig. 1. Many of the lower-lying levels of 
208 po can be interpreted by examining the level schemes of 210 po and 206pb and by assuming 
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weak coupling for the interaction of the two neutron hole states with two proton states beyond a 
closed shell. Such a compariso~ is shown in Fig. 2. The most prominent feature is a group of 
levels associated with the (hQ /2) proton configuration, and the most interesting member of the 
group is the 8+ level, which Has a half-life of 380 nsec. The energy of the E2 transition connecting 
the 8+ and 6+ levels is 10 keY or less, and because of experimental difficulties the radiations 
(electrons) corresponding to this transition were not observed. 

Footnotes 

t Condensed from Nucl. Phys. A117, 481 (1968). 
~'Present address: Department of Physics, University of Tokyo, Japan. 
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Fig. 2. Comparison of the levels of 206pb , 
208po, and 210po. Levels of similar 
character are connected by dotted lines. 
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_ OBSERVATION OF THE NEW ISOTOPE 17C USING A COMBINED 
TIME-OF-FLIGHT PARTICLE-IDENTIFICATION TECHNIQUET 

A. M .. Poskanzer, G. W. Butler, E. K. Hyde, J. Cerny, D, A. Landis, and F. S. Goulding 

Addition of time of flight to the particle-identification technique used previously for the study 
of light nuclei ejected froIf3uranium by 5.5-GeV protons has established the existence of 17C and 
the particle instability of 1 Be. 

The interaction of GeV protons with a high- Z target leads to the production of all isotopes of 
the light elements, therefo.re a systematic search f~r previously unreported particle-stable iso
topes can be carried out. In a pre'4ious publication we demons trated the 'l~lity of the technique 
by proving the existence of 1iLi , 1 B, and 15B, the particle instability of Li, and the probable 
particle instability of 13 Be . We report here new results which depend upon an extension of the 
earlier technique to include mass identification by a time-of-flight measurement in addition to 
particle identification by energy-loss measurements. 

The experiment was performed by us~ng the Bevatron's 5.5-GeV external proton beam to bom
bard a uraniym metal target of 27 mg/cm thickness. Beam pulses 0.6 sec long and containing 
about 3 X 10 protons occurred every 6 sec. In a preliminary experiment not inv;flving time of 
flight a telescope of phosphorus-diffused silicon counters, collimated to 4 X 6 mm ,was located 22 
cm from the target at an angle of 30 deg to the beam. Details of the circuitry employed with the 
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detectors to effect the particle identification can be found elsewhere. 2 Figure 1 shows the parti
cle spectrum covering the .legion of the Be, B, C, and N isotopes that resulted from 35 hr of data 
collection. The isotopes 1 B ;;,nd 15 B are better 3esolved in Fig. 1 than in our previous work, 
and it is now quite clear that 1 Be does not exist. However, in an attempt to determine the exis
tence of other isotopes a difficulty arose in that the particle-identifier signaLs corresponding to the 
heaviest isotopes of one element ove9apped those for the lightest isotopes of the next element. 
There appears to be evidence for a 1 C peak in this figure, but in order to verify this and to re
solve some of the other ambiguities we decided to change our apparatus to permit measurement of 
an additional parameter, the time of flight of the fragments, and from this and their energy to ob
tain an independent determination of fragment mass. 

The telescope used for the COnlbined time-of-flight particle-identification measurements con
sisted of five detectors at an an~le of 45 deg to the beam. The time resolution varied from 0.3 
nsec for 15N up to 0.5 nsec for Be. The time-of-flight signal t, and ET' the total energy depos
ited in the E deteztor and the two L!.E detectors, were serit to a circuit which performed the analog 
calculation ET X t and thus produced a signal proportional to the mass of the fragment. The par
ticle spectrum obtained during 5 days of data collection showed clear evidence for a 17C peak. . 
Mass spectra were then summed for the ten indicated regio~~ in the particle spectrum, and these 
are plotted in Fig. 2. Almost all the events that fell in the C region of the particle spectrum 
also fell in the mass 17 region of the mass spectrum, thus clearly proving the existence of 17C. 

We thank R. P. Lothrop and M. D. Roach for making the detectors. 

Footnotes and References 

t Condensed from Phys. Letters 27B, 414 (1968). 
1. A. M. Poskanzer, S. W. Cosper, E. K. Hyde, and J. Cerny, Phys. Rev. Letters 17, 

1271 (1966). 
2. G. W. Butler, J. Cerny, S. W. Cosper, and R. L. McGrath, Phys. Rev. 166, 1096 

(1968), and references therein. 2 3 
3. We also have another spectrum in which the yield ratio 1 Be/1 Be is greater than 100, 

. whereas if i3Be exists this ratio should be similar to the iU Be/11Be and 13B/14B ratios, which 
are about 10. 

4. G. T. Garvey and I. Kelson, Phys. Rev. Letters.!2., 197(1966). 
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Fig. 2. Mass spectra derived from time-of
flight and energy measurements. Each 
mass spectrum corresponds to the region 
in the particle spectrum for the indicated 
isotope. The expected position of 18C is in 
region A and of 12N in regions A and B. 

LIFETIMES OF ROTATIONAL STATES FROM HEAVY-ION REACTIONS t 

R. M. Diamond, F. S. Stephens, W. H. Kelly, ':' and D. Ward t 

The measurement of transition moments is an important method of testing nuclear models. 
In particular, the E2 moments of the 2 - 0 transitions in the ground- state collective bands of 
even-even nuclei have yielded much information on the nature of these bands. In this work we 
have measured the 2- 0 and several higher ground- band E2 moments (lifetimes) in each of three 
even- even Er nuclei, usjo.g tft "Zlioil-distance DOJ;>p ler

6
- shift method. These nuclei were pro

duced in the reactions LW, 1 ,1 Sn(Ar, 4n) 156, 1:'5, 1 0Er. 

9
The re~2il-distance Doppler- shift method1 is well suited to measure half-lives in the range 

10- to 10- sec. 2 - 5 Basically this method consists of stopping part of the excited nuclei re-
coiling from a thin target with a movable plunger placed closely behind the target. The fraction 
of the nuclei that live long enough to reach the plunger before emitting their radiation will yield a 
normal y- ray line, whereas the res t will decay in flight and yield a Doppler- shifted line. By 
varying the dis tance of the plunger from the target, the fraction of unshifted transitions can be 
changed, and one can obtain the half-life of the transition if the velocity of the recoiling nucleus 
is also known. 
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The (40 Ar, 4n) reaction produces a tightly collimated beam of product nuclei recoiling along 
the beam direction. Using a Ge(Li) detector at 0 deg to the beam direction, we were able to com
pletely resolve the shifted and unshifted lines for all transitions over::: 100 keV. The average re
coil velocity could be obtained directly from the fractional energy difference of the shifted and un
shifted lines, after a correction was made for the finite solid angle of the detector (the effective 
angle is different from 0 deg for large solid angle~). Some typical spectra for 160Er are shown in 
Fig. 1. We have integrated the areas under the 'shifted and unshifted peaks, and calculated the 
fraction of each line that is unshifted at each distance. The analysis of these data is rather com
plex, as account must be taken of the earlier rotational transitions, and also of the 10 to 20 unob
served lines that precede entry into the ground band. We have used a computer program which 
considers three consecutive transitions ata time, e. g., 8 - 6 - 4 - 2. The program makes a least
squares fit to the first set of data (8 - 6 above) using three arbitrary transitions and an origin dis
placement to mock up the cascade preceding this transition. Simultaneous least- square fits to the 
following two sets of data (6-4 and 4-2 above) are made with their lifetimes as the only two addi
tional variables. 

A number of corrections had to be considered. An important one was due to attenuation of the 
angular distribution of the '{ radiation by the large hyperfine field (40 MG) acting at the nucleus 
when the highly stripped target ion recoils into vacuum. 6,7 This caused a maximum correction of 
60/0 for half-lives of the order of 3X10- 11 sec. The most significant error for the fast transitions 
is in the peak area integrations. The spectra are not particularly clean, and a small extraneous 
peak could cause a systematic error in the integration of a particular line. The uncertainty intro
duged by the integrations is estimated to be ±0.6X 1Q- 12 sec for 160, 158Er and ±1.0X 10- 12 sec for 
15 Er, which has somewhat poorer spectra. An error of ±50/0 has been set for the best transitions 
to account for other systematic errors and for the fact that a number of corrections ranging up to 
a few percent in magnitude had to be made to the raw data. 

Figure 2 shows a comparison of the experimental points and the computer-calculated curves 
for 16crEr. The lowest points of the fastest transitions tend systematically to be high, which prob
ably indicates small amounts of somewhat slower feeding. The half-life values obtained are shown 
in Table I together with the energies of the transitions and the ratio of vic for the recoils. Also 
listed are the experimental B(E2) values, and these are compared with three theoretical B(E2) 
values. 

Several qualitative conclusions can be drawn from the B(E2) values in Table 1. Within our 
limitg of error all these values are nearly consistent with the rigid-rotor limit; however, those 
for 1 %r probably fall below this limit for high spin values, whesgas those for the other two nu
clei probably go above this limit. In fact, the B(E2) values for 1 Er are perhaps more consistent 
with the vibrator limit, as might be expected from the energy-level spacings in this nucleus. 
Since the more vibrational nuclei start with smaller B(E2; 2 - 0) values than the rotors, but in
crease more rapidly with increasing spin, there is a tendency for the B(E2) values to become the 
same at higher spins. Thus for the three nuclei studied here the spread between the B(E2; 2 - 0) 
values is a factor of 2.5, but between the B(E2; 6- 4) values is only a factor of 1.3. This tYRe of 
behavior has already been noted for the transition energies of even-even nuclei at high spin, 8 and 
sugges ts that the differences between the rotational- and vibrational- type nuclei near the ground 
state are disappearing with increasing angular momentum. 

It is also of i~terest to compare the B(E2) values with the predictions of the centrifugal 8 
stretching model, which gives a good empirical fit to the energy levels of the ground-state band. 
The last column in Table I makes t~is comparison for 158Er and 160Er, using the calculations of 
Davydov and Ovcharenko. 10 For 1 0Er the B(E2) values do not increase so much as predicted. 
Thus we would conclude that centrifugal stretching is not the only change taking place in this nu
cleus with increasing angular momentum. This conclusion has previously been reached in other 
similar caser ~~sed on (a) the mixing of the ground- and i3-bands, 11, 12 (b) the M6ssbauer isomer-
shift work, 1 - (c) the fJ.-mesic x-ray studies, 18 and (d) theoretical calculations. 19,20 It is 
generally supposed that the other important change occurring with increasing angular momentum 
is a reduction of the pairing correlations due to the Coriolis force. It is not clear how this reduc
tion would affect the B(E2) values. For 158Er, however, this model fits very well, and it will be 
of interest to see if such nuclei between rotors and vibrators do indeed stretch. 

The decay curves, such as those in Fig. 2, also indicate the mean time interval between the 
reaction (d = 0) and the population of the ground band (1/e point ~n the curves for the fastest rota
tional transitiops). These mean feeding t~mes are (6±3) X 10- 1 , (1.1±0.3)X10- 11 , and 
(1.6±0.3)X10- 11 sec, respectively, for 1 bOEr, 158Er, and 156Er . Considering that 10 to 20 
transitions must be emitted in this time interval, these feeding times seem surprisingly short, 
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especially for the rotor, 160Er . The trend betwee~ 160Er and 156Er is rather striking, and it 
will be of interest to see if this reflects a general difference between rotors and vibrators, or is 
just something peculiar to these three cases. 

Footnotes and References 
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Table I. L'f t' . f 11' t' t 't' . 160,158, 156E 1 e unes 0 co ec lye ransl lons ln . r. 

Nucleus Tran- Energy Recoil T1/2 a'T X 10
2 B(E2;I .... I-2) !?(E2)rot B(E2)vib B(E2b, s. 

sition (keV) v/c(o/~ (e 2X 10- 48cm4 ) (psec) (a'K+ 1.3a'L) 

160Er 2 .... 0 126.2 1.96 919±46 1. 30 

4 .... 2 264.3 1.80 34.5 ±1. 7 0.089 

6 .... 4 376.3 1.80 5.39 ±.49 0.037 

.8 .... 6 464.6 1.80 2.16±.48 0.020 

10 .... 8 532.1 1.80 1.24±.47 0.014 

158Er 2 - 0 192.7 1.96 300±15 0.283 

4-2 335.7 1.87 14.4 ±. 72 0.050 

6-4 443.8 1.87 2.80 ±.46 0.026 

8 -->- 6 523.8 1.87 1.21±.47 0.0.15 

156Er 2 .... 0 344.4 2.20 33.2±1.7 0.047 

4-2 452.9 2.20 5.42±.65 0.022 

6-4 543.2 2.20 ' 1.14±.66 0.013 

Fig. 1. Spectra from 124Sn(40Ar,4n)160Er 
tak,en with the plunger set at the indi
cated distances from the target. The 
positions of the unshifted lines are given 
at the top of the figure, the shifted at 
the bottom. 

+

'" 

.83 ± .04 (0.83) (0.83) (0.83) 

1.16 ± .06 1.19 1. 66 1.25 

1.34±.12 1. 31 2.49 1.48 

1.18±.27 1.37 3.32 1. 70 

1.05 ±AO 1.40 4.15 1.91 

0.55 ±.03 (0.55) (0.55) (0.55) 

0.87 ± .04 .79 1.10 0.87 

1.14±.18 .87 1. 65 1.11 

1.16±.45 .91 2.20 1.35 

0.33±.02 (0.33) (0.33) 

0.53 ± .06 0.47 0.66 

1.03 ±. 60 0.52 0.99 

4 4+7
2

+ Unshifted 6+14+ 

3 

d= 1.0 mils· 

2 

[ Doppler shifted I 
? 250 300 350 400 450 500 550 600 

Energy (keV) 



Fig. 2. The fraction of each transition 
which is unshifted in ene rgy vs the s ep
aration distance of the target and plung
er. The symbols represent experirn.en
tal p,oints for the g round- band transitions 
in 160Er . The. solid lines are the com
puter-calculated curves, and the dashed 
line for the 8 -+ 6 transition shows the ef
fect of using the program that allows two 
components to feed the g round- state 
band. 
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GAMMA-RAY DEEXCITATION OF 
COMPO UND- NUC LEUS - REAC TION P RODUC TS t 

F. S. Stephens, R. M. Diamond, W. H. Kelly,~' J. O. Newton,t and D. Wardtt 
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A number of studies have been made of the '{ rays emitted in the deexcitation of the product 
nuclei following compound-nucleus reactions. It is now well known that when this product nucleus 
is doubly even, the strongest discrete lines in the gamma-ray spectrum are the transitions be
tween members of the ground-state collective band (gsb). This has been found to be true for pro
jectiles ranging all the way from protons to 40 Ar. We feel that the data now available on the pop
ulation of the gsb following such reactions are sufficient to provide considerable insight into the 
entire '{-ray deexcitation process, particularly if the initial angular momentum is large. 

The following four points have been established. 
(1) The maximum spin observable in the gsb (states populated to the extent of '> 10% of the 2+ 

state) ranges £l·om 14 to 18 for rotors to around 6 for vibrators. This maximum is the
4

Bame for a 
given product nucleus whether it be made by a (He, 4n) reaction (.emax "" 16) or an ( Ar,4n) re-
action (.emax '" 40). . 

(2) For reactions initiated by lighter ions the gsb receives independent feeding to all the band 
wembers. For 11B this feeding is'" 10 to 20% to each band member. On the other hand, with 

Ar projectiles essentially all the independent feeding is to the highest observed two or three 
members of the band. 

(3) The alignment of the angular momentum introduced by the reaction is typically almost com
pletely preserved throughout the deexcitation process. 

(4) The mean time interval between thI reaction and the population of the gsb in three 40 Ar
induced reactions 1 was found to be;::; 10- 1 sec. Although in some cases there appeared to be com
ponent~ with somewhat different feedin% times, less than 5% of t~e feeding w~s appreciably slower 
than thIS. If these three cases (156,15 ,160Er) are representatlve, the feedIng tlme for rotors 
like 160Er ("" 6X10-12 sec) is appreciably less than that for vibrators like 15bEr (;::; 1.6X10- 11 sec). 

We believe these features of the gsb population follow rather naturally: from a general descrip
tion of the deexcitation process recently given by Grover and co-workers. 2 We will first outline 
this description of the deexcitation process, and then examine in somewhat greater detail certain 
critical aspects of it. The general scheme is shown in Fig. 1, which is a plot of excitation energy 
in the final product nucleus (having mass"" 160) versus angular momentum. The line is an esti
mate of the lowest-energy non-gsb states existing in this nucleus for each angular momentum. 
Grover calls the lowest level for each spin the yrast level. It is clear that the gsb members are 
the yrast levels for the lowestd'ngular momentum values, and the dots and dashes indicate gsb 
energies for a vibrator like 19 Hg and a rotor like 160Er , respectively. The short heavy lines in 



52 

Fig. 1 indicate tJ,re initial ang~tfr-momentum ranges and average excitation energies in this nu
cleus following ( He,4n) and ( Ar,4n) reactions. The average excitation energies are taken to be 
about one neutron-binding energy above the yrast levels. 

In the de-excitation process Grover proposes that high-energy ph~tons, probably mostly dipole, 
will first be emitted down to the vicinity of the yrast levels. In the ( He,4n) reaction producing a 
rotational product nucleus, we believe that this population goes more or less directly into the 
various gsb members, as these members comprise the yrast levels over most of the populated 
angu~'Or-momentum range. This results in independent feeding to all these gsb members. For 
the ( Ar,4n) reaction, however, the popUlation collects in the vicinity of the yrast line and then 
trickles down near this line, entering the gsb at that point where its members become the yrast 
levels. If several levels for each spin are involved along the non-gsb yrast line (to spread the 
population and thereby avoid generating discrete 'I-ray lines), this simple picture accounts very 
nicely for points (1) and (2) above. It also offers an explanation for the fact that (3- and y
vibrational bands are not appreciably populated in reactions with medium or heavy ions (fed via 
an yrast cascade), but are populated in proton and Q'-particle-induced reactions ~fed more or less 
directly from above). Regarding point (3), Rasmussen and Sugihara have shown that if the initial 
angular momentum is rather large, and the band is fed at a reasonably high spin value, then the 
alignment will be preserved for almost any intervening cascade. In fact, the observed alignments 
are in accord with those expected. We now need to examine the non-gsb yrast region in more de
tail to see if feeding times as short as 10- 11 sec are plausible and whether several levels are 
likely to be involved at each spin value. 

One can easily estimate that the yrast cascade following an (40 Ar, 4n) reaction must carry off 
'" 20'li of angular momentum and'" 10 MeV of energy. Thus the cascade could involve about ten 
E2 transitions of average energy'" 1 MeV whose average lifetime would have to be'" 10- 12 sec in 
order to account for the observed feeding times. Such transitions would be about 10 times as fast 
as the Weisskopf single-particle estimate for E2 transitions (10 spu). Similarly it could involve 
around twenty M1 or E1 transitions, which would have to be about 0.1 or 10- 3 spu, respectively. 
None of these average lifetimes seems implausible, and the yrast cascade probably involves them 
all to some exterrti however, the systematic absence of traps in the Er nuclei (states with lifetimes 
greater than 10- sec) preceding the gsb population suggests to us that the levels in the yrast re
gion have considerable regularity. We propose that the presence of collective bands is the most 
likely origin of this regularity, and at the same time such bands provide a natural explanation for 
E2 transitions of about the required lifetime. 

In Fig. 2 we show schematically the yrast region for spins I, 1+1, and 1+2, where I'" 30 'Ii. 
A few of the hundreds of possible transitions among these levels are indicated. The energy sep
arations between the three yrast levels correspond to that given by a rigid moment of inertia. 
Considering the nature of these levels, we believe the following three properties are likely: (1) 
the pairing correlations are absent, having been destroyed by the large angular momentum or the 
large number of quasi-particles (or both); (2) the states consist partly, perhaps mostly, of collec
tive states based on lower-spin states in the yrast region, rather than of just quasi-particle states 
as considered by Grover; and (3) the states of a given spin are heavily admixed into each other 
over regions of at least a few hundred keV (the Coriolis force becomes extremely large and should 
normally be able to ensure this). If the levels have these properties, then it seems to us that the 
observed features of the cascade can be understood. The mixing can prevent traps (ranging out to 
and beyond the millisecond region) which might otherwise arise due to structural differences be
tween various bands--differences in K value between rotational bands being the most obvious ex
ample. The collective-band character of the levels can provide both the very regular energy 
spacings and the enhanced E2 transitions necessary for the observed short feeding times. It is 
clear, however, that E1 transitions must frequently compete with these collective ones, 'since 
traps that might correspond to the termination of negative parity bands were not observed with 
these Er nuclei. The pairing correlations must be absent, it seems to us, since otherwise there 
would be an energy gap and hence an energetically favored band that would be heavily populated, 
giving rise to intense lines (which are not observed). In fact, in this picture it is just the onset of 
pairing, as the spin decreases, that favors the ground band energetically and causes it to be 
heavily populated. 

A final point has to do with the energy region above the yrast levels over which population oc
curs. We can estimate a minimum width for this energy region. If the levels were completely 
mixed so that the only differentiation among them would be the energy dependence of the E2 tran
sition probabilities (M1 or E1 transitions would be similar for these purposes), then the insert 
in Fig. 2 shows the relative population of a level versus its energy above the yrast level. One 
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sees that the population would be spread over 200 or 300 keY. A lack of cOlnplete mixing of the. 
levels would probably increase this somewhat. This range seems about right for our purposes, as 
(a) it is large enough to imply a number of levels for each spin (Grover would estimate two or 
three levels in this energy range, but the inclusion of collective levels would raise this number 
considerably), thereby preventing the occurrence of intense individual y-ray lines; and (b) it is 
small enough, and the differential population is large enough, to dump the population quickly into 
the ground band once an appreciable energy separation develops. 
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Fig. 1. Schematic figure showing the energy levels 
in a nucleus of mass"" 160 vs angular momen
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levels), (b) the region of populated states follow
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Fig. 2. ScheITlatic illustration of the lowest 
energy levels having spin"" 30 in a nucle
us. The insert shows relative populations 
of the s e levels if the only diffe rentia tion 
aITlong theITl is the E2 energy dependence. 
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ISOMERIC LEVELS IN NUCLEI WITH N = 74 

D avid Ward, F. S. Stephens, and R.. M. DiaITlond 

XBL686-2914 

In the c0'3~se of experiITlents on neutron-deficient isotopes of Ce, an isoITler of 13:1: 1 ITlsec was 
observed in 1 Ce (N = 74).1 Since no isoITleric activity was detected in any of the other ceriuITl 
isotopes, it was suggested that the isoITleric'level was a two-quasi-particle level associated with 
the configuration of 74 neutrons. A systeITlatic study of the N= 74 isotones 126Te , 128Xe, 130 Ba, 
132Ce , and 134Nd has been perforITled to test this suggestion. These nuclei were produced by a 
variety of (H.I, xn) reactions, as shown in Table 1. The gaITlITla spectra were recorded both during 
and between the beaITl bursts of the Hilac (beaITl bursts of 5 ITlsec duration at a repetition rate of 
40 per sec) using a Ge(Li) counter. 

IsoITleric activity was detected in 130 Ba and 134Nd; however, for 126Te and 128Xe there ap
peared to be no activity. The results froITl the y-ray exreriITlents for the ground bands are shown 
in Table II. For all these nuclei, with tIse exception of 34N d, SOITle levels of the ground-state 
bands have been previously identified. 1- Typical y spectra are shown in Fig. 1. A cOITlplete 
table of the y rays associated with the isoITler for 130 Ba is shown in Table Ill. Decay curves for 
proITlinent transit~ons in 130Ba and 132Ce were ITleasured by electronic techniq}les applied between 
the beaITl bursts, and found to be 13.5:1: 1 and 13 ± 1 ITlsec respectively. For 1-..:S4Nd it was neces
sary to subdivide the beaITl burst by !,lcho~pingll the beaITl after the injector stage to bursts of 0.1 
ITlsec. The half-life for the isoITler in 13 Nd was found to be 0.5 ±0.1 ITlsec. The ITlain features of 
the level scheITles for these nuclei established in the present experiITlents are shown in Fig. 2. 

Further work on 130 Ba was perforITled by using a solenoid (3-ray spectroITleter to study the 
spectruITl of conversion electrons eITlitted between the beaITl bursts, as shown in Fig. 3. By COITl
paring the spectruITl with the corresponding gamITla spectruITl (Fig. 1), the conversion coefficients 
for the 462.7- and 883.0-keV transitions are deterITlined as ak = 0.028 ±0.003 and 0.0052 ±0.0005 
respectively. Both these transitions ITlust therefore be of a predoITlinantly E3 multipolarity ~q 
sITlall adITlixture of M2 cannot be ruled out). It is possible to construct a level scheme for 1 ,U Ba 
froITl these data, as shown in Fig. 4. We may also infer the total conversion coefficient for the 
80.3-keV transition from the intensities of the 80.3- and 803-keV y rays; in this way we find 
aT = 0.37 ±0.08, which is consistent only with E1 ITlultipolarity. These ITlultipolarity assignITlents 
in 130 Ba iITlply a spin and parity of 8- or 9-for the isoITleric level; J'TT = 9- appears ITlore likely to 
be the case in view of tfcf E3 na.ture of the ~1.3.0-keV transition. The systeITlatic occurrence of 
the isoITleric level in 1 Ba, 1..:S2 Ce , and 1 Nd strongly suggests that it is a two-quasi-particle 
level forITled by breaking a pair of neutrons. 

The weak side branch in 130 Ba is suggested by ~~e energy sums and intensity balance. There 
is a siITlilar side branch in 132Ce , and possibly in 1 Nd as well, though the data becoITle 
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progressively poorer for these cases. In attempting to understand these isomers and level struc
tures we have considered both sfherical and nonspherical equilibrium shapes. Discussion of these 
analyses will appear elsewhere; however, a clear choice for the shape of these nuclei does not 
seem to be indicated. 

References 

1. David Ward, R. M. Diamond, and F. S. Stephens, Nucl. Phys. A117, 309 (1968). 
2. P. J. Stelson and F. K. McGowan, Phys. Rev. 110, 489 (1958).--
3. 1. Bergstrom, C. J. Herrlander, A. Kerek, andA. Luukko, in Proceedings of the Inter

national Conference on Nuclear Structure, Tokyo, Sept. 1967, p. 659. 
4. H. Morinaga and N. L. Lark, Nucl. Phys. 67, 315 (1965). 
5. G. Gerschel, M. Pantrat, R. A. Ricci, J. Teillac, and J. van Horenbeeck, Nuovo 

Cirnento 37, 1756 (1965). 
6. J-:-Burde, R. M. Diamond, and F. S. Stephens,Nucl. Phys. 85, 481 (1966). 
7. D. Ward, R. M. Diamond, and F. S. Stephens, in preparation:-

Table I. Bombarding conditions for production of the N = 74 nuclei. 

Nucleus Target Reaction Bombarding 
energy 
(MeV) 

126
Te 

124
Sn 

4 ( He,2n) 27 
128

Xe 126Te 
4 ( He,2n) 27 

130
Ba 

124
Sn (12C ,6n) 90 

122Sn (12C ,4n) 62 
132Ce 120Sn (160 ,4n) 78 

116Cd 
20 ( Ne,4n) 85 

134
Nd 

122
Te (160 ,4n) 88 

118Sn 20 ( Ne,4n) 92 
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Table II. Relative y-ray yields (R. Y.) observed both in (R. Y. in) and 
out (R. Y. out) of the beam bursts. The yields apply to a beam burst 
of 5 msec at 40 pulses/sec~ 

Transition 2 ...... 0 4 ...... 2 6 ...... 4 8 ...... 6 

E(keV) 666.0 

R. Y. (IN) 
126

Te 100 

R. Y. (OUT) < 0.3 

E(keV) 442.8 589.8 704.3 

R. Y. (IN) 
128

Xe 100 65 ± 7 40 ± 5 

R. Y. (OUT) < 0.6 

E(keV) 357.2 544.5 691.1 803.6 

R. Y. (IN) 
130

Ba 100 79 ± 8 89 ± 10 51 ± 6 

R. Y. (OUT) 
T 1/2 = 13.5 msec 31 ± 3 26 ± 3 22 ± 3 3.B±.5 

E(keV) 325.4 533.1 684.2 788 

R. Y. (IN) 132Ce 100 87 ± 10 74± 10 30 ± 6 

R. Y. (OUT) 
T 1/2 = 13 msec 21±3 17 ±3 15 ± 3 

E(keV) 294.0 494.6 631.0 726.5 

R. Y. (IN) 
134

Nd 100 86 ± 10 64 ± 10 46 ± 10 

R. Y. (OUT) T 1/2 = 0.5 msec 5.8 ± 1 4±2 6±2 

T bl III G . t d . h h' . d . 130 B a e . amma rays aSSOCIa e WIt t e ISOmerIC ecay In a. 
The transitions were assigned from consideration of their decay curves. 

Transition Relative yield As s ignment 

80.3 ±.2 6.7±0.7 

357.2±.3 100 

420.3 ±.5 3±1 

452.5 ±.5 3±1 

463.1±.4 13 ±2 

544.5 ±.5 85 ± 10 4+ 2+ 

652.5 ±.5 7±1 

691.1±.5 76 ± 10 6+ 4+ 

802.9 ±.5 9±1 8+ 6+ 

883.0 ±.5 66 ±8 8-,9 6+ 

1004 ±.8 5±2 

1111 ± 1 2.5 ± 1 
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Fig. 1. Spectra of '( rays eITlitted between the beaITl burs ts following the reactions 
122Sn( fZ C, 4n)130Ba at 62 MeV and 120Sn (160 , 4n)132Ce at 78 MeV. 
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XBL 693-317 

Fig. 2. The ground- state bands and the isoIneric level in the N = 74 
isotopes established in these experiInents. 
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Fig. 3. SpectruIn of .,f0nversion l~EQctrons observed between the beaIn bursts follow-
ing the reaction 12 Sn( 12C, 6n) Ba at 90 MeV. The detector was a cooled Si(Li) 
counter operating at 3.0 keV resolution. 



Fig. 4. Pr~80sed decay scheITle for the iso
ITler in 1 Ba. Spin assignITlents in pa
rentheses are tentative. The side branch 
was deduced froITl the energy SUITlS and 
intensity balance. 
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BETA DECAY HALF-LIVES FOR THE NEW ISOTOPES 
166,164,162Lu, 160, 158TITl, AND 160,.158Yb 

Martin NeiITlan and David Ward 
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Fo r 1soITle tiITle, in- beaITl y- ray studies have been ITlade of the final products in (H.!., Xn) re-
actions. Considerably less attention has been given to the study of the 13 decay of the products. 
The (H.!., xn) reaction generally produces nuclei which are very neutron-deficient, so that the 
half-life of the parent is typically only a few ITlinutes; furtherITlore, a sequence of several 13 decays 
ITlay be needed to reach stability. 

In experiITlents reported here we have used the Berkeley Hilac to produce isotopes of Lu" TITl, 
and Yb by the reactions 

152,15.0,148S (19 F Sn)166, 164, 162
L 150,148,S (If. 4 )'f6U,158

T 
u, 

ITl N, n ITl, 
and 124, 122 Te(40 Ar, 4n) 160, 158yb . 

The gaITlITla spectra observed between beaITl bursts were detected in a Ge{Li) counter. After 
several ITlinutes of irradiation the beaITl was turned off, and the decay of the activity was studied. 
Typical gaITlITla spectra are shown in Fig. 1, and decay curves in Figs. 2 and 3. The isotopes 
were assigned fro~ the known gaITlITla transitions in the daughter nuclei for. the Lu and ~ITl iso- 2 
topes (Yb and Er Isotopes), and froITl the known granddaughters for the Yb Isotopes (Er Isotopes). 
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The results for the half-lives are conveniently sum.m.arized in Fig. 4. In this work we have 
confined ourselves entirely to transitions in the ground- state quasi rotational bands in the ~ven 
nuclei. It is evident from. the large num.ber of transitions at higher energies. not shown in Fig. 1, 
that m.any other levels are populated by the 13 decay. Further work is continuing in an effort to 
build up m.ore com.plete decay schem.es. Until this work is com.pleted it is not possible to discuss 
the details of the 13 decays. such as ft values. for exam.ple. 
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IS2Lu IS4Lu ISsLu 
1.4 min 3.1 min 2.8mn 

158Yb IsoYb IS2Yb IS4Yb IssYb 
1.5min 4.8min 
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XBL693-2200 

Fig. 4. Summary of the half-lives mea
sured in these experiments. It should 
be noted that the levels observed here 
may not necessarily be the ground 
states. 

SEARCH FOR A 0.3-sec SPONTANEOUS FISSION ACTIVITY 
IN ELEMENT i04 t 

Albert Ghiorso, Matti Nurmia, and James Harris 

In 1964 Flerov et 4':1. 1 reported the observation of a 0.3-sec spontaneous fission activity pro
duced by irradiating 2 2pu with 22Ne. The activity was assigned to an isotope of element 104 with 
mass 260. The experiments were reported to rule out the assignment of this activity to other iso-
topes of element 104 or to other elements. < 

In an atteroot to verify these results we have bombarded targets of einsteinium (containing 1.2 
and 3.8 fJ.g of <::5::lEs and minor amounts of 254Es and 255Es) with i0B and 1iB ions from the 
Berkeley Hilac. The activities produced in the bombardments were deposited by a helium gas jet 
onto a standard 6.3-mmmagnetic tape that was pulled at a constant speed past a series of mica 
fission detectors. After etching, the mica foils were scanned with an optical microscope and the 
position of each fission track was recorded with a two-parameter analyzer coupled to two linear 
potentiometers attached to the microscope stage. 
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No spontaneous fission activity with a half-life between 0.2 and 1 sec was detected in exper
iments involvin~ a total of several hundred fLA-hr of HB geam. Due to a background caused by 
the fission of 2 6Fm and the rare fission branching of 25 No, the limit of detectability corre
sponded to ~ production cross section of about 8 nanobarns. The expected cross section for the 
reaction 25 Es(HB, 4n)260 104 is 17 nanobarns (Ref. 2) at a bombarding energy of 60.7 MeV, which 
was used in most

6
experiments. We are thus unable to confirm the assignment of the 0.3-sec fis

sion activity to 2 0 104 . 

Independent objections against this assignment have been raised on the basis of the production 
cross section of the 0.3-sec activity reported by the Soviet investigators. 1 Sikkeland et al. 3 point 
out that the observed cross section would be in better agreement with predictions if the 0.3-sec 
activity ;rere in fact 261 104 . The systematics of the spontaneous-fission half-lives of even-even 
nuclides are also in conflict with the assignment of the 0.3-sec activity to 260 104, which is ex
pected to have. a fission half-life of the order of a m~crosecond or less. This disagreement, too, 
is removed if the 0.3- sec activity is assumed to be 2b1 104 . 

In our expe~iments we should have seEm the 0.3-sec activity even if it were due to 261 104, as
suming that its production cross section is not substantially less than the C<J.lculated value of 16 nb. 
However, although we feel that the assignment of the 0.3-sec activity to 2bU 10 4 (Ref. 1) is likely to 
be in error, w~ cannot at present exclude the possibility that this activity could be reassigned to 
261 104 . 

Footnote and References 

tCondensed from UCRL-18714, Jan. 1969. 
1. G. N. Flerov, Yu. Ts. Oganesyan, Yu. V. Lobanov, V. 1. Kuznetsov, V. A. Druin, V. P. 

Perelygin, K. A. Gabrulov, C. P. Tret'yakova, and B. M. Plotko, At. Energ. (USSR) 17, 310 
(1964) [Engl. Transl.: Soviet J. At. Energy 17, 1046 (1964)]; Phys. Letters 13, 73 (1964). 

2. T. Sikkeland and D. Lebeck (Lawrence Radiation Laboratory), unpublished data. 
3. T. Sikkeland et al., Phys. Rev. 172, 1232 (1968).· . 
4. M. Nurmia, K. Eskola, P. Eskola, and A. Ghiorso, New Nuclide 258No , UCRL-18712, 

Jan. 1969. .., 

STUDIES OF ISOTOPES OF ELEMENT 104 t 

Albert Ghiorso, Matti Nurmia, James Harris, Kari Eskola, * and Pirkko Eskola t 

We have investigated the activities formed when 249 Cf is bombarded with 12C , i3C , 14N , 15 N , 
and 160 ions. The nuclear spectroscopy was done with an improved helium jet system that deposits 
the products of the nuclear reactions onto the periphery of a vertically mounted light plastic wheel. 
The wheel is periodically turned to'move the activity past a series of solid-state detectors, and the 
data are collected in various configurations of time subgroups from each detector with the help of 
a PDP-9 computer. 

In bombardments of the 249Cf target with 12C we have observed a prominent alpha activity with 
a half-life of about 4 sec. Its spectrum is complex, but it is characterized by a double or triple 
alpha peak betw,een 8.94 and 9.01 MeV, with possible additional peaks in the region of 8.57 to 8.86 
MeV. Its prpfuction cros.s section and the variation of the cross section with the energy of the 
bombarding C ions are consistent with the expected yield of 257 104 from. the reaction 
249Cf(12C,4n)257104. This assignment is further supported by results of cross bombardments and 
by alpha energy and half-life systematics. 

By bombarding 249Cf Wit~!~C we have produced a less well-defined alpha activity whose spec
trum largely: overlaps that of :> 10i49 The

3
data 0rs~ts production conform with the expected be-

havior of 259 104 from the reaction Cf(1 C,3n) 104. Milking experiments have confirmed the 
genetic relationship between Z'::J7 104 and 259 104 and their daughter isotopes, 253No and. 255No. 

We h'ave also studied the spontaneous fission activities formed from 249Cf in bombardment 
with 12C and 13C in a rotating-drum system equipped with mica detectors. We have observed an 
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11-msec fission activity that is formed with both 12C and 13Cin the manner expected for 258 104 
from the reactions 249~f(12C, 3n1258104 and 249Cf(i3C, 4n) 258 104. Tfls activit4" was not produced 
in a bombardment of 2 Cf with 4N or 11B , or in bombardments of 2 Cm or Z 8Cm with t 3

C or BC. 
These observations suggest that it may be tentatively assigned to 104. 

Footnotes. 

tsummary of UCRL-18711, Jan. 1969. 
'~On leave of absence from Department of Nuclear Physics, University of Helsinki, Finland. 
tGuest scientist supported by the Finnish National Research Council for Sciences. 

NE W NUC LIDE· 25 8 No t 

Matti Nurmia, Kari Eskola, * Pirkko Eskola, t and Albert Ghiorso 

From the trend of the alpha decay energies of known nobelium isotopes and other neighboring 
nuclides we estimate the alpha decay energy of 258No to be about 8.4 MeV, which would corre
spond

1 
to an alpha half-life of approximately 10 sec. In the 1966-67 Berkeleysul5~y of the No iso-

topes this expected alpha activity was not observed, and it was concluded that No must decay 
by spontaneous fission. Further experiments failed to reveal any such fission activity down to the 
limit of detection of the rotating-drum device then in use, or about 10 msec. 

With the help of an improved rotating-d2~lf,; system we have now observed a 1.2-msec fission 
activity that may be tentatively assigned to No. This activity was produced by bombarding a 
target of 248Cm with 13C ions, but it was not formed when the same target was bombarded with 
12C or 11 B , or when 246Cm was bombarded with 13C . Because no oSher activities, either alpha 
emission or spontaneous fission, assignable to the ground state of 25 No have been observed in an 
~g8ensive series of experiments, the above results suggest that the 1.2-msec activity is due to 

gNo and not to an isomeric state of this or some other nuclide. 

The systematics of the spontaneous-fission half-lives of t~5J:eaviest elements, in the light of 
our present results and of our recent tentative observation of 104 as a 11-msec spontaneous 
fission activi~y, 2 is shown in Fig. 1. Our results are obviously in disagreeme~bO'ith the claim of 
Flerov et al. to have discovered element 104 on the basis of having observed 104 as a 0.3-sec 
spontaneous fission activity. 

Footnotes and References 

!Summary of UCRL-18712, Jan. 1969. 
"'On leave of absence from Department of Nuclear Physics, University of Helsinki, Finland. 
tOuest scientist supported by Finnish National Research Council for Sciences. 
1. A. Ghiorso, T. Sikkeland, and M. J. Nurmia, Phys. Rev. Letters 18,401 (1967). 
2. A. Ghiorso, M. Nurmia, J. Harris, K. Eskola and P. Eskola, Studies of Isotopes of 

Element 104; UCRL-18711, Jan. 1969. 
3. G. N. Flerov, Yu. Ts. Oganesyan, Yu. V. Lobanov, V. 1. Kuznesov, V. A. Druin, V. P. 

Perelygin, K. A. Gabrulov, C. P. Tret1yakova, and B. M. Plotko, Phys. Letters g, 73 (1964). 
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Cross sections for the production of Po nuclides with mass' numbers from 194 .to 200 in bom
bardments of a 92.7% 164Dy target with 40Ar ions have been measured in the ion energy range 
160 to 280 MeV. The maximum cross sections in millibarns were 0.5, 2.5, 10, 28, 60, 65, and 
20 for the production of mass numbers 194, 195, 196, 197, 198, 199, and 200, respectively. 
Isomer ratios for the odd-A nuclides were obtained. A good fit is obtained between the shapes of 
calculated and experimental excitation function curves. Th.e fit involved (a) calculation of the com
pound nucleus cross section by the use of the parabolic approximation to the real part of theopti
cal-model potential with parameters VO= - 70 MeV, rO = 1.26 F, and d = 0.44 F; (b) modification 
of Jackson's formula for the probability for neutron emis sion to include angular m'omentum effects 
using T = 1.2 MeV and ;:J/;:J0 = 1.8, and (c) assumption of an.smergy independence for the average 
partial level width for 'neutron emission. In the fitting proces s experimental values for the latter 
quantity are obtained to which a semi- empirical formula is fitted. 

Footnotes 

t Abstract of UCRL-18674, Jan. 1969 (to be submitted to Phys. Rev.). 
*Present address: Norsk Hydro's Institute for Cancer Resear<;:h, Oslo, Norway. 
tPresent address: Special Training Division, Oak Ridge Associated Universities, Oak Ridge, 

Tennessee 37830. 
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NUCLEAR REACTIONS AND SCATTERING 

HIGH-ISOSPIN NUCLEI AND MULTIPLETS IN THE LIGHT ELEMENTSt 

Joseph Cerny 

This article presents a review of the progress :made in establishing the li:mits of stability to
ward the e:mission of nucleons in the light ele:ments, as well as an assess:ment of the data on high 

o isospin states (T ~ 3/2) and the resulting isobaric :multiplets in the :mass region 5 .,.; A .,.; 40. Data 
on T ::: 3/2 states in T ::::!: 1/2 nuclei and on T ::: 2 states in T ::: 0,1 nuclei obtained fro:m both 
direct reaction experifuents and isospin-forbidden resonance feactions are evaluated and tabulated. 
The isobaric :multiplet :mass equation is discussed and tested by using the available data on co:m
plete isobaric quartets; it is then used to predict :masses' of unknown neutron-deficient nuclei of 
:mass nu:mber 40 and below. 

Footnote 

t Condensed fro:m Ann. Rev. Nucl. Sci . .!§., 27 (1968). 

MICROSCOPIC ANALYSIS OF THE 3 He , t AND 3 He , 3 He, 
REACTIONS ON 1p SHELL NUCLEIt 

* Gordon C. Ball and Joseph Cerny 

There has been growing interest recently in the applications of a :microscopic description to 
the inelastic and charge- exchange scattering of various projectiles by nuclei. 1- 9 Utilizing the 
available experi:mental data fro:m the (p, n) and (p, pI) reactions, several atte:mpts have been :made 
to deter:mine an effective nucleon-nucleon interaction in ter:ms of a si:mple local potential with an 
arbitrary spin-isospin exchange :mixture. 2-7 In particular, the population of ground and excited 
isobaric analog states in the (p, n) reaction provides a direct :measure:ment of the isospin VST ::: V01 
and spin-isospin V 11 ter:ms in the effective two-body interaction, whereas the levels that are 
strongly populated In inelastic scattering are generally sensitive to the spin-independent ter:ms. 

One of the :main'purposes of thi~ investigation was to e:mploy the :microscopic description in 
a~ analysis of the (3 He , t) and (3 He , He ' ) reactions on several 1p shell nuclei--specifically, 9Be, 
1 C, 15C , 14C, 14N , and 15N. These experi:ments were carried out at 3He energies of 40 to 50 
MeV, and therefore the popu~ation of well-known levels up to an excitation energy of 15 to 20 MeV 
~ould be investigated. The ( He, t) and (:He, 3He ,) re?,ctions w,ere st'7died. si:m~~taneo&ly by.us
mg two (dE/dx)-E count~{ t3lescop es whIch fed Gouldmg-l3'andls parhcle Idenhflers. TypIcal 
energy spectra for the 1 C( He, t)i3 N and i3C (3He, 3He ,) 1 C reactions are shown in Fig. 1. 

The DWBA calculations were perfor:med by using the :microscopic description of inelastic 
and charge-exchange scattering developed by Madsen. 1 Spectroscopic factors were calculated by 
use of the inter:mediate-coupling wave functions of Cohen and Kurath1i for p-shell states, while 
si:mple j-j configurations were assu:med for the levels for:med by pro:moting a P.:l~2 nucleon to the 
s 1/2 or d 5/ 2 shell. A Yukawa interaction with a range of a- 1 ::: 1.2 F was found" to give the best 
overall agree:ment for all transitions. 

Theoretical angular distributions for (3 He , t), L::: 0 and (3He , 3He, ), L::: ,3 transitions are 
co:mpared with experi:ment in Figs. 2 and 3. The fits are representative of the best obtained in 
this analysis. The average strengths VST obtained for all single-particle transitions and L 
transfers are su:m:marized in Table I, and also co:mpared with the results obtained in previous 
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Z-5( 3,5-7 (3 )8,9 . analyses of the (p, p~, p, n), and He, t reactions. In all cases, the values obtained 
for the effective projectile-nucleon interaction at Ct- 1 = 1.Z F have been converted to an effective 
nucleon-nucleon interaction at Ct-1 - 1.0 F by using the relationships given previously by Wesolow
ski et al. 9 and Johnson et al. Z 

Several interesting results were obtained from thi~ analysis. First, the average values com
puted for V01[ZO.6 MeV] and V 11 [16.5 MeV] from the ( He, t) P3/Z' Pi/Z -+ P1/2' dominant L = 0 
trans~t~on w 3r 5_i.p excell:~t agreement with those. obtaine~ prevl~usly In' analyses of (p, n) L = 0 . 
tranSltlons.' In addlhon, the strengths reqUlred to fltthe ( He, t) Pi/Z -+ s1l?' L =31 transl-
tions agreed well with these L= 0 strengths. Second, the strengths requIred to {if the ( He, t) 
P3/Z -+ P1/z' L = 2 and Pi IZ -+ d 5/z' L = 1, 3 transitions were enhanced, whereas the experimen
tat angular distributions for these transitions had less structure than those predicted by the theory. 
This suggests that core polarization effects 3 , 4 or particle exchange could be contributing to the 
cross sections for 6h7se transitions. A similar effect has been observed for L =. Z transitions in 
the (p. n) reaction. ' . 

As expected, it was found that the transitions that we~e strongly popu'lated in the (3 He , 3H~;) 
reaction were generally insensitive to the spin- and isospin-dependent terms in the effective·inter
action.· However, the absolute strengths obtained herein for VOO were much smaller than those 
required to fit the inelastic transitions observed in the(p, p') reaction on several.heavier nuclei.,3 
As a result, it can be concluded that core polarization effects are much less important for 1p 
shell nuclei, though, as noted above, they may still be contributing. Unfortunately, an accurate 
determinati~n of the spin-dependent V 10 term could not be obtained from these data. In particular, 
those (3 He , He') transitions which were restricted. to be pure S = 1 were also populated in the 
(Ct, Ct') reaction with approximately the same relative intensity, indicating that other mechanisms 
such as multiple excitation also contribute significantly to the. cross sections for these transitions. 

Finally, it can be shown that the effective interaction obtained in this analysis is very similar 
to those used in simple shell-model calculations and those required to fit low-energy nucleon,. 
nucleon scattering data. 

Footnotes and References 

!Condensed from Phys. Rev. Jan. ZO, 1969. 
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Table 1. Average strengths for the effective nucleon-nucleon interaction at a -1 = 1.0 F obtained 
, from (3He, 3He') and (3He, t) transitions. 

3 
{ He, tl Eresent work Previous work 

P1/2' P3/2 -. P 1/2 P3/2 -. P1/2 P 1/2 - d 5/ 2 P 1/2 - s1/2 

(L=O) 

V
ST 

(CK) 

V
01 

20.6 :I:: 0.4 

V
11 

16.:, :I:: 1.1 

Serber 

a See Ref. 3, 5-7. 

(L=2) (L=l, 3) (L= 1) (p, n)a (3 He , t)b 

(CK) (jj) (jj) L=O L=O 

42.4 :I:: 5 32.8 :I:: 12 19.4 :I:: 3 19-26 31 :I:: 6 

42.4 :I:: 5 30.7 :I:: 11 17.3 :I:: 5 
V

11 
. 

20 :I:: 4 V-:::: 0.6-1.0 
01 

3 3 
( He, He') Eresent work (E, pI) Erevious work 

P3/2 - P1/2 P1/2 - d 5/ 2 P 1/2- s1/2 

b 

(L=2) (L=3) (L=1) 

(L=O) 

:::: 27 

See Ref. 8,9. 

(L=1) 

:::: 22 

cSee Ref. 3,5. 

Target 

7Li 

Without With 
. core core. d 
Eolarization

c 
Eolarization 

90 

:::: 80 

89 y , 90 zr }_ d 

208 - 40 
Pb 

d' 
See Ref. 4. 
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CARBON-10 AND MASS MEASUREMENTS FOR LIGHT NUCLEI t 

* H. Brunnader, J. C. Hardy, and Joseph Cerny 

A recent investigation of analog states thro~ghout the 1d5/ 2 shell1 included a remeasurement 
of the (p, t) and (p, 3He) reactions on 22Ne and 2 Mg targets to which carbon im~urities had been 
added to provte an energy calibration. The ground and first excited states of 0C, produced ~n 
the reaction 1 C(p, t) 10C, result in triton peaks whose energies bracket that of the T = 2 states in 
20Ne and 24Mg. Since the ground-state mass of 10C taken from the current mass table2 was 15·.658 
MeV with a quoted error of ± 13 keY, it wa~ surprising to observe a discrepancy of::::: 45 keY be
tween this and the accepted3 energies (± 5 keY) of the T = 2 states. This discrepancy has led to 
the presentreevaluati6n of the mass of 10C and the energy of its first excited state. 



70 

There have been three previous measurements 4- 6 of the mass of 1°C, and these are summa
rized in Tabler. Only the first two results are included in the average value quoted in Ref. 2. 
Although the error bar on the third measurement is significantly smaller than the others, the fact 
that it differed from them by:::: 45 keV, while using a similar experimental method, made it desir
able to perform an independent measurement of a different type. For this purpose, the reaction 
10B(3He, t)10C was chosen. , ' 

The experiment was carried out by using a 30-MeV 3He beam from the 88-inch cyclotron. A 
diagram and general description of the experimental layout have been given elsewhere. 7 Reaction 
products were detected in two independent counter telescopes on opposite sides of the beam. Each 
consisted of a 150-f! phosphorus-diffused silicon tlE transmission counter and a 3.0-mm lithiurn
drifted silicon E counter operated in coincidence, followed by a 500-f! lithium-drifted silicon E
reject counter operated in anticoincidence to eliminate long-range particles. The signals from 
these telescopes were fed to Goulding-Landis particle identifiers, and the data were stored accord
ing to particle type in four 1024-channel groups of a 4096-channel analyzer. In addition to the tele
scopes, two single 1-mm "monitor" counters were mounted at e

l 
h.- = + '27.5 deg and - 18.0 deg. 

The angular resolution of the telescopes and monitors was about iJ:-Z5 deg. 

Fifure 1 shows the energy spectrum of tritons observed from the (3 He , t) reaction on a 280-
f!g/ cm boron target, 9?!/o enriched in 10B; the lab angle was + 22.7 deg. Kinematic calculations 
show a change in the energy of 1oC peaks relative to those from 11C of about 10 keV per degree, 
and thus, if the Q values for the production of states in 10C are to be determined by comparison 
with known states in 11C, a precise knowledge of the lab angle must be maintained. Consequently, 
during this and all other runs, elastically scattered 3He particles were recorded in the fixed mon
itor counters and observed frequently throughout a run. Although this permitted a continuous sen
sitive determination (to about 0.1 de g) of variations in the ,beam angle, no beam-angle excursions 
were detected during any of the experiments. 

As a further precaution, in two runs spectra were recorded with counter telescope 1 set at 
the same nominal angle on opposite sides of the beam, while telescope 2 remained fixed at 
elab = - 60.1 deg to detect any significant beam ene rgy change. Additional spectra using the en
riched boron target were also taken at e l b = + 18.3 and - 55.2 deg, and for comparison, a 500-
f!g/ cm2 natural boron target was bombar~ed at the same energy. 

The data were analyzed by using the computer program LORNA. 8 This program establishes 
an energy scale by finding a least-squares fit to peaks whose Q values are known, after correcting 
all incoming and outgoing particles for kinematic effects and absorber losses. The states taken 
as known were the ground and first three excited states9 0f 11C. Ourfinalresultforthemass excess 
of 10C is (15. 700±0.0 10) MeV. Comparison with Table I shows this value to be consistent with that 
obtained in Ref. 6 and inconsistent with the other two. Thus we confirm the mass excess of 10C 
to be (15.7025 ± .0018) MeV. 

There have been three previous measurements 10-12 relating to the first excited state of 10e: 
two have determined its mass excess, and the other, its excitation energy. By use of the correct 
gro'und-state mass excess, good agreement is obtained among these measurements and the value 
we obtain. A summary of all experimental data on this state is given in Table II, together with 
the averaged result; this corresponds to an excitation energy of (3.344 ± .008) MeV. 

Our results also confirm the previously reported 10 existence of states in 1°C at 5.28 and 6.58 
MeV, but indicate that the tentative assignment of states at 5.03 and 5.60 MeV should be dropped. 

The earlier values for the masses of the ground and first excited states of 1°C were used in 
determining the energies of analog states and certain mass excesses for a number of light nuclei. 
Thus, the results of these measurementjl must be changed to take account of the revised 10C 
masses. Table III lists references, 7, 1j previous values, and the revised excitation energies for 
those earlier measurements which were sufficiently precise to warrant adjustment. 

Footnote and References 

jCondensedfrom phys. Rev. 1.11, 1247 (1968). 
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Brunnader, J. C. Hardy, J. Cerny, and J. Janecke, Isobaric Analog Statesand Coulomb Dis
placement Energies in the 1d5/ 2 Shell, submitted to Phys. Rev. 
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Table I. Previous measurements of the mass 
of the mass of 10C . 

Experiment Ref. Mass excess 
{MeV~ 

(p, n) threshold 4 15.663±0.025 

13 + end point 5 15.656±0.015 

(p, n) threshold 6 15.7025±0.0018 

Table II. Summary of experimental data on 
the firs t excited s tate of 10C. 

Experiment Ref. Mass excess 
{MeV~ 

10 B (3 He , t) 10C 10 19.028 ± 0.030 

(p, n) threshold 11 19.039±0.020 

'{ decay 12 ( 19.053±0.010)a 

10B (3 He , t) 10C this work 19.042±0.015 

Average 19.047±0.008 

a. This measurement was of the excitation 
energy rather than the mass excess; it has 
been converted by using the bIBt balue for the 
ground-state mass excess of C(15. 703 MeV). 

Table III. Original and revised experimental values which depend for calibra
tion upon the ground and first excited states of 10 C. 

Reaction Ref. Measured Previous value New value 
(MeV~ (MeV} 

24 3 6 21 7 Mass +10.62±0.12 +10.66±0.12 Mg( He, He) Mg g. s. excess 

40 3 6 37 
7 Mass -13.24±0.05 -13.23±0.05 Ca( He, He) Ca g. s. excess 

9 7 ':' Be(p, t) Be (T = 3/2) ·13 excitation 10.97±0.04 11.01±0.04 

10 8 * B(p, t) B (2nd excited) 13 excitation 2.33±0.04 2.34±0.04 

23 21 * Na(p, t) Na (T = 3/2) 7 excitation 8.92±0.03 8.97±0.03 

39K (p, t)37K* (T = 3/2) 7 excitation 5.035±0.025 5.046±0.025 
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Fig. 1. A triton energy spectrUIll obtained at Blab = 22: 7 deg, 
from a boron target 92% enriched in 10B. 

ISOBARIC ANALOG STATES AND COULOMB DISPLACEMENT 
ENERGIES IN THE 1d S / 2 SHELLt 

t * J. C. Hardy, H. Brunnader, Joseph Cerny, and J. Janecke 

The success of the isobaric-multiplet mass equation in relating the masses of states within a 
multiplet has been remarkable. 1 It is now clear that in order to examine the effects of non
Coulomb charge-dependent forces the most valuable data will concern the variation of the coeffi
cients in the mass formula as functions of mass number (A) and isospin (T). So as to minimize 
the number of extraneous effects, we chose to investigate Coulomb displacement energies within 
a single shell, the 1dS/2. For this shell, including the six measurements reported here, dis
placement energies are known within multiplets over the full range of possible AI s for all values 
of T :s; 2 with a single exception-the T = 2 multiplet in mass 22. 

We have located three previously unobserved T = 3/2 analog Jevels in 19F , 19Ne , a2123Mg, 
in addition to signifiaantly improving the precision on the energy of the T = 3/2 state in Na and 
the T = 2 states in 2 F and 24Na. All measurements involved (p, t) and (p, 3He) reactions and 
were made by using the external 4S-MeV proton beam from the 88-inch cyclotron. Both solid and 
gas targets were used, the reaction products being detected in two independent counter telescopes 
located on opposite sides of the scattering chamber. The energy signals from the counters were 
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fed to Goulding- Landis particle identifiers, and the total- energy signals were routed according to 
particle type into 1024-channel groups of a 4096-channel analyzer. 

If a target nucleus has isospin Ti' then the ratio of the differential cross sections for (p, t) and 
(p,3 He) reactions leading to analog final states with isospin Tf = Ti + 1 is (kt /k3 ) X 2/(2Tf - 1). 
The angular distributions should be identical in shape. The analog states havinitbus been identi
fied, their excitation energies were determined by analyzing the data with the computer program 
LORNA.2 This program establishes an energy scale by finding a least- squares fit to peaks whose 
Q values are known, after correcting all incoming an~ 0.,rtgoing particles for kinematic effeets and 
absorb~r losses. The principal source of calibration' was from the reactions 12C (p, t) 10C and 
12C (p, jHe) 10 B. 

The results are summarized in Table I and a sample spectrum appears in Fig. 1. 

The 28 known displacement energies in the 1d~/2 shell were fitted by parameterizing general
izations of the Coulomb energy formulae of Hecht. Two limiting coupling schemes were consid
ered, the jj-coupling low-seniority scheme and the Wigner supermultiplet scheme. In both 
schemes, the formulae have the same form, and it might be e5Pected that they should apply in any 
intermediate coupling scheme as well. The original equations were expressed in terms of three 
parameters which related to Coulomb energy matrix elements; the present generalization intro
duces two additional parameters-one which takes account of additional non-Coulomb charge
dependent effects, and another which accounts for the variation of the average Coulomb interaction 
radius ,with mass number. 

A sample of the fitted displacement energies calculated for both coupling schemes and com
pared with experiment is shown in Table II. The only states considered are those for which, in the 
simplest model, all active nucleons can be considered to be in the 1d5/2 shell. Anomalies were 
apparent for the T =1, A = 18 and T = 1/2, A = 1i displacement energies, but when these were ex
cluded from the fitting procedure an acceptable X was obtained. (The reason for these anomalies 
is presumably the large 2 s- shell admixtures known to, occur6 for the states considered in these 
nuclei.) The final parameter values obtained agree reasonably well with calculations based on har
monic oscillator wave functions, and correspond to an increase of::::: 9'10 in the interaction radius 
from the beginning to the end of the shell. 

Using the "best-fit" parameters it is, of course, possible to calculate any Coulomb displace
ment energy within the 1d5/2 shell. Thus, if the mass of any member of a multiplet is known, the 
masses of all other members can be readily predicted. We have calculated in this manner the 
masses, as yet unmeasured, of six neutron-deficient nuclei. The results for both schemes are 
shown in Table III, 7 where the quoted errors include only the. experimental error in the masses 
upon which the predictions depend. Only 19Na is predicted to be unstable (by 360 keY). 

Footnotes and References 

tCondensed from UCRL-18566, Jan. 1969. ' 
tpresent address: Chemistry Department, McMaster University, Hamilton, Ontario, Canada. 
*Physics Department, University of Michigan, Ann Arbor, Michigan. 
1. J. Cerny, Ann. Rev. Nucl. Sci. 18, 27 (1968). 
2. LORNA is a program written by C C. Maples, whom we thank for making it available. 
3. H. Brunnader, J. C. Hardy, and Joseph Cerny, Phys. Rev. 174, 1247 (1968). 
4. F. Ajzenberg-Selove and T. Lauritzen, Nucl. Phys. A114, 1 (1968). 
5. K. T. Hecht, Nucl. Phys. A102, 11 (1967); A114, 280 (1968). 
6. J. P. Elliot and B. H. Flowers, Proc. Roy. Soc. (London) A229, 536 (1955). 
7. 1. Kelson and G. T. Garvey, Phys. Letters Q, 689 (1966). --
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Table 1. SUITunary of experimental results. 

Analog Excitation energy Nucleus state This work Previous work Average value 
J1f , T (MeV±keV) (MeV:l:keV) (MeV±keV) 

24Mg 0+ . , 2 15.426±30 15.436:1:5 15.436:1:5 

24Na 0+, 2 5.978:1:35 5.98 :1:48 5.979:1:28 

23
Mg 5/2+, 3/2 7.788±25 not repo rted 7.788:1:25 

23
Na 5/2+, 3/2 7.910:1:30 7.890±30 7.900:1:21 

20 Ne 0+, 2 16.722±25 16.732:1:2.4 16.732:1:2.4 

20 F 0+, 2 6.523:1:35 6.43 :1:100 6.513:1:33 

19Ne 3/2+, 3/2 a 7.620:1:25 not reported 7.620:1:25 

19F 3/2+, 3/2 a 7.660±35 not reported 7.660:1:35 

a. These levels are not the lowest-energy T = 3/2 levels in mass 19, 
but are analogs to the first excited state (0.095 MeV) of 190 . 

Table II. A sample of the experimental and calculated Coulomb displacement energies 
in the 1d5/ 2 shell. 

T T J1f Experimental Seniority Calculations Supermultiplet Calculations z .6.E (A, T, T -1 IT ) .6.E .6.E (calc) .6.E .6.E. (calc) 
c z z c c c . c 

(keY) (keY) -.6.E (exp) 
c 

(keY) -.6.E
c 

(exp) 

(keV} (keY) 

1/2 +1/2 5/2+ 3542.0:1: 1.0 3542.2 0.2 3542.8 0.6 

1/2 +1/2 5/2+ 4315.3:1: 8.3 4316.6 1.3 4314.8 -0.5 

1/2 +1/2 5/2+ 5062.5:1: 1.1 5062.6 0.1 5062.2 -0.3 

1 +1 0+ 3478.9:1: 1.0 3549.4 70.5 3510.4 31.5 

1 +1 0+ 4282.1:1: 2.8 4279.0 - 3.1 4280.0 -2.1 

1 +1 0+ 5014.8:1: 4.2 5021.1 6.3 5025.0 10.2 

1 0 0+ 4931.6:1:20.2· 4901.2 -30.4 4897.0 -34.6 

1 0 0+ 5623.2:1:11.6 5592.8 -30.4 5632.1 8.9 

3/2 +3/2 3/2+ 3528.3:1:35.9 3524.6 - 3.7 3501.8 -26.5 

3/2 +3/2 5/2+ 4302.7:1:21.3 4268.8 -33.9 4268.4 -34.3 

3/2 +1/2 3/2+ 3980.4:1:43.0 3997.3 16.9 3989.0 8.6 

3/2 +1/2 5/2+ 4726.0:1:32.7 4739.3 13.3 4747.7 21.7 

2 +2 0+ 3484.4:1:33.9 3516.0 31.6 3481.7 -2.7 

2 +2 0+ 4292.4:1:29.7 4259.9 - 33.1 4245.5 -46.9 

2 +1 0+ 3971.4:1:33.0 3986.4 15.00 3966.8 -4.6 

2 +1 0+ 4724.4±28.4 4721.0 - 3.4 4722.8 -1.6 
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Table III. Mass predictions for neutron-deficient nuclei 
within the d 5/ 2 shell. 

Mass excess calculated by use of: 
Garvey-Kelson 

Nucleus prediction 
Seniority sche:me Super:multiplet sche:me (Ref. 7) 

{MeV:l:keV} {MeV:l:keV} (MeV) 

19Na 12.965±25a 12.968±25a 12.87 

20
Mg 17.509±2 17.510±2 17.40 

21
Mg 10.916±7 10.910±7 10.79 

23 Al 6.743±25 6.758±25 6.71 

24Si 10.765±5 10.813±5 10.72 

25Si 3.828±8 3.804±8 3.77 

a. The ground- state :mass excess is calculated with the assu:mption 
that the lowest 5/2+ state in 19 Na is at 0.095 MeV, as in its :mirror 
190. . ' 
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LOCATION AND ISOSPIN...;FORBIDDEN ALPHA DECAY OF THE 
LOWEST T = 2 STATE IN 28Si t 

~, 

Robert L. McGrath, J. C. Hardy, and Joseph Cerny 

In the past several years the lowest T = 2 isobaric analog states in a' nUITlber of T = 0 or 1 
light nuclides h~ve been located. 1 These states were first observed by using two-nucreon trans
fer reactions 2 , and, later, in several instances, 4,5 as isospin-forbidden cOITlpound-nucleus res
onances. Since the states have no available isospin-allowed particle decay ITlodes, their widths 
are expected to be relatively sITlall; all available data are consistent with this expectation, the 
widths being less than the experiITlental resolution in the transfer reaction studies Jupper liITlits 
about 20 to 80 keV) and less than 2.5 keV for the states in 20 Ne , 4 24Mg, and 32S, which were 
observed by use of resonance techniques. In general, the T = 2 state!> of T z = 0 nuclides lie at 
.least 3.5 MeV above proton or a-particle (isospin-forbidden) decay thresholds; these narrow 
widths iITlply that charge-dependent interactions only slightly perturb the T = 2 wave functions. 
Studies of the partial widths for both particle and gaITlITla decay provide inforITlation about the COITl
ponents of wave functions adITlixed by these interactions either into the T = 2 states or the residual 
states forITled by the decay process. The results can reflect directly upon the character of the 
charge-dependent forces theITlselves. 

3 We h~ve ITleasured the excitations of the lowest T = 2 states in 28Si and 28Al, utilizing the 
OSi~~, t)2 Si and 30Si(p, 3He)28Al reactions. These states have spin-parity 0+ and are analogs of 

the Mg ground state. In addition, by exaITlination of coincidences between tritons forITl~ the 
28Si T = 2 f.iate, and protons or a particles froITl. its decay, th.e decay branch~g ratios to Al(L\.T=1 
or 2) and Mg (L\.T = 2) states have been deterITlllled. A prevlOusly reported atteITlpt to populate 
this 28Si state via proton scattering on 27t!;1 was unsuccessful, although tentative evidence for its 
observation at 15.13±0.020 MeV via the 2 Mg(jHe, n)28Si reaction has been reported. 7 

Triton and 3He energy spectra at angles froITl 14 to 36 de~ (lab) were obtained with the 46-MeV 
proto:n beaITl of the 88-inch cyclotron bOITlbarding a 420 f.1g/ CITl evapora.ted silicon foil enriched to 
89% °Si. Standard techniques were followed in these ITleasureITlents. Z The' coincidence data 
were collected,with three telescopes--a triton telescope and two "decay" telescopes. Each tele
scope consisted of L\.E, E, and E-reject silicon detectors (the last being used to rejgct particles 
that passed through the E counter) and fed electronics built ar~und Goulding-Landis particle
identifier systeITls. The triton telescope, sub tending 9.2 X 10- sr, was positioned at +22 deg, the 
second ITlaxiITluITl in the .L = 0 angular distribution to the analog state. Fast-slow coincidences 
were required between tritons in this telescope and either'identified protons or particles stopping 
in the L\.E counters (50 f.1 thick) of either decay telescope. The latter telescopes were positioned at 
-90 and -125 deg and subtended about 1.3X 10- 2 sr. Energy signals froITl all free triton events to
gether with coincident events and their associated logic signals were fed to a ITlultiplexer analog
to-digital converter and, subsequently, into an on-line cOITlputer. 

The triton energy spectruITl shown at the top of Fig. 1 was accuITlulated during the coincidence 
experiITlent, but is representative of the region of higher excitation in the spectra obtained during 
the

2S
arlier angular distribution ITleasureITlents. The p-roITlinenq peak located at 15.206±0.025MeV 

in Si is identified as the lowest 0+, T = 2 state; the 3He data yield the 28A l analog excitation 
as 5.983 ±0.025 MeV. 

The coincidence data, displayed as two-diITlensional energy spectra, exhibited events distrib
uted alonbbands deter=ined by the three-particle final-state kineITlatics. Final states including 
both the Al ground state and (0.84 + 1.01)-MeV states (the latter two being unresolved) were 
evident in the triton-proton arrays. Coincident events with ITlore than 2 MeV energy loss in the 
L\.E decay co~nters c?uld unaITlbiguousl~ be identified as a partiz~es. These a-particle events fell 
along bands In the tnton-L\.E arrays whlch corresponded to the Mg ground state and 1.37-MeV 
state. 

Events lying along different kineITlatic bands were "projected" onto the triton energy axis, 
and the sUITlITled projections froITl both decay telescope's are shown in the lower portion of Fig. 1. 
Branching ratios were found by cOITlparing the net coincidence events in the various projections 
to the nUITlber predicted froITl the triton singles counts, decay telescope geoITletries, and the 
Jacobian relaiif.g the laboratory and 28Si recoil coordinates. The SUITl of branching ratios to the 
three lowest Al states and the lowest two states of 24Mg was 89.1 ± 15.7%. Figure 2 SUITlITla
rizes these results. The sUITlITled branching ratios have been renorITlalized to 100% for clarity; 
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it is not implied that gamma decays or .unobserved particle decays could not make small contribu
tions to the total width. Clearly, alpha emission to the 24Mg ground state dominates the decay 
stre~gth. 

In self-conjugate nuclei, ~T = 2 isospin impurities (necessary to explain alpha emission) can 
arise only from the isotensor component of charge-dependent interfrtions. The contrast with the 
T = 2 state .in 24Mg , which decays principally by proton emission, 0 is striking, and an attempt 
to understand the decay properties in terms of adrriixtur·es of specific two-particle, two-hole states 
in these nuclei is being undertaken. 
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Fig. 1. The top spectruITl presents the triton sinRes data 
containing a peak corresponding to the lowest Si T" 2 
state at 15.206 ±0.25 MeV. The lower spectra are sUITlITled 
projections, froITl both decay telescopes, of events lying 
along kineITlatic bands in the coincidence data onto the triton 
energy axis; the arrows in these spectra ITlark the energy 
cutoffs deterITlined by kineITlatics and detector thicknesses. 



Fig. 1.8 Energy-level diagram showing the 
the Si T = 2 state and the various avail
able proton or a-particle isospin-forbid
den decay modes. The observed transi
tions are indicated by arrows; the num
bers are fractional branching ratios nor
malized to 100% as discussed in the text. 
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THE 3 1 P ( t, p) 3 3 P R E.A C T ION AND THE USE F U L N E S S 0 F 
D OU B LE S T R1 PP1NG IN D1 S T1 NGU1S H1NG AMONG 

SHELL-MODEL CALCULAT10NSt 

* * w. G. Davies, J. C. Hardy, and W. Darcey 

The (t, p) reaction has previously been used 1 in the (2s
1 

12' 1d
3

/.,)shell to investigate some of 
the consequences of existing shell-model calculations. 2-4 ~ parhbDarly simple case was chosen, 
the target being the "core" nucleus 28Si , in order to single out the effects of particular two-body 
matrix elements. It is now of interest to investigate the same reaction on nuclei whose wave func
tions depend not just on the choice of a few two- body matrix elements, but on that of all 15 matrix 
elements (and two single-particle binding energies) necessary to specify the entire shell. 4. There 
have been a number of determinations of these matrix elements using various criteria, 1- all of 
which lead to similar fits to experimental energy levels. It is then particularly valuable to have 
an additional sensitive test of the merits of these calculations. 

The experiment chosen for this purpose was 31p (t, p)33 p . The nuclei involved have enough 1 

active particles that their wave functions ~~end upon all matrix elements, and there is the addi
tional advantage that none of the levels in P were us ed in the original determination of the 
matrix-element values, thus providing an independent assessment. 

The experiment was performed with 12.1-MeV incident tritons from the A. W. R. E. 
(Aldermaston) tandem Van de Graaff. The emitted protons were recorded on nuclear emulsions 
placed in the focal planes of the 24-gap magnetic spectrograph. Figure 1 shows the energy spec
trum recorded at 27.5 deg for a 3000-fJ.C exposure, where the energy range covered includes all 
levels in 33 p up to 5.8 MeV excitation. Angular distributions of those proton groups which corre
sponded to levels below 5 MeV and appeared to be predominantly stripping in character are dis
played in Fig. 2. The cu&ves in the figure were computed by using the "point triton" 5 (PT) and 
"zero-range interaction" (ZI) approximations. The optical-model parameters for tritons were 
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interpolated froIn the elastic scattering results 7 for, 12-MeV tritons on 27 Al and 35CI, while those 
for protons were .taken8 froIn ,17. 6-MeV data on 2 7 Al. 

The energies of the observed levels ,along with the L-values giving best fit to the data are 
listed in Table I together with ,previous results. 9-11 

In cOInparing the experiInental results with shell-Inodel calculations, five sets of Inatrix 
eleInents were considered. Set I: eInpirically deterInined Inatrix eleInents taken froIn Ref. 3: 
Set II: the saIne set Inodified according to Ref. 1;' Sets III and IV: eInpirically deterInined Inatrix 
eleInents taken froIn Ref. 4 (Set I and V in that reference); Set V: Inatrix eleInents calculated as
sUIning a surface-delta interaction, three paraIneters being deterInined eInp~13ically. 4 All Inatrix
eleInent sets were deterInined by fitting energy-level data in nuclei between Si and 40Ca . Each 
set produces acceptable agreeInent with the level spacings in 33p . In Table II we have cOInpared 
the experiInentally observed relative peak intensities with those obtained with DWBA cOInputations 
using the PT approxiInation. (Calculations using the ZI approxiInation yielded the saIne results.) 
Here an additional aInbiguity arises. The relative sign of the sand d single-particle radial wave 
functions is undefined in effective-interaction shell-Inodel calculations of the type considered here 
(Sets I-IV). The calculations denoted by "aTI assuIned that all single-particle wave functions were 
positive aSYInptotically, while those denoted by "b" Inade the opposite choice for the relative signs. 
The aInbiguity does not occur for the surface-delta calculations. 

It can be readily seen froIn the Table II that draInatically different results are predicted by 
using the various sets of two-body Inatrix eleInents and sign conventions; the best overall agree
Inent is produced by Sets IVb and V. Both sets also predict that no positive-parity states above 
the third excited state should be strongly excited, and this is confirIned by the data in Table 1. 

That this reaction proved to be such a sensitive probe of the details of the calculations seeIned 
especially interesting when cOInpared with calculations involving other, Inore COInInon, spectro
scopic tools--single-nucleon transfer reactions and 13 decay. Spe'3troscopic factors and log.i!.. 
values were calculated and cOIn~ared with results froIn the 34S(d, He)33p reaction9 and the 13+ de
cay12 of 33Ar to T3/2. states in 3Cl, since both involve the saIne wave functions. Neither calcu
lation shows cOInpafable sensitivity to the Inatrix-eleInent set used. 

The excellent agreeInent between the (t, p) experiInent and the calculations ~ith Sets IV and V 
is noteworthy, particularly considering that there is good evidence froIn the (d, He) reaction that 
at least the 1.845-MeV level contains significant adInixtures of configurations which include holes 
in the 1d5 / 2 shell. Apparently the calculations, all of which considered that shell to be closed, do 
account reasonably well for those parts of the wave functions which include active nucleons only in 
the 2s 1/2 and 1d3/ 2 shells. 

Footnotes and References 
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Table I. Experimental results. 

This eXEeriment 
Previous 
results a 

Level Energy L f Relative peak Energy 
{keV) intensities (ke~) 

g. s. 0 0 1/2+ 1.000 0 

1 1427±15 2 3/2+ 0.005 1435± 3 

2 1845±15 2 5/2+ 0.030 1850± 3 

3 2530±15 2 3/2+ 0.027 2543± 4 

4 3272±15 (2) (3/2+, 5/2+) 0.002 

5 3488±15 - 0.001 3500± 8 

6 3623±15 - 0.001 3638±10 

7 4044±15 - 0.001 

8 4218±15 3 7/2- , 0.040 

9 4847±20 

10 5039±20 

11 5177±20 

12 5368±20 

13 5438±20 

14 5485±20 

15 5535±20 

16 5619±20 

17 5650±20 0 1/2+ , 0.170 

18 5783±20 

a. See Refs. 9-11. 

Table II. Comparison of experimental relative peak cross sections for 31p (t, p)33 p with 
those calculated by using various sets of two-body matrix elements. The distorted
wave calculations assumed the PT approximation. 

Level Exper- Calculations using matrix element set 
energy J1T 
{MeV) 

iment Ia Ib IIa lIb IlIa IIIb IVa IVb V ---
0 1/2+ 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

1.427 3/2+ 0.005 0.035 0.301 0.007 0.0007 0.008 0.0005 0.011 0.002 0.005 

1.845 5/2+ 0.030 2.559 0.315 0.003 0.068 0.013 0.067 0.019 0.062 0.065 

2.530 3/2+ 0.027 2.087 0.122 0.0006 0.070 0.0008 0.065 0.003 0.053 0.061 
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91y AND THE FAILURE OF THE CLOSED SHELL AT 88Srt 

J. C. Hardy, W. G. Davies, * and W. Darceyt 

Recently, there have been severa1
4 

shell-model calculations which investigated the structure 
of nuclei in the mass A = 90 region. 1- Talmi and Unna1 and ~erbach and Talmi3 consider the 
1£5/2 proton shell and the 199 / 2 neutron shell to be closed (at Sr), and all active nucleons to oc
cupy the 2p 1/2 and 19q/ 2 protbn shells and the 3d5/2 neutron shell. In calculations restricted to 
the9bsotopes of Nb, M6, and Tc, Bhatt and Ball a~sume that the 2P1/2 proton shell is also closed 
(at Zr), and allow only two active shells. Vervier4 follows both approaches, considering 88S r as 
a core for calculations of isotopes of Y, Zr, and Nb while 90Z r is taken as a core for isotopes of Nb, 
Mo, and Tc. All authors conclude from comparison with rather meager experimental evidence 
that the assumed shell closures were justified. 

The reactions 92 Zr (t, 0') 91y and 89 Y(t, p) 91y were initiated with 12.1-MeV tritons from the 
A. W. R. E. (Aldermaston) tandem Van de Graaff. The emitted particles were recorded on nuclear 
emulsions placed in the focal.flanes of the 24-gap magnetic spectrograph. Figure 1 shows the al
pha spectr~ from 92 Zr (t,0') 1y recorded at 27.5 deg for a 2801-flC exposure and the proton spec
trum from yet, p)91y recorded iJ.t 27.5 deg for a 2636-flC exposure. In both spectra, the energy 
range covered includes levels in ';i1y up to 3 MeV excitation. 

The energies of levels in 91y observed in the (t,O') and (t, p) reactions are given in columns 
two and four, respectively" of Table 1. The average excitation energies appear in column six. 
Since the ground states of '12Zr and 89y have spin-parities of 0+ and 1/2- respectively, it'is pos
sible to make a unique assignm.ent of the spin and parity of every level in 91y for which an unam
biguous determination of the transferred angular momenta can be obtained in both the (t,O') and 
(t, p) experiments. The transferred ,eeL) values obtained from DWBA calculations also appear in 
Table I together with the deduced spin-parities. The energy-level diagram showing th~ results of 
this experiment is given in Fig. 2, and compared with the earlier work of Ames et al. The l.evels 
observed by these authors at 1.30 and 1.58 MeV do not appear in either of our experiments. 

Shell-model calculations in which 88Sr is ass~¥:ed to be a closed core4 predict that only four 
levels at low e~Qtation should be produced in the Zr(t,0')91y reaction (two of them, very weakly), 
and five in the '';iY(t, p)9 1y reaction, the ground state being the only one expected to be common to 
both. In fact, eleven states below 3 MeV'.excitation are produced in both reactions, nine of them 
with sign~ficant int~~sity. A further comparison shows, for example, that instead of a single low
~ying 372 level in Y, with th.e configuration (1Tp1l2)(vd5/2)~_' tJ1ree are observed below 3 MeV 
m both the (t, p) and (t, 0') reactlOns, and the same IS true for "5/2 levels. The fact that these 
levels are produced' strongly in the (t, 0') reaction provides conclusive evidence of large admixtures 
of (1TP3/2) - and (d" /2) - hole configurations in ~hese states. Thus, if any meaningful calculations 
are to 'be made for EYns nucleus, it is clear that 8Sr cannot be considered a closed core, and that 
particle-hole excitations from at least the 2P3/2 and 1£5/2 shells must be included. 

It is interesting to note that for the first four excited states, the calculated energies agree 
quite well with the experimentally observed levels despite the fact that the wave functions are con
siderably in error. 

Footnotes and References 

t Condensation from Nucl. Phys. 121, 103 (1968). 
*Nuclear Physics Laboratory, Oxford, England, and Nuclear Research Center, The Univer-

sity Qf Alberta, Edmonton, Alberta, Canada. 
:J:Nuclear Physics Laboratory, Oxford, England. 
1. 1. Talmi and 1. Unna, Nucl. Phys. 19, 225 (1960). 
2. K. H. Bhatt and J. B. Ball, Nucl. Phys. 63, 286 (1965). 
3. N. Auerbach and 1. Talmi, Nucl. Phys. 64, 458 (1965). 
4. J. Vervier, Nucl. Phys. 75, 17 (1966). 
5. D. P. Ames, M. E. Bunker, L. M. Langer, and B. M. Sorenson, Phys. Rev. 11, 68 

(1953). 
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Table I. 
. 92 91 89 . 91 

ComparIson of data from the Zr{t, a) Y and Y{t, p) Y 
reactions, as well as average level energies and deduced spin-
parities. 

Level 
92 Zr!t, a!91 Y 89 Y{t, E) 91y FINAL RESULTS 

Energy .e-value Energy L-value Energy J1T 
(keY) (keY) {keY! 

0 0 1 0 0 0 1/2-

1 550::1: 10 4 550::1: 10 9/2+ 

2 653::1: 10 1 \ 654::1:10 2 654 ::I: 7 3/2-

3 922::1: 10 3 926 ::1:10 2 924 ::I: 7 5/2-

4 1186::1: 10 4 1186::1: 10 (7/2, 9/2)-

5 1481::1:10 1 1472::1:10 2 1476 ::I: 7 3/2-

6 1552::1:10 3 1547::1:10 1550 ::I: 7 (5/2, 7/2)-

7 1974::1:10 3 1968::1: 10 2 1971 ::I: 7 5/2-

8 2058::1: 25 2065::1: 10 2064::1: 9 

9 2159 ::1:25 2158::1: 15 2 2158::1:13 (3/2, 5/2)-

10 2205::1: 25 3 2198::1:10 2 2199::1: 9 5/2-

11 2475::1:25 1 2470::1:15 2 2472::1: 11 3/2-

12 2569::1: 15 1 2566::1:15 0 2568::1: 11 1/2-

13 2822::1: 15 (2) 2822::1: 15 (3/2, 5/2) -
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Fig. 2. Experimental energy-level diagrams 
deduced from this work and from that of 
Ref. 5, as well as a calculated spectrum 
taken from Ref. 4. (From Nucl. Phys. 
121, 103 (1968». 
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E LAS T I G a - a SCAT T ER I N G AND THE 7 L i ( p, a) aRE ACT ION 

~" H. E. Conzett and R. J. Slobodrian 

The 7 Li(p, a)a reaction was first observed 36 years ago by Cockcroft and Walton 1 at proton 
energies up to 500 keV. Fifteen years later Heydenberg et al. 2 made the first observation of res
onance behavior in the excitation function near E = 3 MeV, but it is interesting to note that there 
still has not been a completely satisfactory theo~tical description of that resonance behavior. 
T-re most recent attempt by Freeman and Mani3 to fit the data between 1 and 6.5 MeV assumed two 
2 resonances. one each at 3 and 5.5 MeV proton energy. Their fit to the integrated cross section 
as a function of energy was very satisfactory, but they could not fit the angular distributions, and 
concluded that another level had to be assumed. 

Resonances of ~ spin and parity 'Blone can decay into the 2a channel, and this selectivity is 
extremely useful in identifying states of Be that lie above the 7 Li + P threshold. For example 
(Fig. 1), there are six or seven states of 8Be in some 5 MeV above the proton threshold, but only 
two peaks appear in the (p, a) reaction excitation function. The technique of resonance elastic 
proton scattering on 7Li might seem to be useful here, but those four or five other states, which 
do not communicate with the a-channel but do so with the proton channel, complicate the analysis 
enormously. However, elastic a-a scattering has just the advantage of resonance elastic scatter
ing without the accompanyi:ig disadvantage of exciting those unwanted states. 
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Phase-shift results frOIn our elastic a-a scattering data 
4 

show clear evidence for resonances 
in both the £ = 2 and £ = 4 partial waves near 20 MeV CIn, as shown in Figs. 2 and+3. Si~ce tge 
channeV.spin is zero, this provides the i=ediate assignment of spin and parity 4 and 2 to Be 
levels near 19.5 and 19.9 MeV, respectively. 

Barker' s5 interInegiate- coupling shell-Inocigl calculation, which predicts a 4+, T = 0 state at 
21. 5-MeV excitation of Be, proInpted Kermode to reexaInine the phase shifts from Igo' s optical
Inodel analysis 7 of older a-a scattering data in tfis energy region. By adding 180 deg to the £ = 4 
phase shift above 19.7 MeV CIn, he assigned a 4 resonance near 19'.5 MeV with a width of 360 keV. 
This calculation, assuInin~ an elasticity, T'IT', of 0.95, gave a narrower width than would have re
sulted froIn a sInaller T'/T'. Our result, :fig. 3, provides T' IT'::::: 3/4 or 1/4 and a consequent 
larger width, T'::::: 750 ke'V. a 

This additional 4+ resonance, which clearly cOInInunicates with the proton channel, should 
Inake it possible to finally provide a satisfactory fit to the 7 Li (p, ala data. 
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Fig. 1. Even spin and parity levels of 8 Be between 16 
and 23 MeV excitation. The 4+ level near 19.5 MeV 
is assigned from analysis of our a-a scattering data. 
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PROTON-PROTON ELASTIC SCATTERING BETWEEN 6 AND 10 MeV t 

R. J. Slobodrian, * H. E. Conzett, E. Shield, ~ and W. F. Tivol 

Low 1ener.gy proton-proton scattering has been the object of very accurate experiInental inves
tigation, ,c. and, except for electroInagnetic cOInplications, Z it is the Inost suitable source of iI'\
forInation concerning the nuclear interaction of two nucleons in the S wave. T~e research carried 
out at Wisconsin, was particularly fruitful; two different experiInental groups3, covered the range 
between 1.397 and 4.Z03 MeV (la%or'btory-systeIn energies). Between 4.Z03 and 10 MeV there have 
been several other experiInents, -1 but significant disagreeInent aInong these data has indicated 
the need for Inore accurate differential cross sections in this energy range. 

A cOInprehensive analysis of the experiInental inforInation below 40 MeV was done first by 
MacGregor, 11 using a selection of data in this energy range. The WMF data 3 were the first to 
show a definite "anoInaly" with respect to pure S-wave scattering, and thus indicated the necessity 
of P waves in the analysis of low energy p-p cross-section data. 1Z Early analyses were perforIned 
in terInS of the S-wave phase shift KO and an "effective" P-wave K 1. MacGregor 11 stressed the in
sufficiency of cross-section data alone, and his analysis resulted in a fQurfold aInbiguity aInong 
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phase- shift s.olutiens using S, split P, and D waves. These selutiens predicted different, theugh 
small, p.olarizatiens, and later measurements 13- 15 shewed these te be, indeed, small. Thus, 
large P-wave splittings sh.ould be excluded. 

One .of the interesting aspects .of lew energy p-p scattering is the pessibility ·.of the determina
ti.on .of shape-dependent effects en the S-wave phase shift. This is net yet feasible f.or n-p scatter
ing, fer which .only t.otal cr.oss sectiens are presently available; and thus even the effective-range 
parameter is rather inaccurately knewn. 

The ideal regien fer such a determinatien is between zere and 10 MeV. An impertant exper
iment has been performed in this connection, cOI;lsisting of the precise determination of the energy 
.of the interference minimum in p-p scattering. 1b This was feund te be 0.38243 ±0.00020 MeV, 
and fr.om this a very accurate value fer the 1S0 phase shift was derived. 17 This phase shift, in 
cenjunctien with the data of Ref. 4, was used by several authers te attempt a determin;ztien .013 4 
sha15e-dependent parameters in the expressien C 2k c.ot °0 + 1/R he,,) = - 1/a + 1/2 r k - Pr k + 
Qre k 6 - ... , where .the symbols have the usual meaning. 18 Reference 18 gentains ~ summ~ry .of 
the situatien cencerning this point. There are uncertainties if the analysis is restricted t.o the in
terference minimum datum and te the KMBND4 data set. The inclusien of the WMF data in the 
analysis reduces such uncertainties, 18 but, neveztheless, the shape-dependent scattering param
eters are not determined unambigueusly. Heller has recently added the phase shift at 9.69 MeV, 
obtained frem the data .of Jehnsten and Yeung, 10 te the interference minimum datum and te the 
KMBND data set. The analysis was carried .out by using the effective-range expansien up te and 
including a cubic term in the energy. The shape-dependent ceefficients P and Q were .obtained 
with large errers. It is alse well knewn that the peint at 9.69 MeV is tee clese te the radius .of 
convergence .of the series to warrant a fit with a small number of terms in the expansion. This 
was recognized by Heller himself. 

Another approach was made recently by Noyes and Lipinski 19 in analyzing the 9.69-MeV datJO 
and incorporating in the analysis a ratio of spin-orbit to tensor effects; they calculated higher par
tial waves in terms of a model. They neglected vacyum polarizatien and electromagnetic struc
ture effects in the S wave. They cencluded that the So phase shift determined in the analysis was 
in modest agreement with the predicted OPE shape correctien. 

The measurement of precise angular distributions between 4.203 and 10 MeV to better than f'/o 
abselute acc~oacy seemed to be another premising angle of attack te solve the preblem of shape 
dependence. Anether paper21 will describe the determination .of the shape-dependent param
eters P and Q from the interference minimum phase shift, the WMF data, the KMBND data, and 
the results reperted here. 

Spectra were measured between 6 and 50 deg lab, and we have consistently recorded the 
energy spectra at all measured angles. Fer consistency with the "discriminator metheds" used 
in the experiments mentioned abeve we have evaluated the peak counts by means of the simulatien 
.of a discriminator setting (from new on called D data). Hewever, if a "background" line is extrap
elated from the spectrum shape at energies belew the peak, the cross section values are reduced 
between 0.5· and 10/0. Therefore, we have alse determined cress sections, using a background sub
traction methed (from now en called BGS data). Figure 1 shows our angular distributiens of D 
data, together with data .obtained at neighbering energies by ether greups. 

A phase- shift analysis was perfermed by use of a pregram develeped by Knecht
22 

and written 
by Jenkins. It was adapted fer use with a CDC 6600 computer. This pregram includes S, P, and 
D waves. The conclusions reached by Noyes and Lipinski 19 at 9.69 MeV concerning the negligible 
centributien .of F waves are also applicable at 9.918 MeV, and, a fortiere, they held at lewer 215-
ergies. Alse, the results of recent phenemenolegical phase-parameter fits by the Yale group 
shew negligible F-wave centributiens at 10 MeV. Censequently, we have considered that an anal
ysis limited te S, p, and D waves is valid and meaningful for experiments .of the .order of 0.5 te 
10/0 accuracy. Vacuum polarization cerrectiens for P, = 1 were carried out by use of fermulae de
rived by Durand. 24 The S-wave vacuum polarizatien cerrection was not performed, as it is 
easily dene using the procedure .of Feldy and Eriksen25 in the effective range expansien. 

Neyes and Lipinski 19 have cencluded that the 3PO ~ 2 phase shifts °1 J sheuld have the + - + 
OPE signature at 9.69 MeV and that ~LS/b.r sheuld beu} the range 0.07 te'O.1S, where 
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and 

Nevertheless, following a more phenomenological approach, we have chosen in our analysis 
to retain the possibility of two different signatures of the split-P-wave phase shifts. One is con
sistent with a tensor interaction producing negative polarizations, while the other (+ + - signature) 
produces a positive polarization at small angles and corresponds to a dominant spin-orbit inter
action. In both cases the strength of the splitting was kept small, consistent with the existing ex
perimental values of polarization. 13, 14 

, A sample result of our ~alysis is given in Table 1. The listed errors are based on the crite-
rion of an increase of 1 in X , and, alternatively, in the parameter ~ = X2 IN (whereN is the num
ber of data points). The program adjusts the S-wave, the central force part of the P-wave, and 
the D-wave phase shifts in successive steps. 

Figure 2 contains a plot of the 1S0 shifts obtained from our D data and from other sources. 

Our cross sections at 9.918 MeV disagree with the extrapolated values obtained from the 
Minnesota experiment at 9.69 MeV, assuming a 1/E dependence of the cross section, by more than 
one standard deviation, and the plot of phase shifts in Fig. 2 bears this out. However, the cross 
sections measured at Minnesota are on the order of 1 to 2% higher than the values obtained at the 
Rutherford high energy laboratory26 at the energies where they overlap. MacGregor et al. 27 as
sign a probable normalization of 1.015 to the final search in fitting the data; this means that the 
data should be scaled by 0.985 for consistency with their phase-shift solution. Figure 3 shows the 
polarizations calculated from our phase shifts with the two different P-wave splittings. 

Figure 2 shows that the information reported in this paper maps the region of the maximum of 
the p-p 1SQ phase shift.. It indicates that there is some need for measurements in smaller energy 
steps both below 10 MeV and between 10 and 20 MeV. 

Another aspect still requiring attention and more thorough investigation is that of bremsstrah:" 
lung effects. They probably originate in transitions involving mairily the P wave, and therefore, 
although such effects are small, they may be relevant to a more exact formulation of the .scatter
ing amplitude, as(sumed to be purely elastic below the meson production threshold. Precise mea
surements have been repeatedly advocated, as they may provide a means for distinguishing be
tween nucleon-nucleon potentials fitted to elastic scattering data. 28 
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2 
Phase shift [degrees] 

Elab X 
1 3 p 3p 3 p 1D (MeV) . So a 'T ap 'Tp aD 'TD s s 0 1 2 2 

± ± ± ± ± ± 
---

6.141 5.56 55.67 0.025 0.109 2.317 -1.283 0.157 0.038 0.168 0.075 0.130 0.576 

8.097 13.68 55.91 0,021 0~114 3.135 - 1. 665 0.255 0.050 0.271 0.067 0.126 0.686 

9.918 9.37 55.09 0.031 0.159 3.826 -2.174 0.226 0.106 0.532 0.009 0.230 1.154 
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Fig. 3. Angular distributions of polariza
tions obtained with the P-wave spin orbit 
splitting (solid line) and the OPE splitting 
(dashed line). 
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DETERMINATION OF THE 1S0 NEUTRON-NEUTRON 
EFFECTIVE-RANGE PARAMETERS 

t . * t R. J. Slobodrian, H. E. Conzett, H. MeIner, A. D. Bacher, J. Ernst, 
and F. G. Resmini 

(a) 

( b) 

(e) 

X BL685·2620 

The 1S0 neutron-neutron effective- range parameters are still not very accurately determined, 
although several experiments have been done in recent years to determine the scatterjng length, 
a· . 1-3 In this experiment we have studied the 2n final-state interaction in the T{d, He) 2n re
agllon with good statistics and determined both the scattering length, ann' and the effective range, 
rnn· 

We have measured 3He '~pectra from the T(d, 3He)2n reaction near 30 MeV, using the deuteron 
beam of the Berkeley l8-inch cyclotron. The experimenta1

4
techniques were basically the same as 

described elsewhere. The analysis employed a procedure by which the simple Watson-Migdal 
(WM) fina:t-state interacti~>n theory5 was ~odified for effects not included originally .. Spectra6. 
from the He{d, t)2p reachon at the same fInal-state c.m~ ene.rgywereused to determIne ther:aho be
tween the experimental triton spectrum and the WM calculation for the known valu'2s of the SCLP-P 
ef~ective-range parameters 7 (a = - 7.72 F, r = 2.65 F). This ratio-:-rg(e,E)i= d 2a/dndE/ 
{d a/dn dE)WM' under

3
the assullRption of chargIWsymmetry of nuclear forces, was then used to 

correct the measured He spectrum from the mirror reaction T{d, 3He)2n. A WM fit to the cor
rected spectrum (Fig. 1) then determined both a and r . The best fit for the high-energy end 
of the spectrum, corresponding to relative n-n eR~rgies f~n = 0 to 3.7 MeV, yields ann = -16.4 F; 
rno = 3.1 F. 
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The errors in the ann - rn plane are shown. in Fig. 2 for different ranges of Enn included in the 
analysis. Comparison wi~ other experiments is also shown. Within the errors. our values agree 
with those determined theoretically from the p-p effective- range parameters, 8 and our errors are 
considerably smaller than those of the previous experiments. 
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NEUTRON-NEUTRON SCATTERING LENGTH FROM COMPARISON OF 
THE 2 H ( p, n) 2 pAN D 2 H ( n, p) 2 nR E ACT ION S t 

R. J. Slobodrian, * H. E. Conzett, and F. G. Resmini 

Studies of the different~al energy spectra of the reaction ZH(n, p)Zn near 14 MeV (lab) have 
yielded values for the 1S0 neutron-neutron scattering length which display a considerable spread, 

1 +2.0 Z ,3 
a = -Z1. 7 ± 1 F, - Z 3 . 6 1 6 F, and - 14 ± 3 F, 

n - . 

whe're the assigned error in Ref. 1 was due only to statistics. References 1 and 3 used similar 
analyses <;fpropriate to a long- range process that results from the large spatial extension of the 
deuteron. Thus, the disagreement between those two results is unexplained, and its clarification 
is im~ortant to the validit2" of the assumption of charge symmetry in the nucleon-nucleon interac-
tion. Voitovetskii et al. used a formalism based on Feynman diagrams. The result near the 
high energy end of the proton spectrum is similar to that of the Watson-Migda16, 7 treatment, which 
is, however, more appropriate for a short- range process. It has been pointed out that an analysis 
based eitheron the long- range assumption4 or on a more rigorous three- body theory8 would give a 
smaller value of an' Figure 1a shows that the three sets of data are self-consistent within the ex
perimental errors, statistical uncertainties, and differences in resolution. Thus, the different 
values obtained for ar result from differences among the analyses employed. An experimental 
test of the theoretica formulations is clearly desirable. 

In contrast, a study9 of the reaction 3H(d, 3He)Zn near 3Z and 40 MeV has provided a value 
an = -,16.1 ± 1.0 F. The validity of the Watson-Migdal theory employed in this work was verified 
tlirough analysis of data from the mirror reaction 3He(d, t)Zp. The deduced proton-proton scatter
ing length agreed with the value known from low- energy p-p scattering. 

Similarly, study of t~e reaction ZH(p, n)Zp can provide a test of the theory used in the analysis 
of data from the reaction H(n, p)Zn. Spectra at 30 and 50 MeV10 from ZH(p, n)Zp obtained with 1.4 
and Z.O MeV resolution respectively have been fitted quite well with the impulse approximation of 
Phillips,4 although the relatively poor resolution reduced the sensitivity of the fits to variations of 
the scattering length. Data have also been obtained at 14.1 MeV11 and at 8.9 MeV, 1Z and they are 
in qualitative ag reement with the impulse approximation prediction. 

We have studied the ZH(p, n)Zp reaction near ZO MeV lab, using protons from the Berkeley 88-
inch variable-energy cyclotron. The target was gaseous deuterium, 99.9% pure, at 1 atmos. pres
sure, enclosed in a cell with 13 mg/cmZ aluminum entrance and exit windows. Neutrons. were de
tected with a proton-recoil spectrometer. 13 The overall resolution of the system, as determined 
empirically with the reaction 14N(p, n) 140, was 600 keV in the relevant high energy region of the 
spectrum. Spectra were measured between 5 and 12 deg lab. They showed a small anisotropy of 
the neutron peak, in agreement with other experiments. '14 Figure Za, b shows the high energy re
gion of the spectra obtained at 5 and 8 deg lab. 

The differential energy spectrum can be written as 

L I I
z 

Tif P, ( 1) 

spins 

where T' f is the transition matrix element, p is the density of final states, and Vi is the velocity 
of the pr6Jectile. 

In general, Tif = !1jJ+VIjJ.dT, where V is the interaction causing the transition. In a reaction 
of the form A + B - X + tN the final- state interaction of the two-nucleon pair (ZN) in a 1S state of 
low relative energy results in,a peak at the high energy end of the spectrum of particle X. Re
stricting our discussion to that region of the spectrum, and assuming that there the effect of the 
interaction between X and N is negligible, we can factor the wave function IjJf = IjJZNcf>R IjJx, where 
cf>R describes the relative motion between X and the 2N system. For r ~b, where b is the radius 
at which the internal and external wave functions are matched, 

IjJ = e
io 

sin(kr + o)/kr Zn 
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and 

i6 
l\J

ZP 
= e [F O(kr) ces 6 + GO(kr) sin 6] / kr, 

i 

where k is the relative N-N mementum in units ef fl, 6 is the 1So pha·se shift, and FO(kr) and 
GO(kr) are the regular and irregular Ceulemb S-wave functiens. Thus, ::we have 

Tif= e-i:sin OS (fn<PRl\JX)+ Vl\Jid'T = e-i~in 6 gn (e,k) fer nn, (Za) 

fer pp'. (Zb) 

with 

f (k, r) = (sin kr cet 6 + c"os ~r)/ r, fer r ;;Ob, 
n 

0 
= fn(k, r), fer r ~ b, 

f (k, r) C [F O(kr) cet 6 + GO(kr)] /r, fer r ;;Ob, 
p o . 

f (k, r), 
p 

for r ~ b, 

Z· Z'" . '. . 
where C = Z '!TTJ/(exp Z '!TTJ-1), TJ = e /(flv) , v is the p-p relative velecity, and e is the c. m. angle 
ef particle X. Equatiens (Z) reduce to. the Vvatsen-Migdalshert- range appreximatien and to. the 
leng-range impulse appreximatien under the apprepriate assumptiens. 

. . . . ..', ' 0 0 .' . 
Fer r ~ b and fer the small values ef ~ which are impertant here, f and fpare equal to. with

in a few percent 15 and, in any case, centribute little to. gn and g. becaJ1e ef tlie'smallgverlap 
with the deuteren wave functien centained in the initiaJ state, l\Ji' PAise, it can be seen 1 that f 
and fp have a remarkably similar energy dependence in the impertant range ef values ef g. CeR-
sequently, fer mirrer reactiens at equivalent c. m. energies, we assume that . 

gn(e,k) = Censt. gp(e,k). (3) 

An experimental determinatien ef 1 g I
Z thu~ previd~s a 1 g I

Z 
which can be used in the analysis ef 

nn final- state spectra. The imperta~t peint is that this eb.Jiates the need fer a direct calculatien 
ef gn via (Za). Therefere, the necessary appreximatiens and uncertainties ef such a calculatien 
are eliminated. As an example, Fig. 1c shews a verificatien ef (3) in the centext ef the calcula
tien by Phillips. 4 

We have cempared eur ZH(p, n)Zp spectra with these calculated frem (1) and (Zb), using the is 
effective-range eXPllfsien fer 6, with the knewn scattering length, CIp = -7.7 F, and effeztive 
range, r = z.63 F. This prevides an experimental determinatien Of Ig IZ. With I~nl given 
by (3), 1ae a cemparable analysis was made ef the statistically best nn finaf-state data. Figure 
1b shews the resulting best-fit calculatien, with 

an = -16. 7 ~~:~ F, fer which xZ 
min/N = 0.3 (where N = number ef degrees effreedem). 

The prebable errers were determined frem a· X
Z 

criterien with a fixed (eptimum) value fer the 
spectrum end-peint energy. 

The value ef an deduced in eur analysis ef these ZH(p, n)Zp and ZH(n, p)Zn data is censistent 
with ~he values an = -16.4±1.3 F and an = -16.1±1 F determined respectively frem the 
lH( '!T ,Zn)y 19 and 3H(d,3He)Zn9 reactiens. 
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Fig. t. (a) Experimental spectra near 0 
deg of the reaction 2H(n, p)2n near 14 

·MeV. Triangles correspond to Ref. 1, 
circles to Ref. 2, and squares to Ref. 3. 
The data of Refs. 1 and 3 were energy 
shifted to superimpose them properly on 
the data of Ref. 2, for comparison pur
poses. 
(b) The dots are the. 2H(n, p)2n data of 
Ref. 2 corrected with the form factor 
1 gn( e,~) 12 obtained from the mirror re
action H(p, n)2p. The solid line is a 
plot of the best fit with a n= -16.7 F. The 
dashed line is a plot of the form factor 
1 gn(e , k) 12 as a function of the energy of 
the third particle (proton). 
(c) Form factors from the calculation of 
Ref. 4 are indicated with solid line!!; the 
dashed line is the ratio 1 g 12/1 g 12. 
The dash-dot line is the pWenome~olog
~cal fprm factor deduded from the . 

H(p, n)2p reaction. 
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(a) Data at 19.7 MeV and 5 deg lab. 
(b) Data at 19.7 Me V and 8 deg lab. 
(c) Data at 14.1 MeV from Ref. 11, at 3 
deg lab. The resolution at the high en
ergy region of the spectrum is approx
imately1 MeV. 
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PROTON POLARIZATION IN p_3 He SCATTERING BETWEEN 
10 AND 20 MeV 

W. F. Tivol, D. J. Clark, H. E. Conzett, J. S. C. McKee;' and R. J. Slobodrian ** 

Using the polarized- beaITl facility of the 88-inch cyclotron, we have investigated, the proton 
polarization in p_3He elastic scattering. Angular distributions of the polarization, consisting of 
approxiITlately twenty points, were obtained for each of five energies in the range froITl 10 to 20 
MeV. 

TOITlbrello 1 has sUITlITlarized the data obtained in p- 3He scattering prior to 1965. That SUITl
:ITlary and the references contained in it include all the experiITlental and important theoretical work 
done on the p_3He systeITl to that tiITle. It can been seen that very fewITleasureITlents of the polar
ization were available, especially in the region between 10 and 20 MeV where the inelastic.pro_ 
cesses first becoITle iITlportant. The energy range of this experiITlenLwas chosen so that the lower 
end would allow cOITlparison with'previous data. The range was ITlade broad enough so that inelas
tic effects would ITlore than likely be observed. 

The proton- 3He systeITl is a spin 1/2-s'pin 1/2 systeITl, but, uniike the extensively studied 
nucleon-nucleon systeITl, it has no siITlplifying sYITlITletries. With the exception of the S wave-
which has only one triplet phase shift, one singlet phase shift, and no spin ITlixing--and the P 
wave-which is not coupled to a lower j, value--each j, value consists of four coupled phase shifts. 
Thus there are four S-wave paraITleters, nine P-wave paraITleters, and ten paraITleters for each 
j, ~2, giving 10 j,ITl x + 3 paraITlefers needed to describe the systeITl. '. 

TOITlbrello et at 2 define eight scattering aITlplitudes froITl which the values of the various ex
periITlental quantities can be calculated. The only change in the approach used in this eXperiITlent 
was to allow for cOITlplex phase shifts by inserting the inelastic paraITleters, 'I), in the expressions 
containing the phase shifts. 

Given data and errors
Z 

a set of trial phase shifts was chosen, which yielqed calculated values 
for the data points. The X function was fOrITled: 

No. of data 
2-

X (x) I 
1 

. 2 

(
datuITl"; c..<Jlculated value) 

error . ,". . 

This function was then ITliniITlized to give phase-shift solutions. 

The interpolation procedure is sOITlewhat uncertain; however, it was one way t9 get a sufficient 
aITlount of data to aUeITlpt a fit. Since there were no cross-;sec:tion data to go with the 21..3-MeV 
data, no fits were aUeITlpted at that energy. 

Classically, we expect j, == k r, where' k is the proton ITlOITlentUITl and is the distance of 
clo/est approach, which woulJIb~Xthe SUITl of the radii of the proton and the 3He.· Using .r == 1.4 
Ai ~, we get r == 3.4F.. So for the energies 11.7, 13.6, 16.2, and 19.7 MeV we get j,ITlax of 2.2, 2.4, 
2.6, and 2.9, respectively. Searches were ITlade at the threz lowest energies using both j,r:p.ax == 2 
and j,ITlax == 3. At the lower two energies, the value of cp (X per free paraITleter) for the .tITlax == 2 
fit was lower than that for the j, ax == 3 fit, and at the third energy the cp value for the j,ITlax == 3 
fit was lower than that for the ~ax == 2 fit, which indicates that the classical expectations are ful
filled. However, the j, == 3 phase shifts in the j, == 3 solutions are not necessarily sITlal1. At 
11.5 MeV the largest j, == 3 phase shift is nearlyI1f~xdeg, and one inelasticparaITleter is less than 
0.8. Both these conditions lead to rather large j, == 3 aITlplitudes, which indicates that the prograITl 
is fitting not only the trend of the data, but the statistical fluctuations of the individual data points 
as well. If there were, for exaITlple, exactly 33 data points, so that there would be the saITle 
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number of parameters as points for .etnax :: 3,. one would expect to be able to find an exact solution 
which would give X2 equal to zero. Clearly, such a solution would have more arithmetic thanphys
ics contained in it. 

Figure 1 shows a sample plot of the data and the calculated fits from the phase- shift analysis. 
The energy dependence of the phase shifts indicates, however, that the data are insufficient to de
termine them uniquely. 

Generally the p- 3He polarization curves are similar.in shape to those in the p- 4He system. 
This is an indication that the spin-orbit effects are quite large. In the p- 4He case at comparable 
en3rgies, however, the maximum at the back angles is nearly 100% polarization, whereas in for 
p- He it is roughly 60 .to 70% . 

Footnotes and References 
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THE 3 He (3 He , t)3p REACTION AT 44 MeVt* 

T. A. Tombrello t and R. J. Slobodrian tt 

In the last few years considerable attention has been devoted to the study of the three-nucleon 
system. In particular, experiments have been concerned with the possibility of excited states of 
these nuclei--especially those with isospin 3/2, corresponding to trineutron or triproton states. 
The results obtained show remarkable disagreement. 

(i) Ajda~ic et aL reported the existence of a particle- stable trineutron from a study of the 
t(n, p)3n reaction. 1 When this work was repeated by Thornton et aL, no such proton group was 
seen, and the upper limit on the cross section is only about one-tenth that originally observed. 2 

(ii). Measurements of 3He(p, p') 3He * by Kim et aL 3 indicated the presence of two or three ex
cited states of 3He, the lowest of which might be the analog state of the trineutron seen by Ajda~ic 
et aL 1 None of these levels, however, was observed in investigations of the same reaction by 
CernY3 et a!r ,4 Auslin et al. , 5 and Mancusi .et aL 6 Neither are tliey observed7 in 
3He( He, He l )3:He ". 

(iii) Two experiments that do agree on a null result are investigations of the 3He(p, n)3p re
action. Both Cook sonS and Anderson et al. 9 set upper limits on the total cross section, which is 
determined by the former to be less than 23 flb. This upper limit is smaller by several orders of 
magnitude than that obtained for the mirror reaction in the experiment of Ajda'Hc et aL 1 

It is certainly not obvious that anyone has actually observed excited states of the mass-three 
nuclei, and we must remain rather skepticaL The experiment described h~re also pertains to this 
problem, and no levels of 3Li were observed. However, the absence of a 'sharp anomaly in the en
ergy spectrum for a particular reaction does not necessarily preclude the existence of a strong 
final-state inter~ction but only sets lim.its on its width--as in reactions involving the broad first 
excited state of Li or 5He . ' 

The 3Hebeam was obtained from the 8S-inch cyclotron at the Lawrence Radiation Laboratory. 
The beam energy was determined to be 44 MeV ·from range measurements, which allow a precision 
of 1 to 2%. Particles were detected and identified by using a two-counter teles.cope composed of 
500-fl and 3-mm-thick Li-drifted silicon detectors together with the standard Goulding-Landis 
power-law particle identifier. 10 This system allowed excellent separation of tritons down to about 
13 MeV--corresponding to their range in the 500-fl detector. The total angular aperture of the de
tector collimator was 0.25 deg, and the over-all resolution of the d~teCtion system for tritons was 
350 keV. This last figure was obtained by using the 14N(3He, t) 140 r reaction: at the same bombard
ing energy; this calibration also allowed an energy scale to be obtained for the pulse-height spectra. 

33· 
Spectra for He( He, t)3p were measured at lab angles of 6, 10, 15, 20, and 25 deg. All the 

spectra were similar--a smooth distribution extending out to the four-body end point of the reac
tion; Fig. 1 shows the spectrum taken at 6 deg. The abrupt truncation (indicated by the label ~E 
cutoff) marks the range of tritons in the first detector of the telescope. If a sharp state of the 
three-proton system lies below an excitation energy of 12 MeV (as measured from the pOint of zero 
relative energy), then limits can be placed on its cross section depending on the width of the level. 
If its width were less than or equal to our experimental resolution, then at this angle the cross 
section would be less .than 60 flb/sr. If the level had a c. m. width of 1 MeV, then the correspond
ing limit would be 160 flb/sr. (If such a state lay below an excitation energy of 3 MeV, these limits 
would be 30 flb/sr and 100 flb/sr, respectively.) 

The solid curve shown in Fig. 1 is the four- body phase- space prediction. It has about the 
right shape but peaks at too Iowan energy. As in beta decay, however, one would expect that the 
Coulomb forces between the outgoing particles should strongly shift the energy spectrum. The 
dashed curve was obtained by combining with the phase- space distribution a Gamow penetration 
factor for the interaction of the triton with the protons. This provides the proper shift of the peak 
but overestimates the extent of such penetration effects, thereby making the calculated distribution 
too sharp. 

When this same reaction was studied at lower energies (18 to 20 MeV), it was found that the 
triton spectra had an end point well below the four-body end point, and all data are consistent with 
a sequential decay involying the formation of the 20-MeV level of 4He and its subsequent decay in-
to a proton and a triton. The data at 44 MeV do not show such an effect, as evidenced by the 
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arrows showing the maximum triton energy available from this sequential decay process. 

To summarize, we see no evidence for narrow excited states of the three-proton system, and 
find that the. triton spectra are qualitatively consistent with a statistical distribution if the Coulomb 
forces between the particles are considered. 
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of 6 deg and a bombarding energy of 44 MeV. The arrow 
labeled by "four-body end point" indicates the maximum en
ergy available to the tritons from this reaction. The abrupt 
truncation of the spectrum indicated by "~E cutoff" corre
sponds to the range of 13-MeV tritons in the SOO-flo detector 
of the telescope; any fine structure observed in this region 
is probably due to slight nonuniformities in the thickness of 
this detector. The two additional arrows refer to the max
imum energy available to the tritons if the 'reaction had pro
ceeded sequentially through a sharp state of~He at 20.0 or 

'. 20.8 MeV. The solid curve is the triton spectrum predicted 
by a four- body phase- space distribution; the dashed curve is 
a modification of this distribution by including a Gamow fac
tor to represent the Coulomb interaction of the triton and the 
three protons. [From Nucl. Phys. A111, 236 (1968).] 

3 H e - 3 He E LAS TIC SCAT T E RING FROM 1 8 TO 80M e V t 

* . A. D. Bacher, T. A. Tombrello, E. A. McC1atchie, and F. Resmini 

The resonating group structure method, originally proposed by Wheeler, 1 has been· success
fully applied to a number of scattering reactions involving very light nuclei. In this approximation 
the scattering phase shifts are determined from a variational calculation using a totally antisyrn
meterized cluster wave function (in the one-channel limit the individual clusters are the scattered 
particles) and a nucleon-nucleon interaction which correctly describes the low energy two-nucleon 
scattering data. At high bombarding energies, where an independent phase-shift analysis of scat
tering measurements is complicated by the presence of broad overlapping levels and many open 
reaction channels, the resonating group calculations provide a useful starting point for an investi-

. gation of the level structure in these light nuclear systems. 
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Recent theoretical work on the 3He + 3He systeIn by ThOInpson arid Tang2 is in good agree
Inent with low energy 3He _3 He ebastic scattering IneasureInents. 3,4 In addition to correctly pre
dicting a broad P, = 3 resonce in Be near 24 MeV excitation, these calculations also predict very 
broad resonance structure in the P, = 4, P, = 5, and P, = 6 partial waves. The work presented here, 
which covers a region of excitation in b Be between 20 and 50 MeV, was undertaken to investigate 
the validity of this prediction of higher levels in 6Be . Angular distributions have been Ineasured 
at 34 energies between 18 and 80 MeV by use of a 3He beaIn froIn the 88-inch cyclotron Inagnet
ically analyzed to 0.03% in energy. 

Figure 1 shows excitation functions at C.In. angles of 70 deg (a zero of P 4 ) and 90 deg (a zero 
of Podd p,). The results of this work (solid dots) are in good agreeInent with previous Ineasure
Inents at lower energy (crosses and open circles). The curves represent the results of the res
onating group calculations by ThOInpson and Tang. At 70 deg the broad P, = 3 resonance is quite 
pronounced and appears to be slightly narrower and lower in energy than the theoretical prediction. 
At 90 deg the slight bUlTIp at the position of the P, = 3 resonance indicates that the spin-flip contri
bution to the. scattering is not appreciable. This probably indicates that the splitting of the three 
angular InOInentUIn states associated with P, = 3 is sInall. The broad bUInp in the calculation is 
due to the predicted resonance structure in the P, = 4 partial wave. This behavior is clearly not 
seen in the expe riInental results. 

Figure 2 shows excitation functions at center-of-Inass angles of 31 deg (a zero of P 4 ) and 55 
deg (a zero of P 2). In these cases and in Fig. 3, which shows the excitation function at 40 deg 
(where the effect of the P, = 3 resonance is IniniInized), the disagreeInent with the theoretical pre
dictions is rather striking, particularly at the higher bOInbarding energies. 

In order to investigate the causes of this discrepancy, a rather crude phase-shift analysis was 
perforIned in which the ThoInpson and Tang phase shifts were used as starting values at each en
ergy. As in the resonating group calculation, the triplet, odd-P, partial waves were considered 
unsplit. COInplex phase shifts froIn P, = 0 through P, = 6 were allowed to vary in searching for a 
stable (though not necessarily unique) solution close to the predicted values. In this preliIninary 
analysis both the P, = 4 and P, = 6 phase shifts were found to be negative, in contradiction with the 
theoretical prediction of broad resonance structure in the P, = 4, 5, and 6 partial waves. 

Part of the probleIn with the resonating-group calculation can be traced to neglecting the re
action channels which becoIne significant for energies above 18 MeV. In addition, however, there 
appears to be a systeInatic difference between the resonating-group predictions and the experiInen
tal results in which the odd-parity partial waves are well-described and the higher even-parity 
partial waves disagree. The nature of this discrepancy is being investigated further. 
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Fig. 1. E;xcitation functions for the 3He _3 He 
elastic scattering at c. m. angles of 70 
deg (P 4 = 0) .and 90 deg (.p odd = 0). The 
results of thIS work (solId cIrcles) are 
shown along with previous measurements 
at lower energy by Tombrello and Bacher 
(open circles, Ref. 3) and Bacher, Spiger, 
and Tombrello (crosses, Ref. 4). The 
solid curve shows the resonating-group 
prediction of Thompson and Tang (Ref. Z 
and private communication). 

Fig. 3. Excitation function for the 3He _3 He 
elastic scattering at a c. m. angle of 40 
deg (P

3 
= 0). (See caption for Fig. 1.) 
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ELASTIC SCATTERING OF POLARIZED PROTONS ON 40 Ca AT 20 MeV 

R. J. Slobodrian, f R . de Swiniarski,'~ W. F. Tivol, A. 'D. Bacher. A. Luccio 
F. G. Resm.ini. and J. Ernst 

Previous m.easurem.ents 1 of the elastic scattering of polarized protons on 40Ca have been in
terpreted as requiring an im.aginary spin-orbit term. (Wso = 1.5 to 2 MeV) in the optical potential 
in order to explain the polarization between 15 and 20 MeV. In addition. m.easurem.ents of the in
elastic scatterin.g of 18.?-MeV polarized ?ro~ons on nuc.lei in the f7/.2 region2 have shown that the 
large asym.m.etnes obtaIned after the excltatlOn of the fast 2+ state In 54Fe and 52Cr could be re
produced by introducing an im.aginary spin-orbit term. in the optical potential (W so = - 2 MeV). 
Although an im.aginary spin-orbit term. is usually not required at these low energies. 40Ca in par
ticular has for som.e tim.e been recognized as "a bete noire" as far as optical m.odelcalculations 
are concerned. 

In this work. the elastic scattering of polarized protons on 40C a has been m.easured at &0 MeV 
by using the polarized beam. facility of the Berkeley 88-Inch Cyclotron., The experim.ental setup 
has been described previously. 3 The energy resolution of the polarized beam. was 1.2 MeV, the 
40Ca target was 7 m.g/cm.2 thick. and, the angular acceptance of the detector was ±3 deg. 

Figure 1 shows the polarization obtained at 20 MeV along with som.e m.easurem.ents at 20.3 
MeV from. Saclay. 4 The agreem.ent between the two sets of data is good. 

Optical m.odel calculations have been perform.ed by use of the code MERCY. which is a m.od
ified version of the code SEEK, 5 and the param.eter search was m.ade by using both the cloSS sec
tion and polarization m.easurem.ents. Perey's standard set of optical-m.odel param.eters • 1 was 
used as a starting point. and the search was done on the strengths V. WD • and V so and on rso' the 
radius of the spin-orbit potential. Figure 2 shows the results with W so' the im.aginary spin-orbit 
strength equal to zero. The fit is quite good for angles greater than 70 deg but less good at for
ward angles. although the general shape of the polarization is well reproduced. 

When W so is introduced in the optical potential and included in the param.eter search the re
sulting fit is very sim.ilar (Fig. 3); however. its final value is close to zero (W so= - 0.18 MeV). 
Figure 4 shows the results when W so is kept constant at a value of 2 MeV. The fit is now consid
erably worse and the shape of the theoretical curve is substantially changed. 

The fit to the forward-angle m.easurem.ents could be im.proved by introducing a so ' the spin
orbit diffuseness. in the search; however, the final value of a so was too sm.all to be acceptable 
(aso = 0.24 F). Quite different sets of param.eters have been used; all lead to the sam.e conclusion 
as above. It seems quite clear from. these m.easurem.ents that it is not necessary to include an 
im.aginary spin-orbit term. in the optical potential in order to explain the polarization for 40Ca at 
20 MeV. Measurem.ents at 18 MeV indicate that the shape of the polarization is changing rapidly 
in this energy region. Additional m.easurem.ents are planned as soon as the new polarized ion 
source is available. 
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WD =6.95 MeV, V~o= 2.55 MeV, rso=1.12 
F, Wso= -0.18 MeV. 
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Fig. 4. Optical-m.odel fit using the sam.e 
param.eters as in Fig. 2 with Wso fixed 
at' 2 MeV. 

PROTON-NEUTRON RESIDUAL INTERACTION IN STATES OF 
CONFIGURATION (1d5/2)~;0 AND (1g9/2)~'+0 

C. C. Lu, M. S. Zism.an, and B. G. Harvey 

Spectroscopic studies of the (a, d) reaction on light and m.ediu~-m.ass targets by use of 40- to 
50-MeV a-particle beam.s from. the Berkeley 88-Inch Cyclotron 1, have indicated that the m.ost 
strongly populated states are those in which the captured proton and neutron enter the sam.e shell
m.odel state and couple to the m.axim.um. angular m.om.entum. with zero isobaric spin. States with 
configuration [(core) (1d5/.2)~.;0]' [(core) (1f7/2~l,+0]' and [(core) (1g9/2)~;0] were suggested, 1, 2 
where the square bracket IndIcates vector couplIng. 

The re~idual interaction energy between the proton and neutron in the configurations (1d5/2);+0 
and (1g9 12)9+0 was derived from. the excitation energies determ.ined in Refs. 1 and 2 and excIta~lbn 
energy oala from. neighboring nuclei. These interaction energies are about -3.9 MeV and -2.2 MeV, 
respectively, for the two configurations. The results are listed in the last colum.ns of Tables I 
and II. 

Conventional shell-m.odel calculations of the (1d5 / 2);+0 and (1g9/2)~+O residual interactions 
have been perform.ed using harm.onic oscillator wave functions and a potehfial given by True, 3 

2 
V TE = - 52 exp(-0.2922 r ) (MeV). 
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In carrying out the calculations two different methods for obtaining the oscillator parameter, v, 
were tried. The first set, referred to as vi in Tables I and II, was obtained from the formula 
vi = (2n +.£ - 1/2)/( r2), where nand.£ are the radial and angular momentum quantum numbers of 
tIie shell-model state and (r2) is associated with its rms radius. For the (1d5!.:2)§+0 configura
tion the radius used was the equivalent uniform radius of the A = 17 nuclei, and for me (1g9/2~+0 
configuration the radius of 73Ge (the first 199/ 2 neutron) was used. In order to rlfount for tbe' 
change in nuclear size the oscillator paramefer was assumed proportional to A- ,and this fac-
tor was used in correcting the value of vi for the different nuclei. 4 

The second set of oscillator parameters, v2 of Tables I and II, was chos1f! to rel?roduce the 
experimental interaction energy of each configuration in~ of the nuclei. (1 F and b6Ga were 
used for the (1d5/2)~+0 and (1g9/2)~+0 interactions, respectivel~.) The other v2 values were ob
tained from these two by again assurn'ing a proportionality to A-1/ 3. The results of calculations 
based on the two choices of oscillator parameter, listed as E1 and E2 in Tables I and II, can be 
seen to satisfactorily reproduce the experimental values. 

Assuming that the proton-neutron residual interaction in the configuration (1d5/ 2 );+o_ is about 
-3.9 MeV, one can calculate the excitation energy of states having this configuration in 'other nu
clei, either by using level information from neighboring nuclides or from (1g 1i-2' 1d,s/2)J T~
trix elements obtained by Talmi and Unna. 5 The results of such calculations for the nucfel 1 N, 
16N, 160, and 170 are shown in Figs. 1 and 2. In general it was found that the former method, 
using information only from neighboring nuclides, gives better agreement with the experimental 
results. 

Footnotes and References 

1. E. Rivet, R. H. Pehl, J. Cerny, and B. G. Harvey, Phys. Rev. 141, 1021 (1966). 
2. C. C. Lu, M. S. Zisman, and B. G. Harvey, Phys. Letters 27B, 217 (1968). 
3. W. W. True, Phys. Rev. 130, 1530 (1963). 
4. Clearly this is not <i~nsistent with the formB)a used for calculating vi' which would in

dicate a dependence on A- 2;. However, the A-1;3 dependence gives much better agreement 
with the experimental interaction energies. The latter approach corresponds to assuming that/~he 
energy of the level is approximately equal to the well depth, which yields a dependence on A -1/ . 
[See J. M. Ferguson, Nuc!. Phys. 59, 97 (1964).] 

5. 1. Talmi and 1. Unna, Ann. Rev. Nuc!. ScL ..!Q., 353 (1960). 

a. 

Table 1. Comparison between theoretical and experimental proton
neutron residual interaction energies of (1d5/2)~+ configuration. 

Shell-model calculation a 
Nucleus Expe rim ental 

-2 -2 2 
v 1 (in F ) E1 v

2
(in F ) E Z E(1d5L2)5;0 

14N 0.326 -4.601 0.306 -4.291 -4.05 
15

N 0.318 -4.481 0.299 -4.177 - 3.57 
16N 0.311 -4.365 0;292 -4.068 - 3.82 
160 0.311 -4.365 0.292 -4.068 - 3.52 
170 0.304 -4.258 0.285 - 3.968 -3.69 
18

F 0.298 -4.165 0.280 -3.880 -3.88 

22Na 0.278 -3.847 0.261 -3.582 - 3.4 7 
26

Al 0.262 - 3.601 0.246 -3.349 -4.04 

The choices of two sets of VI s are discussed in the text. All the ene r-
gies are in units of MeV. 
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Table II. Comparison between theoretical and exp~rimental proton;' 
neutron residual interaction energies of (1g

9
/ 2)9;0 configuration. 

Shell-model calculation a 
Nucleus Expe rimental 

-2 
v 1 (in F ) E1 

(' -2) V
2 

In F E2 
2 

E(1g9/2)9:0 

54Mn 0.226 -2.198 0.244 -2.400 - (2.49) 
56

Co 0.224 -2.167 0.241 -2.366 -(2.54) 
60Cu 0.219 - 2.111 0.236 -2.303 ... 2.42 
62Cu 0.216 -2.083 0.233 -2.275 -2.32 
64Cu 0.214 -2.059 0.231 -2.247 -(1.93) 
66

Ca 0.212 -2.033 0.228 -2.221 -(2.22) 
68Ca 0.209 - 2.008 0.226 -2.195 - (2.07) 

a. The choices of two sets of v's are discussed in the text. All the ener
gies are in units of MeV. 

13.14--19112/2'\"1303-- 9.14--
1272-- -\. 8.41-· _·9/2-/ 

. (calc.) '11.95-- 7.55--1112~··7.74--
(exp.) 

15.78 __ 6+ .... 16.16-- 5.71--5+· .. 5.75--
15.06--5+"' .. 1473-
14.59--4+ ..... 14:33--

XBL689-6790 

Fig. 1. Comparison between the experimen
tal excitation energies of the (1d5/2)~+ 0 
levels and the theoretical values using'level 
information only from neighboring nuclides. 
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shape is defined by 

In this calculation the first three excited states. (0+, 2+, 4+) of ~4M¥ w.f.re assumed to be members 
of a K=O ground-state rotational band, the next three states (2 , 3,4) were assumed to be mem
bers of a K = 2 band. In the calculations, complex coupling of all orders with even angular mo
mentum transfers up to L = 8 and K transfer of 0 and 2 were allowed between these six states. 
Other results from using a similar program indicate that inclusion of higher members would not 
significantly change the results of the calculations. The optical and deformation parameters 
(Table I) were chosen for consistency at the four incident energies, the only parameters that were 
changed were Wand rio 

The coupled-channel results, shown in Figs. 1 through 4, indicate that this calculation yields 
quite good agreement over the entire range of data. Specifically, the unique behavior of the 3+ 
cross section is reproduced, even to magnitude of cross section. It was found necessary to en
hance the direct excitation component to the second 4+ by a42 = 0.085. Although a much smaller 
amount of a40 might be suggested to improve the fit to the first 4+ state at small angles, especially 
for the 50-MeV data, this was not included in this calculation. 
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4. J. S. Blair, N. Cue, and D. Shreve, University of Washington Nuclear Physics Labora
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Table I. List of optical and deformation parameters for fits 
to the 24Mg (a, a) data. . 

E V W a
20 

a 22 a 40 a 42 (MeV) {MeV) {MeV) { F,) (L) (.L) ( L) 

50 100 16 1.38 1.45 0.69 0.58 0.335 0.071 0 0.085 

65.7 100 18 1.38 1.45 0.69 0.58 0.335 0.071 0 0.085 

81 100 17 1.38 1.6 0.69 0.58 0.335 0.071 0 0.085 

119.7 100 23 1.38 1.6 0.69 0.58 0.335 0.071 0 0.085 
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Fig. 2. Comparison between the experimental ex
citation energies of the (1d5/2);+0 levels and 
the theoretical values using Talmi l s method of 
shell-model calculation. 

PRODUCTION OF THE 3+ UNNATURAL-PARITY STATE IN 24 Mg 
BY INELASTIC a SCATTERING 

M. F. Reed, * D. L. Hendrie, B. G. Harvey, and N. K. Glendenning 

In the past few years the nuclear reaction mechanism leading to the production of unnatural
parity states b1T =I (_1)J) in even-even nuclei by inelastic a scattering has been the subject of much 
research. 1-1 The interest in these energy levels stems from the fact that they cannot be excited 
in this reaction by simple direct mechanisms. 1 However, these states are often excited with rel
atively large cross sections. Thus, they afford a unique opportunity to study more complicated 
nuclear interactions between spinless projectiles and targets. 

A stu~~ of the. excitation of the 24Mg 3+ level at higher bombarding energies was undertaken 
at t~e 88-mch varlable-energy cyclotron to investigate the mechanism of the reaction. In this 
~erles of ~xperiments, a particles of 50, 2~5. 7, 81, and 119.7 MeV were scattered from isotop
lcally enrlched (99.96%) self-supporting Mg targets. Energy spectra of the scattered a parti
cles were measured with lithium-drifted silicon detectors and stored in 1024-channel groups of a 
4096-~~annel pulse-height anal¥~er. In these spectra the 3+ level was well separated from the 
other Mg levels. However, 0 and 12C impurities masked some of the 24Mg levels at a few 
forward angles. 

The angular distributions obtained from these spectra for the natural-parity states show the 
usual diffraction oscillations which correspond reasonably well with a "universal" plot as a func
tion of QR, where Q is the momentum transferred to the nucleus, and R is an effective interac
tion radius. The 3+ state, however, shows two very broad and strong peaks which do not at all 
correlate with a QR plot. 

Calculations for the compound nucleus and multiple excitation mechanisms have been carried 
out. A Hauser-Feshbach computer code 11 was used to generate angular distributions on the as
sumption the compound nucleus mechanism was a major contributor. The large difference between 
these calculated angular distributions and the measured ones and the very small cross sections ex
pected from the compound mechanism at high energies 12 allow us to conclude that this mechanism 
does not playa significant role in the excitations at the studied energies. 

The multiple excitation mechanism was investigated by a coupled-channels code. 13 In this 
model, the a particle interacts with a permanently asymmetrically deformed optical potential whose 
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Fig. 1. Experirner,tal data a~~ coupled-chan
nel fits for the Mg(a., a') Mg reaction at 
50 MeV. 
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MeV. 
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EXCITATION OF SINGLE NEUTRON HOLE STATES IN 2
t
07 pb 

BY INELASTIC PROTON SCATTERING AT 20.2 MeV 

C. Glashausser, B. G. Harvey, D. L. Hendrie, J. Mahoney 
E. A. McClatchie, and J. Saudinos'~ 

Differential cross sections for the excitation of single-particle or single-hole states provide 
a direct test of the microscopic model 1, 2 of inelastic proton scattering. Few experimental data3 

exist, however, since the cross sections are generally much smaller than the cross sections for 
the excitation Qf follective states. Angular distributions have been measured here for five such 
transitions in GO Pb at an incident proton energy of 20.2. MeV. The analysis of these data in terms 
of the microscopic model indicates that a large part of the observed cross section is due to excita
tion of the 208 pb core. 

The first five states in 207 pb , at 0.0, 0.570, 0.894, 1.633, and 2.33 M~1j~ are considered to 
be single 3P1i?' 2fS/ 2 ,3p3/2,1i13b ~n.d 2f7/2 neutron holes,r6spectively , in. a Pb cor~. Tfe 9/2+ 
state at 2.74 MeV lias ~een IdentIfIed as the [2g9 /2' Pb20 gs] q/2+ state m (d, p) reactIOns on 
206pb; recent analysis 06 reactions which proceea via the ana1'og of this state indica,tes a 6% ad
mixture of the [2g9 /2' 20 Pb 2+] 9/2+ configuration. The data from s1ngle-nucleon transfer reac-
tions indicate that the hole states are reasonably pu~e z8~figurations. However, the effective 
charge deduced from the meas~rBd values of B{E2) In Pb and 209 Bi is about one for neutrons 
and two or larger for protons. ' 

Inelastic scattering data were taken with the 20.2-MeV proton beam of the 88-inch cyclotron; 
the energy resolution was about 30 keV. The differential cross sections are shown in Fig. 1, to
gether with theoretical curves described below. These microscopic-model calculations assumed 
a direct (D) projectile-target nucleus interaction of the standard form, 

V .. (r .. ) = (VO+ V
1

(J'· • (J'.) g (lr .. I); 
IJ IJ 1 J IJ 

a Yukawa shape with range 1 F was chosen for g{ I rij I). The strength of the potential V l' which 
allows transfer of spin angular rpomentum (S) to the target, was set to VO/3. A nonlocality range 
of 0.85 F was assumed in the computation of bound-state wave functions; the curves shown do not 
include nonlocality in the distorted waves. The depth of the bound-ltate Woods-Saxon well was 
adjusted to give the correct binding energy; the radius was 1.20 A1 3 (F) and the diffuseness was 
0.7 F. Antisymmetrization of the projectile with the target nucleons was not included. 

Predictions 9 of this model are shown by the dashed curves in Fig. 1. The values of Vo ob
tained by normalizing these curves to give the best fit. to the experimental data are listed in Table 
1. (This is the normalization illustrated in Fig. 1B). No-te that the strengths are much larger 
than the free proton-neutron interaction strength although they are comparable with the values 
found in other similar microscopic-model analyses in even-even nuclei. 1, 10 Uncertainties in 
the parameters of the calculation can reduce VO{D) by no more than about 30%. However, if the 
knockout-exchange amplitudes are included, considerations based on the recent calculations by 
Atkinson and Madsen1 indicate that the values of VO{D) might all be reduced to about 100 MeV. 

The fact that the values generally found for Vo are so large has led Love and Satchler12 to 
develop a phenomenological method of treating core polarization (CP) effects. Calculations of 
this type for transitions with known B{E2) are shown by the solid curves in Fig. 1A. With a Vo of 
60 MeV, the magnitudes of the cross sections predicted by the microscopic model are now in rea
sonable agreement with the data. With this value of VO' (D + CP) calculations for the higher states 
(the solid curves of Fig. 1B) determine B(EL) for these transitions; from B{EL), values of the ef
fective charge were deduced. These are shown in the last column of Table 1. 

Footnotes and References 

tCondensed from 18376 Phys. Rev. Letters 21, 918 (1968). 
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Table 1. Strength parameters. The values VO{D) were derived without core polariza-
tion. The parameters VO{D + CP), < rL), aid e

1ff were used in the core polarization 
calculations. The parameter Rc is 1.2 Ai 3 (F . 

State L S J VO(D) VO{D+CP) <r~ 
eeff 

Rc 
L 

(MeV) (MeV) 

5/2 - 2 0 2 160 60 0.62 1.0 e 

2 1 2 
( 

3/2 - 2 0 2 110 60 0.71 1'.0 

0 1 1 

13/2 + 7 0 7 285 60 0.84 0.73 

5 1 6 

7/2 - 4 0 4 170 60 0.75 1.0 

9/2 + 5 0 5 175 60 1.10 0.75 
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Fig. 1. (A). Measured cross sections and predictions of the 
microscopic model. The label D refers to the direct or 
single particle cross section alone; the label CP refers to 
the core polarization cross section alone. The (D + CP) cal
culations include the coherent contributions of each. The 
normalization of all curves assumes the (D + CP) values of 
Table II. (B). The solid curves are normalized as in Fig. 
fA. The normalizations of the D and CP curves are ad
justed to give the best fit to the data. 
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STUDY OF THE PROTON PARTICLE-HOLE STATES IN Z08 pb 

E. A. McClatchie, C. Glashausser, and D. L. Hendrie 

In the past few years the neutron particle-hole states of Z08pb have been extensively stud
ied; 1- 3 however, the proton configurations have by comparison received scant attention. With 
the availability of detailed s·hell-model calculation in the lead region of nuclei4 it is of great inter
est to subject the predicted· wave functions to exhaustive e"perimental test. 

3 A convenient wa2: of reaching the proton Barticle-hole configurations in Z08 pb is to use the 
(d, He) reaction on 09Bi. Ass:llroing the Z 9Bi ground state to be well described as an h 9/ Z 
proton coupled to a closed-shell ZO~Pb core, a proton pickup reaction should populate states of 
the form h9 / 2 (nlj)-1, where (nlj)-1 specifies the proton hole state in Z07 T l. The (d,3 He) 
reaction on 208pb 5 populates almost exclusively four low-lying states in Z07 Tl , which have been 
identified as (35 1/Z)-1, (Zd3~-1, (1hH / Z)-1, and (Zd5 /Z)-'1; these are known to be quite pure 
prot?n hol~ configurations. _ t nUS the (d, 3!1e) reaction on Z~9Bi should populate_ the f28~ proton 
conflguratlOns h9/Z (3s 1/ Z) ,h9/.Z (Zd3/ Z) ,hg!2 (1h 11jZ) 1, and hq/z (Zd5/ Z) 1 in Pb, 
giving rise to a spectrum of states based on each noTe conflguration. THe unperturbed energies of 
the above configurations are shown in Table 1. 

The Z09 Bi (d, 3 He) reaction was studied by using the 50-MeV deuteron beam of the 88-inch 
cyclotron. Two L:.E-E s0l:!d- state counter te"lescopes combined with Goulding- Landis identifiers 
were used to examine the He spectra, an example of which is shown in Fig. 1. The typical en
ergy resolution was 60 to 75 keV·FWHM, of which about 50 keV could be attributed to spread in 
the incident beam. 3He spectra were recorded at angles from 10 to 50 deg lab in Z.5-deg or 
smaller steps. 

In a typical spectrum, Fig. 1, 15 3He groups can be identified up to an excitation energy of 
5.7 MeV. The energies shown in Fig. 1 are probably good to ±10 .keV for the strong groups and 
±ZO keV for the weaker ones. Other peaks in Fig. 1 arise from target contaminants or a-particle 
leak-through to the 3 He spectrum. At channel 975 is the pulser peak, which was used to monitor 
the gain stability and dead time of the electronics. 

Angular distributions of nine of the 3He grou~s are shown in Fig. Z. This experiment was de
signed so as to directly utilize the results '2,f tf.e 08~b (d, 3He) experiment. The solid curves of 
Fig. Z are smooth lines draYl.Il through the 0 Pb (d, He)Z07 Tl data points and arbitrarily n0:fmal
ized to superimpose on the ZU':IBi (d, -:3He)Z08Pb data. Since the 1- transfers in the Z08 p b (d, He) 
data are known, we can thus identify the I-transfers in the Z09Bi data, without recourse to a 
DWBA analysis. Furthermore, the relative cross sections of the two sets of data provide a direct 
measure of the (d, 3He) pickup strength from Z09Bi to a particular group in Z08pb. We were able 
to account for almost all the (3s 1/Z)(Zd3/ Z)' (1h11/ Z). and (Zd5/Z) pickup strength in the states be
tween Z. 6 and 5.7 MeV. 

The fact that the angular distributions of Fig. Z are fitted so well by a single value of 1_ 
transfer indicates that little configuration admixture is present in any of these groups, even t28ltgh 
it is reasonable to assume that some of the groups may correspond to more than one state in Pb. 

. 4 Z08 
_'Ye have used the Kuo-Brown wave funchons for Pb and calculated the strengths of h9/2 

(nlj) proton particle-hole states from them. Figure 3 sh0:fs the comparison of the theoretica1 
strengths vs the experimental ones determined from the (d, He) data. The h9/Z (1h11 / Z)-1 mul
tiplet is not shown, since the Kuo-Brown wave functions for positive parity sta~es with spin larger 
than 5+ were not available. The general agreement of the spacings, widths, and positions of the 
three h 9/ Z (nlj)-1 multiplets is readily apparent in Fig. 3; however, detailed level- to-level com
parisons do not, in general, obtain. 

Finally it is of interest to compute the predicted and observed centroids of the various mul
tiplets and compare them. These are shown in Table 1. Note that the centroids are uniformly be
low the unperturbed energy EO for eve:r.v.: multiplet. This is in sharp contrast to the situation for 
proton-particle neutron-hole states in CO~Bi, where the multiplet centers of gravity are calculated 
and observed to be above the unperturbed energies. 6 With more detailed theoretical understanding 
of these results, we should gain additional information about the particle-hole residual interaction 
in the lead region. 
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Table 1. Energies of tJw proton-particle
hole multiplets in 2 Pb. 

Multiplet EO 
a 

(MeV) 

h9/2 (s 1/2) 
-1 

4.225 

-1 
h9/2 (d3/ 2) . 4.575 

h9/2 (h11 / 2) 
-1 

5.565 

. -1 
h9/2 (d 5/ 2) 5.895 

E b 
.exp 

{MeV) 

3.876 

4.222 

5.157 

5.582 

E c 
theor 

{MeV) 

4.029 

4.3'77 

5.757 

a. pnpeO~urbed e~n~ies ca1cul'2,ted from 209 Bi 
(d, He)2 Pb and Pb (d, He) 07 Tl Q values. 
b. E~erimentally: observed multiplet centroids in 
this 2 Bi (d, 3 He)208Pb experiment. 
c. Calculated multiplet centroids from the Kuo-
Bro~n wave functions (Ref. 5). . 
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Fig. 3. Comparison.of theoretical and ex
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ENERGY LEVELS IN 20S TI 

C. Glashausser. D. L. Hendrie. J. Mahoney, and E. A. McClatchie 

It is interesti~ to extend the study1 of proton particle-hole states to 206pb . Since 207 Bi is 
not stable, the (d, He) reaction cannot be used. However, Nolen2 has found that the spectrum of 
the (p, a) reaction on isotopic ta~ets of copper and zinc at 17.5 MeV incident energy closely re
sembles the spectrum of the (d, He) reaction on the isotope with two fewer neutrons. If this cor
respondence pers~rott in the lead region, it shou1fo~e possible to investigate the proton particle-
~8~e structure of Pb by the (p, a) reaction on Bi. Now the (t, a) and (d, 3He) reactions on 

Pb excite the same states, 3 and the 206Pb(t, a)20STI reaction tlf:s beEm ~erformed by Hinds et 
al. 4 A comparison of the latter res~lts with the results of the 2 Pb(p, a) OSTI reaction should 
thus determine the usefulness of performing the (p, a) reaction on 209Bi. Since the results of 
Hin~s et al. 4 are the only published data on the levels of 20STI above the second excited state, 
the 08 pb (p, O')20STI data should also be interesting in themselves. 

Angular distributions were taken in 1- or z,..deg steps between 11 and 30 deg at an incident 
energy of 35.2 MeV. A spectrum at a lab angle of 19 deg is shown in Fig. 1; the energy resolu
tion ~s 35 keV. 4 The energy calibra~onwas performed by using the energies q~oted to ±20 keV 
by Hmds et al. They, however, dld not observe the level at 0.92 MeV, but dld observe three 
levels between 1.14 and 12~~MeV w~ic~ are not seen here. Above 2.12 MeV, there is little cor-
respondence between the Pb (t, a) 0 TI and the 208pb (p, O')20STI spectra. The situation is 
summarized in Table!. The energy levels seen in either of the two reactions are listed on the 
left. The maximum cross sections observed are listed in the next two columns. A dash in the 
cross section column indicates that some strength was observed at these locations, but not 
enough to definitely confirm the state. It is clear from this figure. that the. two reactions show 
quite different spectra. 
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To confirm the (t, a) results we have made a cursory investigation of the 206pb (d, 3He)205 Tl 
reaction at four angles between 12.5 and 20 deg. The deuteron energy was 40 MeV and the energy 
resolution was 50 keV. The_ results are consistent with the (t, a)4data' and indicate that the 1.48-
MeV level is indeed an 11/2 level, as suggested by Hinds et al. 

Finally, the 205 Tl (p, p,)205Tlreaction has been carried out at 20.07 MeV. Only preliminary 
results. are presently available for the energy leve.ls and aff.ular distributions; a sp:ctrum is 
shown In Fig. 2. The state at 0.92 MeV observed In the 20 Pb (p, a)205Tl spectrum 1S also seen 
here; most of the other levels seen up to 4 MeV do not correspond to states strongly excited in the 
(P. a) reaction. (States at 1.48. 3.52. and 3.99 MeV are obscured by contaminants in Fig. 3). The 
preliminary analysis indicates: that the strong levels at 2.48. 2.60, and 2.72 MeV all have £ = 3 
angular distributions. Mos20l these levels observed here in (p, p') have also been observed by 
Diamond and TjjZS'm5 in the 0 Tl(d, d l )205 Tl reaction at 13 MeV at lab angles of 125 and 150 deg. 
In addition, they were able to resoive two levels at 1.43 MeV separated by 15 keV. 

1. 
2. 
3. 

Duhm, 
4. 
5. 
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Table 1. ~nergy levels seen in the 208 pb(p, a)205 Tl 
and 20 Pb(t, a)205 Tl reactions. 

208 pb(E' a)205 Tl 206pb(t, a)205 T1 

E 
(J (J 

max max 
(MeV) (relative) (relative) 

0.0 1 1 
0.20 1.8 1 
0.62 2 0.2 
0.92 1.3 not seen 
1.14 not seen 0.5 
1.21 not seen 0.3 
1.34 not seen 0.3 
1.43 1.7 0.13 
1.48 2.3 1.2 
1.58 weak 0.1 
1.86 weak 0.3 
1.92 weak, wide not seen 
1.96 0.5 
2.04 1.7 0.5 
2.12 1.3 0.2 
2.18 weak not seen 
2.30 weak,"'wlde not seen 
2.40 weak, wide 
2.43 - -- 0.1 
2.49 0.17 " 
2.55 2 not seen 
2.60 0.3 
2: 74 0.1 
2.90 5 not seen 
3.48 wide not seen 
3.66 wide not seen 
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Fig. 1. Spectrum of Q! particles observed following proton bombardment of 208 pb at 
35.2 MeV; Blab = 19 deg. 
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EXCITATION FUNCTIONS AND ANGULAR DIS'I4RIBUTIONS 
OF cr PARTICLES SCATTERED FROM 2 Mg 

J. R. Meriwether, * C. Glashausser, D. L. Hendrie, J. Mahoney, 
E. A .. McClatchie, and J. Sherrnan 

The measurer.ients of the differential cross section for the elastic and inelastic scattering of 
cr particles from Mg as a function of angle and incident energy begun in 1967 1 have been con
tinued. The emphasis of the later experiments has been to extend the previous measurements to 
backward angles. 

Twelve lithium-drifted-silicon detectors were arranged at 6-deg intervals from 107 to 1'73 
deg. In addition, four counters were arranged at equal intervals from 56 to 92 deg to provide an 
overlap with the previously taken forward angle data. The output of each detector was individually 
amplified and routed into a 256-channel group of a ND-160 4096-channel pulse height analyzer. 
Afte r a sufficient number of events were accumulated in each of the sixteen spectra, the data were 
transferred to a PDP-5 computer where the appropriate alpha groups were integrated and the cross 
section determined. At each incident energy between 24.25 and 40.0 MeV, after spectra were ob
tained from the counters, the entire counter assembly was rotated 3 deg and the counting proce
dure repeated. The incident energy was then changed by 250 keV and a new set of data taken. The 
incident energy was set to a precision of about 20 keV by using a 110-deg beam.-analyzing magnet. 

The total d2~a now taken in these experiments now consist of the following: Differential cross 
sections of the Mg (cr, cr)24Mg g. s. and 24Mg (cr, cr')24Mg 1.368 MeV 2+ reactions have been mea
sured at 3 deg angular intervals from 20 to 176 deg, at energies between 24.25 and 40.0 MeV in 
0.25-MeV steps. These data thus define two surfaces in the dO/dO, ec . m.' E space noted above, 
each surface being defined by 3392 points. Figure 1 is an isometric representation of part of the 
data, showing the elastic alpha differential cross section; only the earlier forward angle data are 
presented. Typical of the new data is the excitation function shown in Fig. 2. The large variations 
in the differential cross section become more pronounced as the angle increases. Work is now 
underway to under!~and these cross-section resonances in terms of highly excited states of the 
compound nucleus Si. 

Footnote and Reference 

,', 
'Permanent address: University of Southwestern LO\,lisiana, Lafayette, La. 
1. J. R. Meriwether et al., in Nuclear Chemistry Annual Report, 1967, UCRL-17989, Jan. 

1968, p. 52. 



Fig. 1. An isometric representation of the 
differential cross section for 24Mg (a, a) 
as a function of excitation energy. The 
angular range is from 20 to 113 deg. 
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Fig. 2. Excitati.r.n fmiction for elastic scat
tering from 2 Mg at 151.4 deg c. m. from 
24- to 40-MeV incident Q! particles. 

SPIN-FLIP PROBABILITIES ON 54 Fe AND 56 Fe 

C. Glashausser, D. L. Hendrie, J. Moss, and J. Thirion t 

Recent measurements 1 using the polarized proton beam of the Sa clay cyclotron have provided 
an interesting problfm in nuclear structure and scattering. The scattering asymmetries mea
sured for the first 2 states of nuclei in which thf neutron shell is closed at 28 (such asl64Fe) dif
fer greatly from the asymmetries for the first 2 states of neighboring nuclei (such as Fe). In 
order to further understand this difference, we have performed a spin-flip measurement on the 
first 2+ states of 54Fe and 56Fe. The resulting spin-flip probabilities (SFP) should provide, in 
general, more detailed information about the spin-dependent nucleon-nucleon interaction, as well 
as details of the wave functions of the two target nuclei. 

The experiment reported here utilized the p, pl'V correlation method first explored by Schmidt 
et al. ,2 in which coincidences between protons and+deexcitation 'V rays perpendicular to the reac
tion plane are measured. A beam of 39.2-MeV H2 (19.6-MeV protons) was provided by the 88-inch 
cyclotron. Two individually movable Si (Li) c~unters cooled to _40· C were used to detect the pro
tons. Gamma rays were detected by a 40-cm coaxial Ge(Li) counter. The electronics consisted 
of a high- rate amplifier and pile-up rejection system3 for each counter. The energy outputs, 
gated by a fast- slow coincidence system, were fed into a multiplexed 4096 ADC and subsequently 
to an on-line PDP-5 computer. Coincidences created by feeding pulses through each system were 
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used to monitor the dead time. 

The SFP can be obtained from the following expression for perpendicular geometry: 

s(e) = (5/8'lT) E n (R/N), 
Y Y 

where E n is the efficiency- solid angle product for the y detect9r, R the number of real coinci
dences, ahdY N the number of singles counts detected by the proton counterj S(e), except for 
small corrections due to finite geometry, is the SFP. 

Figures 1 through 3 show the SFP for the first 2+ states of 54 Fe and 56Fej also shown are 
the asymmetries and cross sections for these states along with collective-model predictions which 
will be discussed shortly. It is obvious that the large differences between the asym.metries for the 
two states are not reflected in the SFP I s. -

In previous collective-model analyses of asymmetry data1 , 4 it was found necessary to include 
the deformation of the spin-orbit potential as well as that of the real and imaginary parts of the op
tical potentiaL Sherif and BlairS have presented the most complete treatment of the deformed 
spin orbit (DSO) interaction in which the full Thomas (FT) term is calculatedj earlier models used 
a simplified DSO term in which only the radial derivative of the potential was included. We have 
included both these models in this analysis. 

Figures 1 through 3 show the predicted inelastic quantities using the FT te:rm, simplified 
DSO, and no DSO. There is little to choose from among the calculations for the cross sections and 
SFP'sj however, the FT term significantly improves the fit to the asymmetries. As a whole, how
ever, the fits to the 54Fe asymmetry and SFP are quite poorj in addition there is no indication of 
the experimentally observed differences between the 54Fe and 56Fe asymmetries and cross sec
tions. Finally, the SFP's show structure, particularly near 70 deg, which is not suggested by the 
collective-model treatment. The predictions are not improved by reasonable variations in the op
tical parameters. However, preliminary results using a microscopic description of the nuclear 
states indicate that the SFP data may be explained in this way, although this model does not seem 
to be able to a'ccount for the differences in asymmetry. 
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NUCLEAR THEORY 

THE ROLE OF INELASTIC PROCESSES IN (p,t) REACTIONS 
ON VIBRATIONAL-LIKE NUCLEI 

R. J. Ascuitto and Norman K. Glendenning 

The existent treatments of the two-nucleon transfer reaction all neglect the effect of inelastic 
processes. There are two circumstances under which this neglect is not justified. The first con
cerns a question of parentage. H in the reaction p + (A+2) -+ t + A the configuration of the group 
of A nucleons is the same in the target ground state as in the residual state of interest, then the 
usual treatment may be valid. However, if the state of motion of any of the core nucleons is dif
ferent, then a description of the inelastic processes that produced this difference becomes essen
tial, if in fact the state is excited in the reaction. Clearly most nuclear states, especially at 
higher excitation, fall into the second category; in the low-energy spectrum there will be some 
states with significant components belonging to both and some dominantly to the first. The two 
categories of states are illustrated schematically in Fig. 1. The second circumstance under 
which inelastic processes are crucial for a correct description arises when some inelastic transi
tions in either the target or re sidual system, or both, are so strong as to produce significant de
excitation back into the elastic channel (compound elastic scattering). In this circumstance the 
usual one-channel optical potential does not provide a good description of the relative motion in 
the vicinity of the nucleus. 

We have reported elsewhere a method whereby the effects of the inelastic processes on trans
fer reactions can be incorporated conveniently. 1 The transfer reaction itself is treated, as usual, 
as weak, but the inelastic processes are calculated to all orders among the retained channels. 
Here we describe the first results of our investigation. 

We have chosen the reaction 62 Ni(p, t) as a model on which to investigate the two effects de
scribed above. We adopt, for a description of some of the nuclear levels, the two-quasi-particle 
calculation of Arvieu and Veneroni. 2 To these we add a triplet of "two-phonon" states constructed 
from the coherent operator that produces the collective 2 1+ state. The two quasi-particle states, 
including the collective one, belong to the first category of states that can be produced directly in 
a simple single-step transfer. The two-phonon states belong to the second category, which can 
be produced only if accompanied by an inelastic process either before or after the transfer. Pos
sible routes for exciting two-phonon states are illustrated in Fig. 2. 

The calculated cross sections for the (p, t) reaction in which all possible inelastic processes 
are taken into account are shown by the solid lines in Fig. 3. The most important inelastic tran
sition is between the ground and 21 + state, a~d its strength was adjusted to fit the experimental 
strengths in both proton and triton channels. The p, t transition to the ground state and the col-
lective 2 1+ are the strongest ones. Concerning the remaining states the significant feature is 
that the transitions to the two-phonon states, which can be excited only indirectly, are as strong 
as those to the other noncoherent states, which can be excited directly. The significance of this 
result is, that to the extent that a state possesses two-phonon character, the inelastic processes 
cannot be neglected in calculating its two-nucleon transfer cross section. 

Finally, for the states that can be excited by the direct transfer process, we calculated their 
cross sections in the usual way, where inelastic effects are neglected. To make this calculation 
conform to what is done in practice we adopted the elastic cross section, computed with the 
effects of inelastic scattering included, as the "experimental data, " since of course any observed 
elastic cross section automatically contains these effects. Then we searched for the optical
model parameters that reproduce this cross section in the usual one-channel optical model (see 
Table I). This was done for both protons and tritons. These parameters we used in the DWBA 
calculations of the (p, t) reaction shown by dashed lines in Fig. 3. 

The remarkable observation here is that the DWBA fails by as much as a factor of 10 and 
typically by a factor of 5 in this model nucleus in which the degree of collectivity is rather modest. 
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We have not yet investigated how weak the inelastic coupling must be before it may be neglected 
without significant error in a calculation of the (p, t) reaction, but we can say that in a typical 
vibrational-like nucleus the coupling is already too strong to be neglected. 
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Table 1. Proton and triton optical-model parameters. Those labeled "coupled" were used in a 
coupled-channel calculation. The strength of coupling to the collective 2+ state was, for both 
projectiles, fixed by the experimental cross sections. The parameters labeled "uncoupled" 
reproduce the same elastic cross section as above in the usual one-channel optic:al model. 

v W 

Proton 

Coupled 

Uncoupled 

55.8 

56.157 

2.86 

3.992 

5.58 

5.832 

1.099 

1.105 

1.286 

1.280 

Triton 

Coupled 

Uncoupled 

154 

137.021 

24.3 

35.529 

o r 1.24 

2.935 1.342 

Fig. 1. In the left-hand figure, the state of 
interest in (A+2), as its wave function in
dicates, has the core nucleons A in the 
same state 4JO as in the target, and so 
can be produced directly as illustrated 
by the solid arrow. In the right-hand 
figure, the core is excited 4J2 and so the 
direct transition shown with a dotted 
arrow is forbidden. Instead this state 
can be produced only if the core is ex
cited by an inelastic collision with the 
triton before, or the proton after, the 
transfer reaction takes place. 
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0.674 
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0.688 

0.655 

0;912 

1.066 

VSO 

5.74 

5.74 

1.91 

1.91 

I+A - (A+2) + P 

A+2 A 

1.022 

1.022 

1.24 

1.342 

A + 2 

0.688 

0.688 

0.674 

0.595 
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Fig. 2. In an ideal vibrational nucleus the 
inelastic transitions (shown by wiggly 
arrows) and transfer reactions (straight 
arrows) that are dashed are forbidden; 
the solid ones are enhanced over typical 
transitions to states of a nonphonon char
acter. The two-phonon states are there
fore examples of states that can be pro
duced only through intermediate inelastic 
events. 
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Fig. 3. Cross sectio.ns for the 62 Ni{p, t) 
reactions at 30 MeV. Solid lines are 
calculated by solving the coupled equa
tions, which include inelastic effects to 
all orders, whereas the reaction itself is 
treated in first order. ·The dashed curves 
show the result of neglecting the inelastic 
effects while nonetheless using optical
model parameters which do reproduce the 
elastic cross sections of the coupled sys
tems, corresponding to the procedure 
adopted in practical applications. 

INELASTIC SCATTERING FROM STRONGLY DEFORMED NUCLEI 

Norman K. Glendenning and Raymond S. Mackintosh 

To determine the importance of departure s from strict rigidity of the shape of strongly de
formed nuclei on previous determinations 1 of nuclear deformation parameters, we have carried 
out calculations of inelastic a-particle scattering in which some repre sentation of the nonrigidity 
is included. We have used the collective wave functions of Faessler and Greiner 2 in which the 
ground band is mixed by the vibration-rotation interaction with the 13 and '{ vibrational bands, as 
well as various bands of higher excitation, which we have ignored. 

The scattering cross sections were calculated by the coupled-channel method
3 

by use of an 
optical-model coupling with the nuclear surface expanded about the nonspherical equilibrium 
shape to second order in the vibrational coordinates; the second-order terms have an appreciable 
effect in some cases. 

The nonrigidity would be expected to be most prominent at each end of the strongly deformed 
region: 152Sm is "soft" to 13 vibration (the stretching mode) and 1920s can be represented in a 
model calculation as a slightly deformed nucleus, very soft to '{ vibrations. Accordingly, the 
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cross sections for the ground-state band of 152Sm are shown in Fig. 1, where the cross section 
of the 6+ level is increased by as much as 30% over the rigid rotor cross section. The Faessler
Greiner wave functions and elastic constants used give a reasonable fit to the 152Sm energies. 
As the results depend on the elastic constants (the 13 vibrations are sometimes of doubtful collec
tivity) and on the optical-model coupling (some of our calculations suggest a reduction in coupling 
to levels less collective than rotational levels), the effect shown should be regarded as an upper 
bound. 

We find that, as suggested by Diamond et al., 4 the Faessler-Greiner values of (132) for the 
4+ and 6 + levels closely correspond to the stretching required to give the same fit to the spectra, 
supposing a constant inertial parameter. However, simply modifying the rigid rotor program to 
stretch the nucleus in the 6+ state induces a smaller increase in the 6+ cross section than that 
quoted above. The inclusion, among the coupled channels, of j3-band levels results in a small 
increase in the 6+ cross section. 

From our series of calculations it is evident that in most cases the values determined for the 
multipole moments are not affected by nuclear nonrigidity, except for certain nuclei such as 
15 2 Sm and 154Gd, where there is considerable mixing of ground and 13 bands. In these cases B2 
and B4 may need to be changed in order to fit the 6+. We note that introducing a Y 6 deformation 
affects the forward angle 6 T cross section, whereas stretching increases the cross section more 
uniformly. 

We have also attempted to fit existing data5 for the 2+ and 4+ '{ band levels in 166Er . We are 
able to fit the 2+ level within the framework of quadrupole vibrations, with parameters that fitted 
the energy levels provided the complex optical-model coupling was reduced by a factor of 0.7. It 
was not possible to fit the 4+ level by any manipulation (ad hoc band mixing, static Y 4 deforma
tions, etc.) of a quadrupole vibration model; the existence of a degenerate j3-band 0+ level at this 
energy would give a reasonable fit but is most unlikely on theoretical grounds. The slope and the 
anomalously large magnitude of the 4+ cross section suggests a direct excitation, and we believe 
that the klT = 2+ btnd possesses some Y 4 vibrational character, which is supported by the work of 
Tj~m and Elbek. We note the good 1(1+1) nature of the band. 

A typical fit to the '{ band of 166Er , without using any Y 4 excitations of the '{ band, is shown 
in Fig. 2. The Davydov picture gives somewhat similar results to that shown in the figure pro
vided that an asymmetry is used which is twice as large as that needed to fit the energy-level 
spacing. 

1. 
2. 
3. 
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CALCULATIONS OF THE ASYMMETRY IN THE 
INELASTIC SCATTERING OF 20.3-MeV PROTONS 

C. Glashausser and R. de Swiniarski t 

The asymmetry in the inelastic scattering of 20.3-MeV polarize<\ protons has recently been 
measured at Saclay for a number of light and medium-weight nuclei. Coupled-channels and 
DWBA calculations have been carried out here for several representative targets, including 
24Mg, 28Si, 40Ca, 90Zr, and 92Z r . Optical-model parameters have been obtained by searching 
on both elastic cross sections and polarizations with the code MERCY, a modified version of 
SEEK.2 Very good'fits to the elastic data were obtained for the heavier nuclei; the fits for the 
lighter nuclei were only fair, probably because the strong coupling between the ground state and 
the excited state s was neglected. 

Figures 1 and 2 show coupled-channel calculations for the 2+ and 3- states in 90 Zr and 92Zr. 
The Oxford coupled-channels program3 was used with only the real central term of the optical 
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potential deformed (REAL), with both real and imaginary central terms deformed (COMPLEX), 
and with the entire optical potential deformed (COMPLEX + DSO). Coulomb excitation was in
cluded in all the calculations. The addition of the imaginary and spin-orbit distortions improves 
the fit for both 2+ and 3 - states. The COMPLEX + DSO predictions are still in poor agreement 
with the 2+ data, however; the 3 - fits are considerably better, but a problem remains at forward 
angles .. Both ~redictions are considerably improved by including a spin-orbit term of the full 
Thomas form; these calculations are also shown in Figs. 1 and 2. The effect is particularly 
clear for the 2+ data when the increase in magnitude is almost sufficient to match the first maxi
mum for 92 Zr . (The effect of the full Thomas term is, however, slightly exaggerated, since the 
deformation parameter for the spin-orbit term I3 so was set to 1.5 13. ) 

Microscopic model predictions for the 2+ states in 90 Zr a~e no more fuccessful; they are 
shown in Fig. 3. A simple proton transition of the type [g9/2] 0+ - [g9/2] 2+ was assumed for the 
direct term; a Yukawa interaction of range 1.0 F was assumed. Core polarization (CP) was 
added according to the model of Love and Satchler5 with an effective charge of 2.4 e. The predic
tions with the direct term only (D) are unable to account for the data. The addition of core polar
ization does not improve the fit, and even makes it considerably worse if the deformation of the 
spin-orbit term is neglected. 

Macroscopic model calculations for 24Mg are shown in Fig. 4 ... The first three states of this 
nucleus are usually described as members of a K = ° rotational band; the deformation parameter 
13 2 is about 0.50. The fits to the elastic data are considerably modified when this couplin~ is in
cIuded but the spherical parameters have been used for the predictions shown. For the 2 state 
the introduction of the full Thomas term again produces a considerable improvement in the quality 
of the fit, but the agreement is still only fair. On the other hand, the fits to the 4+ data are very 
poor; they are not improved by the inclusion of the full Thomas term. 
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REALIST IC NUC LEAR SINGLE -PART IC LE HA MILTO NIANS 
AND THE PROTON SHELL 114t 

Heiner Meldner * 

A simple self-consistent single-particle equation was investigated. The proposed model is 
designed to be particularly suitable for the calculation of (adiabatic) fission processes. The ker
nel of this integro-differential equation has a structure that allowed satisfactory reproduction of 
nuclear gross and shell structure data throughout the periodic table 1 with one constant set of five 
physical parameters. Hence, it seems that all future work in this direction has to confirm quan
titatively the essential features determined here; in particular the nonlocality and rearrangement 
effects. Rearrangement energies appear explicitly, since the model discussed here, hke self
consistent fields of appropriate many-body formalisms, yields different eigenvalue spectra and 
mass defects for different occupation functions. 

The constant set of five parameters which was used in all calculations gave, e. g., a good fit 
to all difference data in the Ca region. One typical example is the first neutron hole state for 
47Ca: The observed mass difference to the ground state of about 2.6 MeV is reproduced by the 
present single-particle Hamiltonian that gives at least 6 MeV for the corresponding level spacing; 
i. e., more than 3.4 MeV result from orbital rearrangement (d. Ref. 2). 

The agreement with the mass data is also excellent for the 40Ca ±(one nucleon) differences 
(see Ref. 1). For this example another type of rearrangement effect is revealed in Fig. 1. Con
ventionally, the eigenvalues were fitted to the experimental total binding energy differences; i. e., 
rearrangement was totally neglected. Of course, one could not do better in calculations that had 
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no chance to get the right order of magnitude for the total binding--as in local potential model fits. 
Here, in Fig. 1, the observed binding energy differences are reproduced within 0.2 MeV (cf. 
Ref. 1). However, due to rearrangement, they differ up to 6 MeV from the corresponding eigen
values. 

It might be argued that for some reason this model strongly overestimates rearrangement 
effects. But the magnitude. of this model's rearrangement response can be checked to some 
extent by a comparison with the calculated isomer shifts due to single -particle excitations. 
Their order of magnitude seems to be confirmed by some relevant data. This confirmation cor
roborates the present results on rearrangement energies because of the well-known radial and 
eigenvalue shift correlation for single -particle potential models. 

The magnitude of the rearrangement also casts doubts on shell-model calculations that use 
the observed total binding energy differences (of A±1 nucleon systems) as the eigenvalues for one 
constant single-particle Hamiltonian: Rearrangement destroys the orthogonality of the wave func
tions for single -particle states of nuclei with different excitations or nucleon numbers. 

Figure 2 shows density distributions of protons and neutrons (lower and upper solid lines) for 
the five fited parameters used here. One ~oint of recent interest is the "neutron skin" of heavy 
nuclei, 3 - the Johnson-Teller effect. 7 In 08Pb, for example, the re suits of pionic scattering 
and isobaric analog-state analyses seem to disagree significantly with mU- or K-mesic experi
ments. There is a 2% rms radius difference between neutron and proton densities deduced from 
the former type of data, 3, 6 whereas a difference of more than 10% is reported from .... - atoms 
and K- capture as well as from some optical and shell-model analyses. 4 The present self-con
sistent model gives rms(n) - rms(p) = 0.07 F, in excellent agreement with the value 0.07± 0.03 F 
due tg an analysis of the isobaric analog state, 5 which is consistent with recent 1T± -Pb scattering 
data. In addition, the absolute magnitude of the 208pb rms charge radius given in Ref. 1 agrees 
perfectly with elastic electron scattering eXleriments yielding the value 5.42 ± 0.03 F.8 One 
should notice the neutron skin or halo of 20 Pb shown in Fig. 2, which looks surprisingly large 
in view of the small rms radius difference. In 40Ca, the effect is reversed. According to the 
present calculation, the rms radius of neutrons is 0.04 F smaller than that of the protons, in 
qualitative agreement with a recent optical-model analysis. 9 

The partial derivative aE/aZ of the total binding energy (mass) changed considerably at the 
proton number Z = 114 when the present Hamiltonian was used for superheavy nuclei (d. Ref. 1). 
This confirmed an earlier suggestion made 4 years ago by this author on the basis of a gap in the 
proton eigenvalue spectrum at Z = 114. The present calculations checked the real shell effect in 
the nuclear masses. For N = 172 and 186 they showed a significant decrease of the shell effect 
for isotopes far from the extrapolated beta stability line. At,N = 172 and Z = 114, the lack of 
neutron exce s s seems to smooth out the step in the mas s function to an insignificant wiggle (cf. 
Ref. 1). For 186 neutrons the shell effect has the magnitude observed at established magic num
bers. Therefore, experiments on Z = 114 should aim for compound nuclei with mass numbers 
around 290 or higher. 

Recent experiments seem to indicate the existence of nuclei with Z = 110 in the charge spec
trum of cosmic ray nuclei. 10 An increasing amount of other effort is now being spent to produce 
such superheavy nuclei. 11 
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Fig. 2. Upper and lower solid curves give the density distributions of protons and 
neutrons for some nuclei on the beta stability line. The dashed curves are the 
nuclear charge densities calculated from the cor.responding (bare) proton densi
ties. Examples of Fermi function fits to electron scattering data are shown as 
dotted curves. 

SHELL AND PAIRING EFFECTS IN THE FISSION PROBABILITY 

L. G. Moretto, t R. C. Gatti, S. G. Thompson, and J. T. Routti * 

Over the past few years a large amount of experimental data has been obtained on the fission 
cross sections for nuclei below radium. 1 There have been difficulties in the complete interpreta
tion of these data. 

If the total compound nucleus cross section can be either measured or calculated, then the 
ratio u/uR can be used to evaluate the ratio between the fission width and the total decay width 
r /rT . Since the charged-particle evaporation is highly hindered in heavy nuclei; the relation 
r /r':( = rf/r f + r n holds, where rn is the neutron decay width. The theoretical analysis of the 
experimental data is therefore reduced to the evaluation of rf/r n' 

From statistical considerations the following expressions for r f and r n are obtained:
2 
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1 SE-B f r _ 2 SE-Bn 
r - p (x) dx (E - B - x)p (x) dx, f - 2TTp(E) 0 s 'n - 2TTp(Ej 0 n n ( 1) 

where p(E) is the compound nucleus level density, p (x) is the level density at the fission saddle 
point, p (x) is the level density of the nucleus after Jeutron emission, and Bf , B are the fission 
barrier z.lnd the neutron binding energy respectively. n 

The quantities that contain nuclear information are (a) the level densities at the fission saddle 
point and for the residual nucleus after neutron emission, (b) the fission barrier height, and (c) 
the neutron binding energy. 

When one uses the level density expressions obtained for a Fermi gas (a set of fermions, non
interacting, and distributed on equally spaced single -particle levels), it is difficult to fit the ex
perimental ratio r£lrT over a large range of excitation energies. An example of tN~ dif~culty 
is shown in Fig. 1. The experimental values of rf/rT are shown for the reaction Au( He, fis-
sion), together with the values of rdrT fitted to the lowest 15 MeV above the fission barrier. 
When the function is extended at higher excitation energies, it overshoots the experimental data. 
Such a discrepancy is even larger, since u£luR is bigger than the true rf/rT because of the 
multiple-chance fission, which becomes very relevant at high excitation energies. 

It is reasonable to think that such a failure is due not to inadequacy of the expressions (1) but 
most likely to the Fermi gas expressions for the level densities, which may not be sufficiently 
realistic. 

The main deviations of a nucleus from the Fermi gas model are two: 
(a) the presence of shells generated by the bunching and the degeneracy of the single-particle 

levels; 
(b) the pairing interaction that generates a correlation similar to superconductivity in metals. 

The first effect may be of great importance in the evaluation of r n for nuclei near closed 
shells, whereas it is expected to be negligible as far as r f is concerned, since for the large 
saddle-point deformations the single-particle levels should be almost completely debunched. 

The second effect is rather small for normal nuclei at sufficiently high excitation energies; 
and therefore not very important in the evaluation of. r n. However, at the fission saddle point 
large pairing effects seem to be present, and therefore it may be dangerous to exclude them in 
the evaluation of rf. 

On this basis, we introduce the shell effects in the evaluation of r n' -making a very simple 
correction for the pairing, and we introduce the pairing effect in the expression for rf in detail 
without making any shell correction. 

Level Density Including Shell Effects 

The shell effects are included in the level density obtained by using the relations developed by 
Gilbert. 3 The model assumes an originally uniform single-particle level spectrum which is peri
odically bunched. In this way energy gaps corresponding to the shell's gaps in real nuclei are 
generated. The bunching parameter b and the period d define the magnitude of the energy gap, 
() = bd. The parameter b ranges in value from 0 (no bunching) to 1 (complete bunching). The den
sity of single-particle states is represented as in Fig. 2. 

The single -particle level density within each bunch is G'" = G1/( 1 - b), where G is the single
particle level density of the unbunched spectrum. 

The position of the neutron and proton Fermi levels with respect to the shells is defined by 
the parameters ~N and ~ Z' expressed by the relations 

where ~N and ~Z are the number of neutrons and protons in a shell, and IN -NO I and I Z - Zo I 
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represent the number of particles or holes separating a nucleus from a closed shell. Examples 
of level densities are shown in Fig. 3. 

Level Density Including Pairing Effects 

The model here is represented by a system of uniformly spaced doubly degenerate single
particle levels (uniform model) populated by fermions which interact through a residual inter
action as described by Bardeen et al. 4 Because of this residual (pairing) interaction the nucleons 
?-re .correl~ted pairwise, and the energy necessary to break a pair of nucleons is 26.0, where 6.0 
IS gIven by 

where g is the density of the doubly degenerate single -particle levels, G is the pairing strength, 
E is the energy in the single -particle spectrum, and ± w is the energy range over which the pairing 
correlation extends. 

When pairs are broken by introducing excitation energy, the unpaired particles occupy single
particle levels that become unavailable for the pairing correlation, which therefore decreases. 
It is possible to account statistically for such an effect by making 6. temperature-dependent, 
according to C 

~ = S+w tgh[t@J E2 + 6.
2 

(@)] G dE, 
g -w "Jc2+6.2 (f3) 

(2) 

where f3 = 1lt, t being the nuclear temperature. 

The dependence of 6. on t can be seen in Fig. 4. We can observe that 6. decreases with in
creasing t until it vanishes with a vertical tangent at a critical temperature, tc. Beyond such a 
value the system reverts back to the uncorrelated Fermi gas conditions. 

By using expression (2) it is possible to evaluate the equations -of sta'te of the system, such 
as energy, entropy, specific heat, and also level density as a function of temperature. 

All of these quantities revert back to those of an uncorrelated Fermi gas beyond the critical 
temperature. 

So far we have implicitly assumed we are dealing with an even-even nucleus. When the odd
A or odd-odd nuclei are to be considered, one takes into account the effect of the one or two ini
tially unpaired particles by adding to the corresponding even-even nucleus excitation energy the 
quantity 6. or 2 6.. 

Calculations 

Both the saddle-p~int and ground-state level densities are evaluated as a function of the 
nuclear temperature together with the re,spective excitation energies. Such tables of level den
sity and excitation energy as a function of temperature can be interpolated and the quantities r f 
and rn can be evaluated. The expression r£l(rn+r£) is then calculated and compared with 
e:xp~rimental1y deter:nined value.s by means of a mig,imization procedu~e. An e~am~le of a pre
hmmary attempt to fIt the experimental data for 2~2Pb + tHe "+ 2~~po IS shown In FIg. 5. 
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as follow's: 

22.1 MeV -1 
17.8 (MeV) 1 
13.2 (MeV)-
8.270 MeV 
o MeV 

, ,---

E 

XBL682-1907 

. Fig. 2. Periodic spectrum for the bunching model. The 
density of single particles is G' between two 'shell gaps; . 

'its average value i"s G; d is the period, 6 the size of the 
shell gap, and EO the center of a gap. 
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Fig. 3. Level densities for nuclei of 
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0.02 to <l?N' and one proton particle or 
hole contributes 0.03 to <I? z. The level 
density evaluated for .an unbunched 
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Fig. 5. Plot of r£lr n vetsus ~xcitation 
enargyin MeV [or .20 Pb + 2He ... 
2~4PO ... fission. EXI>erimenta1 points 
are indicated by triangle s; the calculated 
curve is indicated by squares. The cal
culated curve takes into account the effect 
of pairing at the .fission saddle point and 
the influence of shell structure in r n 
using Gilbert's relations (Ref. 3). 
af = 17.97 MeV-1, an = 16.42 MeV-1, 
B f = 20.9 MeV, d = 8.9 MeV, b = 0.1, 
.6.n = 1.0 MeV, .6.p = 0.95 MeV. 
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NUCLEAR STRUCTURE AND STABILITY 
OF HEAVY AND SUPERHEAVY NUCLEI 

t' * S. G. Nilsson and C. F. Tsang 

XBL691-1867 

Potential energy surfaces as a function of quadrupole and hexadecapole distortions have been 
worked out on a deformed shell model for heavy and superheavy nuclei, 150< A< 310. These sur
faces have been normalized to the average trend given by the liquid-drop model by means of a 
generalized Strutinsky prescription. 1 By this means we hope to obtain both the spectroscopic 
(level schemes) and macroscopic (total binding energy) properties correctly. 

For the known region our. level schemes compare well with experiments. We find a proton 
magic number at Z = 114 and neutron magic number at N = 184, . confirming previous studies by 
various authors. From the lowest minima in the energy surfaces we obtain the ground-state 
masses and deformations, which can be compared directly with experiments (Figs. 1 and 2)'. 

The occurrence of a secondary stable (isomeric) state at some distortions away from the 
ground state is seen in a large number of nuclei near A = 240 (Z ~ 94). These correspond to the 
so-called shape (fission) isomers which have recently stimulated intensive experimental interests. 

Spontaneous fission half lives 2 and alpha and beta stabilities have been studied. These
3
turn 

out to be in fair agreement with experiments for the actinides. For the superheavy nuclei, one 
finds an island 6f stability centering around Z = 114 and N = 184. From the total half-lives, sev
eral candidates can be suggested that may perhaps live long enough to be found in nature, if not in 
earthly matter, then possibly in the cosmic radiation. 
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Fig. 2. Empirical hexadecapole «(34) dis
tortions of the rare earth nuclei as com
pared with our calculated values. 
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STABILITY OF SUPERHEAVY NUCLEI 

E, 

Yb 

"N~ ! HI 

170 180 

,A 

AND THE I R PO S SIB LEO C CUR R EN C· E INN AT U REt 
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Ground-state masses and potential energies of superheavy nuclei--i. e., nuclei around Z = 114 
and N = 184--as a function of deformations have recently been calculated. 1 From this we have 
been able to estimate the alpha and spontaneous fission half-lives and to test for beta stability of 
these nuclei. The results are summarized in Fig. 1. 

There are great uncertainties in this figure, as discussed in the full paper, but the main fea
tures should be reliable. The longest spontaneous fission half-lives center around the doubly 
magic nucleus 298 114, and the half-lives decrease rapidly as one goes away from this nucleus. 
The alpha half-lives increase as one goes to lighter elements. The beta-stable nuclei lie approxi
mately along the extrapolated beta stability line given by Green. The total lifetime appears to be 
longest around 294110, which may perhaps survive somewhere in nature. 

The element 110 has chemical properties similar to those of platinum. A preliminary search 
for it in a platinum ore has not been fruitful. The experiments indicate an upper limit on the 
presence of the element as 1 part in 1010 of platinum. On the other hand, the experiments are 
unable to detect it if the half-life is less than ~ 2X 108 years. The primary cosmic radiation is 
estimated to have a lifetime of 104 to 10 10 years, so that possibly it is more hopeful to look in 
the cosmic rays, where one may. perhaps see a few more super,heavy nuclei around 294110. 
Recently P. H. Fowler, F. B. Price, and R. M. Walker have conducted a balloon experiment to 
look for very heavy nuclei in the cosmic rays. Their data are stil1 under analysis. 

Footnotes and References 

tResume of paper Physics Letters, 28B, 458 (1969). 
*Present address: Department of Mathematical Physics, Lund Institute of Technology, Lund, 

Sweden. 
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1. S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski, S. Wycech, P. Moller, 

and C. Gustafson, to be published in NucL Phys. 



Fig. 1. Contours of theoretical half lives 
in the vicinity of Z = 114 and N = 184. The 
thick dark lines are contours of sponta
neous fission half lives. The broken lines 
are contours of alpha half lives. Beta 
stable nuclei are shaded. 
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S-WAVE SHAPE -DEPENDENT SCATTERING PARAMETERS 
OF THE PROTON-PROTON INTERACTIONt 

R. J. Slobodrian * 
\ 

l''', 

The s-wave nucleon.:nucleon interaction between O·and 10 MeV can be parameterized by a 
convergent power series, 1 and thus can be approximated by a polynomial 

, 

( 1) 

where E is the energy, usually expressed in MeV. The relation of (1) with the 1S0 p-p phase 
shifts and more currently used scattering parameters is obtained through the equation K =. RFG: 

where C 2 - 2TTI1-1 
- 2TTn ' 

e -1 

1'12 
R = --2-' 

M e: 
p 

h(l/) = Re r'(-,ill) - In(ll), 
r( -Ill) 

( 2) 

k is the relative momentum in units of 1'1, 1/ = e:2 /1iv (Coulomb parameter),. e: is the proton charge, 
v is the relative velocity, a is the proton-proton scattering length, r is the effective range, and 
P, Q ..• are known as shape-dependent parameters, i. e., their valu:s and sign depend on the de
tailed shape of the potential well in a Hamiltonian formulation or on model characteristics in gen
eral. Conversely, an empirical determination of such parameters would prescribe a shape for 
the potential of interaction or determine a model. 

Calculations of the parameters P and Q for different well shapes or models are available in 
the literature. 2-4 Noyes 3 attempted first a determination of the shape parameter P for the is 
proton-proton interaction. T~is work was based on five accurate phase shifts at 0.38243,5 1.397, 
1.855, 2.425, and 3.037 MeV. A summary of difficulties associated with a determination based 
on these five phase shifts may be found in Ref. 7. However, the ambiguity is reduced7 if the 
effective-range expansion analysis includes the higher-energy data of Worthington, McGruer, 
and Findley.8 Heller9 has recently added the phase shift from data at 9,69 MeV10 to the low
energy phase shifts of Refs. 5 and 6, and performed fits up to and including the parameter Q. 
Heller recognized that the radius of convergence of (1) or (2) is approximately 10 MeV, and 
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therefore the number of terms necessary may extend beyond the assumed polynomial. The errors 
of the parameters P and Q turn out to be large. From a practical point of view, the energy gap 
between 3.037 and 9.69 MeV is very large, and conclusions drawn from such a set of data should 
be viewed warily. Noyes and LipinskiH have recently reanaly:zed the data at 9.69 MeV, extrapo
lating the recent information on spin-correlation parameters. 12 They conclude that at 9.69 MeV 
there is modest evidence for shape dependence consistent with OPE. However, the cross section 
measured at 9.69 MeV may be systematically high, as noted by several authors, 11, 13, 14 and 

,thus con~lusions drawn from these data at a single energy may be subject to revision. Noyes and 
Lipinski 1 nevertheless also conclude that the shape correction is established beyond reasonable 
doubt if the results below 3 MeV and near 27 MeV are added to the result at 9.69 MeV. In the 
opinion of this author the evidence drawn from data between 0 and 3 MeV is questionable, as ex
plained in Ref. 7, and therefore another attack on the problem is very desirable. Th.f advent of 
new cross-section results at 6.141, 8.097, and 9.918 MeV accurate to less than 1%, 1 and their 
phase shifts, has made possible determination of the shape -dependent parameters P and Q, with 
reanalysis of the existing experimental cross sections of Refs. 5, 6, 8, and 10. 

The reanalysis of previous experimental data was advisable in order to avoid possible sys
tematic differences in the central values of the phase shifts, related to criteria employed in the 
analysis, values of fundamental constants. approximations employed for relativistic effects, etc. 
A program due to Knecht 15 was used for the phase -shift analysis. Another program was written 
for the effective-range expansion analysis. Both programs were used with CDC 6600 machines 
of the LRL computing center. The aim of this work has been to obtain the shape-dependent coef
ficients P and Q of the effective range expansion on a basis as empirical as possible, and ascer
tain their stability. The reanalysis of experimental differential cross sections was carried out 
consistently, as described in Ref. 14. Two different p-wave splittings were employed, one con
sistent with the OPE signature (+ - +), the other appropriate to spin-orbit effects producing posi
tive polarizations at small angles (+ + -). The strength was extrapolated from 10 MeV down, as 
prescribed by the low-energy limit of phase shifts, valid when sin oJ. ~ oJ.' and by the possible 
absolute value of polarizations. 16 The value for the phase shift at 0.38243 MeV was taken in 
common for both sets of phase shifts, as determined by Noyes. 3 The justification for this is that 
both sets of phase shifts converge to the same low-energy limit!! . The analysis in terms of expan
sions (1) and (2) was carried out up to and including a term in k (shape parameter R). Vacuum 
polarization effects in the s -wave phase shifts were corrected following Foldy and Eriksen. 16 
Effects due to the electromagnetic structure of nucleons were explored in terms of the approach 
of Ref. 15. The preferred values of proton-proton scattering parameters are 

a = -7.7856±0.0078 F, r = 2.8398±0.009 F, P = 0.072±0.005, Q = 0.034±0.004. 

They correspond to a calculation correcting for electromagnetic effects as appropriate in the ab
sence of a core (or when it is velocity-dependent and negligible at low energies). However, there 
are uncertainties in the electromagnetic form factors, and thus, these corrections may have pro
duced a minimum in X2 fortuitously. Figure 1 shows a plot of the preferred fit. 

The values obtained from phase shifts, assuming a splitting of p waves giving a positive 
polarization at small angles, are 

a = -7.7870±0.0063 F, r = 2.8462±0.011 F. P = 0.080±0.003, Q = 0.062±O.007. 

The shape dependence in the range from 0 to 10 MeV is established in the s wave indepen
dently from the accuracy of the VPC, because the exclusion of the points at 0.38243 and 1.397 
MeV does not affect the sign of the parameters P and Q. It is also established independently of 
the assumed splitting of p waves as long as polarization effects are kept small, in agreement 
with experiment. 

The central values of P and Q differ from estimates made in the past on assumption of a 
Yukawa potential. but are not really inconsistent with it. The parameters P and Q are strongly 
correlated, and if Q is assumed at the value calculated in Ref. 2 (Q = 0.019), P also falls very 
close to the value calculated there (P = 0.055). 

Summarizing, the shape dependence is established in the range from 0 to 10 MeV from the 
context of a large amount of experimental data, and quite independently from effects attributable 
to corrections or assu~ptions made in their analysis. 

It is hoped that nuclear calculations based on the detailed proton-proton interactions will 
abandon the use of potential shapes (or models) inconsistent with the results reported here. 
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Fig. 1. Plot of the nonlinear part . of. the 
function K; AK = K - (AO + A 1E). The 
solid line corresponds to a four-param
eter fit to 14 experimental points. The 
dashed line is obtained with the interfer
ence minimum datum and the KMBND 
results. The circles correspond to 
Refs. 5, 6, and 8. The squares corre
spond to Ref. 14. 

COLLECTIVE STATES IN A PAIRING-PLUS-QUADRUPOLE MODEL 
USING WOOD-SAXON REPRESENTATION 

I. DERIVATION OF THE QUADRUPOLE FORCE 
FROM A WOOD-SAXON POTENTIALt 

B. Sj&rensen and K. Kumar * 

The radial dependence P(r) of a quadrupole force 

V(E.1,E.2) = -x P (r 1) p(r 2)l Y;~(i1) Y2f1 (i2 ) 

f1 
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can be determined by a self-consistency argument from the average potential generated by this 
interaction. 1 

This leads to P(r) = r8U O(r)/8 r, where U o is the spherical part of the average potential gen
erated by the force. In addition one obtains the self-consistent coupling strength 

[s 2 2 ]-1 X=c P(r) r dr , 

where 

41T S 2 c = A U O( r) r dr. 

The formulae above can be generalized to include two kinds of particles and spin-dependent inter
action. 

We have considered an average potential U 0 of Wood-Saxon type with a Coulomb term and a 
spin-orbit part. This may lead to a quadrupole force which has a more realistic radial shape 
than the usual r2, which corresponds to U o equal to a harmonic oscillator well. We have calcu
lated reduced matrix elements of the quadrupole operator for use in calculations of nuclear defor
mations and energy levels by the Kumar-Baranger method, 2 noting, however, a surprising simi
larity tothe r2 matrix elements. On the other hand, the A dependence (or rather N, Z dependence) 
of the sel~-consistent X which is shown in Fig. 1 is quite different, and in agreement with former 

. criticism of the usual quadrupole force. 
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Fig. 1. Self-consistent quadrupole strength 
for usual quadrupole force (Xi) and for 
modified quadrupole force usmg Wood
Saxon potential with (X3) and without (X2) 
Coulomb part. 
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BOSON DESCRIPTION OF FERMION SYSTEMS: 
Numerical Calculations 

Bent Sphensen 

The boson method developed for the de scription of collective excitations in nuclei 1 has only 
tentatively been used for calculation of quadrupole vibrations. 2 We here present examples of 
numerical calculations using expansions carried to fourth order. All details of the .theory and 
the method of calculation has been given in Ref. 3, so we will just mention that the method is 
supposed to give at least a qualitative de scription of the phase transition between spherical and 
deformed shapes and to describe rather accurately the anharmonicity of nearly harmonic vibra
tions. 

The interaction is chosen as pairing plus modified quadrupole force, the latter being de
scribed in the contribution by Sprensen and Kumar to this report. Figure 1 shows calculated and 
experimental quadrupole states in Sm isotopes. The essential characteristics of the deformation 
genesis--Iowering of the first excited states and grouping in rotational bands, increase in 
B(E2, 2+ - 0+) ,and in the static electric quadrupole moment--all these features are reproduced 
by the model, ~1though numerical agreement gets poorer for larger deformation, due to the de
creased validity of the fourth-order truncation of the anharmonic Hamiltonian. It must be kept in 
mind that the expansion is in terms of a spherical quadrupole boson c+, so that high powers be
come important when the system is strongly deformed. 

Another way to look at the phase transition in the boson model is from the boson expansions 
of the mass quadrupole moment Q and the conjugate momentum P to express the boson operators 
(c+, c) in terms of the hermitean (iP, Q) and introduce these in the boson Hamiltonian H = H(c+, c) 
= V(Q) + T(Q, Pl. In Figs. 2 and 3 we show the calculated potential energy functions V(Q) for the 
three Sm isotopes as functions of Q and '{, defined by transforming the quadrupole tensor 9 2M to 
the intrinsic systEjm defined by the principal directions of the tensor itself, Q20 = Q cos '{; 
Q

22 
= Q2-:<>' = 2- 1/ 2 Q sin'{. In Fig. 2 the '{ = 0 contour is given, and in Fig. 3 the equipotential 

surfaces VlQ, '{) = constant. In addition to the Q scale (the quadrupole operator is given in units 
of the oscillator parameter b 2 "" A 1/. ) another scale gives the more conventional deformation 
parameter 13, which is related approximately to Q by . 

We now turn to the region around Zo = 50, where Figs. 4 and 5 show two sets of nuclei, each 
with the same neutron numbers, and proton numbers ZO-2 and ZO+2, respectively. These cases 
are chosen because of characteristic behaviors of energies and transition rates, and these quanti
ties seem indeed reproduced by the boson calculations to the extent one can expect when simpli
fied forces are employed. Potential energy surfaces are given in Figs. 6-8. There remains, 
however, one completely unresolved puzzle, that of the static quadrupole moments of the first 
2+ states, which are reported to have the same magnitudes and signs in 11 4Cd and 122Te, 4 namely 
-10±4 (again in units of b 2). The neutron contribution to Q(2+) cannot be very different from that 
in the corresponding Sn isotopes, i. e., small and presumably positive. As for the proton contri
bution, it is negative in 114Cd because of the importance of the configuration (g9/2)-2 and positive 
in 122Te for any low-lying configuration. This simple argument predicts a sman negative quad
rupole moment in 114Cd and a larger positive one in 122 Te , results which are confirmed by the 
boson calculations for a wide range of parameters (single-particle energies and force strengths). 
The disagreement with experiment can thus not be a matter of merely improving the calculation 
by inclusion of higher-order terms etc., but rather presents a basic error in the description, or 
in the experiment. Recently, some doubt has been cast on the 114Cd experiment,S actually re
vising the Q(2+) to the value we predict. However, the crucial quantity to expose to further ex
perimentation is rather the 122Te quadrupole moment, which is not subjected to cancellations 
between proton and neutron contributions, which depends critically on details of the nuclear inter
action. 

The numerical calculations were performed at the Niels Bohr Institute and NEUCC, Copen
hagen, Denmark. 
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Fig. 2. '{ ° potential energy contour for (a) 148Sm• (b) 150Sm• and (c) 152Sm. 
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NEUTRON PAIRING STATES IN DOUBLY EVEN NUCLEI 

Bent Sprensen 

The boson theory for collective excitations put forward in Ref. 1 has proven especially appli
cable for the description of pair vibrations. 2 The method for calculating this type of state, which 
is described in Sec. 7 of Ref. 1, is here extended to a simultaneous description of collective and 
noncollective states, all of the restricted seniority-zero type, where an even number of particles 
are pairwise coupled to angular momentum zero. Only neutrons are considered, since the most 
complete experimental data concerning this type of state corne from (tp) and (pt) reactions. The 
aim of the present investigation is to establish the merits and limitations of the assumption that 
the neutron seniority zero states arising from a pairing residual interaction are approximately 
uncoupled from other degree s of freedom. In addition we consider whether the pure pairing 
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interaction can account for the ground-state energy systematics, implying that the only interaction 
energy which changes in going from a nucleus N to N± 2 is the pairing energy. This is certainly 
violated by the Coulomb energy, which we then systematically have subtracted from the experi
mental masses, assuming it to be of the form 

~c = ~ z~:2 [1 -5 Clrrz ?/3] , 
where Rc = rc A 1/3, with fixed rc' Calculations start from a closed-shell configuration or 
closed-subshell configuration, and the boson method allows one to then increase and decrease N 
in steps of two, until the truncation point of the Hamiltonian (in our case four -boson operators) 
becomes insufficient .. We have performed calculations for around 25 such shell closures, obtain
ing in most regions a remarkably good agreement for ground-state energies as well as some ex
cited state s; both of ·collective and noncollective nature. The experimental spectra often contain 
additional 0+ levels; which is natural, since proton degrees of freedom have been left out, and 
similarly quadrupole degrees of freedom. These, of course, have no basic (tp) or (pt) strength, 
but when they mix with the neutron pairing states, one observes a distribution of strength over 
several levels. Indications of such isospin and pairing-quadrupole couplings are present in most 
regions of the periodic table, but only in specific regions do they destroy the main structure pre
dicted by the pairing model. Figures 1 through 4 give a few examples of the situation in various 
regions, starting from the closed shells of 26 Mg, 52S, 48Ca, and -Z08pb. Heavily drawn levels 
belong to the collective coupling scheme, lightly drawn ones are noncollective. Numbers quoted 
for each level are tp or pt strength relative to the corresponding ground-state transition, accord
ing to the direction of the arrow (tp: arrow points right). Finally, relative ground-state cross 
sections are quoted below the ground state. 
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Fig. 1. Energies (in MeV) are plotted 
versus neutron number (N). For expla
nation of indicated (tp) and (pt) strengths 
see text. 
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A COMMENT ON THE 10 B (t,p) REACTION TO THE 12B GROUND STATEt 

Bent Srbrensen 

A priori there is hardly any reason to believe that a two-nucleon transfer reaction should 
proceed in one step by simultaneous transfer of the two particles involved, as in Fig. 1(a). How
ever, this model has been able to provide a fair to good description of most experiments per
formed during the last decade, with the exception of reactions with very low incident energy and 
with the possible exception of light nuclei. Examples of two-step mechanisms for the transfer 
reactions are indicated in Fig. 1(b) (two subsequent single-neutron transfers) and Fig. 1(c) 
(inelastic scattering followed by transfer). The remarks made above imply that the effects of the 
competing mechanisms in Fig. 1( b), (c) have to be searched for in small anomalie s of angular dis
tributions or in magnitudes of cross sections. As no theory at present seems refined enough to 
describe such details, some effort has been made in looking for peculiar reactions, in which the 
two-step mechanisms are sufficiently important to influence the cross sections in a decisive way. 

Bang et al. 1 argue that the process shown in Fig. 1(b) will be important if the binding ener
gies of the two neutrons are very different, and they quote the 10B(t, p) reactions as one of the . 
most favorable cases to look at. This experiment was done at E t = 10 MeV (well above the known 
anomalies oc'curring for reactions at E t about 1 MeV) by Middleton and Pullen, 2 and indeed they 
concluded, after comparison with a plane-wave stripping theory, that the ground-state transition, 
which must have 1. = 2, has an angular distribution (decreasing from lJ = 0 deg) which is incom-

. patible with the expected 1. = 2 distribution (which increases from lJ = 0 deg up to a maximum 
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around e = 60 deg). By calculating the Fig. 1{b) process, again using plane waves, Bang et al. 
could, by adjusting the weights of the direct and two-step processes phenOInenologically, obtain 
a reasonable fit to the experimental distribution. 

In order to test the validity of the proof for existence of the two-step process, we decided to 
perform a DWBA analysis of the Fig. 1{a) process and see whether reasonable variation in optical
model parameters or nuclear-structure factors could reproduce the experimental distribution, in 
which case the argument for a mechanism like Fig. 1{b) would be weakened, although of course 
not excluded. 

We used the two-nucleon transfer theory of Glendenning, 3 concentrating the nuclear structure 
information in coefficients G N, of which only G

l 
f 0 as long as the two neutrons are in the p shell. 

Only if both are in the sd shell can we have G 1 O. This, however, can hardly be expected to 
have a large amplitude for the ground state of 2B, so we varied G1/GO from zero to 0.17, for all 
sets of optical-model parameters. U sing a DWBA code written by Glendenning, we obtained the 
best fit, shown in Fig. 2, for the proton and triton parameters listed in Table I (only triton param
eters have been extensively varied). The curve shown in Fig. 2 corresponds to G1/GO = 0.17, 
and by increasing this ratio a better reproduction of the first minimum can be obtained. 

This, however, we would not consider physically acceptable; and although the DWBA in this 
case is completely different from the earlier plane -wave re sults, and actually doe s provide a fair 
fit, there still remains some anomaly in the distribution, which may stimulate an investigation of 
the two-step processes in Fig. 1{b) and 1{c) [which should not be less significant than 1{b)]. 

Footnotes and References 

t Condensed from UCRL-18663, Jan. 1969. 
1. J. Bangetal., J. Nucl. Phys. (U.S.S.R.) 4, 962 (1966). 
2. R. Middleton and D. Pullen, Nucl. Phys. 51, 50 (1963). 
3. N. Glendenning, Phys. Rev. 137, B102 (1m). 

Table I. Optical-model parameters. 

y W WD ry rW rC 

Proton 49.2 0 11.5 1.25 1.25 1.25 

Triton 138.0 40 0 0.85 1.5 1.4 
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Fig. 2. Experimental and DWBA .angular 
distributions for 10B(tp) 12B ground state. 
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. The static Hartree-Fock(H~) theory to¥ether with the angular-momentum pro~ection.tech
nique has been successfully applied to explain the energy spectrum of the ground ° band in 
20Ne. 1, 2 The accuracy of the projected HF wave functions of 20Ne and many other nuclei in the 
2S, 1d shell has been studied in several recent publications, 3-6 and it is clear from these works 
that the projected wave functions are, to a very good approximation, the eigenstates of t~e nucleus. 

Attempts have been made to explain the first excited 0+ band and its energy spectrum in the 
framework of HF theory. 7, 8 The energy spectrum of the excited 0+ band, unlike the ground-state 
band, does not show very much of the rotational character. A natural approach in the framework 
of the HF theory for explaining the excited O+ba·iJ.d may consist of describing it by a superposition 
of configurations composed of hole -particle excitations out of the HF state de scribing the ground 
band. The time ..;aependent HF formalism is the approximate form of HF theory for ~reating such 
hole-particle excited states. This approach has been utilized by Bassichis et al. 7 to derive the 
excited-state bands of 20Ne and 24 Mg . The energies of the different states in a given band were 
calculated by then using the energy formula of the rotational model with some empirical value for 
the moment of inertia 'J. Since the excited bands are not purely rotational, there was some lati
tude in the choice of'J for them, and by choosing a suitable value they obtained a fair agreeITIent 
with the experiment. However, a very interesting and significant aspect of the work 01 Bassichis 
et al. 7 is that they find that the effect of correlations in the ground state giving rise to the so
called backward-going graph is negligible except for the spurious solutions. The result implies 
that one can safely use the Tamm-Dancoff approximation (TDA) instead of TDHF for 20Ne and 
24Mg . The starting point of the work presented here, therefore, is to assume that the TDA pro
vides a satisfactory scheme for deriving the intrinsic state of the first excited 0+ band. 
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The calculation was performed by using the interaction Hamiltonian of Ref. 9. 'First the 
intrinsic state of the ground band was derived by a HF calculation. 1 Next the Tamm-Dancoff 
approximation was applied, to construct the intrinsic state of the excited 0+ band. [For a discus
sion on the method of the Tamm-Dancoff approximation the reader is referred to Refs. 7 and 8. ] 
Physical states of the two bands were constructed by using the method of the Hill- Wheeler integral 
to project out good angular momentum states. 10 Energies of the physical states were then cal
culated by the techniques discussed in Refs. 1, 11, and 12. The effect of the admixture of the 
projected HF states and the projected TDA states on the energy spectrum was also calculated. 
The comparison of the predicted energy spectrum with experiment is shown through Table I and 
Fig. 1. For a detailed discussion of the results and other aspects of this calculation the reader 
is referred to Ref. 9. 
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Table 1. Comparison between the experi
mental and the predicted spectrum (all 
values in MeV). Theory (a) and theory 
(b) correspond to results without and 
with admixture of proj!=cted states. 

Ex-
Theory peri-

J ment ~ J..!;L 
0+ 0.0 0.0 0.0 
2+ 1.63 1.25 1.22 

4+ 4.25 4.01 3.92 

0+ 6.72 6.17 6.38 
2+ 7.84 7.95 7.99 

6+ 8.79 7.81 7.82 

4+ 11.07 10.46 10.79 
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the same as in Table I. For facility of 
comparison only the relevant experimental 
energies are shown. 
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FISSION 

ANGULAR DISTRIBUTION OF PROMPT Y RAYS 
EMITTED IN 25 2 Cf SPONTANEOUS FISSION 

E. Cheifetz, t H. R. Bowman, andS. G. Thompson 

Anisotropy of the broad spectrum of prompt y,rays emitted in spontaneous fission of 252 Cf 
and in thermal neutron-induced fission of 233U, 235U, and 239pu has been observed by several 
investigators. 1 The observed anisotropies, defined as the ratio 0 deg/90 deg in numbers of y 
rays with respect to the fission direction, range from 1.10 to 1.15. This information, taken to
gether with data on the relatively high yields of fission products having isomeric transitions and 
the high yield of prompt x rays in fission, suggests on the basis of statistical considerations that 
the fragments at scission have average angular momenta of more than 6 units 1i pointed normal to 
the fission direction and also that many of the transitions have an E2 multipolarity. 

Recent high-resolution studies in this Laboratory of prompt gamma radiation from 252Cf 
reveal many well-defined peaks in the 50- to 350-keV region. More than 20 peaks can be seen 
even without sorting the fragments into mass groups. Our experimental arrangement consists of 
a point 252Cf source electroplated on platinum foil, a 6 -cm3 germanium detector (re solution: 
1.4 keY FWHM at 280 keY) placed 7 cm behind the source holder, and three 300-mm2 -area fission 
detectors at a distance 4 cm from the source which define the 0,.., 45 -, and 90-deg directions. By 
plating the fission source on a platinum backing thick enough to stop the fragments, some of the 
difficulties in the interpretation of the anisotropy of the broad gamma spectrum are avoided. The 
difficulties arise from (a) the effect of the Doppler shift in the energy and intensity of the '{ rays 
emitted by the moving fragments arid (b) the energy dependence of the efficiency of the detector. 
Furthermore, there is a disorientation of angular momentum direction produced by the magnetic 
field resulting from the effect of missing electrons in the highly charged fragments. The latter 
effect should be largest when the fragments are moving in a vacuum. 

The pulses corresponding to fragment and gamma energies of coincident-fragment-y-ray 
events are fed into a PDP-9 on-line computer which regulates the stability of the detectors, dis
plays the single-parameter spectra, and records the multiparameter events on magnetic tapes. 
The tapes are scanned by the computer at the end of the experimental run and sorted into six 
4096-channel y-ray spectra corresponding to the light and heavy,fragment groups at each of the 
three angles. The spectra are stored in a rotating disk allowing rapid data access, and the data 
are plotted out for permanent copies of the results. 

The energy of a gamma transition from a fragment appears Doppler-shifted when it is emitted 
from a moving fragment and unshifted when emitted from a fragment which is stopped in the back
ing if the transition lifetime exceeds:::; 5 X 10- 13 sec. An example from some preliminary res'ults 
is shown in Fig. 1. At the left of the figure the two peaks close together at energies of 241.3 keY 
and 242.3 keY are shown when the y rays are emitted from fragments that are stopped in the plati
num foil., The three cases correspond to gammas emitted at the angles 0, 45, and 90 deg with 
respect to the original fragment direction. On the right side the corresponding peaks (indicated 
by arrows) are shown when the y rays are emitted at the angles 90, 135, and 180 deg from the 
fragments moving in a vacuum. 

The greater width of the peaks at the angle 90 deg with respect to the moving fragments is 
due to Doppler broadening. The area under the peaks is found by a computer program that de
pends on assuming a predetermined peak shape. The anisotropy of the 241.3-keV line peak is 
1.6± 0.2 (the correction for finite solid angle would increase this value of the anisotropy). The 
mass of the fragment from which the y ray is emitted is assigned by comparing our results with 
the Doppler-shifted spectra of y rays measured in coincidence with the two fragment energies 
and sorted into mass groups. 2 The 241.3-keV line is emitted by fragments having masses in the 
range 109 to 111 amu, and its multifolarity has been determined as E2 by Watson from measure
ments of the K/L conversion ratio. 
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The sharp peaks in the y-ray spectrum are assumed to be transitions froV! low-lying states 
of some of the more abundant prompt fission products, fed by a multiplicity of 'I rays emitted 
from the fragments excited initially to an average energy of 4 to 5 MeV. For some transitions, 
such as the 241.3-keV line described above, the fragments retain a significant amount of their 
original angular momentum orientation, in a way similar 4to the prompt y rays emitted from 
products of ll'-partic1e- and heavy-ion-induced reactions. 
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K x-RAY MEASUREMENTS ON SHORT-LIVED FISSION PRODUCTS 

J. B. Wilhelmy, S. G. Thompson, and J. O. Rasmussen t 

Measurements to determine the yields of the K x rays have been performed on the short-lived 
isotopes produced from the spontaneous fission of 25 2Cf. Due to the continued improvement in 
resolution of the solid-state spectrometers it has become possible to resolve the K x-ray groups 
from adjacent elements. This allows th'e determination of x-ray yields of specific elements as 
opposed to overall, average properties for groups of elements. 

To study the short-lived fission products a belt transport sy:stem was designed to perform 
measurements on ~roducts with half-lives, as short as 0.25 sec. 1 An approximately 10-iJ.g source 
of 25 2Cf (:::: 3. 7~10 f/min) was electroplated on a platinum plate. The source was placed in the 
center of a 2-ft Lucite, shield over a continuously moving belt of magnetic tape. Due to their 
high kinetic energy the fission fragments became embedded in the tape. They were then trans
ported past a detector placed approximately 50 cm from the source. A variable gear system 
coupling a synchronous motor and the capstan tape drive allowed the transit time from the source 
to the detector to be varied. The detector used was a 0.25 -cm2 by 3 -mm lit2ium-drifted silicon 
diode. By use of a preamplifier such as that described by Jared and Kilian, resolution of 450 eV 
(FWHM) at 15 keV was obtained. 

Forty-one x-ray spectra were recorded with transit time s from source to detector ranging 
from 0.29 sec to 4.8 hours. Figure 1 is a composite of spectra taken at three different transit 
times. The x-ray resolution obtained for these spectra demonstrated the feasibility of obtaining 
information on K x-ray yield for the individual elements. To process the data and obtain these 
yields a computer code was developed by Rugge using a peak-fitting method patterned after that 
of Routti and Prussin. 3 In this code the peaks are treated as Gaussian with a linear exponential 
tail on the low-energy side. To treat the data adequately it was necessary to consider the ele
mental K x rays to be composed of four subgroup peaks; the KCI'1' KCI'2' Kf31', and Kf32'. The 
parameters necessary for fitting the experimental data were obtained from our x-ray fluorescence 
measurements of stable elements which are in the fission product region. Figure 2 shows the x
ray spectra obtained by fluorescing Mo, In, and Nd. By using these as standards it was possible 
to fix the mean values, shape parameters, and relative intensities of the four subgroup peaks. 
This left only one parameter free for each element, the value which was to be measured, namely 
the intensity of the K x rays emitted. Figure 3 shows the spectra and computer fits for the short
est and longest transit times measured in the experiment. 

K x-ray intensities obtained by computer fit were then used for determination of the avera~e 
K x-ray yields for each element following beta decay. Using the formalism developed by Wahl 
in which the prompt fission yield for e~ch mass chain is assumed to have a Gaussian distribution 
about a most probable charge, Watson calculated the expected yield for all prompt isotopes pro
duced from the spontaneous fission of 252Cf. The fission products, being 13- emitters, decay 
along a mass chain, increasing the atomic number with each decay. The amount of any isotope 
produced from beta decay in a mass chain is then equal to the sum of all the independent yields of 
isotopes with a lower value of Z in this mass chain. This summation is performed over the 
short-lived isotopes. Those which are long-lived or stable terminate the beta decay process, 
stopping the increase in yield for the higher-Z members of the chain. To obtain the total beta
decay yield for anyone element the chain yields of that element are summed over all the mass 
chains. Isotopes with half-lives short compared with the longest experimentally measured time 
(4.8 hours) have totally decayed, thus giving a beta-decay yield equal to their total yield. Iso
topes with half-lives comparable to, or longer than, 4.8 hours give beta-decay yields which are 
equal to their total yields multiplied by the fraction that has decayed in 4.8 hours. Therefore a 
value is obtained for the total number of 13 decays that occur for each element in 4.8 hours. The 
experimentally measured K x-rays at each of the 41 points were corrected for an effective count
ing time to give a true counting rate. These values were then integrated by numerical methods 
over the experimental range of times. These integrated yields were then divided by the total cal
culated beta-decay yields to obtain the number of K x rays per decay for each element. These 
results are plotted in Fig. 4. The errors shown are for the propagation of the statistical errors 
obtained in performing the peak integration, and should be regarded as indicating the relative 
accuracy of the yields between elements. To obtain an absolute yield it was necessary to normal
ize to K x-ray yields, which were calculated for relatively long-lived isotopes by use of data re
ported in the literature. 6 The mean calculated from these literature values was chosen as the 
normalization factor, but the standard deviation of these values was 26'10. Therefore the absolute 
accuracy must have an uncertainty reflecting this discrepancy. 
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The general features of the K x-ray yield are in agreement with expectations. There are 
oscillations from element to element, emphasizing the fact that the conversion-electron yields 
are consequences of the properties of the specific levels populated in the decay scheme of an 
isotope. The most apparent feature of the yields is the marked increase for the heaviest ele
ments. This is in accord with the assumption that this is a region of stable deformation which 
has a higher density of low-lying states, thus giving a higher x-ray yield. Interest has also been 
centered on the region containing elements 44 through 48, where another region of stable defor
mati on is predicted. The low x-ray yields in this region do not rule out the possibility of this 
deformation, but suggest that if it occurs there is not a hig~density of low-lying states. Though 
the calculated deformation for these isotopes is fairly large (13 z 0.23), the mass is much lower 
than for the rare earth region, therefore giving a lower moment of inertia. By use of empirical 
data presented by Hyde 8 for ~ /~ rigid' the calculated value for the rotational constant is found to 
be 1'1 2/2;J = 47 ke V. With such a small moment 'of inertia, the spacing between the state s in the 
rotational band would be fairly large, resulting in a low x-ray yield. 

The general shape of the K x-ray yields after beta decay when compared with the yields 
occurring promptly with fis sion 9, 10 show good agreement. Both indicate some structure between 
elements and an increase in yield for the heaviest products. However, there is a major discrep
ancy in the absolute value of the yields. The prompt yields tend to be greater by approximately a 
factor of 3 than the x-ray yields following beta decay. A sampling of literature values for K x ray 
yields following beta decay for a variety of elements is in agreement with our results and supports 
this large discrepancy with the prompt fragments. The beta decay process and the deexcitation 
of the prompt fragments do not necessarily populate the same states, so a complete correlation 
would not be expected. The prompt fragments on the average gamma-deexcite from a higher 
energy and have to carry away more angular momentum than states populated in beta decay. The 
conversion coefficient is, however, very sensitive to the energy and multipolarity of the transi
tions, with only the low-energy and high-multipolarity transitions yielding substantial quantities 
of conversion electrons. High-energy transitions from the population of higher energy states 
should not contribute substantially to the x-ray yield. The removal of the initial angular momen
tum by a probable cascade through the ground-state rotational band also does not appear to be 
able to give such a high x-ray yield. 

Footnotes and References 

tpresent address: Sterling Chemical La.boratory, Yale University, New Haven, Connecticut. 
1. J. B. Wilhelmy, S. G. Thompson, and J. O. Rasmussen, in Nuclear Chemistry Division 

Annual Report, 1967, UCRL-17989, Jan. 1968, p 134-137. 
2. R. C. Jared and G. W. Kilian, Experimental Results of Selection and Biasing of FET's 

for Low-Energy x-Ray and '{-Ray Spectrometers, UCRL-17528, May 1967. 
3. J. T. Routti and S. G. Prussin, UCRL-17672, Dec. 1968 (unpublished). 
4. A. C. Wahl, R. L. Ferguson, D. R. Nethaway, D. E. Troutner, and K. Wolfsberg, 

Phys. Rev. 126, 1112 (1962). 
5. R. r:::-Watson, UCRL-18632, Dec. 1968. 
6. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes (John Wiley and 

Sons, New York, 1967). 
7. w. D. Myers and W. J. Swiatecki, Nucl. Phys. 81, 1 (1966). 
8. E. K. Hyde, I. Perlman, and G. T. Seaborg, The-Nuclear Properties of the Heavy Ele

ments (Prentice-Hall Inc., Englewood Cliffs, New Jersey, 1964), Vol. I, p 109. 
9. R. L. Watson, H. R. Bowman, and S. G. Thompson, Phys. Rev. 162, 1169 (1967). 

10. s. S. Kapoor, H. R. Bowman, and S. G. Thompson, Phys. Rev. 140, B1310 (1965). 



6.5 

5.2 

3.9 

2.6 

1.3 

.,. 
o 5.2 

c:: ·E 
o 
o 

3.9 

o 2.6 
"
II) -c:: 
g 1.3 
u 

o 

5.2 

172 

Energy (keV) 

10 15 20 

Ru 
Ag 

13.5 minutes after fission 

X5 

27 seconds after fission 

0.54 seconds after fission 

Channel number 
Je8L6S5 - 2258 

Fig. 1. X -ray spectra recorded with transit timing from source to detector of 13.5 min, 27 
sec, and 0.54 sec. 



< , 
0 
u 

< , 
J 

Fig. 2. The x- ray fluorescence spectra 
for the elements Mo, In, and Nd. The 
dashed curves are the computer fit re
sults fo r the Ka l' Ka2 , Kj31', and Kj32 ' 
subgroups for each eremenf. 

8,000 

7,000 

Tc 

6,000 

5,000 

4,000 

3,000 

7,000 

1,000 

0 
180 340 380 

IQOOO Ag 

&000 

6,000 

4,000 

7,000 

0 
180 no 

173 

Channel 

Channel 

• ~ 
c: 
~ 
o 
u 

1Ka. 

, , , 
KQ , 

\ 'A \ K,B, V KP2 

K02-j 

/) 

Lo 

Mo 

In 

Ii 
I 

It I :-KOI 

\ p, , K'''AI Kp, 

Hd 

\-KQ , 

Ka.--i~ 

K~~K/l, 'J/ J~ 
Channel (arbitrary] 

FISSION FRAGMENT X-RAYS 
13.000 

AT 0.29 SECOND TRANSIT TIME 

... Experimental 
- Calculated 

2.000 

1,000 

0 
680 720 760 

4,000 

FISSION FRAGMENT X-RAYS 

p, AT 290 MINUTE TRANSIT TIME 

... Experimental 3,000 
- Calculated 

t~ Pm 

1,000 

640 680 720 

XBL 689-5822 

Fig. 3. Experimental and calculated values for the K x-ray distribution for transit times of 
0.29 sec and 290 min. 

, 
0 
u 

c 

0 
U 



Fig. 4. The K x-ray yield per element nor
malized by the calculated number of beta 
decays of that element occUi:'rin~ within 
4.8 hours after the fission of 25 Cf. 

174 

~ 

~ 

~ 

~ 

;; 
';' 

. 

0.30 

0.25 

0.20 

0.15 

0.10 

0·05 

0 
37 

ELECTRON- AND BREMSSTRAHLUNG-INDUCED FISSION 
OF HEAVY AND MEDIUM-HEAVY NUCLEIt* 

60 63 

XBL69Z-19}O 

L. G. Moretto, t R. C. Gatti, S. G. Thompson, J. T. Routti, 
J. H. Heisenberg, tt** L. M. Middleman, tt M. R. Yearian, tt and R. Hofstadtertt 

., The electron- and bremsstrahlung-induced"fission of nuclei can be seen as a two-step process: 
first the excitation of the nucleus through the electromagnetic interaction and then the decay by 
fission. 

The bremsstrahlung-induced fission cross section O"B f is related to the photofission cross 
section O"y, f through the bremsstrahlung spectrum KB(EO,'E) by the relation 

(1) 

where EO and E are the electron and photon energies. Also the electron-induced fission cross 
section O"e, f can be related to the photofission cross section by 

(2) 

where Ke(EO' E, 1) is the distribution of virtual photons that can be associated with the electron 
and which are available to induce transitions of energy E and multipolarity 1. 1, 2 

Since the theoretical expressions for KB(E O' E) and Ke(E O' E, 1) are known, 2,3 it is possible 
to check their consistency with experimental data. This could be done, for instance, by measur
ing O"~, f ?-s a function of EO' obt,aining O"y, t<E) by solving the, integral Eq. (2)" introducing such a 
funchon In Eq. (1), and comparlng the result with the experimentally determined O"B, f. 

The electron- and bremsstrahlung-induced fission cross sections have been measured for the 
isotopes 238U, 209Bi, 208p b, 174Yb, and 154Sm in the energy range 60to 1000 MeV. 

The electron beam was provided by the Stanford Mark III Electron Linear Accelerator. The 
beam was deflected twice before entering the heavily shielded target area in order ·to eliminate 
unwanted bremsstrahlung associated with the electron beam. 

The beam, after passing through the thin targets, was collected by a Faraday cup. By inte
grating the beam current, the total number of electrons striking the targets could be deduced. 
The targets were obtained by evaporating thin layers of the metals (Bi, Pb, Yb, Sm) or of the 
fluoride (U) on 1.8-mg/cm2 Al foils. . 
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The fission fragments were collected on mica strips covering the angular range from 45 to 
205 deg with respect to the beam. Chemical etching of the mica with 480/0 hydrofluoric acid made 
the fission tracks in mica visible (and countable) under an optical microscope. 

Radiators of different thickness could be put in front of the target to produce bremsstrahlung. 

The electron-induced fission cross sections are presented in Fig. 1. The electron- plus 
bremsstrahlung-induced fission cross sections are presented in Fig. 2. 

In order to check the consistency of the theoretical expressions for the bremsstrahlung spec
trum and the electron virtual photon spectrum with the experimental data, the photofission cross 
sections have been obtained from the electron-induced fission cross sections by using the theoret-
ical expressions for Ke(EO' E, 1) in Eq. (2). . 

B The photofission cross sections were integrated over the theoretical expression for K (EO, E) 
and the bremsstrahlung data were then compared with the calculated values. 

In Fig. 3 one example of such a comparison is shown. The experimental points indicate the 
relative increase in fission cross section as a function of radiator thickness or bremsstrahlung 
intensity. The solid lines are the predictions on the basis of electron-induced fission cross
section data. It can be seen that the agreement is good. This procedure involves the solution of 
the integral Eq. (2) in order to obtain the photofission cross section. One example of a complete 
photofission cross section curve is shown in Fig. 4 for 209 B i together with the electron-induced 
fission cross-section data and the fit to it obtained by integrating back the photofission cross sec
tion ove r the virtual-photon spectrum. It appear s that the photofis sion c ros s section is strongly 
energy-dependent in the lowest photon energy range. 

Such a dependence is shown also by the other nuclei of lower Z. Such a feature was observed 
before 4 and usually attributed to the onset of the 'IT-meson photoproduction, whose threshold hap
pens to be within the region of strong energy dependence of the cross section. However, no 
attempt was usually made to isolate the energy dependence of the photon-interaction cross section 
from that of the fission probability. . 

In order to ascertain whether the photon-interaction cross section, or the fission probability, 
or both, are responsible for the photofission cross section energy dependence, we have attempted 
to understand the energy dependence of the fission probability. On the basis of simple statistical 
considerations we have found an empirical relation between total fission probability P F and exci
tation energy, 

-1/2 
in P "" a - bE F x· 

Such behavior is presented for 4He-induced fission of some nuclei in Fig. 5. 

(3 ) 

A plot of the logarithm of the photofission cross section against E- 1/ 2 shows, as in the 
example in Fig. 6, that there is a linear behavior in the energy range 80 to 250 MeV. This sug
gests that the energy dependence of the photofission cross section is determined to a great extent 
by the fis sion probability. 

On the other hand, Levinger has shown5 that at high photon energie s, the photon interaction 
with a nucleus should occur with pairs of neutrons and protons called quasi-deuterons. The pho
ton-interaction cross section with the nucleus turns out to be proportional to the deuteron photo
disintegration cross section, 

( 4) 

An inspection of the deuteron photodisintegration cross section shows it to be essentially constant 
in the energy region 80 to 250 MeV, as one would have expected from the behavior of the photo
fission cross sections described above. If now one divides the photofission cross sections by the 
calculated photon-interaction cross section (4) one should obtain the corresponding fission proba
bility. This is also shown in Fig. 5; the linear dependence of the logarithm of such a quantity 
with E-1/2 indicated that it is indeed the fission probability. Also the absolute value of the fis
sion probability obtained this way seems to be reasonable, as proven by the value obtained inde
pendently in neutron-induced fission by Goldanski et al. , 6 indicated by a square in Fig. 6. 
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This seems to indicate that (a) the energy dependence of the photofission cross sections is 
mainly due to the energy dependence of the fission probability; (b) the quasi-deuteron model seems 
to account for all the interaction cross s·ection relevant to the fission decay; and (c) mechanisms 
like IT-mesonphotoproduction do not seem to transfer enough energy to make the nucleus undergo 
fission with sizable probability in the energy range considered (up to 400 MeV). 
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PAIRING EFFECTS AT THE FISSION SADDLE POINT 
OF 210 po AND 211Pot 

L. G. Moretto, * R. C. Gatti, S. G. Thompson, 
J. R. Huizenga, t and J. O. Rasmussen tt 

Rather larfe pairing effects have been observed in some U and Pu isotopes at their fission 
saddle points. The possibility that such an increase of pairing effects with respect to the ground 
state should be due to the increase in nuclear surface 2 has suggested extending such an investiga
tion to nuclei like Po isotopes; in. such nuclei the saddle-point deformation is larger than that of 
U and Pu isotopes and the increase in surface area is correspondingly larger. 

The fission-fragment angular distributions were measured for 4He -induced fission of 206pb 
and 207pb ; the compound nuclei were obtained at excitation energies ranging from 3 to 20 MeV 
above the fission barriers. A small fission chamber was used (2.84 cm radius) (Fig. 1); a strip 
of mica was laid on the inner cylindrical surface to detect the fission fragments. The 4He beam 
was provided by the 88-inch variable-frequency cyclotron in Berkeley. Such a beam, collimated 
to a diameter of 1.59 mm, was directed on the targets. The targets were obtained by evaporating 
the isotopes in metallic form on a copper block covered with::::: 20 mg/cm2 high-purity silver. 

After the experiments the mica strips were developed in 48% HF and scanned under an opti
cal microscope in the angular range from 85 to 170 deg with respect to the beam direction. 

The experimental data, transformed to the center-of-mass system, were fitted by a theoret
ical expression relating the angular distribution of fission fragments to the distribution of the 
total angular momentum I and of the angular momentum projection K on the nuclear symmetry 
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axis at the saddle point .. By a least-squares fitting procedure the variance Kp2 of the K distribu
tion was obtained. Two examples of angular distributions with the theoretica fit are shown in 
Figs. 2 and 3. 

It can be shown tha!.. the quantity KO 
2 

is approximately proportional to the average number of 
quasi particles: K02." nk2, where k 2 is the average contribution of one quasi particle. Since the 
quasi particles are obtained by breaking pairs of nucleons, K02 contains information regarding 
the pairing effects at the saddle point. 

In F·igs. 4 and 5 the quantity K02 is plotted against excitation energy for 210po and 211po. 

. 210 2 
In the case of the even-even nucleus Po the KO value approaches zero at about 3 MeV 

above the barrie r. This would indicate that the pairing gap (region where there is no quasi
particle excitation) should be at least as large as 3 Me V. In the case of the odd-A nucleus 211po , 
K02 remains rather large ever at ." 3 MeV above the fission barrier. This should be due to the 
substantial contribution to KO of the residual quasi particle. 

The experimental difference in KO 2 between the even-even and the odd-A nucleus at corre
sponding energies is approximately constant (about 7.5 units). This can be seen as an even-odd 
effect, and more Erecisely the difference of 7.5 units of K02 can be interpreted as the average 
contribution to K02 of a single neutron quasi particle. ThIs checks rather well with the Nilsson 
model, which predicts a value of approximately 8 units for the same quarlbty. Some structure 
visible in the two curves seems also consistent with such a picture. In Po two flattenings 
occur at K02 ." 16 and K02 ." 29, value s which are consistent with the expected one s for two - and 
four-quasi-particle states. Similarly in 211po two flattenings can be seen at K02 ." 22.5 and 
K02 ~ 37.5, again very close to the expected values for three- and five-quasi-particle states. 
The overall picture seems to indicate a pairing gap even larger than the 3 MeV deduced before 
from the low K02 values in 210po at small energies above the barrier. A more consistent value 
for the pairing gap of 210po might be 4 MeV or possibly larger. 

An analysis of the even-odd differences at the saddle point would indicate also a paIrIng gap 
of 3.62 MeV. This value is in good agreement with the value estimated above, but suffers from 
some unc e rtaintie s. 

Attempts to predict such large paIrlng gaps by making the strength of the pairing interaction 
surface dependent seem to be moderately successful, 2 "although more experimental data is needed 
for other nuclei. In Fig. 6 the calculated surface dependence of the gap parameter 1:>. is shown on 
the assumption of a surface-dependent pairing strength. In 210po the relative increase of the 
surface at the saddle point is "'20%. It can be seen that the calculation presented in Fig. 6 is not 
able to account for the whole effect. 
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parameter on the nuclear surface. 
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ATOMIC AND MOLECULAR SPECTROSCOPY 

ATOMIC BEAM MEASUREMEfT OF ISOTOPE SHIFTS IN THE 
D1 LINE OF 127Cs, 129Cs, 13 Cs, 134m Cs , 134 Cs , AND C37Cst 

Richard Marrus, Edmond C. Wang, and Joseph Yellin 

Historically, the measurement of isotope shifts has always been done by melhods in which 
light is detected. Conventional optical spectroscopy, optical scanning methods,and laser meth
ods all have this feature in common. Associated with the light-detecting experiments are cer
tain inherent problems which have long inhibited the study of radioactive isotopes. In particular, 
carrier-free samples of the radioactive isotopes under study must be employed, for otherwise 
the weak light from the small number of radioactive isotopes under study will be swamped by the 
intense light of the carrier atoms. For neutron-produced isotopes, this implies that a very ex
pensive and time-consuming mass separation must be performed. For cyclotron-produced iso
topes a chemical separation must be performed. Both of these put stringent limits on the half
lives of the isotopes that can be studied. Additionally, there is the problem of wall interaction of 
the isotopes with the walls of the container in which they are pl~ced. Although there has been 
some progress in extending the range of radioisotopes studied, it is clear that the fundamental 
problems still remain, particularly as regards isotopes with half-lives of a few hours or less. 

Recently, a method employing the atomic- beam technique has been reported for investigating 
isotope shifts. 4 With the atomic beam technique as applied to radioactive isotopes, detection is 
directly on the radioactivity of the isotopes under study, and the basic problems besetting the 
light-detecting experiments are circumvented. As a result, the atomic-beam technique has en
joyed a great deal of success in the study of hyperfine structures of radioactive isotopes, to the 
extent that several hundred have, by now, been successfully studied. 5 Hence the atomic-beam 
technique would seem to offer fair hope of substantially extending the rangeofis9tope- shift meas
urements in radioactive isotopes. 

In this paper we report the first measurement of isotope shifts. on a number of radioactive 
isotopes of the same element, cesium. From many points of view, cesium is an almost ideal 
element for a first study of this kind. From a purely experimental point of view, the experimen
tal methods for producing and detecting a large number gf cesium isotopes are already known 
from earlier atomic- beam hyperfine- structure studies. In addition, cesium lamps producing 
intense D-line radiation are easy to make, and finally the Stark shifts of the D 1 line are sufficient
ly large 7 that the line separations between the different isotopes are easily spanned. Also, from 
the point of view of nuclear physics, the c1ziF,m isotopes offer interesting possibilities. The 37 
neutron-deficient cesium isotopes around Cs are believed to be strongly deformed, while 1 Cs 
has a magic number of 82 neutrons and is well described by the shell model. Hence a study of the 
isotope shifts over a large change of neutron number should determine the systematics of the 
change in the mean value of (r2) in going from highly deformed nuclei to spherical nuclei. 

The basic apparatus employed is a conventional atomic beam machine with flop-in magnet 
geometry.8 Tl;e only new features are a pair of electric-field plates capable of sustaining fields 
up to nearly 10 Vlcm and hardware associated with the cesium resonance radiation incident on 
the C region. 

The most important requirement on our electric-field plates is that they be able to sustain an 
elect.ric field sufficiently intense to Stark- shift the D line through an amount greater than the hy
perfine structure of the cesium ground state. This implies fields of the order of several hundred 
thousand V/cm. In addition we ask for the best homogeneity possible over a region equal in 
height to the beam height and as long as the light irradiation length {about 0.040 by 2 in.}. We 
have been able to achieve about 0.5% at the highest fields. A schematic of the basic design is 
shown in Fig. 1. 

An interesting feature of the electric field plates is that because of the narrow gap and the 
length {about 6 in.}, they act as a state selector in the atomic-beam apparatus. It can be seen in 
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Fig. 2 that by rotating the plates with respect to the beaITl axis, either the trajecotry with llJ-= +1/2 
in the A ITlagnet ot: the trajectory with ITl = -1/2 in the A ITlagnet can be blocked out. With refer
ence to a Breit-Rabi diagraITl9 for J = 1/t it is observed that essentially all atOITlS with ITl

J
= +1/2 

in the A ITlagnet arise froITl the upper hyperfine level (F = 1+ 1/2), whereas all atOITlS with ITl.r= -1/2 
in the A ITlagnet arise froITl the lower hyperfine level (F =1 - 1/2). This feature is very usefu'1, and 
has been eITlployed extensively in our experiITlent. 

The basic ITlethod eITlployed results froITl the idea of a tuning experiITlent; this idea has already 
been used successfully in the study of the isotope shifts in the ITlercury isotopes. 1 In those exper
iITlents a ITlagnetic field was used to tune the eITlission lines of laITlp atOITlS with the absorption lines 
of the isotopes under study. However, in atoITls, such as cesiuITl, which exhibit considerable hy
perfine structure (hfs), a ITlagnetic field is not a suitable tuning ITlechanisITl. The reason is that 
the ITlagnetic field will lift the ZeeITlan degeneracy, which gives rise to a cOITlplicated splitting pat
tern. In the case of 133Cs, for exaITlple, with a nuclear spin of I = 7/2, there are 16 ZeeITlan sub
levels in the ground state alone. Moreover, ITlost of theITl are connected by optical ITlatrix eleITlents 
to six excited states and the resultant tuning signals are too cOITlplicated to be interpretable. 

The D{ transition (62p1/2 - 6
2

s 1 / ) of cesiuITl has, however, a property that ITlakes the eITl
ployITlent of electric fields an alITlost iJeal tuning ITlechanisITl; naITlely, that both states involved in 
the transition have electronic angular ITlOITlentUITl J = 1/2. To understand the special nature of 
states with J = 1/2, consider the second-order Stark ITlatrix eleITlent deter=ining the energy shift, 

/::;. W(n
2 

£JIFITlF ) = I 
t/J 

( 1) 

where /::;. W is the indu£..ed energy shift in the state with the indicated qu,ntuITl nUITlbers, r is the 
dipole operator, and E is the applied electric field. It can be shown that for the case in which 
J = 1/2, the ITlatrix eleITlent squared, l(n2£JIFITlF l-er·'EIt/J)1 2 , is independent of all the angular 
ITlOITlentUITl quantuITl nUITlbers for the state. This ITleans that the only ITlechanisITl by which states 
of different F can have a differential shift results froITl the fact that, in the denoITlinator of (1), 
different hyperfine levels, F, belonging to the saITle ITlultiplet (n, I, J, .e), have slightly different en
ergies. Hgwever, this is clearly a very sITlall effect, being of order 0 (hfs/optical energy separa
tion) '" 10- If the possibility is now considered of inducing a differential shift in. states of the 
saITle F, but different rriF (lifting of ZeeITlan degeneracy), it is seen that the expression (1) gives 
no ITlechanisITl for doing so. Since lifting of ZeeITlan degeneracy ITlust occur in a higher order of 
perturbation theory, it is reasonable to expect that such an effect is even sITlaller than the differ
ential shift of the hyperfine levels. Thus the largest shift is the gross Stark shift, which affects 
all the hypecffine states equally. ExperiITlent values of the gross Stark shift, 7 differential hyper
fine shift, 1 and lifting of the ZeeITlan degeneracy 11 are all in the literature., In order to under
stand the significance of these effects for the Stark tuning experiITlents reported here, the ITlagni
tude of the latter two effects needs to be cOITlpared with the line 'width expected in the experiITlent. 
The sITlallest possible line which is the natural line width of the D1 transition, about 10 MHz. 
This is substantially larger than either of these effects. Hence we conclude that for purposes of a 
tuning 'experiITlent the only significant effect of an electric field is to shift all hyperfine states be
longing to an atoITlic level by an equal aITlount, all other effects being negligible. 

Unlike the ZeeITlan tuning experiITlents, in which the frequency shift induced for a given applied 
ITlagnetic field is accurately calculable froITl the well-understood ZeeITlan effect, the Stark effect is 
not well known. Hence any experiITlent eITlploying an electric field as a tuning ITlechanisITl ITlust 
have a built-in ITlechanisITl for deterITlining the Stark effect, i. e., for obtaining a calibration of fre
quency shift vs (applied voltage)2. The ITlethod for doing this has been reported in Ref. 4. 

The basic apparatus is shown in Fig. 3. Light froITl a cesiuITl discharge laITlp is passed 
through a filter which transITlits only the D1 line. This line consists, in the laITlp, of two resolved 
cOITlponents which are separated by the ground-state hfs. The width of each of thes~coITlponents 
is about 1500 MHz, the principle sources of this width being the hfs of the excited 6 Pi /2 state and 
the Doppler width. In order to iITlprove the precision of the experiITlent, the light is now passed 
through a cell containing an optically dense cesiuITl absorption beaITl. Such a beaITl will absorb the 
light in two lines froITl each of the cOITlP'2nents eITlitted by the laITlp. The separation of the two 
lines is equal to the hfs of the excited 6 P1/2 state. The width of the lines is characte.ristic of 
the beaITl colliITlation and is about 150 MHz. Within the lines we have been able to achleve alITlost 
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complete absorption (> 50%) for several hours. The light so filtered and structured is now al
lowed to fall incident between the plates of an electric field apparatus located in the C region of 
the atomic beam apparatus. 

Consider now the behavior of a 133Cs beam in the C region of the atomic beam apparatus 
under the irradiation of this light. At zero electric field the absorption lines (see Fig. 4) of the 
atoms in the atomic beam apparatus coincide with the absorption lines of cesium atoms in the ab
sorption cell, and a minimum in the intensity curve is observed. However, as the electric field 
is turned on, the Stark effect decreases the frequency of the absorption lines of atoms in the beam 
apparatus, and the observed signal increases until the electric field is sufficient to shift the fre
quency by an amount equal to the hfs of the excited (6 ZP1/Z) state, when a second intensity min
imum is observed. At higher electric fields the frequency is shifted by an amount equal to the 
ground-state hfs, and the beam absorption line is brought into resonance with the second lamp 
emission line. Here, three intensity minima can be observed corresponding to the overlap posi
tions indicated in the energy-level diagram. These three minima are equally spaced and corre
spond to a shift by an amount equal to the hfs of 6 Zp1/Z' The unlabeled minima correspond to 
structure present in the lamp line. As can be seen from the energy-level diagram, the separation 
between the two minimum points labejed a and 0 corresponds to a Stark shift of the energy levels 
equal to 91.9Z MHz, the hfs of the 13 Cs ground state. It is this that we use as a calibration. 

This same method, applied to atomic beams of other isotopes, can fe used to ditermine the 
isotope shifts. Co~~ider now a 134

m
Cs beam. Here, the hfs of both 6 s1/Z and 6 P1/Z is 

smaller than for 1 Cs, so that Stark tuning can bring about only one overlap of the beam-absorp
tion lines with the lamp-emission lines. However, there are four possible overlap ~~sitions of 
the Stark-shifted energy levels of 134mCs beam atoms with the unshifted levels of 1 Cs atoms in 
the absorption cell. As seen in Fig. 5, these overlap positions correspond to minima in the ob
served intensity pattern. From the energy-level diagram, it is clear that the separations between 
the minima a and ~ and between '{ and 0 correspond to the hfs of the 6 Zp1/Z state of 134mCs. 
These are experimentally seen to be equal. Moreovtr, the separations between a and'{ and be
tween f3 and 0 should correspond to the hfs of the 6 p IZ state of 133Cs . This also agrees with 
our observations. From the absolute positions of the lour minima and a knowledge of the hfs of 
the ground a~~ exc~tfd states, the isotope shift can be deduced. We find Isotope shift: 34 
-1.4(1.5)X 10 cm '''1~3re the negative sign indicates that the energy of the D1 line in 1 mCs 
is smaller than that in Cs. 

Similar data have been obtained for all the other isotopes reported here. Results are given in 
Table 1. 

In Table I aregi1ff: the results to date on all cesium isotope shift measurements for the D1 
line. In the case of Cs and 13ZCs the measurements are actually made for the DZ line, but we 
infer the D1 isotope shift from these results and the ratio of D Z to D1 isotope shift given by 
Htihnermann and Wagner13 Z~r 134Cs . These'measurements form a rather complete picture for 
the isotopes in the range 1 Cs to 137Cs . 

There are several striking feature! to the data. First we note that there seems to exist a 
small but finite isomer shift between 1 4mCs and 134Cs, the size of the effel3,feing larger than 
two standard deviations if one employs Htihnermann and Wagner's value for Cs. This is very 
strong evidence that the observed shifts are due primarily to nuclear effects, since mass effects 
would not give rise to an isomer shift. Also bearing on this point are recent calculations by a 
nonrelativistic Hartree-Fock approximation by Bauche 14 on the specific mass effect in cesium. 
Bauche's result is a shift of -0.77 mK between 13ZCs and 134Cs , where the minus sign indicates 
the shift is in the direction opposite to the normal (reduced) mass shift. The normal mass shift 
can be calculated exactly and is equal to +0.69 mK between the same two isotopes, and the two 
mass effects substantially cancel each other out. Although there is certainly an error to be as
sociated with Bauche's calculation, we believe that the main co~clusion that mass effects are 
small relative to the measured shifts is well supported by the 1 4Cs - 134mCs isomer shift. 

If it is accepted that the observed shifts are indeed nuclear effects, then there are several 
qualitative comments that can be made. First we note that the observed shifts are only a small 
fraction of the shifts predicted by the normal volume effect. The prediction of the normal nuclear 
effect can ~3 calculated from the usual expressions, 15 using for Il\JZ{O) I the value determined 
from the 1 C s ground state hfs and the NMR value 16 for the nuclear moment. It is found that 
o (~E) = 10 mK/neutron. The observed shifts are seen to be almost an order of magnitude smaller 
over the entire range of measurement. A similar situation has been found to exist in the meas
ured isotope shifts in the xenon isotopes i7 (z = 54) and in the barium isotopes 18 (z = 56). 
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There would appear to be at least two possible explanations for the smallness of these shifts. 
One possibility is that in the approach to a closed shell of neutrons the normal volume effect 
should be somewhat diminished. Another possible explanation is suggested by the fact that the 
cesium isotopes on the <feutron-deficient side of 133Cs fffm to have increased deformations. 
Recent measurements 1 of the quadrupole moments of Cs and 132Cs confirm thi~j3oint. Hence 
the deformation effect may offset the volume effect on the neutron-deficient side of Cs. 
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Table 1. Measured isotope shifts in the cesium isotopes 
( 10- 3 cm - 1) . 

127 129 131 132 134 134m 

5.9(1.5) 2.8(1.5) 1.8(1.0) -2.2(1.2) 

-0.31(5) 1.6(5) 

135 137 

-6.0(1.5) 

1.17(5) -1.23(7) -4.81(6) 
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ATOMIC BEAM STUDY OF THE 85-87 Rb ISOTOPE SHIFT t 

Tuan H. Duong, Richard Marrus, and Joseph Yellin 

The most reliable estimates of the 85-87 Rb isotope shift (IS) arebased on early spectro
scopic studi~s of the resonance lines of these isotopes by Kopfermann and Krgger1 and by 
Hollenberg. On the basis o~ these studies Brix and Kopfermann3 l::tave determined the isotope 
shift, IS < +3 Ink (1 mK= 10- cm- 1). In the experiment reported here the atomic beam method 
has been used to obtain a more precise measurement of the IS. 

An atomic beam apparatus' with flop-in ggometry is used. The C region consists of a pair of 
electric field plates with a gap of 0.035 in. 7 R b atoms (99.16% enriched) from the oven of the 
atomic beam apparatus are state-selected by the gap so that only atoms in the mJ = - 1/2 state 
pass through the C region. This means that essentially only atoms in the lower hyperfine state, 
F = 1, can be refocused. Light from an enriched 85 Rb (99.54%) resonance lamp illuminates the 
region between the electric field plates after filtration by a D1 interference filter. The lar2P line 
consists of a doublet separated by the ground-state hyperfine structure (hfs) of 85 Rb , the P,1/2 
hfs not being resolB'ed in the lamp. If an electric field is applied across the gap, the transitl6n 
frequencies of the 7 Rb resonance line are decreased by the Stark g§f:ect and for certain values of 
the electric field become equal to the transition frequencies of the Rb lines (see Fig. 1). Res-
onance absorption of 85 Rb photons by 87Rb atoms then takes place and 87 Rb atoms are pumped in
to the m:r = + 1/2 and thus F = 2 level. These atoms refocus and a signal is observed at the detec
tor. As the electric field is increased from 0 to 380 kV /cm two resonances are observed, sep
arated by the ground-state hfs of 85 Rb . A crude measurement of the relative isoSope shiftJRIS) 
can then be obtained from the voltages at which resonances occur, and the hfs of SRb and 7 R b. 
The Stark shift is calibrated by using the same isotopes in both the atomic beam apparatus and 
lampS and measuring the voltages required to shift through the known g round- state hfs of the 8 ~b 
(or 7 Rb). 

Precision is obtained by filtering the 85 Rb D line by a dense beam of Rb in natural abundance. 
Each resonance is then resolved into two pairs of.1intensity minima, the separation between pairs 
equaling the 87 Rb 5 2 P 1/ 2 hfs, while the separation within a pair is the 85 Rb S2I'11z hfs (see Ref. 
5). In this experiment widths of approximately 200 MHz were achieved and the RIS could be de
termined to within 0.5 mK, which is three times the mean error. 

An alternative though less satisfactory way to improve the precision is to have the lamp line 
self-reversed. Intensity minima having widths of 400 to 500 MHz are obtained in this way. Mea
surements were made with an absorption beam and with the line self-reversed, and the results 
sho~5that the !f0sHion of the resonance was not affected by the increased line width. The roles of 
the Rb and 7Rb were reversed and additional ,measurements made, with consistelf5 :rger,ults. 
Typical data are shown in Fig. 1. The average of 24 determinations yields for the ' Rb RIS 
3.5±0.5 mK, with the 87 R b isotope having the higher (52p~/2 - 52S 1/2) transition frequency. 
This value is not corrected for the Bohr mass effect, whic'"li contributes 1.9 mK. In addition the 
87Rb 2p 1k2 hfs has been determined to be 812 ± 15 MHz, iIi agreement with the results of Rabi and 
SenHzky. () We have used the latter's atomic beam double- resonance determination of the 52 P 1/ 2 
hfs of the Rb isotopes in reducing our data. 
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Fig, 1 (a). When an electric field is applied to 87 Rb , atoms in the F = 1 state eight coin
cidences may be obtained between the lines a' and b' of 87 Rb and a, b, c, and dof tl5 Rb . 
The Stark shifts required to produce the overlaps are calculated assuming zero RIS, and 
their displacement from the actual overlaps fixes the RIS. 

(b). Stark:.. shift calibration using '85Rb lamp and beam. The intensity minimum cor
responds to simultaneous overlaps b-d and a-c and represents a shift of 3036 MHz. 

'(c). Isotope shift data using a 87 Rb lamp and a 85Rb beam. Overlaps are indicated on 
the figure~ 

ELECTRIC POLARIZABILITIES OF THE 4 2 p'LEVEL OF POTASSIUMt 

Richard Marrus and Joseph Yellin 

The Stark shifts of an atomic level are directly determined by the oscillator strengths con
necting the level under study to' near-lying levels of opposite"parity. Hence measurement of 
these shifts serves as a direct test of theore'tical calcuiations of oscillator strengths. Recently 
we have begun a program for checking the applicability of the Bates and Daamgard 1 oscillator 
strengths to the Stark effect in the first excited p level of the alkalis. The Coulomb approxima
tion of Bates and Daamgard is perhaps the simplest theoretical method available for calculating 
os cilIa to r strengths, and yields nume rical results rathe r easily. We repo rt he re a study of the 
Stark effect in the D lines (4 2 P 1/2 3/2 - 4 2S 1/ 2 ) of potassium. Previously we reported a sim-
ilar study on rubidium and cesium: " 

The bCkSic method employed is the atomic beam method used in the study of rubidium and 
cesium. 2, j However, due to the small hyperfine structure (HFS) of 39K, it is necessary to em
ploy an absorption cell to obtain narrow absorption lines from the bro3~ lamp emission lines. 4 
The abso.rpti~n cell containing potassium in natural abundance (93.10/0 K, 6.880/0 41K ) is placed 
between the 9K lamp and the C region. The light from the 39K lamp is filtered first by an inter
ference filter which.passes either the D1 or D2 line, and then by an optically dense beam of K in 
the absorption cell .. The absorption beam removes a doublet from the lamp line. The compo
nents of the doublet are separated by the ground- state hfs of 462MHz' and eac:h has a width of 
about 200 MHz. The hfs of the excited p states is sufficiently small that it plays no role in these 
experiments and may be ignored. 
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The Stark-effect signals may be understood with reference to Fig. 1. Consider the case in 
which D1 light is passed. It is well known2 that for J = 1/2, all the states of a hyperfine multiplet 
are shifted equally under the action of an electric field except for smallhyperfine and higher-order 
effects. These latter effects are negligible for the purposes of this experiment. Therefore, at 
zero electric field, where the absorption lines of atoms in the beam overlap the absorption lines of 
atoms in the cell, a minimum is observed in the signal intensity. As the electric field is turned 
on, the Stark effect "detunes" the two absorption lines and the signal increases. Eventually, how
ever, the Stark effect is sufficient to shift the absorption lines by an amount equal to the ground
state hfs, and a second absorption minimum is observed. In Fig. 2 is plotted the signal intensity 
observed as a function of the square of the applied voltage. 

Under the action of an electric field the 42p3/2 state splits into a doublet corresponding to 
m.r= ±3/2 and m.r= ± 1/2. Apart from the absorption minimum .at zero field there are two higher
field minima corresponding to the relative positions of the energy levels indicated in Fig. 1. The 
observed signal is shown in Fig. 3. 

2 
The data are analyzed in the following way. If the poIarizability of a level O'(n Ij mj) with 

quantum numbers n, 1, j, mj is defined as usual by 

212 2 
w(n l.m.) = - -2 0' (n l.m.) E , 

J J J J 

where wis the energy shift induced by the electric field E, then the position of the three nonzero 
field overlaps (signal minima) are described by 

E 2 
1 2 / 2 / -2- [0' (4 P 1/2 ± 1 2) - 0' (4 S1/2 ± 1 2)] 461. 72 :MHz, 

E 2 + [0' (4
2

P 3/ 2 ± 1/2) - 0' (4
2

S 1/ 2 ± 1/2)] 461. 72 :MHz, 

E 2 + [0' (4
2

P 3/ 2 ± 3/2) - 0' (4 2S 1/2 ± 1/2)] = 461. 72:MHz . 

If our ~easured values are employed for E 1 , E2' and E and if the result of Salop et al. 5 is used 
for 0' (4 S1;.J- ± 1/2), then these equations determine the three polarizabilities characterizing the 
4p level. These are tabulated in Table I along with the predictions by the Bates and Daamgard 
theory. . 

In the limit of zero spin-orbit coupling it can be shown2 that 

2 / 1 2 / 2 
0' (4 P 1/2 ± 1 2) = 2" [0' (4 P 3/ 2 ± 3 2) ± 0' (4 P 3/ 2 ± 1/2)] . 

This relationship is seen to be very well satisfied by the measurements, in contradistinction to the 
case of the first excited p state in cesium, which shows marked spin-orbit effects. 

Footnotes and References 

tCondensed from Phys. Rev. (Jan. 1968). 
1. D. R. Bates and A. Daamgard, Phil. Trans. Roy. Soc. London A242, 101 (1949). 
2. R. Marrus, D. McColm, and J. Yellin, Phys. Rev. 147, 55 (19w.-
3. R. Marrus, and D. McColm, Phys. Rev. Letters 15;-813 (1965). 
4. R. Marrus, E. Wang, and J. Yellin, Phys. Rev. Letters 19, 1 (1967). 
5. A. Salop, E. Pollack, and B. Bederson, Phys. Rev. 124,1431 (1961). 
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Fig. 1. Schematic diag ram of ene rgy levels. 
The lines A and B are almost completely 
resolved by the atomic beam. absorption 
cell. At zero electric field, the absorp
tion line B of atoms in the cell. Absorp
tion is also maximized at electric fields 
such that the lines 1 and Z are made to 
resonate with line A. 
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Fig. 3. Observed absorption signal with Dz 
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Table 1. Polarizabilities in t~e 4 2:f, level 
of potassium (units of 10- 2 cm). 

This Bates and 
eXEeriment Daamgard 

a(4Zp1/Z± 1/Z) 87(13) 93 

a(4Zp3/Z± 1/Z) 114(16) 109 

a(43p3/Z± 3/Z) 68(10) 80 
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ATOMIC ENERGY LEVELS IN BERKELIUM II AND EINSTEINIUM lIt 

John G. Conway and Earl F. Worden * 

A search of limited line lists of Es and .Bk for the splitting of the lowest levels has produced 
intervals which are real. The levels can be confirmed by rules regarding the sum of the hyper
fine widths. 

In Bk II a third level has been found. The known levels are for the configurations 5f9 7s, and 
are 7H8 = 0, 5H7 = 1487.53, and 5H6 = 5598.11 cm- 1 . 

The two levels for Es II of the configuration 5f11 7s cm are 518 = 0, and 317 = 938.7 cm -1. 

A fittin~ of these data to their respective matrices yields values for Bk II, G
3 

= 2132.8 and 
for Es II, G = 2234.7. 

Footnotes 

t Abstract of paper to be submitted to J. Opt. Soc. Am. 
*Lawrence Radiation Laboratory-Livermore. 

TERM ANALYSIS OF Dy I AND Dy lIt 
~( 

John G. Conway and Earl F. Worden 

The spectrum of dysprosium has been photographed and measured from 2400 to 9200 'A. Ion 
classificatisn results in assignments of about 70% of the lines as I or II. The lowest three levels 
of Dy I (4f1 6s 2 ) are 518 = 0, 517 = 4134.24, and 516 = 7060.61 cm- 1. Several ~ntervals of another 
low-lying configuration are kno~n. The 10 lowest levels of Dy 61 (4f10 6s) are 18!. = 0, 417!. =828.31, 
6171 = 4341.10, 41 6.!=4755.66, 15.! = 7463.88, 6I6!. = 7485.09, 14.! = 9432.07, '51 =9870.~, 
6131 = 10953.94, an~ 4141 = 11801.d1 cm- 1 , Thertf also appears tcf be a low-Iying2 configuration 

witE. levels below 10 000 ~m-1 

Footnote.s 

+ 
~J. Opt. Soc. Am. 58, 1564 (1968). 
, Lawrence Radiation Laboratory-Livermore. 

ZEEMAN EFFECT ON PHOSPHORESCENT LIFETIME OF 
MATRIX-ISOLATED S02 t 

* * *t John G. Conway, B. Meyer, J. J. Smith, and L. J. Williamson 

The phosphorescent lifetime of S02 as a function of magnetic field has been studied at 4° Kin 
sulfur hexafluoride, oxygen, and zenon at zero and 26 kgauss and at 200K in sulfur hexafluoride 
between 0 and 90 kgauss. At high fields, the decay consists of two lifetime components. One is 
identical with the zero-field lifetime of S02; the second has a lifetime approximately 50% longer, 
depending on magnetic field. 
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Footnotes 

!Abstract of paper submitted to J. Chern. Phys. 
"'Chemistry Department, University of Washington, Seattle, and Inorganic Materials Research 

Division, Lawrence Radiation Laboratory-Berkeley. 
tNSF Undergraduate Research Fellow. 

ENERGY LEVEL CALCULATIONS FOR Nd+++ IN LaC1
3 

Rolf Mehlhorn 

Recent improvements in the theory of complex atoms were embodied in an energyZ level calcu
lation for Nd+-F+ ions situated in a LaCl3 crystal lattice. In preceding calculations 1, it had been 
found that configuration splittings due to interactions within the ion could not be calculated with the 
same accuracy as the crystal field splittings, so a direct energy matrix had to be augmented with 
arbitrary parameters to correct the "free ion" levels. Our calculation succeeded in removing this 
deficiency. In addition, several previously unclas sified levels were identified. 

Although we confin~d our attention to the lowest configuration 4f3 , interactions with excited 
~onfigur~tions, 3' i' 4f 6p, w:re treated appr?x.im.ately by ~eans. of effective .oper.ators acting ,-,:,ith
ln the 4£ shell. 'We also lntroduced relattvlsttc correchons lnto the Hamlltonlan. 5 These In
cluded the spin-other-orbit interaction, whose magnitude can be as large as several hundred wave
numbers. 

We fit 77 observed levels with a mean error of 5 cm- 1 , corresponding to about 0.02% of the 
total spread inenergies. This accuracy is due, in part, to the presence of enough electrostatic 
parameters to determine the term positions exactly. The crystal field splitting of the (2H2)11/2 
level agreed poorly with the calculation and was excluded from the fit. Nevertheless, our ca:lcula
tions of the Zeergan splitting factors confirmed Carlson's identification of the components arising 
from this level. . 

McLaughlin is presently extending the observations into the ultraviolet region. When the addi
tional terms become available for fitting, the error will probably' in'7rease to atleast 15cm"1. 
This is evident from recent work on the free-ion spectrum of Pr++. 

Twenty-four parameters were determined from the least-squares fit to the observed levels. 
They are set out, along with their statistical errors, in Table I. Not all the magnetic--i. e., spin
dependent--interaction parameters could be determined simultaneously from the fit. We used 
Hartree-Fock values 8 for the relativistic parameters to deduce the remaining spin-dependent in
teractions to first order. These were then fixed in the final least-squares calculation. 

One important result of our calculation is the confirmation of Judd's suggestion that excited 
configuratigns produce magnetic interaction effects of magnitude comparable to the relativistic 
operators. Thus there does not seem to be any point in adding relativistic corrections to the 
Hamiltonian unless adequate treatment of configuration interaction effects is provided. 
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Table I. Parameters for Nd+++ in LaCI3 . 

EO 4627.0 ±0.8 T8 524 ±26 

E1 5090.7 ±2.6 M O 2.44 ±0.07 

E2 22.97±0.05 M
2

1.22±0.16 

E3 478.4±0.7 M4 0.91 ±0.12 

S4f 873.8 ±0.8 P
2 

1.21 

Q! 22.79±0.11 P
4 

0.36 

f3 -677±4 P
6 

0.09 

T2 487 ± 22 B2 
0 

252 ±8 

T3 38.3 ±0.9 B4 
0 

360 ± 16 

T4 62.8 ± 1.4 B~ -925±21 

T6 -336±'i B6 582 ± 18 

T7 
6 

524±26 

ELECTRON PARAMAGNETIC RESONANCE OF Pu
3 + IN 

CUBIC SYMMETRY SITES IN CaF
2

, SrF
2

, AND BaF
2 

N. Edelstein, H. F. Mollet, W. C. Easley, and R. J. Mehlhorn 

In a continuing investigation of actinide ions in crystals of the fluorite type, 1 we have mea
sured the electron paramagnetic resonance (EPR) spectrum of trivalent Pu in cubic symmetry 
sites in CaF2' SrF2 , and BaF2 . Two effects have to be taken into account in order to interpret 
the measured g values. The first is the effect of intermediate coupling caused by the large 
spin-orbit coupling energies of the actinide ions on the sign and magnitude of calculated operator 
equivalent factors, and the second is the effect of crystal-field mixing of the first excited J state 
with the ground state. In this paper we describe our experimental results and calculations from 
which the fourth-order crystal-field parameter is determined. 

Single crystals of 239pu3+ in CaF2 , SrF , and BaF were grown as described earlier. 1 The 
EPR measurements were made at either 1 oK or 4° K with a.conventional.. superheterodyne spectrom
eter operating at approximately 9.2 GHz. 

A trivalent ion substituted in a host such as the alkaline earth fluorides may go into a number 
of different site symmetries. The Pu isotope used, 239pu (til - 24360 years), has a nuclear 
spin I = 1/2. In the crystals of Pu3 + in CaF2 and SrF2 we founa that the strongest resonance was 
isotropic and could be fitted to a spin Hamiltonian of the. type 

H = gf3 II· S' + A I· S', ( 1) 

where S' = 1/2 and I = ,1/2. ' The parameters measured are given in Table I. The nonisotropic 
resonances were much weaker, and we have done no further work on them. However, we had 
trouble gr~wing good BaF2 crystals, and in ~ number of these crystals we found only trigonal res
onances which were fitted to a spin Hamiltonian of the type 

H = gil f3H S + g l f3 (H S + H S ) + Al (I S + IS) + AliI S zz xx ,yy xx yy zz 
(2) 
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We finally obtained a crystal which, besides the trigonal resonances, also contained a weak iso
tropic resonance which could be fitted to the spin Hamiltonian of Eq. (i) with S' = i/2 and I = i/2. 
The results for BaF2 are also given in Table 1. In all the measurements made on Pu3+ in cubic 
sites we had to work at the lowest microwave powers available (::::: 1 fJ.W) in order to minimize sat
uration effects. 

The electronic configuration of Pu
3+ outside the closed shells is 5f5 . The o~tical spectrum 

was originally obtained and ~nterpreted for this ion by L§.mmermann and Conway and refi!\ed fur-
ther by Conway and Rajnak. We consider first the configuration f5. The ground term is bH , 
which, with the inclusion of spin orbit coupling, breaks up into a 6H5 / 2 state lying lowest and a 
6H7/ 2 as the first excited state. The spin orbit interaction mixes states with different Land S 
but 1S diagonal in J, so this quantum number is used to label the intermediate coupled states. For 
Pu3+ the lowest state has J = 5/2, and the J = 7/.2 first excited state is at 3190 cm- i . We have 
used the data of L§.mmermann and Conway on Pu3+ in LaCl3 and made the assumption that the free
ion energy levels in the alkaline earth fluorides are the same as in LaCI3 . 

The crystalline field at cubic symmetry sites in alkaline earth fluorides is cubic; eight F- ions 
surround the trivalent ion. The Hamiltonian for the crystalline field is4 

(3) 

where B4 and B6 are adjustable parameters used to fit the experimental data, and the On m terms 
are angular momentum operators of the appropriate symmetry. For a pure J = 5/2 state the 
sixth order term will be zero. 

Let us now consider only the J = 5/2 state. In a cubic .crystalline field this state will split in-
t? a dou~le.t I'7 and a quartet rS ' .and the energy-level diagrarri is shown in Fig. 1. The cubic 
f1eld sphttmg of the J = 7/2 level 1S also shown. The fourth-degree parameter is defined as 

(4) 

where (r4) is the expectationvaluB for the magnetic electrons, (IJ!J IIf3IIIJ!J) is the fourth-degree 
operator equivalent factor, and A4 may be treated as a parameter, or in the approximation of 
the point charge model, it is the potential at a particular point in the lattice resulting from the 
sum of all the charges. From the free-ion wave functions we may calculate the fourth-degree 
operator equivalent factor as described earlier. 1 Table II l~sts the second-, fourth-, and sixth
degree (where applicable) operator equivalent factors for Pu + and Sm3+ for the ground J = 5/2 
state and next highest state, J = 7/2. The point-charge model usually gives the correct sign for 
the splittings in the alkaline earth fluorides, and for cubic sy~metry A40 is negati3~' From 
Table II we see that the sign of (IJ!J 11f3IIIJ!J) is positive for Sm + but negative for Pu . Therefore, 
for Sm3+ the Th state should be lowest, but for Pu3+ the 1'7 state is lowest, as found experiment
ally. For Pu .r+, the effects of intermediate coupling are large enough to change the sign of the 
fourth degree operator equivalent factor and thereby reverse the crystalline-field energy levels in 
the ground J = 5/2 state with respect to the 4f5 lanthanide Sm3+. This is not true for the first ex
cited sta;e J = 7/2. As shown in Table II these operator equivalent factors have the same sign 
for the f configuration in the 4f and Sf series. 

If we assume that the crystalline field is small compared with the splitting between the 
J = 5/2 and 7/2 states we can calculate the g value of the 1'7' J = 5/2 state, and find it to be 
-0·.700. This does not agree with our experimental value, so we have to consider the crystalline 
field mixing of these states. The correct way of calculating this mixture would be to simulta - 5 
neously diagonalize the electrostatic, spin orbit, and crystalline field matrix elements for the f 
configuration. This would require diagonalization of a very large matrix, which is not feasible, 
so we have instead done two calculations. In one in which we calculate matrix elements, using 
the complete free-ion set of states for the lowest J = 5/2 and J = 7/2 levels, but include only the 
fourth-order crystalline field mixing between these two states. The second calculation is to si
multaneously diagonalize the electrostatic, !>pin orbit, and crystalline field matrix elements for 
a truncated basis set consisting of only the 6H and 6F terms. The second calculation gives us the 
wrong spin-orbit splitting between the lowest two states but allows us to estimate the error in ig
noring high-J states and the sixth-degree term in the first crystalline field calculation. 

The results of the first calculation are shown in Fig. 2. We have plotted the g value for the 
ground state of Pu3+ vs the parameter B4', where B4' = 8 A40( r 4). From this figure we see there 
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are three possible values of A40 (r4) that will give the experimental g. In orderfor the T7 state 
to be lowest, B4' must be negative, therefore we do not need to consider positive values of B4'. 
Our data show that I g IPu3+ C F > I g IPu3+ SrF > I g I Pu3+ BaF ' and the arrows on Fig. 2 indicate 
the values we believe most li~e:ty. Table III su~marizes our fesults. 

A rough estimate of .the errors in our analysis were deduced from a study of the complete 
energy matrices of the 6H and 6F terms. This showed that the crystalline-field admixture of J 
values greater than 7/2 into the J == 5/2 ground state is negligible. The crystalline field also in
troduced a small fraction of the 6F term into the ground state, but this has little effect on the g 
value. For our parameter values, contributions to the r7 state from the preceding sources 
amounted to less than 20/0. 

A much more important source of error is our neglect to the B£> parameter. We obtained a 
crude estimate of its relative importance from rare earthspe-ctra. With a ratio of B6 to B4 of 
1/10, we found that the calculated g value changed by about 250/0 in the CaF2 region. Thus we 
estimate the error in our determination of B4 to be about 250/0. 
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Table I. Spin Hamiltonian parameters for Pu 3+ in various alka
line earth fluorides obtained from EPR spectra. 

Ion Matrix Site Ig I IAI 

Pu3+ CaF
2 

Cubic 1.293±.001 3 ± 2 gauss 

Pu3+ SrF2 
Cubic 1.250 ± .001 145 ± 6 gauss 

Pu3+ BaF2 
Cubic 1.190±.004 184±6 gauss 

Pu3+ BaF
2 

Trigonal gl == 1.296 ± .005 A 1 ==385±20 gauss 

gil == .79±.03 All == 385 ±20 gauss 

Table II. Operator equivalent factors for Pu3+ and Cm3+. 

(I\JJlla III\JJ) (I\JJ 1113111\JJ) (I\JJlh III\JJ) 

Pu3+ 
{ J == 5/2 4.477 X 10- 2 -3.476x 10- 4 

0 

J == 7/2 1.820 X 10- 2 -4 
1.314 X 10- 4 

-4.955X10 

3+ { J == 5/2 4.151 X 10- 2 22.690X 10- 4 
0 

Sm J == 7/2 1.671X10- 2 - '-4 
1.505X 10- 4 

-2.402X10 
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Table Ill. Crystalline field parameters 
derived from measured g values.' -' -r; E-18b~ -12b~ 

E + 2 b~ + 16 b~ 
E+ 14b~ -20 b~ Matrix 

CaF2 

SrF
2 

BaF2 

g 

-1.293 

-1..250 

-1.190 

-1 
B 4(cm ) 

-9600±250/0 

-8400±250/0 

- 7 100±250/0 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

9 
-0.4 

-0.6 

-0.8 

-1.0 

-1.2 

- 1.4 

-1.6 

B/B4(CaFZ) 

1 

0.88 

0.74 

--fa 

fs 

J = 5/2 { 

XBl691-1738 

Fig. 1. Energy level diagram for a 
J = 5/2 ground state and a J = 7/2 ex
cited state in a cubic crystalline 
field. In this diagram E > > V . 

c 

'-20 -16 -12 -8 -4 0 4 8 12 16 20 

B~ X 10- 3 

Fig. 2. Calculated g value vs crystalline field 
parameter B4 '. 

3 + t 
SOLUTION ABSORPTION SPECTRUM OF Es 

* D. K. Fujita, B. B. Cunningham, T. C. Parsons, and J. R. Peterson 

Our first observations of the absorption spectrum of approximately ·1 flg of 253Es in hydro
chloric acid solutions have been reported previously. 1 Confirmatory experiments became possible 
with the availability of a larger quantity of einsteinium and greatly improved spectra in the wave-
length region from 3700 to 10600 A were obtained. . 
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About 7.5 fJ.gof 253Es produced in the HFIR at Oak Ridge National Laboratory was used in this 
work. The einsteinium was carefully purified by ion exchange, as described in our previous re
port. 1 

Absorption spectra were obtained in 3 to 6-M HCI solutions, with Es
3+ concentrations ranging 

from'" 0.1 M to '" 5 M and solution volumes from'" 100 nanoliters (nl) down to'" 3 nl. Two sets of 
spectra, each composed of severtl wavelength scans, were obtained within 56 hr of the separation 
of 253Es from its decay product 49 Bk . Absorption peak positions were measured independently 
by two observers and the results averaged. 

The construction details and techniques of operation of the microabsorption light-pipe cell, 
adapted for use with the Cary Model-14 Recording Spectrophotometer, have already been de
scribed. 1, 2 In our recent experiments, light transmission through the microcell was improved 
further by coating the entrance light pipe with chromium overlayed with silicon monoxide up to the 
light exit face. 

Preliminary test scans with'" 3-M Nd
3+ solutions yielded excellent spectra in the wavelength 

range 2500 to 10000 A. Peaks with molar absorptivities ;'0.1 in the visible light region and >0.2 
in the infrared region were readily detected .. Base-line deviations due to instrumental effects were 
investigated by scanning the wavelength region of interest with an air gap or water droplet between 
the light pipes. These cell blank s§ans indic~ted the presence of minor absorption "peaks" at 
'" 7 650 A and'" 9 650 A. The Nd + and Es + spectra were corrected for these spurious effects. 

Figure 1 sohows the best Es
3+ solution absorption spectrum in the wavelength region from 

3500 to 7200 A observed on the Cary spectrophotometer traces. The high background absorbance 
at the shorter wavelengths is believed to be caused by the presence of Cl2 and H202 produced by 
the radioactive decay of 253Es in the aqueous HCl solutions. No peaks in the region from 7000 to 
10600 A having molar absorptivities >0.2 were observed. All together 18 absorption bands were 
observed in the wavelength region from 3700 to 10600 A. The molar absorptivities of the observed 
peaks were found t~ be small. Although accurate calculations could not be performed due to the 
variation of the Es + concentration during wavelength scans, the molar absorptivity of the most 
prominent peak at 4950 A was estimated to be'" 5. 

The observed Es
3+ solution spectrum was compared with the three theoretiGally derived spec

tra for the 5f10(Es 3 +) configuration calculated by Fields et al. 3 and by Conway, 1,4 using different 
parameters. The agreement between calculated and experimental levels is considered unsatisfac
tory in each case. The detection of absorption bands in the infrared region (perhaps masked in 
these experiments by therinstrument-caused absorptions mentioned previously) would, one hopes, 
allow assignments of J values to the low-lying energy levels; the resulting calculated energy levels 
would then possibly show an improved "fit" with the observed levels. 

Footnotes and References 
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2. J. R. Peterson, (Ph. D. Thesis), The Solution Absorption Spectrum of·Bk and the Crystal
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RADIO-FREQUENCY STARK SPECTRA AND DIPOLE MOMENTS OF BaSt 

*t C. A. Melendres, A. J. Hebert, and K. Street, Jr. 

The radio-frequency Stark spectra of 138 Ba 32S had been observed a~ moderate fields by use 
of a molecular beam spectrometer that has been described previously. 1, A single spectral line 
corresponding to the J = 1, MJ = :1:1 -+ J = 1, M J = 0 transition was observed for the three lowest 
vibrational states. Spectral f~equencies obtaine2 at field strengths of 30, 45, 60, and 75 V/cm 
were fitted with the eguation3 v = 3.801887X 10- fJ.2E2/B, where v = transition frequency,. MHz; 
E = field strength, V/cm; fJ. = dipole moment, Debye; and B = rotational constant, MHz. Correc
tion for fourth,..order Stark effect was negligible. The following ratios of fJ.2 to the rotational con
stant, B, were obtained: v, fJ.2/ B (D2/MHz ); 0, 0.03816(10); 1, 0.03841(12);2, 0 . .03872(18). 

No rotational constants for BaS have been published in the literature; howeve·r, Clernents and 
Barrow have recently'obtained a value for BO for the ground vibrational state from a study of an 
absorption- band sy:stem of BaS. 4 By use of their value of BO = 0 . .010308(4) cm- 1 and our exper
imental value of (fJ.2/B)O' the value fJ. = 1.0.86:1: 0.02 D is obtamed for the dipole moment of the v = .0 
state of BaS. . 

The quantity fJ./~r is sometimes used as a relative measure of "ionic character·" in compar-
ing chemical bonds. The near equality of this quantity for BaO (0.85) 6 and BaS (0.90) indicates 
the close similarity of bonding in these two molecules. Further, the 6"/0 increase in fJ./er in going 
from BaO to BaS reflects a similar 6% increase found in going from CsF to CsCl. 

The rather broad line widths of the spectral lines (from 10 to 15 kHz) and difficulties in gen
e.rating a molecular ~eam of .BaS did not permit the stu4( of the Stark spectra at strong electric 
fields. Further detaIls of thiS work appear elsewhere. . 
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DIPOLE MOMENTS OF THE ALKALI HALIDES 

A. J. Hebert, T. L. Story, Jr., and K. Street, Jr. 

In a recently completed set of experiments involving the electric field deflection of velocity
selected molecular beams, the dipole moments of KI, RbBr, RbI, CsBr, and CsI have been deter
mined. Although deflection experiments are inherently less accurate than resonance experiments, 
the intensities obtainable with the above molecules precluded the use of the molecular beamelec
tric resonance method. Completion of these experiments make-s available dipole moments for all 
the alkali halide molecules. Table I gives a compilation as determined in this Laboratory 
(values determined elsewhere for KF and KBr are included for completeness). 

Reference 

1. T. L. Story, Jr., Dipole Moments of Alkali Halides by the Electric Deflection Method 
(Ph. D. thesis), UCRL-18484, Sept. 1968. 
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Table 1. Dipole InOInents of the alkali halides. a Dipole InOInent function for vibra
tional state v; f.Lv = f.Le + f.Lr(v+1/2) + f.Ln(v+1/2)2. 

Molecule Notes 

6Li 19
F b,c 

7 Li 19F b,c 

6 Li 35 Cl ,b,c 
6Li37 Cl b,c 
6

Li 
79

Br b,d 
6Li81

Br b,d 
6Li 1271 e 
23

Na 
19

F f 
23

Na
35

Cl b,g 
23

Na
37

Cl b,g 
23Na 79

Br b,g 
23

Na 
81

Br g 
23Na 1271 b,h 
39K

19F i, j, k 
39K

35
Cl b,c 

39K 79
Br 

39K 81 Br 1 
39

K
127

1 In 
85

Rb
19F b,h 

87Rb19F h 
85

Rb
35

Cl b,h 

Rb Br In 

Rb 1 In 
133

Cs 
19

F b,h 
133

Cs
35

Cl b,h 

133Cs Br In 
133C~ 127I In 

f.Le 

6.28409(25) 

6.2839(12) 

7 .0853( 13) 

7.0853(13) 

7 .22624( 160) 

7.22611(160) 

7.3867(20) 

8.12349(150) 

8.9721(13) 

8.9721(13) 

9.09177(127) 

9.09178(130) 

9.2103(30) 

8.5583(8) 

10.2384(12) 

10.603(1) 

10.603(1) 

10.82(10) 

8.5131(7) 

8.5130(7) 

10.483(6) 

10.86(10) 

11.48(20) 

7.8486(13) 

10.358(5) 

10.82(10) 

11.69(10) 

f.L1 

0.08627(5) 

0.08153(30) 

0.0868(4) 

0.0864(5) 

0.08318(100) 

0.08312(100) 

0.0835(20) 

0.06436(80) 

0.05963(20) 

0.0593(6) 

0.05308(70) 

0.05310(70) 

0.0507(8) 

0.06841(4) 

0.0611(9) 

0.0503(8) 

0.0502(8) 

0.06650(28) 

0.0665(3) 

0.054(3) 

0.0704(6) 

0.058(1) 

f.Ln 

0.00054(2) 

0.00044(12) 

0.00056(14) 

0.00064(16) 

0.00057(30) 

0.00060(30) 

0.00037(30) 

0.00017(10) 

-0.0001(4) 

-0.0001(4) 

0.000256(7) 

o .00055( 40) 

0.0003(3) 

0.0002(3) 

0.00026(12) 

0.00026(12) 

0.00018(20) 

a. All value,s are in debyes and were calculated using h= 6.6252X 10- 27 erg-sec and 
c = 2.997925X 10 10 cIn/sec except for KF and KBr. 

b. A. J. Hebert, F. J. Lovas, C. A. Melendres, C. D. Hollowell, T. L. Story, Jr., and 
K. Street, Jr., J. CheIn. Phys. 48, 2825 (1968). 

c. A. J. Hebert, C. D. Hollowell, T-.-L. Story, and K. Street, Jr., UCRL-17256, March 1967. 
d. A. J. Hebert, F. W. Breivogel, Jr., and K. Street, Jr., J. CheIn. Phys. 41, 2368 (1964). 
e. F. W. Breivogel, A. J. Hebert, and K. Street, Jr., J. CheIn. Phys. 42, 1555 (1965). 
f. C. D. Hollowell, A. J. Hebert, and K. Street, Jr., J. GheIn. Phys. ii, 3540 (1964). 
g. C. A. Melendres, A. J. Hebert, and K. Street, Jr., UCRL-17916, Nov. 1967. 
h. F. J. Lovas, (Ph. D. thesis), UCRL-17909, Nov. 1967. 
i. L. Grabner and V. Hughes, Phys. Rev. 79, 819 (1950). The values given are the Inost ac-

curate ones froIn Ref. k. -
j. A. J. Hebert, (Ph. D. thesis), UCRL-10482, Sept. 1962. 
k. R. Van WacheIn, F. H. deLeeuw, and A. DYInanus, J. CheIn. Phys. 47, 2256 (1967). 
1. Calculated froIn data in Ref. k. 
In. Ref. 1. 
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NUCLEAR QUADRUPOLE RATIO OF BROMINE ISOTOPES 
IN MOLECULAR LiBrt 

A. J. Hebert and K. Street, Jr. 

Previous reports froIn this Laboratory on 6 LiBr Inolecular beaIn electric resonance exper
iInents 1 led Bonczyk and Hughes to sugges t2 th'7t9a dis c refancy between our previously 0 bs e rved 
nuclear quadrupole coupling constant ratio for Br to 8 Br of 1.19728(8) and the value 
1.1970568(15) obtained by Brown and King 3 for atoInic broInine Inight be attributable to nuclear po
larization. A Inore accurate deterInination for the Inolecular LiBr ratio was suggested. 

Seve ral recent expe riInental refineInents, Inentioned below, allow us InO re than an order- of
Inagnitude iInproveInent in accuracy over our previous IneasureInents. (Reference 1. describes 
apparatus previously used and treatInent of the data. ) 

FWHM of the present lines is 2 kHz, cOInpared with the previous 5 kHz. This reduction is 
Inainly due to the use of lower deflecting field voltages, which allowed selective observation of a 
slower portion of Inolecules in the beaIn. The faster Inolecules, with their greater uncertainty 
line width, are not sufficiently deflected for detection. This results in a lower signal level; how
ever, the incorporation of a Inultichannel analyzer as a IneInory device Inore than cOInpensates 
for the reduction. 

In the experiInents described here radio-frequency transitions were induced under weak elec
tric field conditions by sweeping a phase-locked signal generator at a 19-Hz rate across each line 
in synchronization with the channel advance in a Inodified Northern Scientific Inultichannel analyzer. 
The detected "flop-in" transitions were all J = 1, InJ = ± 1 to J = 1, InJ = 0 f04 the three lowest 
vibrational levels of each isotope. Peak signal intensities were better than 10 transitions per 
channel above background for all observed lines with no observable base-line slope. Typical run 
tiInes were froIn 1 to 3 hours (approxiInately 70 to 210 thousand sweeps) for each line, witg signal
to-noise ratios of 100 or better. Line position reproducibility was better than 1 part in 10 of fre
quency for runs Inade on different days. This corresponds to an uncertainty of less than 15 Hz at 
15 MHz, cOInpared with the previous several hundred Hz. All observed lines occurred between 8 
and 20 MHz. 

Previous strong-field electric dipole InOIDent IneasureInents 1 were checked and found to be ac
curate. MeasureInents perfo~ed in this Laboratory by Breivogel on the 7 LiBr isotopes 4 allowed 
hyperfine corrections for the Li quadrupole and spin-rotatioI). interactions. Second-order quadru
pole, Stark quadrupole, and Inagnetic dipole spin-spin interaction effects were included in treating 
the data. Calculations indicate that a large electron-coupled spin-spin interaction (i. e., greater 
than the calculated dipole spin-spin interaction of approxiInately 90 Hz), would have a negligible 
effect on the values reported here. 

The results of this experiInent for each of the three vibrational states Ineasured are in agree
Inent with our previously reported values. The broInine nuclear quadrupole InOInent ratios froIn 
this work are lower than those previously reported by alInost three tiInes the probable error. 
This discrepancy arises priInarily froIn the Inanner in which the data were treated. In the pre
vious report the quadrupole coupling constants for each isotopic species were separately extrap
olated to v = - 1/2 and the ratio then taken. The probable error was assigned on the assuInption 
that the errors would be randoIn. The new IneasureInents indicate that there was a nonrandoIn 
trend in the data, which was accentuated by extrapolation to the equilibriuIn internuclear distance. 
In our opinion, this nonrandoIn trend was produced by a COInbination of decreasing signal- to-noise 
ratio for higher vibrational states, and a previous lack of knowledge about the Inagnitude of the 6Li 
quadrupole inte rac tion. 

In looking for a nU§lear polarizability effect a Inuch better Inethod of treating the data is to 
siInply interpolate the 1Br coupling constant for each vibration~l state the very short distance in 
v necessary to achieve the saIne energy as the corresponding 7 Br vibrational state. This sInall 
correction is Inuch less sensitive to uncertainties in (eqQ)I and (eqQ)U. Treating the previous 
data in the saIne Inanner gives an average 79 Br_ to _81Br nuclear quadrupole ratio of 1.19712(8) for 
the weak field data, and an average of 1.19706(8) for the three states observed at interInediate 
electric field strength. 
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The best present 79 Br_ to _81Br nuclear quadrupole ratio of 1.197056(6) for LiBr (calculated 
from the v = 0 vibrational states corrected to a common energy) is in excellent agreement with 
the value 1.1970568(15) observed by Brown and King for atomic Br, thus indicating no observable 
nuclear polarizability effect. 

Footnote and References 

t Condensed from Phys. Rev. (to be published). 
1. A. J. Hebert, F. W. Breivogel, Jr., and K. Street, Jr., J. Chern. Phys . .!!' 2368 (1964), 

and 47, 2202 (1967). 
T. P. A. Bonczyk and V. W. Hughes, Phys. Rev. 161, 15 (1967). 
3. H .. H. Brown and J. G. King, Phys. Rev. 142, 53 (1966). 
4. F. W. BreivogeI, Jr., (Ph. D. Thesis), UCRL-11665, Sept. 1964. 

EXPERIMENTAL STUDY OF STRONTIUM AND LANTHANUM 
ON TUNGSTENt 

F. L. Reynolds 

The surface ionization of Sr and La atoms, as from an atomic beam impinging on a hot single
crystal plane of tungsten, is the subject of this study. The (110) plane and the (100) plane were 
compared by using the above elements. The work used mass spectrometer techniques; the source 
was constructed so that the various W planes as ribbon filaments or as a polycrystalline filament 
could be placed so as to receive the atomic beams. Magnetic shutters could interrupt the beams 
from hitting the target filaments. The single-crystal1 ribbon filaments were prepared by spark
erosion techniques. The effect of trace amounts of oxygen on the emission at various filament 
temperatures was part of this study. 

An index of the experimental results on these surfaces is reflected in the work function calcu
iated from ~he experimental data by use of the Saha-Langmiur (SL) equation. 2 As modified by 
Dobretsov, this equation is 

where 

+ 
Ljg+ exp(-E~/KT) 

L j gJ exp(-EJ/KT) 

( 1) 

and a is the ratio of ions to neutrals leaving the fiiament. The ratio Q+IQ
O 

is the statistical 
weight g+lg and the sum of theJ.th excitation level of energies EJ where tl'ie subscript + refers 
to the ion an@ 0 is the neutral atom, <I> is the surface work function, I is the first atomic ioniza
tion potential, and elk and T have their usual meanings. 

The experimental data are obtained by measuring the slope from a plot of the logarithm of the 
positive ion current, which is proportional to n+, against the filament temperature in O.K. From 
the slope, <I> can easily be obtained when I is known. Deviations from linear plots are a sensitive 
experimental index of surface conditions for· elements whose ionization potential is a volt or so 
greater than <1>, the surface work function. 

Emission from the (110) Plane 

From a previously determined value of <1>( 11Ql the ionization of Sr on this surface of W should 
result in a SL plot having essentially no slope. This value of <I> was 5.41 ±0.04 eV.4 The work 
reported here, with closer oriented (110) filaments, gave <I> = 5.52 ±0.05 eV. With Sr on this 
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W(110) surface, a well-aged and clean surface gave straight SL plots at temperatures above 1650 
OK. Below this temperature nonequilibrium conditions exist, and the Sr metal begins to coat the 
surface of the filament. See the top curve in Fig. 1. 

Most interestin~ is the result when a very small fraction if a monolayer of oxygen is present. 
Figure 1, in whiclp. 8S r ion current is plotted against 1IT, shows the behavior of Sr with trace 
amounts of oxygen. The extrapolated line indicates the behavior under clean no-oxygen conditions. 
From the work of Hopkins'3itispostulated that the concentration of oxygen present in these exper
iments would not increase the work function. It seems more likely that some mechanism is pres
ent in the production of the low-temperature Sr emission peak other than can be explained by the 
increase in work function alone. Werning 6 also carne to this conclusion with studies of Ba on 
polycrystalline tungsten. 

Additional chemical evidence of changes was noted.in the presence of small amounts of oxygen. 
The time to reach an equilibrium ion current condition with Sr between 1600 and 2200 0 K was 
greatly increased with oxygen present. V.Then oxygen was removed, the response time was very 
rapid. (The time taken to reach half of the maximum emission was used as a measure of the re
sponse time. ) 

La studies on the W(110) plane were not carried out at temperatures below 2100 0 K. La metal 
shows considerable residence time on this surface, making data taking tedious. At 2100 0 K, the 
metal atoms required 18 seconds to reach half peak intensity, and a burst of La ions resulted upon 
suddenly flashing to the higher temperatures. The calculated work function was 5.44 ±0.05 eV 
using La on W(110)' which compares quite well with the value obtained with Sr. 

Emis sion from the (100) Plane 

Surface ionization on this plane seems to be very sensitive to emission anomalies. Long after 
the W( 110) and polycrystalline surfaces gave a straight-line SL plot with Sr, the W(100) surface 
retained a plateau in the emission curve, as shown in Fig. 2. 

The anomalies showed up with W( 100) and La experi~ents. Initially with La, the surface 
work function was 4.60 ±0.03 eV, but some 25 determinations later, this same surface seemed to 
have stabilized on a surface work function of 4.80 ±0.03 eV. This same surface with Sr gave a 
value of 4.56 ±0.04 eV. During the Sr run the La oven remained hot, but cut off by the shutter. 

It was thought that this difference of 0.24 eV could be accounted for by assuming that the La 
low-lying energy states of the La ion and the La atom could contribute. Sr has no low-lying en
ergy states below 4121 cm- 1 wave numbers. Calculation of all the possible energy states in this 
energy region and summing these data over the experimental temperature range could account for 
a correction of only 0.01 eV. No other known explanation could account for this difference. 

Efficiency Measurements 

A comparison experiment was done using two different crystal planes of tungsten, and with Sr 
as the atomic beam. The relative efficiencies were determined at 2500 0 K for both planes, and 
are shown in Table 1. 

These two planes gave work function values of <P( 110) = 5.53 ±0.03 and <P(100) = 4.62 ±0.04 eV. 
Based on these values, and from the known ionization potential of Sr, the calculated efficiencies 
from the SL equation should be 32.270/0 for W(110) an,d 0.69% for W(100)' Thus, their ratio equals 46.76. 
From the above table the average of five de~erminations gives a ratio of 53. This demonstrates 
the gain in ion emission that can be obtained from a tungsten filament having an increase in <p of 
0.9 eV. 

Polyc rys talline Filaments 

Surface ionization on polycrystalline ribbon filaments are shown in Table II. All data are at 
high temperatures between 2800 and 2400 0 K. Values are the surface work function in eV. About 
the same differe.pce appears between La and Sr as with the wor~ on W( 1001 single crystal. No 
evidence of LaO could be found at working pressures of 1 X 10- torr un tiT severe out-gassing 
raised the source pressure to 10- 7 torr or higher. 

In summary there is reasonable agreement with the W(110) surface with either Sr or La. 
There is an approximately 0.24-eV disagreement with "\\,(100) and W(poly) using Sr and La. Full 
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reason for this divergence is not known at present, but SOIlle attempts are made to point out var
ious experimental conditions that influence the data. 

The work function of the W(110) plane was redetermined and found to be 5.52 ±0.05 eV. The 
value found for the W( 100) plane is 4.56 ±0.04 eV. 

In a change of source pressure from 1X1Q-9 torr to 2 to 3X1Q-9 torr by addition of oxygen, 
the W(110) crystal surface shows evidence of surface change at elevated temperatures. Apparently 
other planes of lower cp are exposed, reducing <j> permanently from 5.52 eV to 5.30 eV in these ex
periments. This change is not rapid, and in the absence of oxygen no change was ever noted after 
operation for many hours in the residual gases in the mass spectrometer within the above pressure 
region. 

Footnotes and References 

t Condensed from Surface Science (to be published). 
1. F. L. Reynolds, Spark-Erosion Fabrication of Single-Crystal Tungsten Ribbon Filaments, 

Rev. Sci. Instr. 37, 1730 (1966). 
2. 1. Langmiur and K. H. Kingdon, Proc. Roy. Soc. (London) 107,61 (1925). 
3. L. N. Dobretsov, Electron and Ion Emission, NASA. Transl. TT-F-73, 1963. 
4. F. L. Reynolds, J. Chern. Phys. 39, 1107 (1963). 
5. B. J. Hopkins, R. R. Pendes, andS. Usami, in Fundamentals of Gas-Surface Interactions 

(Academic Press, New York, 1967), p 284. 
6. J. R. Werning, Thermal Ionization at Hot Metal Surfaces (Ph. D. Thesis), UCRL-8455, 

Sept. 1958. 

Table 1. Relative intensity measurements 
in the (110) and (100) pulses. 

Planes 

{ 110) {100) Ratio 

15300 325 47 

14 200 230 61 

15300 360 42 

15000 282 53 

13640 212 64 

Table 2. Work functions for La and Sr 
on the same polycrystalline W sur
face. 

La Sr 

4.75 4.51 

4.77 4.51 

4.75 4.50 

4.85 4.52 

4.76 4.49 

4.88 4.57 
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Fig. 1. Strontium on W(110)' Circle plot 
shows the slope of the emission before 
introduction of oxygen and final adsorp
tion of Sr at low temperatures. Tri
angle plot is the permanent final slope 
after oxygen treatment and the effect of 
oxygen on the emission at low temper
atures. If the oxygen is removed, the 
permanent slope continues, as indicated 
by the broken line. 

Fig. 2. Strontium on WOOO )' showing the 
plateau effect. 

MET AS TAB LEI 0 N SIN THE. MAS SSP E C T R A 0 F N 2 AND NOt 

Amos S. Newton and A. F. Sciamanna 

Metastable perks in the mass spectra of singly charged diatomic ions have not been reported; 
several authors - have reported the collision-induced dissociation of N2 + ions. Kupriyanov4 has 
reported the unimolecular dissociation of CO++ to occur with a half-life between 2 and 400 f.Lsec. 
Dibeler and Rosenstock5 have .reported the ion HS+ to dissociate by a unimolecular process .to 
S+ + H with a half-life observable in the mass spectrometer. . 

The occurrence of metastable peaks in the mass spectra of small molecules is of considerable 
interest because the quasi-equilibrium theory cannot be expected to apply to such molecules, and 
further, the energetic characteristics of such peaks can be of aid in defining levels on the poten
tial energy surfa,?€! s of the ionic states of such mOlfcules. Gilmore 6 us ed the ionization- efficiency 
curves of Curran and C~rmak and HermanS of N3 formation in N2 to place the v = 0 level of the 
4~ + and 4.6. states of N 2 + at 21.04 and 21.9 eV respectively. 

u u 

The experiments were performed with a Consolidated Electrodynamics Corporation Model 
21-103B mass spectrometer, which has been considerably modified to increase 6he vacuum and 
electronics capability. 9-11 The amplifier sensitivity was increased to 1 X 10- 1 A per chart 
division. A 1.5-mm collector slit was used, which increased the sensitivity for broad metastable 
peaks. A total increase of sensitivity by factors of 130 for normal peaks and up to 260 for broad 
metastable peaks was achieved. Ionization- efficiency curves were made on an X- Y recorder. An 
external voltage source driven in parallel to the ionizing voltage was used to monitor the latter. 

The mass spectrum of N2 in the mass region M/q = 6 to M/q = S is shown in Fig. 1 at ionizing 
energies above and below the appearance potential (AP) of N2 ++, and with and without application of 
a retarding potential at the collector (metastable supressor voltage, Vmss ) of 550/0 of the acceler
ating voltage VA' The broad peak at M/q = 7 is clearly from the fragmentation of N2 + to N+ after 
acceleration as N Z + Figure 2 shows the mass spectrum of NO in the mass range. M/q = 6 to 
M/q = 9. Apparent metastable peaks occur near the calculated masses of 6.53 and S.53 for the 
fragmentation of NO+ into N+ and 0+ respectively after acceleration as NO+. 
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In Fig. 3 the dependence of peak ~-:<ensitivity (peak intensity/pressure) on pressure in the inlet 
system is shown. The peak at (M/q) = 6.53 shows zero sensitivity at zero pressure, and arises 
entirely from a collision-induced transition, 

NO+(coll) -+ N+ + 0; (M/q)* = 6.53. ( 1) 

The peaks at (M/q)* = 7 and (M/q)';< = 8.53 in N2 and NO respectively have nonzero inter
cepts and, in the pressure range studied, arise largely from unimolecular processes, 

N + N+ + N; 
2 

i.e 
(M/q)' 7.00; (2) 

NO+ -+ 0+ + N; 
~, 

(M/q) 8.53. (3) 

Linearity of peak sensitivity with ionizing electron curren{ showed secondary ion- source pro
cesses to be absent. 3 Tests for surface-induced processes 9 , 0 showe1 such processes to be ab
sent for the peaks at (M/q)* = 7.00 and (M/q)~'= 8.53. [A peak at (M/q) e = 6.67 in N2 was found to 
be the result of a surface-induced dissociation in N2 ++, and is discussed later. ] . 

Appearance potentials were determined for these peaks as well as for other peaks of interest 
in the mass spectra of these compounds. These are shown in Table 1. The AP curve for the 
(M/q)* = 7 peak in N2 is shown in Fig. 4, and that of t,lte (M/q)* peak in NO in Fig. 5. In Fig. 6 
is shown the)onization- efficiency curve for the (M/ qr' = 7.00 peak in N 2 , measured on the shoul
der at (M/q)~ = 6.85 tQ eliminate the interference of N++ atM/'q = 7.00. Also shown is the effi
ciency curve at (M/q)'" = 6.58, at which point the peak is almost completely collision-induced. 
The separate unimolecular (dashed line) and collision-induced processes at (M/q)"' = 6.85 were 
obtained from pressure-sensitivity curves at various ionizing voltages .... Above electron energies 
of 100 eV there is an interJ~rence in these curves from a peak at (M/q)" = 6.67 from the surface
induced dissociation of N2 into N++ + N at the ion-source focus slit. This peak is shown in Fig. 
7, and its variation with the potential on the inner focus slit in Fig. 8. The agreement with the 
calculated line 9 proves the mechanism. In Fig. 9 is shown the ionization- efficiency curve for 
(:M/q)"' = 8.53 in NO separated into its unimolecular and collision-induced components. The slow 
falloff above 50eVsuggests the metastable level is filled by cascade processes from higher levels. 

The kinetic energy release in these respective transitions was determined by the change in 
peak width with change in VA and the width of the metastable supres sor cutoff curve. 11 The re
sults are 20nsistent with T, the kinetic energy release In dissociation, being 0.55 ±0.10 eV for 
the (M/q)~ = 7.00 in N2 and 0.04 ±0.02 eV for the (M/qr' = 8.53 peak in NO. 

No measurements of the half-lives of the transitions leading to these peaks are possible, but 
the fa£t that the peak intensities are not strong functions of VA -- as they are in the case of the 
(M/q)~ = 20.45 peak in N 20--leads to the conclusion that the lialf-lives are each >0.1 tJ.sec. 

Metastable unimolecular transitions in N2 and NO as shown in Eqs. 2 and 3 have been ob
served. The AP of 20.2 ±0.2 and T = 0.04 ±0.02 eV in NO shows the state of dissociate to the dis
sociation limit N(4S0) + 0+(4S0) of NO+ at 20.101 eV, while in N2 , the AP of 24.9 ±0.3 and 
T = 0.55±0.10 eV shows the dissociation to be to the dissociation limit N(4S0) + N+(3p) of N2+at 
24.30 eV. Possible mechanisms for states dissociating to these limits are as follows: 

(a) Excitation to a state which radiates with a long half life (>0.1 tJ.sec) to a dissociative state 
at the proper dissociation limit. In each case discussed here, the equality of the sum of the en
ergy of the dissociation limit and the kinetic energy with the AP of the metastable fragment shows 
this mechanism to be highly improbable, since the radiation would be in the far infrared. 

(b) Direct excitation to a state at a point above the dissociation limit but from which dissocia
tion is impeded by a low potential energy barrier. Radiation from this state to lower-lying states 
must be a long-lived process. The state may dissociate by tunneling through the barrier. Approx
imate calculations 12 show that for N2 and NO halt-lives of the order of 1 tJ.sec are achievable with 
barrier heights of :::: 1 eV and thickness of:::: 0.15 A. 

(c) Excitation to an excited state, A, which has a long lifetime for radiation to lower states. If 
there is an inter-system crossing to a dissociative state, B, crossing may occur and dissociation 
immediately follow. The half-life of metastable-ion formation is determined by the rate of cross
ing, the rate of radiation depopulation of the state, or both in competition. Herzberg discusses 13 

the selection rules and possible variations in this predissociation process. 
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+,:' j ~, 
The excitation function of N2 which leads to (Mjq) = 7.00 shows a marked resemblance to 

that of direct excitation to the 41:+ state of N2 + observed by Cermak and Hermami7 if that curve 
were displaced upward in energy by:::: 3 eV. It also resembles excitation functions for eX..fitation 
to allowed states such as the excitation of the A 2IIg state of N2 + (Meinell band system). 1 Two 
possible mechanisms are: 

(a) Direct excitation to a forbidden state such as 4rr.g (if the barrier is higher than suggested by 
Gilmore tl ) or a 41: state which has a barrier above tire dissociation limit. Both these would dis
sociate by tunneling. 

(b) Excitation to an allowed state which has a long radiative lifetime (radiation in the visible or 
near infrared) with an intersystem crossing to a forbidden state ab0.r.e .the d~ssociati0tP limit. 
Possible states are 2.6u, 21:u-' and 2IIu which predissociate to a IIu or 1: state. 

In NO one might have direct production of a 51:+ state, followed, if it has a barrier to dissoci
ation, by tunneling. Predissociation'is possible by excitation to an unknown triplet state followed 
by an intersystem crossing to the 51;+ state. 

The pres~nt data do not allow a choice of these mechanisms or designation of the actual states 
involved. 

Footnote and References 

t Condensation from J. Chern. Phys. (to be published). 
1. H. H. Harris and M. E. Russell, J. Chern. Phys. 47, 2270 (1967). 
2. M. V. Tikhomirov, V. N. Komarov, and N. N. Tunitskii, Z. Fiz. Khim. 38, 955 (1964). 
3. N. R. Daly and R. E. Powell, Proc. Phys. Soc. (London) 89, 273 (1966). 
4. S. E. Kupriyanov, Soviet Physics-Technical Physics.1, 659(1964). 
5. V. H. Dibeler and H. M. Rosenstock, J. Chern. Phys. 39, 3106 (1963). 
6. R. K Curran, J. Chern. Phys. 38, 2974 (1963). -
7. V. Cermak and Z.Herman, Coli':-'"Czech. Chern. Commun. 27, 1493 (1962). 
8. F. R. Gilmore, J. Quant. Spectry.8" Radiative Transfer 2, 367 (1965). 
9. A. S. Newton, A. F. Sciamanna, and R. Clampitt, J. Chern. Phys. 46, 1779 (1967). 

10. A. S. Newton, A. F. Sciamanna, and R. Clampitt, ibid. 47, 4843 (1967). 
11. A. S. Newton and A. F. Sciamanna, J. Chem. Phys. 44, 4327 (1966). 
12. W. Kauzmann, Quantum Chemistry (Academic Press, Inc., New York, 1957), p 197. 
13. G. Herzberg, Molecular Spectra and Molecular Structure,!. Spectra of Diatomic Molecules, 

2nd Ed. (D. Van Nostrand Co., Inc., Princeton, N. J,., 1950), P 387-450. 
14. 1. P. Zapesochnyi and V. V. Skubenich, Opt. Spectry. (USSR)~, 86 (1967). 
15. J. Cuthbert, J. Farren, and B. S. P. Rao, Proc. Phys. Soc. (London) 91, 63 (1967): 
16. F. H. Dorman and J. D. Morrison, J. Chern. Phys. 35, 575 (1961). -
17. F. H. Dorman and J. D. Morrison, J. Chern. Phys. 39, 1906 (1963). 
18. A. C. Hurley, J. Mol. Spectry. 2." 18 (1962). -



210 

Table 1. Appearance potentials of SOITle ions in the ITlas s spectra of NZ and NO. 

Value 
published 

Ion (ML9} AP Breaks Std. earlier Reference 

N
Z 

+ ':' (N
Z 

) . 7.00 (uni)a 

+ ':' (N
Z 

) 7.00 (ccin)b 

N++ 7.00 

(14N 15Nt+ 14.5 

NO 

(NO+)':' 8.53 (uni) 

(NO+)':' 8.53 (coll) 

(NO+)* 6.53 (coll) 

Ntt 7.00 

0++ 8.00 

NOtt 15.0 

Z4.9 ±0.3. 

18 ± 1 
c 

58 6 +0.3 
. -Z.O 

4Z.7 ±O.Z 

ZO.Z ±O.Z 

17 ± 1 

16 ± 1 

57.6±1.0 

6Z.Z±1.0 

38.3 ±0.5 

3.0.6±0.5 He+ 

ZZ He+ 

65 Ne++ 

43.5 ±0.3 Ar tt 

Z5.4 ±0.5 He + 

He + 

He + 

66 

67 

Ne ++ 

N·e++ 

Ar++ 

a. UniITlolecular cOITlponent of ITletastable peak. 
b. Collision-induced cOITlponent of ITletastable peak. 

54.Z ±0.5 15 

"='55 3 

43.5 ±0.3 16 

4Z.7±0.1 17 

44.Z .± 1 15 

4Z.7 calC. 18 

39.8 ±0.3 16 

38.10 calc. 18 

c. A lower state ITlay exist to which there is a low transITlission probability. 
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M/q Fig. 1. Mass spectruITl of N2 in the ITlass 
range M/ q = 6 to M/ q = 8 with ionizing 
electron energies at M/q = 7 of 84 
and 44 eV respectively. Inlet pres
sure = 100 f-L; MV A = 17500. Focus 
adjus ted fo r ITlaxiITluITl intensi ty on 
ITletastable peak. A, norITlaloperation; 
B, with retarding potential at collector 
equal to 0.55 VA' 

Fig. 2. Mass spectruITl of NO in the ITlass 
range M/q = 6 to M/q = 9. Inlet pres
sure = 200 f-L; MV A = 10000; Ve = 
(62+0.00558 VA). e~,:. Focus to ITlax
iITlize peak at (M/q)," = 8.53. 
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Fig. 3. Linearity' of peak intensity with pres-
/ ~. / ,~ sure for (M q,~" = 8.53 and (M q) = 6.53 in 

NO and (M/q), = 7.00 in N2' 
Conditions: 

N2: VA = 2500 V, Ve =44 eV; 
NO, (M./q)*=6.53; VA =3484V, V e =72.5eV; 

I ,', NO, (M q)' = 8.53: VA = 2670 V, Ve= 68 eV. 



on 
.~ 

~ 

~ 
l5 
!; 

. s 
:E 
.2' 
~ 

1:\ 
If 

212 

.5 

70 

Eleelron energy, eV 

Fig. 4. I0.fization-~ffici~ncy curve of (M/q)* = 7.00 in N2 
with He as a cahbratmg standard. Electron energy 
scale corrected to initial break in He+ curve. Conditions: 
inlet pressure = 300 fl. N,; V A=1500 V; Ie = 37.5 fJA; 
focus to maximize (M/q)'* = 7 at electron energy = 48 eV; 
VR = 0.1115 VA' 

Electron enervy. eV (corrected) 

Fig. 5. 1onization-efficien~y curves for 
(M/q) - = 8.53 and (M/q)* = 6.53 peaks 
in NO compared with He+. Electron 
energy scale correct.ed to agr.fe with 
the linear extrapolation of He curve 
at 24.6 eV. Zeros of curves have been 
shifted for clarity of presentation. 
VA:; .1500 V; inlet pressure = 200 fl.; 
Ie = 37.5 fJA· 
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Fig. 6. Ionization- effi,fiency curves o~ 
broad peak at (M/q) = 7 m N 2 . Sphd 
curves are eXp'erimental at (M/q) = 
6.85 and (M/q)* = 6.58 respectively. 
Open circles are derived for the uni-

/ * molecular components at (M q) = 6.85, 
and dots are derived for the collision
induced component at (M/q)* = 6.85. 
Level of the observed ion intensity at 
(M/q)* = 6.58 peak was normalized to 
an approximate fit of the derived cut've 
of the collision-induced component by 
adjusting the sensitivity in the record
ing system. Voltage scale is corrected 
to ±2 eV. N++ was shown to be com
pletely absent at (M/q)* = 6.85. 
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= 6.67 arises frogn the surface-induced 
transition N2 ++ -+ N++ + N at the ion 
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Fig. 8. Shift in apparent mass of the peak 
at a nominal mass 6.67 in the mass 
spectrum of N2 with change in potential 
on the focus electrodes. Points exper-
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Fig. 9. Ionization- efficiency curve of (M/ q)* 
= 8.53 in NO. Solid line, A, is the observed 
curve. Line B is the derived unimolecular 
component. Line C is the derived collision
induced component. Electron energy scale 
corrected to ±1 eV. Inlet pressure = 200 fL; 
Ie = 38 fLA; VR =0.01115 VA; VA = 1500 V. 
Zero of curve A has been shifted upward for 
clarity of presentation. 
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METASTABLE SPECIES PRODUCED BY ELECTRON EXCITATION OF 
N 2' H 2' 'N 2 0, AND CO 2 t 

R. Clampitt* and Amos S. Newton 

The excitation of molecules in a molecular beam by electron impact and the detection of the 
neutral electronically excited metastable species produced by Auger de-excitation at a metal sur'4 
face has been previously described. 1- 3 The apparatus used has also been previously described. 

The work presented here describes some results obtained mainly by time-of-flight resolution 
of the excited species formed in beams of H 2 , CO2 , and N

2
0. 

The time-of-flight distribution of excited species may be described as follows. If a molecular 
beam, formed from a gas exhibiting a Maxwellian distribution of velocities, is e~cited by electrons, 
then the probability P of the excited molecule's having a velocity v is 

P (v) c.: v 2 exp(_v 2/Q'2) exp(-S/vr), (1) 

whereQ' = (2kT/M)1/2, k is the Boltzmann constant, T is the absolute temperature, S is the 
distance from excitation to the detector, and r is' the mean life of the excited state. The time
of-flight probability, P(t), is 

-4 2/ 2 2 / P (t) a: t exp(-S Q' t } exp(-t r}. (2) 

When r < 20 t, where is the most probable time of flight, the P(t} distribution becomes 
sharper as t becomes smaller, and the measured most probable velocity is greater than the true 
value. 

If a molecule M dissociates'to form an excited fragment m, with a discrete amount of kinetic 
eriergy EO, the P(t} distribution of m is 5, 6 

2 2 
where A = S /i3Q' , 

- 3 [ -1 -1 2] / P(t} a: t exp -A (t - to ) exp(-t r}, 

/ 
_ / 1/2 i3 = m M, to - S(m 2EO) . 

(3) 

If the fragment is formed with a Maxwellian distr.~bution of kinetic energies with a most prob-
able kinetic energy EO' then the prE} distribution is ' 

peE} a: exp(- E 
E + i3kT}' o 

A. Nitrogen 

The nitrogen results have been described previously. 4 

B. Hydrogen 

(4) 

The photon yield from electron excitation of H2 is greater than the yield of metastable }'I2 
(C 3rru) molecules, 8 and a P(t} distribution of photons and H2°' shows barely discernible H2" 
when the channels for photon determination are saturated. This result is shown in Fig. 1. In 
Fig. 2 is shown the experiment'3l e~citation function for photon production with a theoretical 
curve 9 for the excitation of the 2: g state normalized at 15 eV. The threshold at 11.8 eV is close 
to the theoretical threshold of 11. n eV. 

~, 

Figure 3 shows the excitation function of H2 obtained by delayed-coincidence counting. The 
thresh~ld is close to the theoretical value of 11.86 eV. A theoretical curve 9 for the excitation of 
the C nu state is also shown, as are the line intensities for electron excitation of the v = 0 to 
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v = 7 vibrational levels of the state. 10 As predicted, 11 only the v = 0 level appears metastable. 

Metastable H(2S~ atoms were not observed under our experimental conditions. By use of a 
different apparatus 1 with more intense molecular and electron beams, two groups of H(2S) atoms 
were observed, a high-kinetic-energy group ~4.7 eV) and a low-energy group (0.32 eV) as previously 
observed by Levanthal, Robiscoe, and Lea. 1 The P(t) distribution of the low-energy group is 
shown in Fig. 4. This distribution can be described by Eq. 4 in contrast to the results of Levan
thaI et al., 13 who found the distribution to be deficient in low-velocity components. 

C. Carbon Dioxide 

Freund and Klemperer3 reported an electronically excited, kinetically energetic, polar frag
ment from C02 at a threshold energy of 12 to 15 eV. The fragment is most likely CO (a3n). Our 
threshold energy is 11.0 ±0.6 eV and the mean kinetic energy is 0.25 eV. These values lead to a 
dissociation limit of 10.3 eV, while the dissociation liinit for the process 

- 33-CO
2 

+ e -+ CO (a l1) + 0 ( P) + e (5) 

is 11.5 eV. This discrepancy can be resolved if the initial process leading to CO (a
3
rr) is 

- 3-CO
2 

+ e -+ CO (a IT) + 0 . ( 6) 

No long-lived excited molecules of C02 were observed in these experiments. 

D. Nitrous Oxide 

An excited fragment from N 20 which is kinetically energetic and nonpolar was observed by 
Freund and Klemperer3 at a threshold energy of 8.7 eV. In Fig. 5 is shown an experimental time
of-flight curve for this fragment together with three calculated curves. Curve A, from Eq. 4, 
shows good agreement. The measured threshold is 10.5 ±0.3 eV and the mean kinetic energy is 
0.20 ±0.03 eV, giving an estimated dissociation limit of 9.95 eV (assuming the fragment is N2*). 
Two kngwn_repulsi3e co~bina~io~s o~ N2 and 0 giving rise to N2':' in this regi.on of.en.ergy a~e 
N~ (B' ~ ) + 0 ( P) (dIssocIatIon lImIt 9.87 eV), and N2 (a in ) + 0 (3p) (aISsoclatlOnlimlt 10.26 

) 
u g 

e . 
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HYPERFINE INTERACTIONS 

SPATIAL ASYMMETRY OF INTERNAL BREMSSTRAHLUNG PHOTONS 
FROM POLARIZED 119Sb t 

W. D. Brewer~' and D. A. Shirley 

Nuclear decays arising from the weak interaction, i. e. 13± decays and electron capture, are 
accompanied by a weak continuous y-ray spectrum known as inner bremsstrahlung (IB). 1 Since 
the discovery of parity violation by weak interactions in 1957, it has been clear that the IB, al
though it is a photon spectrum, should show parity-violating effects; e. g. '. the photons from un
polarized source nuclei should be circularly polarized, while those from polarized source nuclei 
should have an asymmetric spatial distribution. 2 A diagram for the process in the electron
capture case is shown in Fig. 1. Calculations by several authors have given quantitative descrip
tions of the effects to be expected from various decays. 3 

Observation of these parity-violating effects, however, is made difficult by the extremely 
small intensity of t~e IB spectrum and by the presence of interfering y rays and external brems
strahlung (EB) in p decays. Measurements of circular polarization have been done in several 
cases of IB accompanying 13± decays, and show agreement with theory. 4 However, no experimen
tal confirmation has previously been done for the electron-capture case. 

In this work the angular distribution of IB from polarized nuclei was observed for the first 
time. The decay of 38-hr 119Sb by electron capture was chosen as a representative case and one 
in which a minimum of interference from normal y rays or EB was present. The decay scheme is 
shown in Fig. 2. The IB spectrum from this decay has been measured by other workers. 5 

In order to produ~g nuclear polarization, the low-temperature thermal equilibrium method 
was employed. The 1 Sb activity, prepared by the reaction sequence Sn(a,xn)119TeE~ 119Sb 
and carefully purified from radioactive contaminants, was melted into iron samples and the Sb-Fe 
ingots were flattened to produce thin-foil (0.005-in.) sources. When a small polarizing field 
(Hq = 2200 Oe) was applied to the foil, the Sb nuclei experienced a hyperfine field of 230 kOe.6 The 
foi was at the same time cooled by contact with an adiabatically dem¥netized paramagnetic salt 
in an apparatus similar to one described by Westenbarger and Shirley. The combination of low 
temperature (:::; 0.050 0 K) and large magnetic field interacting with the Sb magne9ic moment was 
sufficient to produce considerable nuclear polarization. IB photons from the 11 Sb were detected 
by two 3X3-in. NaI(TI) counters placed at 0 and 180 deg with respect to the p~larizing field HO' 
The temperature of the source was determined by a combination of internal °Co '{- ray thermom
etry and magnetic susceptibility measurements on the cooling salt. The results for IB photons in 
the energy range 125 to 500 keV are shown in Fig. 3. The solid curves are the best fit to the 
theoretical correlation for IB photons accompanying s electron capture: 

w(e) = 1 + AQ1P(T) . coste). 

Here W is the normalized counting rate, e is the angle between the polarization axis and the de
tector, A is a theoretical coefficient which depends on the decay scheme, Q

1 
is a correction for 

the finite solid angle sub tended by the detectors, and P is the degree of nuc ear polarization, a 
known function of the temperature T. The value of A obtained from Fig. 3 is +0.506 ±0.026. The 
theoretical value 3b,c is + 1.0. To resolve this apparent disagreement, values of W(O) at a par
ticular temperature were plotted against photon energy in Fig. 4. This reveals an energy depen
dance in W, although in principle the asymmetry for IB from an electron-capture decay is inde
pendent of photon energy (since the decay energy is shared only by a neutrino and a photon, both 
massless particles). The decrease in W(O) at low energies is attributable to three factors: in
creasing intensity of the p-capture IB intensity at low energies (for p-capture IB, W= 1); exper
imental inaccuracies at low energies owing to scattering of IB photons in the apparatus; and rel
ativistic and Coulomb corrections to the theory which remove the energy independence of W. The 
upper dotted line in Fig. 4 is the theoretical value of W(O) corrected for p-capture intensity; the 
lower dotted curve contains an estimated scattering correction also. As can be seen in Fig. 4, 
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the data still lie below the theoretical curve except at highest energies, where all corrections are 
expected to be negligible. Using the W values from photons of energy 3400 keY gives 

A = +1.001 ±0.093, in agreement with theory. 
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MAGNETIC RE'SONANCE IN ORIENTED 125 Sb t 

J. A. Barclay, W. D. Brewer, E. Matthias, and D. A. Shirley 

In 1953 Bloembergen and Temmer 1 unsuccessfully attempted to detect NMR by observing the 
resonant destruction of '(-ray anisotropY68f nuclei cooled to about 0.01 oK. However, in 1966, 
Matthias and Holliday2 succeeded using Co nuclei in a Fe lattice. The NMR/ON(nuclear mag
netic resonance of oriented nuclei) method was further elaborated by Templeton and Shirle; ~¥ 
using a frequency-modulated rf field. This paper reports the application of this method to 1 "Sb 
in Fe and illustrates its'versatility and accuracy. 

The angular dependence of '( rays emitted from oriented nuclei can be described by 

W(O,T s ) I Bk(Ts)UkFkPk(cos8), 

k even 

(1) 

where Uk and F k are coefficients characteristic of the nuclear decay and Pk(cos 8) 'are the even 
Legendre polynomials. Bk describes the degreeof orientation, and is relatea. to the spin temper
ature according to the relation 

exp(-EM/kT s) 

>1: exp(-EM/kTs ) 
M 

(2) 

In recent years 125Sb has been the subject of several nuclear?c0larization experiments. The 
purpose was in all cases to determine the magnetic moment of 12 Sb by using the values 0t the 
internal fields at Sb nucleI in ferromagnetic hosts obtained by other methods. Hess eJ al. re
ported a nuclear moment of 3.55 ±0.3 nm, assuming an internal field of 200 kG for 12 Sb in Fe. 
However, these authors used NaI(TI) detectors and were observing a superposition of several '( 
rays rather .than a single transition. To avoid this difficulty Stone et al. 6 polarized 125Sb in Fe 
and observed the anisotropy of the 462-keV '( rays only, well resolved with Ge(Li) detectors. 
Their result, 2.72 ±0.15 nm, agreed well with expected systematics. These measurements have 
been continued by the Oxford group, 7 and the latest result is reported to be 2.55 ±0.10 nm. 

The method of nuclear orientation, NMR/ON, offers a considerably higher degree of accuracy. 
As pointed out earlier, 2 this accuracy allows one to observe the shift of the resonance as a func
tion of the external polarizing field, HO' Provided that the resonance is observed in domains, 
this functional dependence is linear, the slope giving the g factor directly and the HO = 0 intercept 
yielding the hyperfine field times the g factor. 

In addition, NMR/ON c~n be employed in a very elegant.manner to determine the nuclear spin
lattice relaxation ti~e, . T l' If TL . is the lattice te~perature. and T s the ~uclea.r spin temper~ 
ature, thermal equ1lIbr1um, TL == T s ' leads to ord1nary stahc nuclear onentat1on when TL 1S 
sufficiently small. 

Under the influence of an rf field at resonant frequency '(R = g. (Hint + Ho) f!n/h, transitions 
between the Zeeman levels are induced and the Boltzman distnbution is disturbed. If the rf field 
is switched oU resonance, the nuclear spins relax back to the lattice equilibrium temperature with 
a characteristic time T 1(NMR/ON). 

If we assume T s is again defined by the Boltzman factor but T s i= T , the rate at ~hich T s 
and TL equilibrate is approximately characterized by T l' and described ~y the relation 

(3) 

However, because NMR/ON uses the anisotropy instead of the magnetization (as in normal NMR) 
to measure T 1, T 1 (NMR/ON) is not equal to T1(NMR) except under special conditions. 
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Templeton 8 and Gabdel9 have solved the problem relating the two T l' s. The nuclear spin relax
ation curve is a sum of exponentials with amplitudes depending on the initial conditions of the spin 
system and decay constants depending on the lattice temperature, 

D,. W(8 

21 

O,t) I lf3kk,exP (-A.k ,t). 

k =2,4 k' 

(4) 

The frequency sweep in Fig. 1 was slow compared with the relaxation time T l' leading to 
symmetrical resonance curves. Still, in order to eliminate any possible frequency shift in sweep 
direction, the two curves of Fig. 1 were added together to give the center frequency of the res
onance. The added data, shown in Fig. 2, yield v R = 132.15 ±0.10 MHz for HO = 787 G. 

In Fig. 3 the observed resonance frequency for various HO is shown. The linear behavior is 
described by the relation v R =(I-lN/h) g (Hhf ±HO)' The slope of the line thus gives the g factor, 
and with the known g factor-the HO = 0 intercept yields Hhf' It is important to notice that the 
sign of the g factor cannot be obtained (for symmetry reasons) from this type of measurement. 
The sign of the hyperfine field, however, determines the sign of the slope. From Fig. 3 it is

10 clear that the hyperfine field of 125Sb in Fe is positive, as measured ~reviously by Samoilov. 
From a least-squares fit we obtain g(I-lN/h) = 0.570 ±0.014 (MHz kG- ) and g(1-l /h) 
~nt = 131.711± 0.032 (MHz). From thIS the g factor of 125Sb is found to be Igf= 0.748±0.018. 
With spin 7/2, the magnetic moment is II-lI = 2.62±0.06 nrn, in excellent agreement with the 
latest value reported by Stone. 7 We note that this agreement is possible only if the spi~is 7/2, 
and this constitutes a spin determination for 125Sb. This result is a basic consequence of the 
fact that the two methods, NMR and nuclear orientation, measure gH and I-lH, respectively. 

The internal field value is Hint = + 231 ± 6 kG, slightly larger than the field reported by 
Samoilov, 10 but in excellent agreement with NMR results of Kontani and Itoh, 11 who found + 230 
kG. 

Finally, the spin-lattice relaxation time for 125 Sb. in iron was measured as described else
where, 3 and a least-squares fit was made to W(O, t) :::: A + B exp(-t/T 1)' which is the first-order 
solution of Eqs. (1) through (3). We found T t = 145±20 sec at 0.015°K, or T1T = 2.2 sec~K. 
This large value indicates that feither the orbItal relaxation mechanism 12 nor additional relax
ation due to localized moments is present. The positive hyperfine on Sb in Fe is thought to arise 
from the s band, which is consistent with this large T 1 T. The data are being refitted, with the 
sum of exponentials being used in order to obtain a better value for T l' 
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Fig. 1. Nuclear orientation NMR for 125Sb in Fe. The 
data represent W(O·) for the combined 426-to-462-keV 
gamma group, which shows a positive net anisotropy. 
The frequency was swept in opposite directions in the 
left and right part of the figure, causing the opposite 
slopes in the warm-up curve. 
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Fig. 3. Shift of the resonance frequency 
with external polarizing field. The 
linear behavior proves that domain 
resonances were observed. These data 
determine unambiguously g, Hhf, and 
the sign of Hhf· 
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LOW-TEMPERATURE DEPARTURES FROM THE 
KORRINGA APPROXIMATIONt 

>'" W. D. Brewer, D. A. Shirley, and J. E. Templeton 

Nuclear spin-lattice relaxation in metals often occurs via the magnetic hyperfine interaction, 
represented by an operator of the form AI· S, where l is the nuclear spin operator and S the 
electronic (e. g., conduction electron) angular momentum operator. 1 In this case, the relaxation 
rate may be determined by the availability of electrons and electron vacancies of the appropriate 
energy separation yH, since for each downward nuclear transition of energy -yH there must be an 
upward electronic transition of energy +yH, and vice versa. The availability of con,duction elec
trons is given by the Fermi distribution function N(E), Fig.·1. The slope of the Fermi function 
near the Fermi energy EF is dependent on the lattice temperature T; at low T (kT:S; yH) it is 
quite sharp, whereas at nigh T (kT» yH) it is broadened. 

For a given nuclear transition during the relaxation process in which the nucleus chang~s in 
energy by :l:yH, the probability of fulfilling the energy-conservation condition above is given by 
{N(E) [1-N(E :l:yH»)}, i. e. the probability of finding an electron in a state of energy E times the 
probability of finding a vacant state at energy E:I: yH. This quantity, integrated over energies E, 
is shown as the shaded regions of Fig. 1'. 

At high temperatures (right side of Fig. 1) both upward and downward transitions are possible 
and ocs::ur with approximate1" )equal rates (as expected from microscopic reversibility, which 

. \C10wnwartt nuclear ral:'e / .. gIves ' t = exp(yH kT). Furthermore, the two rates are sImply proportIOnal 
to the k'tRM"h'f<\li\r~~¥:fuf'tubJtion, i. e., to kT. In this case the overall relaxation rate W is pro
portional to T and the relaxation time T 1 is proportional to inverse temperature, or TiT = const. 
The latter relation is known as the Korringa approximation. From Fig. 1 we see that tlie Korringa 
approximation should not hold at low temperatures, since the upward and downward rates become 
unequal and no longer simply proportional to T; in fact, the upward nuclear rate (corresponding to 
S_) vanishes altogether in the extreme low-temperature limit. See left side of Fig. 1. The up
ward and downward nuclear transition rates may be likened to emission rates of radiation by 
atoms: at low temperatures only downward nuclear transitions are allowed, since there are no 
empty electronic states below the Fermi energy to allow a downward electron jump. This basic 
downward nuclear transition rate corresponds to spontaneous emission. As the temperature is 
raised, corresponding to the introduction of an external radiation source, "stimulated emission" 
and "absorption" begin to dominate, and at high temperatures the upward and downward rates are 
equal, corresponding to a system in equilibrium with a strong radiation source. The analogy is 
illustrated schematically in the lower part of Fig. 1. . 



225 

U~i.?,f the recently developed nuclear magnetic resonance of oriented nuclei (NMR/ON) tech-
nique, we measured the spin lattice relaxation times for dilute solutions of radioactive 60Co 
in Fe. This technique allows us to observe relaxation in the mdeg K range, which has previously 
been inacces sible for such measurements. 

The experimentally observed quantity Til (defined below) deviateS from the usual Korringa
type temperature dependence and becomes essentially constant below 14 mdeg K. This observa
tion supports the model described above for nuclear spin relaxation via the conduction band. 

This work uses essentially the same NMR/ON technique previo~sly described4 to obtain relax
ation curves. Til is calculated from these by a least-squares fit of the deviation from equilibrium 
of the axial ,(-ray intensity to the function 

The measured values of Til are shown in Fig. 2. 

We note that the low-temperature inequality of W+ and W_ mentioned above res4lts in a relax
ation which is no longer a simple exponential but only approximately so, and produces a relatively 
abrupt change gf the effective (simple exponential) relaxation time to a constant value at very low 
temperatures. It should be stressed that the sudden change to constant T 1l,shown in Fig. 2 isa 
combined result of the inequality of S+ and S_ and of the change in their temperature dependences. 
From Fig. 2 it may be seen that the temperature dependence of S+ js by no means sufficient to 
account alone for this abrupt change, and furthermore '(H = kT for bO Co : Fe at T = 0.008° K, where
as the abrupt change occurs at T = 0.014° K. 

The authors thank Mr. F. Bacon for his assistance in performing the experiments. 
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NUCLEAR ORIENTATION OF 241 Am , 253 Es , AND 255 Fm 
IN NEODYMIUM ETHYLSULFATE 

A. J. Soinski, N. J. Stone:~ and D. A. Shirley 

In order to study alpha decay and extend nuclear orientation studies of the lanthanides per
formed in this Laboratory, the actinides 241Arn , 253Es , and 255Fm, all in the 3+ valence state, 
were oriented in single crystals of neodymium ethylsulfate (NES) at low temperatures by means of 
the large, anisotropic hyperfine interactions that exist in these actinide ions. 

In the lanthanides and actinides the spin-orbit interaction is stronger than the crystal field 
(CF) interaction, which is in turn stronger than the hyperfine interaction. A crystal field of lower 
than cubic symmetry will partially or completely remove the (2J + 1)- fold degeneracy of the free 
ion, giving a series of CF levels which are in turn split by the hyperfine interaction. For the 
cases of interest the ground CF level is a doublet which has an effective spin of 1/2. The hyper
fine interaction is described by a spin Hamiltonian 

(1) 

where A and B are magnetic hyperfine interaction parameters and P is the electric hyperfine 
interaction parameter or quadrupole coupling constant. 

Actinide ions are chemically analogous to the corresponding lanthanides, and the two series 
of elements are expected to have similar GF levels and hyperfine interaction parameters. This 
point is illustrated in Table I, which includes, in part, results reported here. 

For the actinides it is most convenient to determine the degree of nuclear orientation by mea
suring the a-particle angular distribution because the subsequent y rays, if present at all, are 
usually of low energy. In addition, the large recoil energy of the alpha- emitting nucleus can dis
place the ion from its lattice site, thereby "washing out" the y- ray angular distribution. The 
angular distribution for a particles is given by 

w(e) Hl (2) 

L, L' 

where aL is the relative intensity of the alpha wave of angular momentum L populating a given 
level of the favored band of the daughter (the total intensity to the unfavored bands is small and 
has no bearing on the analysis), and <PLL' = ± 1 is the relative phase of the .bth and !:!'th waves. 
The A's arise in angular momentum tneory and can be calculated exactly. The B's are orienta
tion parameters giving the relative populations of the nuclear magnetic substates of the parent nu
cleus. They contain all the temperature and solid- state physics information and also permit the 
derlvation of the hyperfine interaction parameters. The P's are Legendre polynomials for which 
B is measured with respect to the crystalline c axis. 

The relative intensities and phases for the alpha waves were predicted by Poggenburg, 6 using 
Mang's shell-model theory of alpha decay. With these predictions the angular distribution func
tions becom e 

241 
1 + 0.788 B 2 P

2
(cosB) + 0.100 B

4
P

4
(cosB) for Am, (3a) 

253 
1 + 0.589 B 2P 2 (cosB\ - 0.0265 B 4 P 4(cosB) for Es, (3b) 

1 + 0.658 B
2

P
2

(cosB) + 0.0003 B
4

P
4

(cosB) for 255 Fm . (3c) 

Mang and Rasmussen 
7 

had predicted that the S, D, and G (L = 0, 2, and 4) alpha waves would be 
in phase for nuclei having a mass number of less than 244 and that the Sand G waves would be out 
of phase otherwise. 

253Es has been previously oriented in NES by both Navarro4 and Frankel. 8 Navarro deter
mined the I A I /k = 0 .40( 4) 0 K, but since he had limi ted data at B = 90 deg he could not dete rmine 

-------------
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the relative phase of the Sand G waves. Frankel found that these waves were cut of phase--which 
we confir:med--but his saturation anisotropy (the value of the angular distribution function if all 
nuclei are in one :magnetic substate) at 0 deg, W(O) t' was 70/0 s:maller than Navarro's value. 
The study presented here was undertaken to clarifySfliPs discrepancy. 

Our experi:mental results are shown in Fig. 1. We found that W(O) t = 1.88(3), which is 
180/0 larger than Navarro's value. Th'" dashed curve in Fig. 1 is the th~~i~tical angular distribution 
given in Eq. (3b). The fit to the data is poor. The solid curve was obtained ber. :modifying the rel
ative intensities of the alpha waves to the ground and first excited states of 24 Bk; the S wave was 
decreased by 50/0, the D wave was increased by 17.50/0, and the G and I (L = 6) waves were increased 
by 2000/0. Poggenburg's calculations apparently put too :much intensity in the S wave at the expense 
of the other waves. 

This work raised :more questions than it answered, because we obtained a substantially larger 
anisotropy than either Frankel or Navarro. Their2~~urces :may have been too thick, causing ex-
cessive scattering, or else a large nu:mber of the Es nuclei in their crystals :may not have been 
at lattice sites and were therefore e:mitting isotropically. 

The angular distribution for 241A:m (see Fig. 2) is approxi:mately linear in 1/T, which is char
acteristic for electric-hyperfine-strucrure align:ment. The solid line in Fig. 2 is a plot of Eq. (3b) 
with P/k = -0.0042(12) OK. The poorness of the fit of this curve to the experi:mental data indicates 
that Poggenburg's calculations do not accurately predict the L-wave intensities in this case also, 
but no atte:mpt was :made to i:mprove the fit by altering the intensities. The Sand D waves are in 
phase; we could not deter:mine the relative phase of the Sand G,waves. 

The electric field gradient (EFG) at the 241 A:m nucleus- -which interacts with the nuclear qua
drupole :mo:ment, Q, to give align:ment--arises fro:m both the crystal lattice charges and the 5f 
electrons. Therefore the quadrupole coupling constant, P, can be written as a su:m of a lattice 
contribution and a 5f- electron contribution, where 

Plattice = - 3Q( 1-1'",,) A~/I(2I,;,1) 
and 

Here 'I is the Sternhei:mer antishielding factor, which is esti:mated9 to be -125 for A:m
3+. The 

Sternhef:mer factor arises because the quadrupolar part of the potential arising fro:m the lattice 
charges distorts the closed electronic shells, thereby enhancing the EFG produced by the lattice 
charges. A

2
0 is a su:m over lattice charges, whi§h is usually deter:mined experi:mentally fro:m op-

tic{l-l spectrozcopy. Fro:m the optical data on A:m + in LaCl3' 10 we esti:mate that 2 
Y2 = A20 (r >5f (1- 0"2~ = 185 c:m- 1. A nonrelativistic 8alculation of the expectation value of r for 
the 5f electrons of A:m +, (r2> f = 1.885 a

0
2 , gives A2 (1-0"2) = 3.51X1Q18 c:m- 1/c:m2 . The shield

ing factor 0"2 accounts for the tact that the 5f electrons are shielded fro:m the lattice chax:.ges by the 
5d and 6s outer electron shells. The other sy:mbols are explained by Blok and Shirley. 1C 

P
5f 

is esti:mated to be less than 4X 10- 5 , wIoich is s:maller than the experi:mental uncertainty in 
P and was therefore neglected. Then (1-1' ) A2 0- PI~21-1)/3Q or (1-1'",,)/(1-0"2) = 430, which :may 
be in error by 500/0 because of inaccuracies""in -Y 2 ,( r >5f' and Q. 

For the 255 F :m angular distribution, the coefficient of the P4 ter:m is predicted to be s:mall and 
therefore the relative phases of the Sand G waves cannot be deter:mined. The solid line in Fig. 3 
is the function 1- W(Odeg) = 0.309 B2 with IBI/k = 0.040(10)OK. The positive coefficient before Bz 
i:mplies that the Sand D waves are in phase. 
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Ion 

Table 1. Hyperfine interaction param.eters for ions in an ethyl sulfate 
crystalline lattice. 
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Fig. 1. Angular distribution for 253Es in NES. The dashed curve was 
obtained by using theoretical intensities for the alpha partial waves as 
given by Poggenburg. The solid curve is also theoretical but with m.od
Hied intensities to give an im.proved fit to the experim.ental points. The 
points for low values of 1/T vary from. the theoretical curves because 
of radioactive heating of the NES crystal. 
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Fig. 2. Angular distribution for 241Am in NES: The solid 
curve was obtained by using Mang's alpha decay theory and 
a value for P/k of -0.042 oK. 
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Fig. 3. Angular distribution at 0 deg with respect to the 
crystalline c axis for 255Fm in NES. The curve drawn 
is for B/k=O.04"K. 
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NUCLEAR ORIENTATION STUDIES IN THE REGION 140 < A < 150 t 

D. A. Shirley, P. H. Barrett,'~ J. Blok, t and Morton Kaplan tt 

Nuclear orj5ntation te~9niques were used to study the angular distribution pf y rays following 
the decays of 1 SIn and 1 Nd in the eth~l- sulfate and double nitrate lattices. The Inagnetic 
InOInent of the spin-7/2 ground state of 1 5SIn was deterInined as I fJ.1 = 0.92 ±0.06 InIn. Two in
teresting features of this work (a) cOInpletion of a survey of low-lying states of odd-A nuclei in 
the A = 140 to 150 region, and (b) correlation of the attenuation coefficients following the decay of 
oriented nuclei. 

Auxiliary IneasureInents of y-ray and electron spectra revealed that the excited state of ~:~Nd 
at 742 keV Inust have 3/2 chgracter (Fig. 1), and established that the 198-keV 3/2- state in SIn 
is populated in the decay of 147PIn (Fig. 2). With this inforInation we can Inake SOIne observations 
on these and neighboring odd-A nuclei. 

Nuclear structure in the A = 140 to 150 region is not well understood as yet, partly because it 
is not well characterized experiInentally and partly because neither the siInplest spherical shell
Inodel approaches nor the spheroidal nucleus Inodel are applicable. The nuclei near beta stability 
in this region have Z '" 58 to 62, well reInoved froIn Inajor shell closure and presuInably suscep
tible to deforInation. With N'" 83 to 87 the neutron configurations of these nuclei are too close to 
the shell closure at N = 82 to perInit perInanent deforInation, which starts at N = 88 to 90. The 
softness of the proton configuration is Inanifest in low-lying collective states of phonon-pIus-quasi
particle character. -- The effect on the level patterns in N = 83, 85, and 87 nuclei is draInatically 
illustrated in Fig. 3, where we have plotted the lowest-lying levels of 3/2-, 5/2-, 7/2-character 
for 11 nuclei, for those cases in which the assignInents are certain or probable. In each case the 
levels shown are in fact the lowest 1, 2, or 3 levels known. 

Nine of the 11 nuclei if3Fig. 3 have ground-state spins of 7/2, presuInably associated with the 
f71, neutron state. For 1 Ce and 147Nd, however, the ground-state assignInents are 3/2- and 
5jh~ respectively. States with these assignInents appear regularly in the N = 85 and 87 nuclei, 
and the first excited states of the N = 83 nuclei all seeIn to have 3/2- character. It is interesting, 
therefore, to inquire into the nature of these states. 

For the N = 83 nuclei the 3/2 - state Inay be largely a P3/ quasi-particle state. In the N = 85 
and N = 87 cases both this state and the 5/2- state have Inovea down so far as to require a differ-

". ent InechanisIn, such as quasi-particle-phonon coupling. This explanation is supported by the 
fact that a neutron nUInber of 3 (outside the N = 72 shell) Inakes neutron participation in phonon 
structure possible. Kisslinger and Sorensen studied2 nuclear structure in this region, using a 
quasi-particle-I?lus-phonon approach, and they found low-lying states in the N = 85 and N = 87 nu
clei of 7/2-, 5/2-, and 3/2- character, the latter two having strong phonon adInixtures. In fact, 
the single basis vector with the largest aInplitude coefficient in a quasi-particle-plus-phonon rep
resentation is, for the 5/2- state, cOInposed of an hql2 quasi particle plus a phonon, and, for the 
3/2- state, an f7/ 2 quasi particle plus a phonon. AIfhough these calculations did not predict the 
order of the energy levels correctly, they do provide a qualitative basis for interpreting the 3/2-
and 5/2- states. 

When the nuclear orientation in an interInediate state is perturbed by an extranuclear field, 
the angular distribution is given by 

where G2 is a reorientation coefficient describing the effect of the perturbation. Results of this 
and other studies are given in Table 1. 

The experiInental inforInation regarding reorientation following the decay of oriented nuclei 
is sparse, but consistent. The picture that is eInerging Inay tentatively be sUInInarized as follows: 

(a) In ferroInagnetic Inetals and for closed-shell ions in dielectrics, reorientation tiInes are 
very long, of the order of seconds at 10- 2 oK. However, no experiInental results are available for 
the latter case with electron-capture decay. 

(b) For states with T 1/2 = 1 nsec or less there is no evidence for reorientation even in para
Inagnetic ions in dielectrics. 

(c) For states with T 1/2 > 1 nsec, G 2 Inay or Inay not be significantly less than unity. Both 
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lifetiITle (as in the 155Gd states) and environITlent (NES vs CMN for 145 pITl , 147p=, and 175 Lu) 
appear to affect G 2 . _ 

(d) As yet there is no deITlonstrated qualitative difference between the ~ and EC cases. 

In SUITlITlary, the experiITlental situation is fairly well characterized now, and ITlore theoretical 
work on this probleITl seeITlS justified. Time-dependent processes in the nanosecond region are 
strongly, but indirectly, suggested by (b) and (c) above. There is still no conclusive evidence that 
G2 can be reduced below the static hard-core value, and tiITle-differential ITleasureITlents of G2(t) 
are highly desirable. 

Footnotes and References 

!Condensed froITl Phys. Rev. (to be published). 
"'Present address: General Electric COITlpany, Schenectady, New York. 
tperITlanent address: DepartITlent of Physics, University of California, Santa Barbara, 

Califo rnia. 
ttpresent address: DepartITlent of CheITlistry, Yale University, New Haven, Connecticut. 

1. DeJailed reports are given in Morton Kaplan, J. Blok, and D. A. Shirley, Magnetic Mo
ITlent of 14 SITl and Attenuation Following the De'cay of Oriented SITl, .vfRL-18035, Jan. 1968; 
Paul H. Barrett and D. A. Shirley, Nuclear Orientation Studies on 1 Nd and Interpretation of 
SOITle Neutron States for A = 140 to 150, UCRL-18036, Jan. 1968. 

2. L. S. Kisslinger and R. A. Sorenson, Rev. Mod. Phys. 22, 853 (1963). 

Table 1. SUITlITlary of reorientation results for oriented nuclei. 

Daughter Lattice E T 
y (OK) 

177
Lu 177Hf NES many 0.011 

57
Co 

57
Fe Fe 14.4 0.05 

57
Co 

57
Fe Fe 136.4 0.02 

57
Co 57 Fe CMN 136.4 0.007 

57
Co 

57
Fe FS

a 
136.4 0.02 

155
Eu 

155
Gd NES 86.5 0.011 

, 155 
Eu 

155
Gd NES 105.3 0.011 

145
SITl 145p= NES 61 0.011 

145
SITl 145p= CMN 61 0.003 

175
Yb 

175
Lu NES 396 0.02 

175
Yb 

175
Lu CMN 396 0.003 

147Nd 147p= NES 91 0.011 
147Nd 147p= CMN 91 0.002 
141Ce 141Pr CMN 142 0.007 

aDilute nickel fluorosilicate. 

b Only ratios of G 2(CMN)/G2(NES) obtained. 
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Fig. 3. Observed 3/2-, 5/2-, and 7/2- neutron levels 
for nuclei with N = 83, 85, and 87. 

TEMPERATURE-DEPENDENT MAGNETIC HYPERFINE INTERACTION 
OF RHODIUM NUCLEI IN PARAMAGNETIC NICKEL 

S. S. Rosenblum and D. A. Shirley 

The time-differential perturbed angular correlation technique (TDPAC) has lately become a 
very powerful tool for investigating the microscopic behavior of extremely dilute impurities in 
ferr~80agnetic metals. The temperature region around the Curie point is of particular interest, 
and fo~ in nickel provides a good case for TDPAC in this region. The decay scheme of the 
parent Pd, prepared by a (p,4n) reaction on natural rhodium powder, is shown in Fig. 1. The 
level studied is the 2+ level at 74.8 keY via the 84-74.8-keV cascades. The g factor of this level 
has been accurately measured1 [g = 2.151(4)]. In addition to the fact that the gfactor is large and 
accurately known, the long lifetime of this level makes it a particularly attractive case for IDPAC 
studies in the critical region where magnetic hyperfine interactions are expected to be small. 

Also, based on previous work on the system of 99 Ru in nickel and on hyperfine field system
atics,2 we expected that there would be som'e manifestations of "local moment" behavior, as was 
seen in ruthenium. Evidence for the existence of local mo~ents is given below. 
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In Fig. 2, SOlne typical data are presented showing the temperature dependence of the TDPAC 
spectrum in a constant applied field of 810 gauss. The data have been adjusted to remove the de
cay of the intermediate state. It is clear that the frequency of oscillation and the damping constant 
increase with decreasing temperature in this region. 

In Fig. 3, the temperature dependence of the Larmor frequency of all the data is presented. 
The ordinate is i3 = Heff/Hext = 1 +K, where K is the paramagnetic Knight shift described in Ref. 
2. The solid curve is calculated from the macroscopic magnetization data of Weiss and Forrer on 
pure nickel, 3 as suming that the hyperfine field is proportional to the lattice magnetization. The 
fact that the data lie very close to this curve, rather than near i3 = 1.0, is strong evidence that the 
hyperfine field is produced by the conduction electrons rather than a local moment. 

In Fig. 4 is shown the behavior of the TDPAC spectrum as a function of applied magnetic field 
at a constant temperature, T = 365±0.5°C. Aside from the expected result that the Larmor fre
quency increases with increasing field, we also see that the damping constant increases . 

. This damping might arise from either a static or a time-dependent hyperfine interaction. The 
static interactio'ns causing this might result from inequivalent magnetic sites, anistropic magnetic 
interaction, or quadrupole interaction. We were able to eliminate the latter two possibilities by 
carrying out experiment on nickel single crystals in which no detectable difference was seen be
tween different crystallographic directions. 

To test the remaining supposition that a time-dependent interaction 'is present we performed a 
decoupling experiment, one in which a magnetic field is applied parallel to the direction of emis
sion of one of the radiations. 4 If the interaction is static and decoupled, the anisotropy is restored, 
whereas if i't is time-dependent, the anisotropy disappears. As can be seen from Fig. 5, the an
isotropy disappears. The temperature and field dependence of the relaxation rate can be accounted 
for by assuming that they are due to exchange narrowing. A model based on this idea has recently 
been proposed by Silbernagel, Jaccarino, Pincus, and Wernick in which they described the nuclear 
relaxation of aluminun nuclei in XAl 2 compounds (X = rare earth) above the Curie point, assuming 
only pair correlations. 5 

With several modifications, this model leads to a relaxation rate A. 
to 0-2 , the induced lattice magnetization. 

3/T2 proportional 

Figure 6 is a plot of A. vs 0-
2 

with temperature and applied field as implicit parameters. The 
linear behavior is quite good in spite of the large errors in the data. 
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LOCALIZED MOMENTS ON RHODIUM IN Rh-Pd ALLOYS 

G. N. Rao, E. Matthias, and D. A. Shirley 

The formation of localized moments on impurity atoms in various metal alloys is well known 
for solute atoms of the 3d transition group. 1 Much less experimental evidence is presently avail
able about localized states on 4d atoms in dilute alloy systems. To study this question we choose 
the Rh-Pd alloy system. The macroscopic properties of this system--susceptibility, resistivity, 
and specific heat--have been thoroughly studied. The anomalous variation of the susceptibility of 
Rh-Pd alloys with temperature as well as with rhodium concentration has been of particular in
tereSt.' 2-4 

Perturbed angular correlation (PAC) techniques provide an excellent tool to sense mic.roscop
ically the magnetism associated with th,e imp~rity atom.. The rotation of the angular correlation 
pattern in an effective magnetic field Heff = Hext(1 + K) gives the Knight shift, 

Unlike the Mtlssbauer effect, the PAC technique is observable at any temperature and is therefore 
well suited for studying the temperature dependence o£.Knight shifts. To s~udy very dilute Rh-Pd 
alloys we Baed the angular correlationofthe85-to-75-keVcascadein100 Rh, populated in the decay 
of 4-day 1 Pd .. The intermediate state of this cascade has a half-life of T 1/2 = 235 nsec and a 
gfactorofg= +2.151. 

The magnetic hyperfine interaction in the 75-keV level was mea~ured through the periodic in
tensity modulation of the coincidence time spectrum. Properly prepared start and stop pulses, 
corresponding to 'V 1 and 'VZ' respectively, were fed into an "Eldorado 793" time-interval counter 
which measured the delayoetween these pulses to 1 nsec accuracy. This digitized time informa
tion was stored on magnetic tape and later processed to yield the time spectrum. Both Fourier 
analysis and autocorrelation techniques were used to extract the freque,ncy of the Larmor preces
sion from the data. 6 A typical result of the Fourier analysis is shown in Fig. 1, where the sine, 
cosine, and absolute transforms are given by the respective expressions 

A(v) S I (eO' t) sin(21T vt) dt, 

B(v) = S I (eO' t) COS(21Tvt) dt, 

F(v) = ~A2(v) + B2(v). 

Here, the time-dependent intensity is given by 

flN 
with wL = g H"fi" . 

By using the autocorrelation function it is possible to improve the signal-to-noise ratio. by 
more than an order of magnitude over the simple Fourier transform. In this technique the Fourier 
integral 

Tmax 

G(v) = S C(T) 
C(O) COS(21T vT)dT 

o 
contains the autocorrelation function 
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ave [W(t) - W][ W(t + T) - Wl 
ave [W(T) - W] [W(T) - W] 

where T is the tiIne lag at which the data are correlated. Typical autocorrelation spectra are 
shown in Fig. 2. 

Using this technique, we measured the Knight shift of 100 Rh in extremely dilute Rh- Pd alloys 
as a function of temperature. The results are listed in Table I and plotted in Fig. 3. Theinsert 
in Fig. 3 shows the Knight shift and the susceptibility for the pure Pd host matrix according to Ref. 
7. Two effects can be noticed: (a) there is a striking difference, between host and impurity, of 
the low- temperature behavior of the Knight shift and the susceptibility; and (b) the proportionality 
between K and X, observed in the host, does not hold for the impurity. 

The impurity susceptibiliBY was calculated from the susceptibility data of Manuel and St. 
Quinton and V. E. Vogt et al. by extrapolating their data to extremely small Rh concentrations. 
By use of these extrapolated values for X 11 ,the impurity susceptibility can be obtained from 
the relation a oy 

lim X alloy - C pd XPd 
Xi = C. ~ 0 C. 

1 1 

where Ci and C pd are the number of rho.dium and palladium atoms per gram. In Fig. 4 the im
purity suscep'tibility is plotted versus (T + TK )-1, assuming that Xi is described by a Curie- Weiss 
type relation 1 Xi = fJ. 213k (T + TK), where TK is a constant: it is expected to be the Kondo tem
perature at which a b~und state is formed between the local moment on the Rh and the conduction 
electrons of the host. A fit of the data yields T K :::: 72.4°K. Due to the uncertainty in the impurity 
susceptibility, this value should be considered as only approximate. There remains no doubt, 
however, that a bound state between the localized moment at the rhodium atom and the conduction 
electrons is formed in' this alloy. 

Because the Knight shift arises via spin polarization, its temperature-dependent part will be 
affected by the formation of a Kondo state. On the other hand, knowing the impurity susceptibility, 
one can deduce the hyperfine field arising from the d electrons, ~1), from a measurement of the 
Knight shift as a function of temperature. Therefore, the formation of a bound state of the local
ized moment should influence the core-polarization hyperfine field. 

The Knight Shift as a function of temperature can bJ written in the form 9 
K(T) = a XS + a X (T) + K + IiK

d
. , where XS and X are the Pauli spin susceptibilities due to 

the s anJdP elec1rdh.s, whil¥,vKvv an\r IiKdia arePthe Val! Vleck and diamagnetic contributions to 
the total shift. The partial derivative of the Knight ,shift with respect to the impurity su~ceIl;~bil
ity, with temperature as an implicit parameter, yields 9 dK(T)/dX d(T) = ad = 0.895X 10- H'l!l. 
A plot of K(T) versus Xi(T) is shown in Fig. 5. The data show a sfriking break about the Xi value 
corresponding to 300 0 K (compare Fig. 3), not quite consistent with the TK found from Fig. 4. 
Still, the break is attributed to the occurrence of two vastly different core-d hyperfine fields be
low and above the Kondo temp,erature. Above TK the localized mome!j\t is undisturbed and the nu
clei feel the full amount of Hh11. A fit of the data gives the value H~t' = - 663 kG spin, which 
agrees well with calculated fields 10 of -749 kG/spin and -726 kG/spin for Pd2+(4d)8 and Pd3 +(4d)7, 
respectively. The experimental value of Seitchik et al. 7 of -689 ±20 kG/spin for palladium nuclei 
in Pd metal also compares favorably with our result. 

Below the Kondo temperature, however, the core-d hyperfine field is drastically lowered due 
to the coupling of the localized moment to the surrounding conduction alectrons. Judging from the 
three points at 4.20 K, 77 0 K, and 1950 K, the hyperfine field is only Hhf = - 35 kG. Thus, in a 
bound state, only a small fraction of the total electron polarization arising from the rhodium solute 
is still concentrated on that atom. The main fraftion of the polarization must be distributed over 
those conduction electrons that are coupled to the bound state. Since the spatial dimensions of the 
bound state extend over many neighbors, the polarization of the matrix due to the impurity rho
dium alone is comparatively long-range. 

The present data show the considerable importance of microscopic methods in connection with 
collective effects in solids, which enable us to test hyperfine fields and thus spin distributions at 
specific atomic sites. The present investigation is to be continued. 
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Table 1. Knight shift data for dilute Rh- Pd alloys obtained at various 
temperatures. The values given represent weighted averages over 
seve ral individual runs. 

T(OK) g( 1 + K) 

4.2 1.835(7) 

77 1.914(7) 

195 2.006(6) 

300 2.014(2) 
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MOSSBAUER RESONANCE STUDY OF GOLD COMPOUNDS 

M. O. Faltens and D. A. Shirley 

M6ssbauer resonance experiments were performed on several diamagnetic gold compounds. 
These compounds belong to one of two groups of gold compounds: the linear gold (I) comlounds, 
which have sp hybridization; or the square planar gold (III) compounds, which have dsp hybrid
ization. These experiments were performed at 4.20 K with a gold-in-platinum source and absorb
ers of gold compounds. From the Mossbauer speCtra of the gold (I) and gold (III) compounds, direct 
relationships were established between the isomer shift (IS) and the quadrupole splitting (QS) val
ues in each oxidation state. They were explained in terms of the hybridization of the bonds and of 
the number of bonding electrons on gold. The equations of the best straight lines for gold (I) and 
gold (III) compounds, determined by the least- squares method, are 

0.782 (eqQ/2) 0.4 74 cm/ sec, IS [Au (I) ] 

IS [Au (II!)] 0.542 (eqQ/2) + 0.016 ern/sec, 

whe re QS equals i 1 eqQ I· 
The isomer shift for 197 Au compounds is 

IS = 5.39X 10-
24 

[) R/R [L IjJ (0)2 - L IjJ (0)2] , 

a s 

( 1) 

(2) 

(3) 

where [) R/R is the nuclear factor and the quantity in square brackets is the difference between the 
nuclear electron densities of the absorber and the source, respecti'2ely. [) R/R is a positive quan
tity1 whose magnitude was determined to be 3.1X 10- 4 in this work. Equation (3) implies that the 
absorbers with the larger number of 6s valence electrons will have the more positive IS values. 

The quadrupole splitting for 197 Au, with Ig = 3/2+ and Ie = 1/2+, is 

1 1 I· 2 1/2 QS = -2 eq Q X (1 + "l /3) , zz 
(4) 

where Q is +0.60X10-
24 ~m2 and "l2 is zero for the axially symmetric gold (I) and gold (III) com

pounds. The molecular electric field gradients, q ,for the gold (I) and gold (III) compounds are 
given the following expressions, which neglect the zs~alliattice field gradients: 3 

2 
q [Au(I), molecule] = 2a-

I zz . 

qzz [Au(III), molecule] = - 2q522 

for 0 ~ a-iII~ 1, 

where a- is defined in the molecule-orbital expression for gold-ligand bonds as 

IjJ AuL = a-1jJ Au + I3IjJ L 

(5) 

(6) 

( 7) 

and overlap is neglected in normalization: i. e., we take a-
2 

+ 13 2 = 1. Equation (5) Teans that for 
gold(I) the magnitude of q (Au(2' and thus eqQ/2, increases as the gold (+1) ion (a- = 0) gets a 
larger number of 6p elect?5ns (a- >0). For gold (III), the q [Au(III)] values go from a negative 
quantity to a positive one as gold (+3) ion (a- 2 = 0) gains 5d aiia 6p bo~ding electrons. The first 
quantity on the right in Eq. (6) represents the field gradient of the 5d spin-paired nonbonding elec-
trons of gold. . 

The relationships of Eqs. (1) and (2) can therefore be explained in terms of the ~umber of 
bonding electrons on gold. Given q522 and q610 of Eqs. (5) and (6), the values of a- , the number 
of bonding electrons N, and .the charge on gola X can be determined from 
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N = 2a
2 , 

X[Au (I)] 

X'[Au (III) 

1 

3 

2 
4 a I ' 

2 
8 alII' 

(8) 

(9) 

(10) 

FroIn free-g-toIn Dir~c-Fock wave functions calculated by Mann, 4 q522 was deterIninedto be 
26.86 X 10 1 esu/cIn. Unfortunately, the q610 value was Inuch Inore difficult to deterInine, and 
was also found to be a very sensitive function of charge. FroIn the free-atoIn wave function, we 
estiInated q610 to be about -.25 X 10 15 esu/ CIn3 . However, by first considering 0 R/R a constant 
in Eq. (3) and applying Eqs. (4), (5), and (6) to ft,qs. (1) and (2) for a 2 = 0 and a 2 = 1/2, we ar-
rived at a larger value of q610 equal to -44X10 esu/cIn3 . The first value, -.25X10 15 esu/cIn3 , 
closely approxiInates that value for the 6p electron of Inercury. 5 However, -44X 10 15 esu/cIn3 

gives an internally Inore consistent set of results (e. g. , oR/R and X values). 

FroIn electronegativity considerations, we ~xpect the charge on gold to be positive for the 
chlorides, broInides and iodi.des. This Ineans that according to our Inodel, q610 Inust be larger 
in Inagnitude. For gold(I) cOInpounds, q610 of -44X 10 15 esu/cIn3 results in positive charges on 
gold in ~uCl, AuBr, and Au!' For gold(III), however, a value of q610 equal to about -5.oX10 15 

esu/cIn is required for the gold atOIn in gold(III) halide cOInpounds to be positively charged. 
This is approxiInately a 120/0 difference between the IniniInuIn required values for I q610 I. Since 
q610 values for gold(I( and gold(III) need not be the saIne value and indeed are probably not identi
car, this difference Inay not be unreasonable. 

The results of this work are sUInInarized in Figs. 1 and ;2 and Table 1. The IS vs QS values 
of the gold COInpounds are given in the fitures along with the L:,.ljJ(O)2 values at the top and q 
values to th~ right of the figures; L:,.ljJ (0) was calculated froIn Eq. (3), where 0 R/R was ta~~n to 
be -3.1 X 10-. , and qz.z was.deterInined froIn Eq. (4), with,,2 equal to zef~' The val-'5es of a 2 15 
and charSes X for gola are listed in Table II for q610 values of -25 X 10 ,-35 X 1.0 ,-40 X 10 , 
-44X10 1 , and _50X10 15 esu/cIn3 . The results shown in Figs. 1 and 2 suggest that the hybrid
izations of the cOInpounds reInain essentially constant and that the changes in the isoIner shift and 
quadrupole splittings are due to the differences in the ionic character of the various cOInpounds. 
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Table I. Observed and derived para.:meters for several gold co:mpounds. 

Co:mpounds .lso:mer shift .6.lj; (0)2 X 10 25 
Quadrupole qzz X 10

15 

(c:m/sec) Relati vis tic splitting 
3 (c:m/sec) (esu/c:m ) 

AuF
3 -0.107(0.001) -6.611

5 
0.274(0.002) (-)7.860 

[AuF 4]- -0.069(0.002) -4.263
5 

0.182(0.002) (-)5.221 

AuCl -0.142(0.001) -8.774 0.465(0.001) 13.339 

[AuC1
4

] - 0.044(0.006) 2.718
7 0.127(0.008) 3.643 

AuC1
3 

0.057(0.009) 3.521 0.075(0.008) 2.151 

AuBr -0.147(0.001) -9.083 0.432(0.004) 12.134 

[AuBr
4

] - 0.067(0.002) 4.115 0.113(0.002) 3.241
5 

AuBr
3 

:>:~ 
0.079(0.007) 4.881 0.127(0.002) 3.643 

Au! -0.132(0.003) -8.156 0.398(0.001) -11.417 

I III * Cs 2Au Au C1 6 1-0.143(0.028) 0.410(0.065) 

III-O. 0 59(0 .022) 0.133(0.018) 

AuCN 0.166(0.017) 10.257 0.809(0.003) -23.207 

KAu(CN)2 0.325(0.008) 20.081
6 

1.021(0.006) -29.288 

KAu(CN)4 0.421(0.012) 26.013 0.699(0.005) 20.052 

KAu(CN)2Cl2 0.256(0.002) 15.818 0.526(0.002) -12.69 

KAu(CN)2 Br2 0.272(0.007) 16.807 0.546(0.001) -13.53 

KAu(CN)212 0.278(0.006) 17.177 0.587(0.003) -13.85 

[AuS4 C 4(CN)4] 0.326(0.007) 20.143 0.197(0.006) 5.651 

Au20 3 0.094(0.001) 5.808 0.168(0.004) 4.819 

Na 3Au(S203)2 0.072(0.029) 4.448
8 

0.708(0.004) -20.310 

* Result of only one run. 

The assu:med sign changes for qzz are given parenthetically. 
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Table II. Bonding results for gold compounds (in units of 10 15 esu/c~3). 

Compound 
q610 = -25 Q610=-35 Q610=-40 Q610 = - 44 Q610= - 50 

Qzz 2 2 2 2 2 a X a X a X a X a X 

Gold(I) 

. AuCl - 13.339 0.27 -0.07 0.19 0.24 0.17 0.33 0.15 0.41 0.13 0.47 

AuBr - 12.134 0.24 0.03 0.17 0.31 0.15 0.39 0.135 0.46 0.12 0.51 

Au! -11.417 0.23 0.09 0.16 0.35 0.14 0.43 0.126 0.49 0.11 0.54 

[Au(S203)2r3 - 20.310 0.41 -0.62 0.29 -0.16 0.25 -0.02 0.23 0.10 0.20 0.19 

AuCN - 23.207 0.46 -0.86 0.33 -0.32 0.29 -0.16 0.26 -0.03 0.23 0.07 

KAu(CN)2 - 29.288 0.59 -1.34 0.42 -0.67 0.37 -0.46 0.33 -0.30 0.29 -0.17 

Gold (III) 

AuF3 
(-)7.860 0.44 -0.54 0.37 0.04 0.34 0.26 0.32 0.41 0.29 +0.61 

[AuF 4]- (- )5.221 0.47 -0.74 0.39 0.14 0.36 0.10 0.34 0.26 0.32 0.48 

KAuCl4 3.643 0.55 -1.42 0.46 -0.70 0.43 -0.43 0.40 -0.24 0.37 0.01 

AuCl3 2.151 0.54 -1. 31 0.45 -0.61 0.42 -0.34 0.39 -0.15 0.36 0.09 

KAuBr4 3.242 0.55 -1.39 0.46 -0.88 0.43 -0.41 0.40 -0.21 0.37 0.04 
, 

AuBr
3 

(?) 3.643 0.55 -1.42 0.46 -0.70 0.43 -0.43 0.40 -0.24 0.37 0.01 

KAu(CN)4 20.052 0.71 -2.69 0.60 -1.77 0.55 -1.41 0.52 -1.16 0.48 -0.84 

KAu(CN)2 Cl2 -12.69 0.64 -2.12 0.54 -1.29 0.50 -0.97 0.47 -0.75 0.43 -0.46 

KAu(CN)2 Br2· -13.53 0.65 -2.19 0.54 -1.35 0.50 -1.02 0.47 -0.80 0.44 -0.50 

KAu(CN)212 -13.85 0.65 -2.21 0.55 -1.37 0.51 -1.04 0.48 -0.81 0.44 -0.52 

[AuS4C 4 (CN)4r 5.651 0.57 -1.58 0.48 -0.84 0.44 -0.55 0.42 -0.35 0.39 -0.09 

Au20 3 4.819 0.56 -1.52 0.47 -0.78 0.44 -0.50 0.41 -0.30 0.38 -0.05 
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Fig. 1. The linear relationship of isomer 
shift and 1/2( eqQ) for gold(I) compounds. 

Fig. 2. The linear relationship of isomer 
shift and 1/2(eqQ) for gold (III) com
pounds. 

THEORY OF THE INFLUENCE OF THE ENVIRONMENT ON THE 
ANGULAR DISTRIBUTION OF NUCLEAR RADIATIONT 

)~ 

Helmut Gabriel 

Fano's expansion of operators into an orthonormal set of multipole operators 1 is also a 
powerful tool for treating relaxation phenomena in perturbed angular correlations (PAC) or in ex
periments with oriented nuclei. We choose the PAC case to outline our approach, which is a com
bination of the Liouville representation of quantum mechanics, Zwanzig's projection operator tech
nique2 (used for elimination of the unobserved variables of the environment), and Fano's multi
pole representation. The general expression for the directional correlation function for a per
turbed nuclear double cascade can be written in terms of the density matrices p(~ l' 0), describ
ing the nucleus immediately after the emission of the first radiation in the di,rection ~1 (~2) at time 
t = ott), and P(~2) for the second radiation, and an evolution superoperator n(t) describing the en
tire interaction of the nucleus in the intermediate state with the surroundings. The correlation 
function is written as 

( 1) 

In the right-hand side of (1) we have interpreted the densitl, operators as supervectors .in Liouville 
space. The definition of the scalar product (A I B) = Tr (A B) of two supervectors I A) and I B) has 
been used. We immediately obtain the common expression for the cor1R.yation if we express the 
supervectors of (1) in terms of an appropriate orthonormal basiEj {IU )}, which in our case is 
constructed from the normalized spherical tensor oRerators Ug (k). q The dimension (21 + 1)2 of 
the Liouville space spanned by the supervectors I U ,k) depenas on t£e nuclear spin I of the in
termediate state. The dtklomp«?sition of the Liouvi1le unit operator 1--i. e., the closure rela-
tion--readsk' ~1U<k»(U I = 1. The meaning of the sca~ar products (U (k) I p (~2) and 
[p(~1'2)~'<' •. )] ~ri~ing f~om breaking up the matrix element in (1) is clear ~rom the unperturbed 
5;ase n(t) = 1, and comparison with standard angular correlation theory. The matrix elements of 
n (t)(which is a particular superoperator, since it transforms a super-vector, I PUs1, 0» into an
oth~r at a latk) tjme t) are, related to the usual perturbation factors. We have set 
G~~, (t) == [Uq ( In (t) I Uq,(k )]. The evolution superoperator (i(t) obeys the non-Markoffian integro
dilfurential equation 

dO(t) 
dt 

t .... S -iJC' n (t)-
o 

M(T)O(t-T)dt (2) 
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subject to the initial condition a (t=O) 1. In (2) Je' is tl},e Liouville operator for the static inter
actions of the nuclei with external or internal fields and M(t) is a relaxation operator describing 
the dynamic part of the nuclei with the surroundings. It has recently been used in a treatment of 
MCissbauer relaxation phenomena. 3 It is difficult to solve Eq. (2) in general. Easier to handle is 
an approximate Markoffian equation of motion, which can be deduced from (2) when the electronic 
correlation time, T , is small compared with the nuclear lifetime, TN. The correlation time, T , 

characterizes the dine behavior of the relaxation operator, which has been defined in terms of a c 
nuclear operator part of the nuclei mutually interacting with their surroundings and of electronic 
correlation functions containing the properties of the bath. In special situations it is possible to 
express the perturbation factors in terms of the usual longitudinal and transverse relaxation times 
T 1 and T 2 known from nuclear relaxation theory. As an illustrative example we mention the high
temperature solution for an axially symmetric system without static quadrupole interaction and a 
pur~ly magnetic relaxation mechanism. The damping parameters entering the exponentials of the 
G~~. (t) are then given by 

(3) 

Applied to a case with k = 2 and a static magnetic field perpendicular to the detector plane with 
two collinear (perpendicWfa~) counters, it finally gives get 

The decoupling geometry yields 

(5) 

Here A22 is the correlation factor of the unperturbed correlation and w
L 

the Larmor frequency. 
A combination of measurements like those leading to Eqs. (4) and (5) should under favorable con
ditions lead to a simultaneous determination of T 1 and T 2 from PAC. 
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PHOTOELECTRON SPECTROSCOPY 

TRANSITION METAL STUDIES 
USING x-RAY PHOTOELECTRON SPECTROSCOPy t 

C. S. Fadley and D. A. Shirley 

High-resolution analysis of x-ray-produced photoelectron spectra has generally been used to 
detect chemical effects on core electron binding energies. 1, 2 This techni<l:3ue has now been ex
tended to studies of the valence electrons in solids and gaseous molecules. In particular, we 
have studied both the core and valence electronic levels in the metals Fe, Co, Ni, Cu, and Pt. 
From these studies information concerning the valence-band. density of states, as well as chemi
cal and magnetic effects on core electrons, has been deduced. 

The experimental aspects of x-ray photoelectron spectroscopy (XPS) have been reviewed in 
detail previously. 1, 2 Mg Kll' x rays (1253.6 eV) were used to excite electrons into continuum 
state s, and they were magnetically' analyzed for kinetic energy in the Berkeley iron-free spec
trometer. The total instrumental line width including x-ray width was::::: 1.0 eV. Since the photo
electrons originate primarilyfrom sites near the surface, ,2 the samples were cleaned contin
uously by heating them ina 10:- 2 -torr hydrogen atmosphere. The surface cleanliness was moni
tored by observing the oxygen is photoelectron line as indicated in Fig. 1. At the lower tempera
tures the iron 3p line is double because oxide formation chemically shifts the core levels in atoms 
near the surface. At higher temperatures the intensity of the oxygen "line" (oxide + H 0 + O 2 + 
CO2 ) decreases and the iron 3p line narrows to a width characteristic of iron metal. Structure 
is resolvable even in the oxygen. is line, the right peak probably being due to the more weakly 
bound adsorbed gases. 

An XPS spectrum for Cu taken near the Fermi level (highest occupied level) is shown in Fig. 
2. The uncorrected result is directly from the experimental data. The tail on the left side is due 
to in~lastic electron scattering, and the peak on t~e right side i~ due to the Mg Kll'3 4 satellit~ x
ray hnes. The corrected spectrum has been obtalned by operahng on the uncorrected data wlth 
an inverted response function R -1(E), where R(E) was obtained empirically from the experimental 
distribution for the naturally sharper 3p core levels in the same sample. Any point in a corrected 
spectrum should thus be proportional to the number of occupied electronic state s at the corre
sponding binding energy multiplied by an average photoelectric cross section characteristic of 
that energy. Previous photoelectron studies usi.rg ultraviolet radiation for excitation indicate 
that the cross section can be assumed constant. Thus a corrected spectrum gives a good approx-
imation to the valence band density of state s [N( E)] of the solid, appropriately broadened by our 
experimental line width. The intense peak in Fig. 2, for example, represents the 3d band of cop
per metal. 

In Fig. 3 we present corrected Fermi level spectra for the five metals investigated. For Fe, 
Ni, and Cu we also present theoretical predictions of densities of states. 5-7 The qualitative 
agreement is good and, in particular for Fe, Co, and Ni, we predict a dominant peak in the den
sity of states near the Fermi level. This result contradicts some early studies made with ultra
violet photoelectroD spectroscopy (UPS), where the dominant peak was at 5 eV below the Fermi 
level for Fe, 8 Co, '-} and Ni. 10 Recent UPS work under better surface conditions indicates basic 
agreement with our results, 11-13 although UPS-derived densities of states would appear to be 
less reliable as one goes further below the Fermi level, due to enhanced surface or scattering 
effects or both. Despite somewhat lower resolution than UPS, XPS thus has given quite reliable 
information on the density of states of a metal over the entire valence band. The XPS results in 
Fig. 3 are also in good qualitative agreement with densities of states derived from soft x-ray 
spectroscopy14 and ion-neutralization spectroscopy, 15 although both these techniques are in sev
eral re spects le s s direct· than XPS. 

The re sults of free -atom Hartree -Fock calculations predict that the partially filled d shell of 
the transition metals will give rise to exchange -induced splittings of core levels. 16 This splitting 
gives rise to a doublet with 10 eV separation for the 3p level of atomic iron, 17 although simple 
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considerations indicate that this should be reduced by a factor of approximately 1/2 for metallic 
iron. Figure 2 indicates no splitting greater than 1 eV for metallic iron, and similar results 
were found for Co. Electron-electron correlation and detailed solid-state effects may be respon
sible for this decrease relative to the free -atom predictions but no simple explanation is adequate. 
Studies now under way will look for such splittings in gaseous metals, for which the solid-state 
effects do not exist. 
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Fig. 1. Effect of hydrogen and increased 
temperature on the oxygen is and iron 
3p photoelectron lines. The abscissa is 
electron kinetic energy. The ordinate 
scale for all Dis spectra is the same. 
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Fig. 3. XPS results for the densities of 
state s of various metals. Comparison 
is also made to theoretical densities of 
states for Fe (Ref. S), Ni (Ref. 6), and 
Cu (Ref. 7). 

SPECTROSCOPY OF INNER ATOMIC LEVELS: 
ELECTRIC-FIELD SPLITTING OF CORE P3/Z LEVELS 

IN HEAVY ATOMSt 

T. Novakov and J. M. Hollander 

Until recently, only limited study has been made of the chemical aspects of inner, or core, 
atomic levels. :rhis has been due in part to a scarcity of experimental tools for probing these 
levels in detail. The recent development of the photoelectron spectroscopic technique 1, Z make s 
it possible to investigate the inner levels with high resolution. In this work, Mg K x rays (1ZS4 
eV) were used as the excitation source, and a SO-cm iron-free magnetic spectrometer was used 
to record the photoelectron spectra. 

Splittings of the outer (optical) levels induced by external fields and by crystal fields have 
long been known, but little is known about such splittings of core levels. We describe here some 
experiments by which splittings of inner P3/Z levels of heavy-element atoms have been observed. 

The atomic level energy Eb (or electron binding energy) is related by energy conservation to 
the kinetic energy of an emitted atomic electron by Eb = Eexc - Ekin - <p, where Eexc is the x-ray 
energy and Ekin is the kinetic energy of the emitted electron; <p is a small correction for the work 
function of the spectrometer material. 

We have studied the photoelectron spectra from metallic sources of tantalum; platinum, gold, 
thorium, uranium, and plutonium, as well as from some compounds of thorium and uranium. 
Figure 1 shows some portions of the spectra produced from targets of U metal, Th metal, and 
U0 3, irradiated with Mg KCI' radiation. In these spectra,photolines from NVI(4fS / Z)' NVU (4f7 / Z)' 
0IlI (SP3/Z)' 0IV (Sd 3/Z)' and 0v (SdS/Z) levels are shown. The 01 (Ss1/Z) and 0u (SP1/Z) lines 
are apparently only very weakly excited and were not clearly observed in our spectra. 

It was found that all these lines have a normal shape except the 0nI' which shows a compos
ite structure. The shape of the 0nI line varie s with the particular compound examined, but in 
all cases a splitting was seen. The magnitude of the splitting is evidently chemistry-dependent. 
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For uranium the sources used were the metal, UO , U0 3, uranyl nitrate, and uranyl acetate; of 
these, the largest splitting (10 eV) was found with the uranyl acetate, the smallest (3 eV) with U02 . 
With plutonium metal, the separation between the main components appeared to be about 16 eV. 
The observed level splittings appear to be unique to the P3/2 levels, and were not seen in the P1/2 
levels or in d or f levels, . 

In contrast to the results with thorium, uranium, and plutonium, the targets of tantalum, 
platinum,and gold metals produced no evidence for complexity in the 0UI line or in any other line. 

These results, which we interpret as evidence for level splitting, are believed to be distinct 
from the chemical shift effect that is well known in photoelectron spectroscopy. 1,2 The latter, 
which arises from small changes in the binding energies of electrons in different chemical envi
ronments, affects all core levels by about the same amount. 

Although a mechanism to account for these observations has not been established, it is prob
able that the splitting of the core P3/2 levels is caused by an effective electric field gradient in 
the interior of the atom. The origu'l of this field gradient may be related to the factors responsi
ble for the field gradient at the nucleus (Sternheimer effects). On the other hand, a more direct 
effect arising from chemical bonding may be responsible for the field at the 5p shell. If, for 
example, the ,symmetries of the 6p or other outer orbitals in the actinides are altered because of 
their participation in chemical bonding, a gradient might be felt at the 5p levels that is large 
enough to split the m = ± 1/2 and m = ± 3/2 substates of the 5P3/2 level by the amount observed. 

Similar observations have been made earlier by the authors from studies of internal conver
sion spectra of radioactive sources. 3 -5 In some of those experiments, high external electric 
fields were employed. 

Footnotes and References 

tCondensed from Phys. Rev. Letters 21 [16], 1133 (1968). 
1. K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin, J. Hedman, G. 

Johansson, T. Bergmark, S. -E. Karlsson, I. Lindgren, and B. Lindberg, ESCA, Atomic, 
Molecular, and Solid State Structure Studied by Means of Electron Spectroscopy (Almqvist and 
Wiksells publishing Co., Stockholm, 1967). 

2. c. S. Fadley, S. B. M. Hagstrom, J. M. Hollander, M. P. Klein, and D. A. Shirley, 
Science 157, 3796 (1967); C. S. Fadley, .S. B. M. Hagstrom, M. P. Klein, and D. A. Shirley, 
J. Chern. Phys. 48, 3779 (1968). 

3. T. Novakov, R. Stepic, and P. Janicijevic, unpublished results. 
4. T. Novakov and J. M. Hollander, Phys. Letters 13, 301 (1964). 
5. T. Novakov and P. Janicijevic, Z. Physik 205, 35<f( 1967). 
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Fig. 1. Portions of the photoelectron spectra from targets of thorium metal, 
uranium metal, and U03 irradiated with Mg Ka radiation. NVI, NVU, 0UI, 
0IV, and 0v photo lines are shown. These data were recorded with the 
Berkeley iron-free spectrometer. 

PHOTOELECTRON SPECTROSCOPY OF NITROGEN COMPOUNDS t 

* * D. N. Hendrickson, J. M. Hollander, and W. L. Jolly 

Recent developments in photoelectron spectroscopy have made possible the measurement of 
chemical shifts in inner-electron binding energies. 1 Binding energies for is electrons have been 
correlated with formal oxidation state in nitrogen compounds by Nordberg et al. 1, 2 We have ex
tended the group of nitrogen compounds for which nitrogen is binding energies have been mea
sured, and have shown that the se binding energie s are lin~arly related to nitrogen atomic charge s 
calculated from (CNDO) molecular orbital eigenfunctions. 

The binding energy (the difference in energy between the Fermi level and the is atomic level 
for the solid) is given by the relation Eb = Eh - Ekin - <P sP' where Eh is the incident photon 
energy, Eki.n is the kinetic energy of the phot~electron as It enters the Vspectrometer chamber, 
and <Psp. is the work function of the spectrometer material. We have used magnesium Ka x rays 
(1254 ~V) and a 50-cm iron-free magnetic spectrometer for these measurements. The work 
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function of the spectrometer was determined to be 4.0 eV by uS,ing several of the compounds stud
ied by Siegbahn et al. 1 as calibration standards. 

The data for a group of nitrogen compounds for which .CNDO charges were calculated are 
given in Table I, and the correlation is shown in Fig. 1. Two different lines were found in this 
correlation--one characteristic of anions, and the other characteristic of neutral molecules and 
possibly cations (although insufficient data are available to show definitely that the cation points 
fall on the same line as the neutral molecule points). The observance of separate lines for 
anions and neutral species can be rationalized by the fact that anions in an ionic crystal lattice 
experience a greater positive lattice potential than neutral molecules in a molecular lattice. It 
may be that the separate lines are an artifact of the CNDO method for calculating atomic charges. 

Nitrogen atomic charges, calculated from extended Huckel molecular orbital4 (EHMO) eigen
functions for the series of nitrogen compounds considered in the CNDO correlation plus several 
sulfur- or phosphorus-containing nitrogen compounds, were also found to correlate with the mea
sured nitrogen is binding energies. However, only one line seems to be indicated by this corre
lation. 

Nitrogen is binding energies have also been measured for about 20 other nitrogen compounds, 
including many transition metal complexes. The spectrum of sodium oxyhyponitrite, Na2 N20 3, 
showed two peaks. Consideration of the two measured nitrogen is binding energies, plus CNDO 
and EHMO atomic charge calculations for various geometries of the oxyhyponitrite ion, indicates 
that the structure of the anion is 

Footnotes and References 

tCondensed from J. Chern. Phys. 49, 3315 (1968). 
*Inorganic Materials Re search Division. 
1. K. Siegbahn et al., ESCA, Atomic, Molecular, and Solid State Structure Studied by 

Means of Electron Spectroscopy (Almqvist and Wiksells AB, Stockholm, 1967). 
2. R. Nordberg et al. ,Nature 214, 481 (1967); R. Nordberg et al., Arkiv Kemi 28, 257 

(1968). - -
3. J. A. Pople, D. P.Santry, and G. A. Segal, J. Chern. Phys. 43, 5130 (1965). 
4. R. Hoffmann, J. Chern. Phys. 39, 1397 (1963). 



Table I. Nitrogen is binding energies and 
calculated CNDO charges. 

Calcu-
,~ lated 
Compound Bindirig nitrogen. 

number Compound energy atom 
(eV) char~e 

1 NaN0
3 

407.4 +0.4Z9 

Z NaNO
Z 404.1 +0.100 

3 NaZ[ON!J°Z] 403.9 +0.140 

3 NaZ[O~NOZ] 400.9 -0.195 

4 Na[N!:JN] 403.7 +0.096 

4 Na[~N~] 399.3 -0.548 

5 NaZNZO Z 401.3 -0.Z56 

6 KCN 399.0 -0.518 

7 KOCN 398.3 -0.550 

8 E-HOC 6H4 NO Z 405.3 a 
+0.353 

9 C 6
H 5NOZ 405.1

a 
+0.347 

10 ~-C5H110NO 403.7a +0.Z88b 

11 N ZH
6
S04 40Z.5 +0.094 

1Z (CH3)3 NO 40Z.Za +0.079 

13 ~H4N03 40Z.3 +0.039 

14 (CH3)4NB 3H 8 40Z.Z +0.185 

15 NH
3
0HCl 40Z.1 +0.Z19 

16 (CONHZ)Z 400.0 -0.133 

17 (NHZ)ZCNCN 399.Z -0.17 to 
(broad) -0.31c 

18 C
6

H
5

CN 398.4
a -0.ZZ6 

19 C 5
H5 N 398.0a -0.166 

a Data of Siegbahn et al. 1 
bCharge calculated for CH3ONO, the struc-
ture of which is known. 
cThe four structurally different nitrogen 
atoms of this molecule bear different calcu-
lated charges. 
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Fig. 1. Plot of nitrogen is binding energies 
vs CNDO-calculated charges on nitrogen 
atoms. 

PHOTOELECTRON SPECTROSCOPY OF PHOSPHORUS COMPOUNDS 

D. N. Hendrickson, J. M. Hollander, W. L. Jolly, t and M. L. Pelavin 

Phosphorus Zp (and some Zs) binding energies have been measured for about 50 phosphorus 
compounds by the photoelectron spectroscopic method (see preceding report). EHMO-calculated 
phosphorus charges have been found to correlate poorly with the phosphorus Zp binding energies 
for Z5 compounds. Phosphorus atomic charges calculated by Pauling's method 1 with charge
independent atom electronegativities gave a similar correlation. A marked improvement in the 
later correlation was obtained by using the self-consistent Pauling method in which the atom 
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electronegativities are charge -dependent. A similar improvement would be expected in the EHMO 
case if the calculation were made self-consistent with charge-dependent valence orbital ionization 
potentials. 2 

Footnote sand Refe renc e s 

tlnorganic Materials Re search Division. 
1. L. Pauling, The Nature of the Chemical Bond, 3rd ed. (Cornell University Press, 

Ithaca, N. Y., 1960), P 97. 
2. H. Basch, A. Viste, and H. B. Gray, Theoret. Chim. Acta (Berlin) ~ 458 (1965). 
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X-RAY CRYSTALLOGRAPHY 

CRYSTAL STRUCTURES AND LATTICE PARAMETERS OF 
EINSTEINIUM TRICHLORIDE AND EINSTEINIUM OXYCHLORIDEt 

D. K. Fujita, B. B. Cunningham, and T. C. Parsons 

The fir st preparations and structure determinations of compounds of 25 3E s are discus sed in 
this report. Although the radioactive decay of 253Es is accompanied by the release of enormous 
amounts of energy (3500 kilocalories per mole per minute), satisfactory x-ray diffraction pat
te rns were obtained under conditions favoring rapid annealing of lattice damage and re synthe sis 
of the compounds. 

About 3 fLg of 253 Es , purified by ion exchange, were used in these studies. Because of rapid 
self-contamination of 253Es by its decay product 249Bk (3.3% per day), repurification was neces
sary at frequent intervals. 

Approximately 0.25 to 0.50 fLg of the purified material was absorbed in a single 0.18 -mm cube 
of highly purified porous charcoal. Conversion of the charcoal to CO2 by heating at 600·C in oxy
gen for 10 min left a solid re sidue of white einsteinium oxide. 

Einsteinium trichloride was obtained by heating the oxide in anhydrous HCl gas at 500·C for 
20 min. Einsteinium oxychloride was prepared by heating the oxide at 500·C for 20 min in a mix
ture of HCl(g) and H 20(g). Several samples of both EsOCl and EsC13 were prepared having 
249Bk contents ranging from 4% to 2.1%. 

The diffraction equipment used has been described previously. 1 Modifications included a 
57.3-mm-diameter Phillips-Norelco Precision Powder Camera containing a platinum-100/0rhodium 
heating coil and a 0.3 -mil nickel radiation shield for heating the sample, as shown in Fig. 1. 
Sample temperature was established to within ± 10·C by correlating heater coil current with the 
melting points of standard substances inclosed in x-ray capillaries. 

Diffraction lines were obtained only when the einsteinium samples were heated to 400 to 
430·C. At an ambient temperature of ~450·C no diffraction lines for EsC13 were observed; at 
this higher temperature EsC13 was believed to be in the molten state. 

Einsteinium oxychloride exhibits the PbFCl-type tetragonal structure at ~430·C, with 
a = 3.97±0.01 A and c = 6.75±0.02 A. 

At 425·C EsCI,3 was found to exhibit the UC13-type hexagonal structure, with a = 7.47±0.01 A 
and c = 4.10±0.02A. These high-temperature lattice parameters were corrected to 20·C by 
using the thermal expansion data available for PuC13 and AmC13. 2 The room-temperature values 
were then corrected for the known 249Bk content of the EsC13 samples in accordance with 
Vegard's Law. 3 The averages of these corrected lattice parameters are a = 7.40± 0.02 A and 
c= 4.07 ± 0.02 A, where the error limits represent the 95% confidence intervals for variations in 
lattice parameters between different preparations. 

A reasonable agreement of the EsC13 results with trends in the a and c parameters for other 
-actinide trichlorides can be seen in Fig. 2. 

It is possible that some of the techniques described in this report will be useful in future 
determinations of the physical and chemical properties of actinide elements beyond einsteinium. 

Footnotes and References 

tCondensed fromUCRL-18612, Nov. 1968; submitted to Inorg. Nucl. Chern. Letters. 
1. J. C. Copeland, Preparation and Crystallographic Analysis of Californium Sesquioxide 
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and Californium Oxychloride (M. S. Thesis), UCRL-17718, Aug. 1967. 
2. J. Fuger, J. Inorg. Nucl. Chern. 28, 3066 (1966). 
3. 'A. F. Wells, Structural Inorganic Chemistry, Chapter XXVII (Oxford University Press, 

London, 1962), p 971-1028. 
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CRYSTAL STRUCTURE OF [Xe 2 F 3 ]+[AsF
6
]

Neil Bartlett, * F. O. Sladky, * B. G. De Boer, t and Allan Zalkin 

Xenon difluoride interacts with arsenic pentafluoride to form the 2: 1 XeF 2 -AsF5 adduct. 
The compound is a pale yellow-green solid, mp 99 -100°. A single -crystal x-ray structure deter
mination has revealed a molecular geometry consistent with an ionic formulation [Xe

2
F 3]+[AsF 6]-' 

Suitable s.mall crystals were obtained by sublimation under nitrogen (at z 1 atm) in sealed 
quartz x-ray capillaries, using the focused beam of a microscope lamp to heat the source mate
rial. A tablet measuring < 0.1 mm in any dimension was used for the intensity data. Crystals of 
F9AsXe2 are monoclinic, with unit cell dimensions a = 15.443, b = 8.678, c = 20.888 A, ~ = 90.13 
deg, V = 2799 A3. The space group is I2/a, and there are 12 formula units in the unit cell. 
Three-dimensional data were manually collected by using Mo-Ka radiation, a quarter-circle 
goniostat, and a scintillation counter; 1182 nonzero independent reflections were obtained. Two 
xenon and one arsenic atoms were located with a three-dimensional Patterson map, and the re
maining atomic positions from subsequent electron density maps. Full matrix least-squares re
finement led to a final conventional R value of 0.066. 



257 

The geometric arrangement is best repre sented by Xe 2 F 3 + and AsF 6 - ions. There are two 
crystallographically nonequivalent representatives of each ion in the structure, but the structure 
analysis has not revealed any significant differences between the two representatives. The molec
ular arrangement is represented in Fig. 1. The AsF h - species are approximately octahedral, 
the 6 As-F distances being in the range 1.62±0.04 to L70±0.04 A and the cis F-As-F bond angles 
in the range 84± 2 deg to 97± 2 deg. The avera¥e of nine As-F distances is 1.67 A, and is identi
cal to the value obtained by Bartlett and Beaton for As -F in the salt IF 6 + AsF 6 -. 

The cation is of particular interest since it contains a bridging fluorine atom. The V -shaped 
[F-Xe -F-Xe -F] + cation is planar to within the accuracy of the structure determination, and sym
metrical about the bridging fluorine atom. The cation can b.e represented as two linear XeF2 

, molecules 2 sharing a common fluorine atom, as is shown in Fig, 2. The cation is pseudo-iso
electronic with the symmetrical, planar V - shaped 15 - ion, in which the terminal I-I distance s are 
significantly shorter, 2.81 versus 3.17 A. The Vangie in 15 -, however, is 95 deg versus 150 deg 
in Xe

2
Fe

3 
+. 

+ -The atomic parameters for Xe2 F 3 AsF 6 are shown in Table I. 

Footnotes and References 

* . Present address: Frick Chemical Laboratory, Princeton University, N. J. 08540. 
tpresent address: Massachusetts Institute of Technology, Cambridge, Mass. 02139. 
1. Neil Bartlett and S. P. Beaton, to be published in Chern. Commun. 
2. H. A. Levy and P. A. Agron, in Noble-Gas Compounds, H. H. Hyman, Ed. (University 

of Chicago Press, Chicago and London, 1963), p 221-225. . 

Fig. 2. Dimensions of Xe
2

F 3 + ion. 
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Table r: . Atomic parameters in XeZF 3' AsF 6' 
a, b 

Atom x y z B(AZ( 

Xe( 1) 0.1397(Z) 0.Z975( 3) 0.5563( 1) 4.1( Z) 

Xe(Z) -0.0485(Z) 0.045 8( 3) 0.ZZ16( 1) 4.0(Z) 

Xe( 3) 0;8394(Z) 0.3864 0.1101( 1) 4.4(Z) 

As( 1) O.4Z 71( 3) o. 7649( 4) 0.415 3( Z) 3.9(2) 

As(Z) 0.2500( 0) 0.2500( 0) 0.2500( 0) 3.8( 2) 

F( 1) 0.041(2) .0.249(3) o. 607( 1) 6.4(5 ) 

F(2) 0.2500( 0) 0.358(4) 0.5 OOO( 0) 6.6(7) 

F(3) 0.025(2) -0.078(3) 0.2 71( 1) 5.6(5) 

F(4) 0.865(2) 0.185( 3) 0.163(Z) 7.5(6) 

F(5) 0.810(2) 0.563( 3) 0.060(2) 8.0(6) 

F(6) 0.345( 3) o. 702( 4) 0.463(2) 11.8( 9) 

F(7) 0.483(3) 0.602( 4) 0.429(2) 1Z.3( 10) 

F(8) 0.507(3) 0.821( ~) ·0.365(2) 11. 2( 9) 

F(9) 0.369( 3) o. 919( 5) 0.391(2) 1Z.9( 10) 

F( 10) 0.476( 3) 0.849(5) 0.474(2) 13.3( 11) 

F( 11) 0.372(3) 0.673( 5) 0.358(2) 13.9( 11) 

F(12) 0.149(3) 0.213( 5) 0.23 8( 2) 13.0( 10) 

F( 13) 0.221(3) 0.325(5) 0.320(2) 14.0( 11) 

F( 14) 0.236(3) . 0.418(5) 0.215(2) 16.0( 13) 

aStandard deviations are indicated in parenthe sis 
band apply to the least significant figure. 

The I2/a positions are x, y, z and t tx, -y, z plus 
the I centering and a center of symmetry. 

cIsotropic thermal parameters. 

CRYSTAL AND MOLECULAR STRUCTURE OF 
PHOSPHORU S T RIF LUO RIDE - T RIS( DIF LU ORO BOR Y L) BO RANE, 

B
4

F
6

PF
3 

t 
,~ 

Barry G. De Boer, Allan Zalkin, and David H. Templeton 

Introduction 

Timms has recently reported1 the synthesis of a number of novel boron fluoride compounds 
by reactions of the high temperature species, boron monofluoride, on cold surfaces. Coconden
sation of BF and PF 3 produces B,~,F6PF3' a pyrophoric and water-sensitive substance which 
readily sublimes (mp 55°, bp 74°) to form well-developed, colorless crystals which are stable at 
room temperature. The present x-ray diffraction investigation was undertaken to verify the pro
posed structure 

and to determine the bond distances and angles in this molecule. 
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SaITlples of the cOITlpound, sealed into thin-walled glass capillaries, were provided by Pro
fessor TiITlITls. Crystals forITled quite readily as the cOITlpound was subliITled back and fqrth in 
the capillaries under the very ITlild heating provided by a beaITl of light froITl a low-voltage laITlp. 
The crystal obtained had the shape of a cylinder"" 0.14 ITlITl long· and"" 0.15 ITlITl in diaITleter. A 
data set of 703 intensities, including 100 recorded as zero, was ITlanually ITleasured by using Cu 
Ka radiation, a scintillation counter, and a quarter-circle Eulerian cradle. Four forITlula units 
of (BF 2 )3BPF3. are contained in the orthorhoITlbic unit cell, space group PnITla, with a == 
13.893±O.005A, b = 10.578±0.005 A, and c = 6.075±0.005:A. The calculated density is 1.82 
g/CITl3 . No direct ITleasureITlent of the density was atteITlpted because of the highly reactive nature 
of the cOITlpound. Six atOITlS are on the ITlirror plane in the fourfold special position and four 
atOITlS are in the general set of positions. The trial structure was deterITlined by the application 
of the statistical ITlethod. 2 A Fourier synthesis using the derived phases gave the ten largest 
peaks, six of theITl in the ITlirror plane, which forITled the expected ITlolecule. 

The B4F6PF3 ITlolecule is shown in Fig. 1. The duplicate atOITl labels are caused by the. 
crystallographic ITlirror plane which bisects the ITlolecule and contains F1(P), P, B( 1), B(2), 
F1(2), and F2(2). The atOITlS F2(P), P, B( 1), and B(3) all lie in another plane to within the accu
racy of this dete rITlination; F 1( 3) and F2( 3) deviate froITl it by only a sITlall rotation ("" 3 deg) of 
the BF2 group about the B-B bond. This second plane ITlakes an angle of 120± 1 deg with the ITlir
ror plane so that the ITlolecule has approxiITlately 3ITl (C 3 ) point syITlITletry, only one ITlirror of 
which is required by the crystal sYITlITletry. The fluorin:s on phosphorous atOITlS are in a stag
gered configuration with respect to the BF2 groups on B( 1), and the angles at B( 1) are tetrahedral 
to within the experiITlental accuracy. The up-and-down orientation of the BF2 groups was unex
pected because the F-F distances between different groups would be greater 1f the BF2 groups 
were in a propeller-like configuration. The observation that each fluorine has at least two inter
ITlolecular F-F contacts shorter than any intraITlolecular one (except between two fluorines bonded 
to the saITle atoITl) shows that the fluorine contacts within the ITlolecule are not short enough to 
control the configuration~ The BF2 orientations are evidently governed by the ITleshing together 
of fluorine atOITlS on adjacent ITlolecules (see Fig. 2). The existence of interITlolecular F-F con
tacts shorter than the intr·aITlolecular ones also indicates that the B-P distance is not controlled 
by F-F interactions. This, and the fact that the B-P distance found here is not significantly dif
ferent froITl that found for H3BPF3' indicates that BF2 will not only forITlally replace hydrogen, 1 
but is quite siITlilar to hydrogen in its electronic effects on the rest of theITlolecule. 

Footnote s and Reference s 

tCondensed froITl Inorg. CheITl. (to be published, March 1969). 
*Present address: Massachusetts Institute of Technology, CaITlbridge, Mass. 02139. 
1. P. L. TiITlITls, J. AITl. CheITl. Soc. 89, 1629 (1967). 
2. J. Karle and I. L. Karle, Acta Cryst:"" ~ 849 (1966). 
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Fig. 1. The B4F6PF3 molecule. The 
molecule is bisected by a crystallographic 
mirror plane which contains F1(P), P, 
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Fig. 2. Molecular packing in B4F6PF3' 
This is one layer, approximately a/2 
thick, seen in perspective. The other 
layers are related to the one shown by 
the a glide perpendicular to c. 

CRYSTAL STRUCTURE OF A BROMINATED CARBORANE
METAL SANDWICH COMPOUND, N(CH3)4[(B9C2!"lsBr3)2Co]t 

Barry G. De Boer, * Allan Zalkin, and David H. Templeton 

Hawthorne and co-workers 1-6 have recently synthesized a number of 1T-dicarbollyl metal 
compounds analogous to the 1T-cycloprntadienyl "sandwich" compounds. They found6 , 7 that one 
of these substances, CO(B9C2H11)2 - , could be electrophilically brominated by treatment with 
neat bromine or bromine .in glacial acetic acid to give Co(B9C2HSBr3)2 -1. This determination of 
the crystal structure of the tetramethylammonium salt of the proauct ion once again establishes 
the bis-dicarbollyl metal structure as two icosahedra with the metal atom as their common vertex. 
This work was undertaken in order to ascertain the positions of bromine substitution upon these 
icosahedra. It was found that the bromines are bonded to three borons in each icosahedron which 
form a triangular face, one corner of which is adjacent to the cobalt atom. The other two cor
ners of the brominated face are as far as possible from the two carbon atoms, which are adjacent 
to each other and to the cobalt. 

Intensity data were collected from two orange -brown crystals approximately 0.1 mm square 
and 0.05 mm thick. In all, 3002 independent intensities were scanned, 8 to 28, with an automatic 
G. E. diffractometer using Cu Ka x rays, a scintillation counter, and a quarter-circle Eulerian 
cradle. 

, 
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The monoclinic unit cell, space group P2 /c, a = 19.893 ± 0.010 A, b = 19.487 ± 0.010 A, 
c = 15.058± 0.010 A, 13 = 93.15 ± 0.05 deg, contains eight formula units of N(CH3)4[Co(B9C2H8Br3)2]' 
The calculated density of 1.967 g/cm3 agrees with the value (1.98± 0.01 g/cm3) found by flotation 
in a mixture of bromoform and ethylene dichloride. 

The bromine positions were obtained from a Fourier whose phases were determined by the 
application of statistical-symbolic addition procedures. 8, '9 A difference Fourier phased by the 
bromine atoms showed all 54 of the nonhydrogen light atoms. The bromines were refined with 
anisotr'opic thermal parameters, and the carbons and borons isotropic. Hydrogen atoms were 
not included. The final R value was 0.087. 

Figure 1 illustrates the structure of the Co(B9CZH11Br3)2-1anion. The top and bottom halves 
of the anion are related by a crystallographic inverslOn center located at the cobalt. The same 
atomic arrangement was found for all four crystallographically unrelated anions. The anions are 
also all the same shape, within the accuracy of this determination. The average B-B, B-C, C-C, 
B-Br, and Br-Br distances are in agreement with those found 10 - 15 for similar compounds. 
The packing of the app'roximately dumbbell-shaped anions and the tetramethylammoniums is very 
similar to that of KHF Z' 16 as indicated in Fig. 2. The higher symmetry (tetragonal, I4/mcm) of 
the KHF2 structure 16 IS broken down to its P2 1/c subgroup (on the doubled cell) by the anion's 
lack of cylindrical symmetry and the up and down (in z) distribution of the bromine substituents. . 
If we consider only the arrangement of plus and minus charges, this is approximately a CsCl
type structure. 
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XBL6711-6069 

XBL 6711-6068 

Fig. Z. The crystal structure of N(CH3)4[(B9CZHSBr3)ZCo] compared 
with that of KHF z. In both drawings, the cations are at z = ± 1/4 
and the anions at z = O. The anions at z = 1/Z (not shown) are re
lated to those shown by the c-glide, which runs horizontally across 
the center of each drawing. . 

CRYSTAL STRUCTURE OF [NizCl3(C7H6NZ)S]·Cl.4(CH3)ZCOt 

Michael G. B. Drew, * David H. Templeton, and Allan Zalkin 

During studies 1, Z of the nickel(II) complexes with benzimidazole (I), 

~. 
~(I). 
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three compounds--colored blue, green, and olive green--of the general formula Ni(benzimida
zole)4C12 . (acetone)2 were prepared. Those three compounds had differing magnetic properties, 
with magnetic moments of 3.15, 3.06, and 2.35 B. M. at room temperature and Weiss constants 
of _8°, -77°, and -400° respectively. The green compound held to Curie-Weiss behavior over 
the range 200-300 0K: in the range 100-2000K deviation from the law is small, but on reaching 
1000K, the susceptibility values show a sudden drop and the initially crystalline solid is found to 
be reduced to an amorphous powder without loss of acetone. In order to form a reference point 
for consideration of these compounds, the crystal structure of the green complex has been deter
mined by three-dimensional x-ray analysis. 

The cell dimensions are a = 12.551(6), b = 16.517(7), c = 17.794(7) A, f3 = 106.72(5) deg. The 
observed density (by flotation) is 1.35 g/cm 3. The calculated density for two formula units is 
1.354 g/cm3. The extinction rules are characteristic of space group P2 1/c. The diffraction data 
were obtained from a crystal of approximate dimensions 0.4 X 0.3 X 0.3 mm. The crystal was 
sealed inside a glass capillary. Diffraction intensities were measured with a General Electric 
XRD-5 apparatus equipped with a quarter-circle Eulerian cradle, a scintillation counter, and 
pulse -height disc riminator using Mo Ka radiation. The stationary -cry stal, stationary -counter 
method was used to manually measure 3284 reflections, of which 792 were recorded as zero. 

A three-dimensional Patterson function was calculated from which the Ni-Ni vectors were 
identified. Subsequent three -dimensional Fouriers revealed the positions of 46 of the 48 indepen
dent atoms. The positions of the two methyl groups of one of the acetone molecules are disordered 
and were each handled as two half atoms. These half atoms were refined successfully. The 
nickel and chlorine atoms were refined anisotropically and light atoms isotropically. The final R 
value from the 2492 observed data was 0.095. 

_ The unit cell contains two cations with general formula [Ni2C13(C7H6N2)8] +, two chloride ions, 
Cl , and eight acetone molecules. The acetone molecules occupy general positions, while the 
free chloride ion, Cl(3), and the central chlorine atom, Cl(2), are one center of symmetry. In 
the cation, the angle subtended at the nickel by the terminal and bridging chlorine atoms Cl(1) and 
Cl(2) is 179.3 (1), thus the five "heavy" atoms are nearly collinear; see Fig. 1. The nickel-to
chlorine distances are appreciably different [Ni-Cl(1) is 2.424(4) and Ni-Cl(2) is 2.941(2) Aj. 
The Ni-Cl(1) distance is similar to that observed in octahedral Ni(II) -Cl bonds. For ex<;~ple, 
in NiC1

2
, where each nickel occupies an octahedral site, th~ Ni-Cl distances are 2.426 A, while 

in Ni(pyridine)4C~, Ni-Cl distances of 2.387 A !!-!e fou.r-d. These distances are greater than 
the value of 2.27 A found in the tetrahedral NiC14 ion. 

Figure 2 shows the arrangement of the four independent benzimidazole groups around one 
nickel atom. The figure is a projection of half the cation down the Cl(2)-Ni vector, with the 
chlorine atoms Cl(1) and Cl(2) omitted for clarity. The cation comes close to fourfold (4/m) 
symmetry. The average N(1)-Ni-N(1) angle, for adjacent nitrogen atoms, is 89.6 deg. The four 
Ni-N( 1) bonds are bent towards the bridging rather than the terminal chlorine, the average 
N(1) -Ni-Cl(1) angle being 94.2 deg. The benzimidazole groups are approximately planar, and 
they are tilted such that the benzene rings are closer to the terminal chlorine Cl(1) than the bridg
ing chlorine Cl(2). The average bond distance C -C in the six-membered rings is 1.41 A with a 
maximum deviation of 0.05 A. The two internal angles at C(5) and C(8) are shorter than the re
maining four angles in the six-membered ring. It is possible for the hydrogens attached to the 
N(3) atoms in the benzimidazole groups to participate in hydrogen bonding with the chlorine atoms. 
The configuration of the Cl(3) ion and N(3a), N(3b), as shown in Fig. 1, strongly suggest hydrogen 
·bonding. Each Cl(3) ion, situated on a center of symmetry, is surrounded by four nitrogen atoms 
in an approximately square planar configuration. ThE(, N-Cl distances are 3.13 and 3.10 A, which 
are within the range of hydrogen bonding of this type. 

The thermal parameters, bond distances, and evidence for disorder found for the acetone 
molecules show that for both acetone molecules the positions are not well defined. As can be 
seen from the packing diagram, the acetone molecule s fill the gaps between the cations in an 
approximately symmetrical way. 
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Fig. 2. The environment of a single nickel 
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CRYSTAL AND MOLECULAR STRUCTURE OF. 
HEXAAQUOALUMINUM HEXACHLORORUTHENATE TETRAHYDRATEt 

Ted E. Hopkins, * Allan Zalkin, David H. Templeton, and Martyn G. Adamsont 

The aqueous ruthenium species are being studied in this Laboratory by R. E. Connick and 
others, and this research has provided a number of interesting ruthenium salts. We have inves
tigated the structures of several of these compounds to help in the correlation of the optical spec
tra of the solutions with the environment of the ruthenium ion. Structure s involving the aquo
tetrachloro and aquo-pentachloro r'uthenium species are reported elsewhere. 1 ' 

The light red plates of AI(HZO}6RuCI6· 4HZO which crystallized out of a concentrated HCI 
solution were washed with a mimmum volume of ice -cold ethanol followed by ether, and then 
dried by suction. The crystals are stable in air at room temperature. A single crystal in the 
form of a triangular plate 0.17 mm on an edge and 0.07 mm thick was used for the intensity mea
surements by the stationary-crystal stationary-counter technique; 1503 independe'nt reflections 
were measured manually using Mo Ka x rays, a quarter-circle goniometer, and a scintillation 
counter. 

The primitive cell contains two formula units of AI( H20}6RuCI6· 4H20 in the space group 
P2 1/n. It is :rponoclinic with dimensions a = 10.492 ± 0.005 A, b = 11.415 ± 0.005 A, c = 
7.069 ± 0.005 A, and Fl = 92.69 ± 0.02 deg. The calculated density is 2.045 g/cm 3.'" 

The cell contents and space group require Ru and Al to be at centers of symmetry. Trial 
coordinates for the chlorines and the five water molecules coordinated to aluminum were derived 
from the Patterson and difference Fourier functions. With all atoms anisotropic, and hydrogens 
included isotropically but not refined, the structure refined to an R value of 0.049. 

Figure 1 shows a clinographic projection of the unit cell. In the figure, the chlorine atoms 
are labeled "Cli, 2, 3" and the water molecules are labeled "W1 to W5." The structure consists 
of nearly regular AI(H20}6 and RuCl6 octahedra, tied together with hydrogen bonds to each other 
or to the interstitial water molecules. qf the ten independent hydrogen atoms, four are in bonds 
of type O-H ... 0, three in bonds of type O-H· .. CI, and three are not in simple hydrogen bonds. 
Figure 2 is a view down the a axis, and shows the relative orientation of the two octahedra. 

The Ru-CI distances are slightly larger, by about 0.02 A, than the distances that were found 
for the tetra and penta chlorides involving Ru(III}. 2 The octahedron of water molecules around 
the aluminum is less symmetrical than the octahedron found by Okaya et al. in monomethylammo
nium aluminum sulfate alum. 3 In that compound, the aluminum is at a site of point symmetry 3, 
and there is less than 0.01 A spread in the 0-0 distances. They found an average 0-0 distance 
of 2.669 A. compared to our 2.65 A, and reported an AI-O distance of 1.886 A compared to 1.87 
A in the compound we have studied. 
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CRYSTAL AND MOLECULAR STRUCTURE OF 
TE T RA -n-BU T Y LAMMONIU M 

T RIB ROM 0 ( QUI N 0 LIN E ) N I C K E LA T E ( I I ) , 
[(E.-C4H9)4N] [Ni(C

9
H 7 N)Br 3 ] t 

William DeW. Horrocks, Jr., * David H. Templeton, and Allan Zalkin 

Reliable evidence concerning the existence of nickel(II) complexes with tetrahedral or pseudo
tetrahedral coordination has been available only within the last decade. 1 These complexes fall 
into several stoichiometric classes: NiXi -, NiLX 3-, NiI2X 2, and Ni( L-Ljz, where X is a halo
gen, L a neutral ligand such as an amine, phosphine, or phosphine oxide, and L-L represents a 
mononegative bidentate chelate such as N -alkylsalicylaldimato with a very bulky N -substituent. 
Complexes of this type are of interest for several reasons. First, they represent examples of 
axially distorted ligand fields of approximate C 3v symmetry. The present structural determina
tion is a prelude to a series of detailed oriented single-crystal magneti~ resonance, bulk magnetic 
anisotropy, and polarized light studies of molecules in the isomorphous series [Bu4N+] [M(quino
line)Br3 -], where M=Fe(II), Co (II), Ni(II), and Zn(II). 

Crystals of tetra-E.-butylammonium tribromo (quinoline) nickelate (II), [(n-C 4H9)4N] -
[Ni(C H7N) Br ], were prepared according to the method of Forster2 by mixing stoichiometric 
quantities of ar?hydrous nickel bromide dissolved in a minimum of n-butanol with tetra-n-butyl
ammonium bromide and quinoline dissolved in a minimum quantity-of ethanol. A crystal of 
approximate dimensions 0.23xO.20XO.18 mm was chosen for intensity measurements. A primi
tive unit cell was chosen and the cell dimensions were determined by a least-squares treatment 
of 51 carefully centered reflections. The cell dimensions are a = 12.282 ± 0.002 'A, b = 
10.291±0.002 'A, c = 12.726±0.002 'A, Q' = 101.02±0.01 deg, 13 = 99.51±0.01 deg, y = 106.55±0.01 
deg. The density measured by flotation in a carbon tetrachloride -methylcyclohexane mixture is 
1.51±0.01 g/cm3 , which compares favorably with the calculated density of 1.512. With two for
mula units per unit cell space group pi was suggested; this choice of pi was confirmed by the 
subsequent refinement 'of the structure .. All atoms occupy general positions and no molecular 
symmetry conditions are' imposed by crystallographic symmetry. The intensity data were re
corded on an automated G. E. XRD-5' diffractometer by use of nickel-filtered copper radiation. 
Of the 5830 independent reflections measured, 5388 were observed as nonzero. Based on the 
space group pi, a Patterson synthesis located the three bromines and the nickel. A Fourier 
synthesis based on these positions disclosed the remaining 27 nonhydrogen atoms. All 31 heavy 
atoms were then refined anisotropically, yielding R = 0.077. A difference Fourier computed at 
this point disclosed all 41 hydrogen atoms. These were refined, with the heavy atoms kept fixed, 
and then the heavy atoms were refined, with the hydrogens held fixed by the full matrix least
squares method. A final R = 0.061 was obtained. 

The crystal consists of a lattice of discrete tetra-n-butylammonium cations and tribromo
(quinoline) nickelate (II) anions. A stereo pair showing an anion and cation as they are juxtaposed 
in the unit cell (which is comprised of two such units related by a center of symmetry) is provided 
in Fig. 1. Each cation is surrounded by four anions. The cation butyl chains are for the most 
part fully extended (Fig. 1), which produces a structure with heavy interleaving of anion and 
cation features. A projection of the anion viewed down the crystal a axis is shown in Fig. 2. The 
nickel is surrounded in a roughly tetrahedral fashion by the three bromines and the quinoline 
nitrogen. The three Ni-Br distances must be considered identical to within the accuracy of the 
determination, with an average value of 2.375 'A. As expected for tetrahedral coordination, this 
distance is less than that predicted (::::: 2.50 'A) on the basis of covalent r,adii for Ni-Br distances 
in octahedral nickel complexes. 

As expected the quinoline molecule is quite accurately planar, with none of the atoms deviat
ing from the least-squares plane through all ten atoms by more than 0.011 'A. An interesting 
facet of the coordination is that the nickel atom lies 0.158 'A from the quinoline plane so that the 
Ni-N-Q bond makes an angle of 4.5 deg with this plane. This can be seen in F~. 3. Similar 
deviations have been found in the coordination of other heterocycles to metals. The bond angles 
internal to quinoline are normal. Of fourteen of these all but one are within 2 deg of 120 deg; the 
exception is 123 deg. 

The configuration of the tetra-n-butylammonium ion in this structure is illustrated in Fig. 1. 
Three of the butyl chains adopt the trans conformation but the fourth (Bu3) adopts a gauche con
formation. A similar configuration was found4 for Bu4 N+ in [BU&:N+] 2[Co( MNT)l-], where 
MNT = maleonitrile dithiolate; however, in two other structures' 6 containing this cation all the 
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butyl groups adopt the trans configuration. The energy differences involved are not great, and 
packing considerations for the crystal structure as a: whole undoubtedly dictate the conformation 
adopted in any instance. 
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Fig. 1. Stereoscopic pair showing anion and cation as they are juxta
posed in the unit cell. 
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Fig. 2. Anion geometry viewed down crys
tal a axis showing bond distances. 
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Fig. 3. Projection of the anion on the plane 
normal to the Ni-N bond. The angles 
quoted refer to the projection and not the 
actual bond angles. . 

CRYSTAL AND MOLECULAR STRUCTURE OF TETRAPHENYLARSONIUM 
T RIIO DO( T RIPHE N Y LPHO SPH INE) NIC KE LA TE( II), 

[(C6HS)4As] [Ni(C6HS)3PI3] t 

Ronald P. Taylor, * David H. Templeton, AVan Zalkiri,. 
and William DeW. Horrocks, Jr. 

Not long ago it was discovered 1, 2 that large proton chemical shifts occur for diamagnetic 
cations in the presence of certain paramagnetic anions as a result of a dipolar nucleus-unpaired 
electron interaction between ,ions in an ion pair. The phenomenon was first observed1 in chloro
form solutions of the tetra-::-butylammonium salts of the pseudotetrahedral anions M(C6HS)3PI3 -, 
M = Co, Ni. Such dipolar shifts (resonance frequency displacements from their diamagnetlc posi
tions) generally occur when one of the ions in the ion pair exhibits significant magnetic anisotropy 
and there is a preferred relative orientation of the partners. In principle at least, it should be 
possible to obtain inforrriation about the geometry of ion pairing in solution from the observed di
polar shifts. The first such attempt was by LaMar, who estimated2 a 3.8-A (Co-N) separation 
between the counter ions of [(::-C4H9)4N] [Co(C6HS)3PI3] in chloroform solution. The model used 
involved no preferred rotational orientation of the cation as it approached the anion along the lat
ter's C 3 axis on the side opposite the bulky triphenylphosphine ligand. Th~ use of the above 
"spherical" model for the tetra-n-butylammonium ion has been criticized. A model based on 
rigidly extended butyl chains gives a more reasonable estimate 3 of this interionic distance (6 A). 
In a recent attempt4 to remedy the uncertainties arising from the nondgidity of the butyl chains, 
a proton magnetic resonance (pmr) study of the tetraphenylarsonium salt of Co(C6HSl3PI3 - was 
unde rtaken. Agai~ a m.od~l b~sed on ~pproac.h by the cat\on along t~e C 3 axis of the a~ion was 
employed, and an Intenonlc dIstance In solutIOn of ~9.0 A was obtaIned from the two Independent 
dipolar shift ratios. Although ion association in solution and solid-state structure are not strictly 
comparable, it was nevertheless of interest to determine the mode and closeness of counter ion 
approach of a tetraphenylarsonium salt of a M(C6HS)3PI3 - ion in the solid state. 

Dark red plate -like monoclinic crystals of tetrapheny lar sonium triiodo( triphenylphosphine)
nickelate(II), [(C6HS)4As] [Ni(C6HS)3PI3] were prepared as described elsewhere. 4 Systematic 
absences imply space groups Ic or I2/c. lhe density measured by flotation in methylene iodide
carbon tetrachloride was 1. 73 ± 0.02 g/cm , which compare s favorably with the calculated density 
of 1. 74S. With eight molecules per unit cell the space group I2/c, with an eightfold general posi
tion, was chosen, and this choice was confirmed by the subsequent successful refinement of the 
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structure. A crystal of approximate dimensions 0.18 X 0.13 X 0.05 mm was chosen for intensity 
measurements. The unit cell dimensions are a = 33.971±0.004 A, b = 14.992±0.002 A, c = 
16.253 ± 0.004 A, and J3 = 92.06 ± 0.05 deg. The intensities of 2548 independent reflections were 
measured by using zirconium-filtered molybdenum radiation out to 28 = 35 deg by 10-sec peak 
counts with a 4-deg takeoff angle; 268 of the reflections were recorded as zero. A three-dimen
sional Patterson synthesis located the nickel, arsenic, and three ~odine atoms. A Fourier phased 
on the heavy atoms disclosed the phosphorus and all 42 carbon atoms. The six atoms heavier than 
carbon were allowed anisotropic temperature factors, and the structure was refined to a final R 
value of 0.082. The hydrogen atoms were not located. 

The structures of seven phenyl groups were determined in the course of this work. The aver
age C -C bond distance is 1.408 A, in good agreement with the accepted value for aromatic C-C 
bonds. The individual values range from 1.326 to 1.514 A, but the scatter from the mean value 
is that expected on the basis of the standard deviations. The phenyl rings are quite accurately 
planar. The 42 C-C -C bond angles are, with six exceptions, within ± 5 deg of the expected 120-
deg angle. 

The anion and the atom labeling scheme are illustrated in Fig. 1. The pseudotetrahedral 
structure expected on the basis of spectral and magnetic studies5 1S substantiated. The bond 
angles at the nickel atom are all quite near the tetrahedral angle (109.5 deg), with the I-Ni-I 
angles averaging slightly greater than this angle and the I-Ni-P angles averaging slightly less 
than this angle. This behavior is pre sum ably due to the fact that I-I steric repulsion is greater 
than that for I-P. The stereo view of the anion viewed down the Ni-P bond axis (Fig. 2) shows 
the anion to have nearly C 3v symmetry (excluding the phenyl rings). It is seen that the iodine 
atoms are rotationally staggered with respect to the phenyl groups. Furthermore, the phenyl 
groups are "pitched" and can be described quantitatively by the angle made by the least-squares 
plane through the phenyl group with the plane of the nickel, phosphorus, and phenyl carbon atom 
to which the phosphorus atom is bonded. In terms of this definition the "pitches" are as follows: 
phenyl (25-30), 52.9 deg; phenyl(31-36), 50.6 deg; phenyl(37-42}, 34.5 deg. The Ni-P distance 
of 2.28 A is in perfect agreement with that foundo in another pseudotetrahedral nickel(II) complex, 
Ni[(C6H5)3P] 2C12' The Ni-I distances agree quite well among themselves and average 2.55 A. 
As expected for tetrahedral coordination, this distance is less than that predicted (::: 2.67 A) on 
the basis of covalent radii for a Ni-I distance in an octahedral nickel(II) comylex. Provided one 
takes the tetrahedral covalent radii for the halogens--CI, 0.99 A; Br, 1.11 A; I, 1.28 A--this 
Ni-I distance is in excellent agreement with that predicted (2.56 A) from the Ni-CI distance 
(2.27 A) in NiCIl- (Ref. 7) and Ni[(C6H5)3P] 2Cl2 (Ref. 6) when the difference in the CI and I 
radii is taken into account. An exactly similar situation occurred for Ni(quinoline) Br3 -. 

The structure of the tetraphenylarsonium ion and the carbon atom labeling scheme are shown 
in the stereo view provided by Fig. 3. The phenyl groups are disposed in an almost perfect 
tetrahedral fashion about the arsenic atom. The six C-As-C angles average 109.5 deg, and no 
deviation from the tetrahedral angle of more than 2.3 deg is observed. The average As -C bond 
length of 1.91 A observed here is in excellent agreement with values found in two recent crystal 
structure determinations involving the tetraphenylarsonium ion: 1.90 A (Ref. 9), 1.91 A (Ref. 10). 
When the phenyl rings are considered, the cation possesses no overall symmetry. The phenyl 
rings apparently are free to achieve that rotational orientation with re spect to their As -C bond 
axes which produces the most favorable crystal packing energy. This was found to be the case in 
the two other recently determined structures9 , 10 despite the fact that the tetraphenylarsonium 
ion exhibited some crystallographically imposed symmetry in some earlier x-ray determina
tions. 11 

The stereo view provided by Fig. 4 illustrates the juxtaposition of the four nearest-neighbor 
cations with respect to an anion when viewed down the latter's "C 3 ".axis on the side away from 
the triphenylphosphine. It is immediately evident that no cation lies directly along this axis. 
Cations A and B, which are nearest the viewer, occupy positions about equally displaced on either 
side of the "C 3 " axis. The Ni-As distances of 6.64 and 7.33 A represent the closest anion-cation 
approach in the crystal. 

The present results indicate that some 'caution must be exercised when interpreting solution
state pmr results in terms of quantitative interionic distance estimates. The assumption that the 
sole mode of counter ion approach is along the lIC 3 " axis of the anion is particularly questionable, 
but a reevaluation of the solution-state data in terms of alternative modes of approach would not 
be fruitful in view of the additional unknown parameters involved. 
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Fig. 1. The triiodo(triphenylphosphine)
nickelate (II) anion. 

1(3) 

XBL 691-158 
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XBL 691-159 

Fig. Z. Stereo pair showing the anion viewed down the nickel-phosphorous 
bond ("C 3 " axis). 

XBL 691-160 

Fig. 3 .. Stereo pair showing the tetraphenylarsoniurn ion. 
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XBL 691-161 

Fig. 4. Stereo pair showing an anion and the four nearest-neighbor cations 
as they are juxtaposed in the unit cell viewed down the "C

3
" axis of the 

anion. 

CRYSTAL STRUCTURE OF TRIMETHYL PLATINUM HYDROXIDEt 

Thomas G. Spiro, * David H. Templeton, and Allan Za1kin 

In 1947 Rundle and Sturdivant 1 published the structure of "tetramethyl platinum." They found 
that the platinum occurs in tetrahedra, 3.44 A to an edge. The methyl carbons could not be lo
cated with their limited set of film data, but on chemical and symmetry grounds a structure was 
assigned which included hexavalent carbon atoms;;! each bonded to three platinum atoms and three 
hydrogen atoms. Cowan, Krieghoff, and Donnay have now shown that the crystals used by Rundle 
and Sturdivant were in fact trimethyl platinum hydroxide. The study reported here confirms this 
structure in the crystals, and provides molecular parameters for the oxygens and carbons as well 
as the platinums. 

Trimethylplatinum(IV) hydroxide was prepared by the method of Pope and Peachey. 3 The 
cell dimension and intensitie s were measured at 23·C with a quarter -circle goniostat equipped 
with a scintillation counter, using Mo Ka radiation. Our value for the cell edge, a =10.165 ± 0.005 
A, is in agree:r;,nent with that of Rundle and Sturdivant, 1 10.165 A, whereas t~at of Cowan et al. , 2 
10.179±0.002 A, is slightly higher. The experimental def,sity, 1,2 3.2 g/crn , ind2.cates eight 
molecules of (CH3)3PtOH per unit cell (d 1 = 3.23 g/cm). The space group is 143m. A total 
of 1083 intensities was measured with 2ec~afues up to 60 deg. The reflections were divided 
equally between the hkl and hkl octants (which are equivalent in the Laue group but not in 143m). 
Because of the high symmetry there were only 169 nonequivalent reflections in each octant, so 
that the data set was overdetermined by a factor of three. The structure was refined by least~ 
squares methods, and the residual R was decreased to 0.059. The final parameters (standard 
deviations given in parentheses) are, for Pt: x = y = z = 0.6193(0.0006), B11 = B22 = B33 = 
2.62(0.02), B12 = B13 = B 2 3 = -0.28(0.02); Jor 0: x = y = z = 0.903(0.001), B = 2.6(0.4); for C: 
x = y = 0.624(0.002), z = 0.819(0.002), B = 4.4(0.4). Preliminary low-temperature x-ray results 
of M. R. Truter4 are consistent with these coordinates. 

The structure of the tetrameric unit in (CH3)3PtOH is shown in Fig. 1. It is substantially 
the same as that proposed by Rundle and Sturdivant 1 for "tetramethyl platinum. II The interatomic 
distances and angles are given in Table 1. The platinum is in near-octahedral coordination, 
although the O-Pt-O angles are significantly lower than 90 deg. The Pt-C and Pt-O distances 
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are in good agreement with those reported by Truter et al. 5, 6 for other compounds containing 
trimethyl platinum groups bridg,ed by oxygen atoms. The Pt-Pt distances in these dime ric spe
cies, 3.38 A (Ref. 5) and 3.41 A (Ref. 6), are nearly the same as that found here, 3.43 A. The 
internuclear distance in metallic platinum is significantly shorter, 2.77 A(Ref. 7). 

t Inorg• Chern. 7, 2165 (1968). 
*Princeton University. 
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Table I. Interatomic distances and 
angles in [(CH3)3PtOH]4' a 

Distance 
(A) Angle (deg) 

Pt....lC 2.04( 2) O-Pt-O 77.6(2) 

Pt-O 2.22 ( 1) C-Pt-C 87( 1) 

Pt-Pt 3.430(2) Pt-O-Pt 101.2(2) 

aStandard deviations in parenthe se srefer 
to the least significant digits. 

XBL 681-14 

Fig. 1. Stereoscopic view of the tetrameric unit in (CH3)3PtOH. 



275 

CRYSTAL STRUCTURE OF A HEXANUCLEAR 
BASIC LEAD(II) PERCHLORATE HYDRATE, 

Pb 6 0(OH)6(CI0 4 )4· H 2 0t 

~, 

Thomas G. Spiro, David H. Templeton, and Allan Zalkin 

Recently Maroni and Spiro 1 investigated the vibrational spectra of a series of hydroxy- and 
alkoxy-bridged polyhedra of Bi(III), Pb(II), and TI(I). The most significant result was the finding 
of a set of low-frequency Raman bands attributable almost entirely to the motions of the metal 
atoms. The high intensity of these bands was taken as evidence for some degree of metal-metal 
bonding, and the simplicity of their pattern suggested that they might be useful in structural char
acterization of polynuclear species. Of particular interest in this connection were the species 
present in perchlorate solutions of lead(II) containing 1.33 moles of hydroxide per mole of lead. 2 
Potentiometri,f2 and ultracentrifuge 3 data were consistent with an equilibrium between Pb3(OH)4 + 
and Pb6(OH)S + Crystals of composition Pb3(OH)4(CI04)2 were described in 1930 by Willard and 
Kassner. 4 The Raman spectrum1b of these crystals showed three strong low-frequency bands 
similar to those exhibited1a by octahedral Bi6(OH)12 6 +. Since in the concentrated solutions from 
which the crystals were obtained Pb6(OH)S4+ was presumably predominant, it was inferred that 
these crystals also contaihed this complex, and its structure was predicted to be octahedral. 1b 
A normal coordinate analysis 1b showed that an octahedral structure was capable of predicting all 
the observed Raman and infrared bands of the crystals. The crystal structure results are consis
tent with the chemical analysis by Willard and Kassner, 4 but indicate that the crystals should be 
formulated as Pb60(OH)6(CI04)4·H20 and that the Raman prediction of structure is incorrect. 
Discrete hexanuclear complexes are indeed found, but the lead atoms are arranged at the corners 
of three face-sharing tetrahedra rather than at the corners of an octahedron. 

Crystals of compositionPb3(OH)4(CI04)2 were prepared by the method of Willard and Kass
ner.4 For the measurements, a crystal was ground and etched with water to a sphere of diameter 
0.13 mm 'and glued to a glass fiber. Each reflection was measured with the stationary-crystal 
stationary-counter technique, using Mo Ka x rays and a scintillation counter. The crystals are 
orthorhombic, space group Pbca. The cell dimensions are a = 10.S14 ± 0.005, b = 16.706 ± 0.006, 
and c = 26.273 ± o.oos A (t = 23 deg). For eight formula units Pb(.,0(OH)6(CI04 )4· H 20 per cell 
the calculated density is 4.973 g/c~3. The density measured with pycnometer and carbon tetra
chloride at 24° is 5.07±0.03 g/cm. Part of the discrepancy may be the result of contamination 
of the pycnometer sample, for example with lead carbonate (d = 6.6 g/cm 3). The structure was 
solved by use of the symbolic addition procedure5 to determine the phases. It was refined by 
least-squares methods to R = 0.055. 

Apart from the perchlorate ions, the asymmetric unit contains eight oxygen atoms of three 
distinct types. These atoms possess eight hydrogen atoms according to the chemical stoichiom
etry. On the basis of the structure we assign these as an oxide ion, O( 1), a water molecule, 
0(8), and six hydroxide ions. The lead-atoms occur in discrete clusters of six, with seven oxy
gen atoms intimately bound to each cluster, as shown in Fig. 1. We formulate this cluster as 
Pb

6
0(OH)6 4 +. These lead atoms are arranged at the corners of tgree face-sharing tetrahedra, 

as seen in Fig. 2. The structure of this cluster is related to that of Pb4(OH) 4+, in which the 
lead atoms form a single tetrahedron, and to that 7 of Sn OS04' in which an iso1.ated SnS unit has 
four tin atoms at the corners of a central tetrahedron ad four faces of which are covered by the 
remaining tin atoms. 

The oxide ion is near the center of the central tetrahedron, at an average distance 2.29 A 
from its lead neighbors. The oxy~eR atoms in tetragonal PbO have similar tetrahedral coordina-
tion, with lead neighbors at 2.30 A. Thus the central tetrahedron of the cluster can be consid-
ered as a fragment of the PbO structure. Each of the six hydroxide ions is adjacent to three lead 
atoms on an external face of a noncentral tetrahedron, and all such faces are covered in this way. 
This topology gives the three lead atoms in each face of every tetrahedron one, and only one, oxy
gen neighbor in common. The oxide ion fills this role for four faces, while each hydroxide ion is 
involved with only one face. The water molecule is only loosely bonded to this complex, at a dis
tance 2.74 A from Pb(6) on one corner. It is remote from any other lead atoms. The lead clus
ter conforms only approximately to the symmetry mm2 (C 2v) which is permitted by its topology, 
but the lead positions are very close 'to symmetry 2 (C 2). The hydroxide ions are expected to 
have their protons directed outward from the cluster, and they tend to form hydrogen bonds to the 
surrounding perchlorate ions. Each hydroxide ion has one or two perchlorate -oxygen neighbors 
at distances between 2.94 and 3.15 A to which it could form weak hydrogen bonds. The perchlo
rate ions are not significantly coordinated, the closest distance from a lead to a perchlorate 



276 

oxygen being 2.9 A. This is in accord with the Raman and infrared spectra, 9 which s~ow bands 
characteristic of unbound CI04 -. 
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Fig. 1. Stereoscopic view of the Ph60(H)64+cornplex. The stick bonds 
connect oxygen and lead atoms; the lines define the lead polyhedra. 

Fig. 2. The three face-sharing tetrahedra 
of Pb atoms in the Pb

6
0(OH)6 4 + cluster. 
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PHYSICAL AND INORGAN:[C CHEMISTRY 

SEARC;:H FOR ELEMENT 110 

S. G. Tholllpson, R. C. Gatti, ,L. G. ,Moretto, t H. R. Bowlllan, and M. C. Michel 

Frolll the caiculatio~s of Nilsson a~dTsang (pages 148, 150 ) the isotope 294
110 was estiIllated 

to have a half-life of ",,10 8 years for alpha decay. This isotope is also estiIllated to be 13 stable 
and have a spontaneous-fission half-life of 1011 years. On this basis a search for elelllent 110 in 
nature ,was undertaken. 

The first question was where to search for suchan isotope. Figure 1 shows, that cheIllically 
elelllent 110 falls naturally in the platinulll group. The next question is how siIllilar to platinulll 
should it be. SOllle atteIllpts have been Illade by Waber, Crolller, and LiberIllan1 at Los AlaIllos 
to calculate the total energies of several configurations of the elelllents in the range of atolllic 
nUIllbers 104 to 128, using a SCF Dirac-Slater Illethod in which finite nuclear size effects are 
taken into account. It turned out that elelllents 104 to 118 should have cheIllical properties SiIlli
lar to their hOIllOlogs hafniuIll to radon. The onl?, exception is elelllent 110, nOlllinally a hOlllolog 
of platin~lll. The ground state for platinulll is 5d 6s,whereas 110 has a calculated ground state 
of 6d8 7s. Therefore we assuIlled that ekaplatinulll Illight also reseIllble os Illiulll , iridiuIll, or 
gold. We atteIllpted to find a natural platinulll ore which contained all of these elelllents. Finally 
SOllle platinulll placer Illetal ore £rOIll Northern California was obtained. The cOlllposition is in
dicated in Table 1. 

The following tests were perforllled on the platinulll ore: 
(a) Low-background neutron counting was carr,ied out on 12 ounces of the platinulll ore. The, 

level was 1.35±0.05 neutron counts/Illin. Within the statistical errors this was exactly the saIlle 
as background (1.40±0.05 counts/Ill), and ther~fore the half-life IllUSt be < 2 X 108 years or , 
> ~ 1015 years. One should note here that the alpha decay of 294110 is expected to be followed by 
spontaneous fission decay sOlllewhere in the chain. In this case several neutrons would aCCOIll
pany each fis sion. 

(b) Low-background counting of y rays was carried out by using a NaI detector as shown in 
Fig. 2, and also with large Ge detectors. The observed spectruIll can be reproduced exactly by 
34 ppIll of thoriulll and 3.3 ppIll of uraniUIll iIllpurities in 134 g of lead. 

(c) Direct spontaneous fission counting of a large area (90 C1ll2 ) of the platinulll in three low
background fission ionization counters was perforllled. The liIllit set here is < 1 fission count 
per 3 weeks. 

The last test was the IllOSt sensitive 6f its kind. What this Illeans is illustrated in Fig. 3. 
The significance is that the ekaplatinulll half-life cannot be in the range between"" 2 X 108 years 
and"" 1015 years, if it is assuIlled that the isotope was forllled in reaso'nable abundance in the 
beginning. Frollldiscussions with Seeger, 2 abundance is largely an open question. 

Then we proceeded on the as sUIllption that 29411 0 was present but with a half -life longe r than 
~ 1015 year's. The following' experiIllents were carried out: , 

(1) X-ray fluorescence analysis. This Illethod finally gave an upper liIllit of one part in"" 103. 
In'this case 'one needs to know what energies to assuIlle for the x rays. The energies and rela
tive intensities of characte,ristic x rays for elelllent 110 are indicated in Tables II and III, based 
on the calculations 'by Tucker et al. 3 at Oak Ridge. The K electron binding energy for elelllent 
110 is calculated to be ~ 200 keV. ' ' ' 

(2) Is otopic analysis; A dire ct Illas s' s pectrollletric exaIllihation of the vapor eIllitted frolll a 
heated' filaIllent 'wa,slllade. The vapor was ionized by slow electrons and analyzed in a 30 -CIll 
radius 60 deg deflection single "direction focusing spectrollleter. Detection of the analyzed beaIll 
was by integration of the output of a 16-stage electron Illultiplier capable of detecting single ions. 
The saIllple teIllperature was raised in ", 100'C steps £rOIll well below the Illelting point of plat
inUIll until the filaIllent burned out (total tiIlle ~ 36 hours). The spectruIll of Illasses £rOIll 275 to 
330 was scanned at each teIllperature and the intensity of the ions of the Illajor elelllents was de
terIllined at each teIllperature. At burnout the priIllary beaIllS were oSllliulll and iridiuIll. The 
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limits on the presence in platinum ore (on the basis of mass spectroscopy) of elements in the re
gion of Z "" 110, A "" 275-330 relative to the various elements in the sample are given in Table IV. 
No limit can be set if the vapor pressure of element 110 is much less than that of osmium. The 
relative vapor pressures that might be expected are indicated by Table V. 

(3) Activation analysis. Activation analysis, an extremely sensitive method, was used as the 
next step. To illustrate the basis of this approach let us consider Fig. 4, taken from Nilsson and 
Tsang.4" In this case we attempt to produce a product which falls outside the region of maximum 
stability. One should be able to produce products having half-lives not too different from those 
corresponding to the time of the bombardment and the period of counting. We used two different 
methods of activation: 

(a) Bombardments with heavy ions at energies approximately 10 MeV over the Coulomb bar
rier and bombardments at maximum energy (10 MeV7nucleon). The ions 11B, 12C, 160, and 
neon were used. In 16 hours of bombardments with good beams we did not observe any spontane
ous fission events. 

(b) Bombardments with protons. The targets were then bombarded with >1-fl.A beams of pro
tons of energies 13, 15, 17, 19, 30, 45, and 55 MeV. Periods of bombardments ranged from 10 
min to 2 hr. No spontaneous fission events were observed when the targets were immediately 
placed in fission ionization counters. At the lower energies, 13 to 19 MeV, the prompt fissions 
produced in the target were observed directly with mica detectors. The number of prompt fis
sion events observed corresponded closely with that expected from the thorium and uranium im
purities known to be present. 

As a result of the limits established in the activation experiments a limit of < 1 part per 
1010 relative to platinum was established. 

The only other commonly available ion not used in the bombardments was 4He. This was not 
used on the grounds that it might have produced ekamercury, which should be quite volatile and 
would escape from the targets. 

The conclusion is that ekaplatinum, if it exists at all in nature, must be present in extremely 
small abundance or that the half-life is less than 108 years. However, it may still be possible to 
detect fission products produced by this element as a result of spontaneous fission decay which 
occurred long ago. One possibility is to search for ':.nusual isotopic composition in our platinum 
ore. Attempts are also being made to obtain some platinum ore which is much older than our 
material, which is of the order 5 X 107 years. There is some hope of obtaining material from 
South Africa, which comes from formations having an age of the order 2 X 109 years. 
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Table I. Composition of Northern California 
placer metal platinum ore. 

Element Percent 

Platinum 
Osmium 
Iridium 
Rhodium 
Palladium 
Ruthenium 
Gold 
Additional common elements 

73.9 
6.5 
7.05 
2.00 
0.8 
0.5 
0.2 
9.05 
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Table II. Relative intensities of 
K x rays. 

Z a2/al 1\' /al ~2' /al 

106 ci.583 0.420 0.194 

107 0.584 0.423 0.199 
108 0.586 0.426 0.203 

109 0.587 0.429 0.207 
110 0.588 0.432 0.212 

111 0.590 0.434 0.216 

112 0.591 0.437 0.220 

113 0.592 0.440 0.224 

114 0.594 0.443 0.228 

Table III. K x ray energies. 

1$' 
1 

1$' 
2 

Z Ka2 Ka
l 1$1 1$3 K~5 1$2 1$4 

K-LII K-LIlI M:rI MIll MIV K-NII NIIl 

106 134.2 142.2 157.8 159.8 160.42 163.8 164.4 

107 137.3 145.7 161.6 163.6 164.28 167.8 168.3 
108 140.8 149.65 165.8 168.0 168.61 172.2 172.8 
109 143.8 153.15 169.5 171.8 172.45 176.1 176.7 
110 .147.4 157.1 173.7 176.1 176.8 180.5 181.1 
111 150.50 160.8 177.6 180.1 180.8 184.6 185.3 
112 154.2 165.0 182.1 184.8 185.3 189.3 190.0 
113 158.0 169.4 186.8 189.6 190.3 194.2 195.0 
114 160.9 172.8 190.40 193.4 194.1 198.0 198.9 



Table IV. Limits on natural abundance of 
is otope s of elements 

. Z ."".110 (275:::::: A:::::: 330). 

For heavy element 
with vapor pressure 
similar to: 

Au 

Pd 
Rh 
Pt 
Ru 
Ir 
Os 

Abundance 
limit 

125 parts 
pe r million 

1.4 
1.2 
0;3 
0.2 
0.5 
8.3· 
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Table V. Melting and boiling points of 
pe riodic -table groups containing 
elements with Z = 107 to 112 . 

Element Melting point Boiling point 
(OC) (OC) 

Zinc 419 907 
Cadmium 321 765 
Mercury -39 357 
112 

Copper 1083 2595 
Silver 961 2212 
Gold . 1063 2966 
111 

Nickel 1455 2730 
Palladium 1549 2200 
Platinum 1773 4300 
110 

Cobalt 1495 2900 
Rhodium 1966 3700 
Iridium 2410 4527 
109 

Iron 1535 3000 
Ruthenium 2250 4150 
Osmium 3000 5000 
108 

Manganese 1244 2097 
Technetium 2200 
Rhenium 3167 5900 
107 
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H 
1 

Li Be 
3 4 

Na Mg 
II 12 

K Ca 
19 20 

Rb Sr 
37 38 

Cs Ba 
55 56 

Fr Ra 
87 88 

119 120 

LANTHANIDE 
SERIES 

ACTINIDE 
SERIES 
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-
He 

2 

B C N 0 F Ne 
5 6 7 8 9 10 

AI Si P S CI Ar 
13 14 15 16 17 18 

Sc Ii V Cr Mn Fe Co Ni Cu In Ga Ge As Se Br Kr 
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 

Y Ir Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 
39 40 ,41 42 4'3 44 45 46 47 48 49 50 51 52 53 54 

La Hf Ta W Re Os Ir Pt Au Hg II Pb Bi Po At Rn 
57·71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 

Ac 104 105 106 101 108 109 110 111 112 113 114 115 116 111 118 
89·103 

121 , 

XBL-693-344 

'Fig. 1. Periodic table, showing predicted locations of new elements. 
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Fig. 2. Low background '(-ray spectrum of 
platinum ore taken with NaI detector in 
upper part of figure. Lower part of figure 
shows spectrum taken with NaI on 134 grams 
of lead metal containing 34 ppm of thorium 
and 3.3 ppm of uranium. The lower spectrum 
is shifted down by a factor of ten to facilitate 
comparison. 

Fig. 3. Relationship between counting rate 
and half-life on the basis of different· 
assumptions regarding initial composi
tion. 
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Fig. 4. Half-life contours calculated by 
Nilsson and Tsang for various possible 
superheavy nuclei. Dashed lines repre
sent a decay; solid lines refer to spon
taneous fission half-life. 

283 

178 180 

116 

N 
182 184 186 188 

If 

114 :~::~ :~:::t: :;r 

112 
Z 

110 .l-¥ {" 

" 108 
1 s 

106 
1 Y 

SEARCH FOR ELEMENT 114 

S. G. Thompson, W. J. Swiatecki, t R. C. Gatti, H. R. Bowman, 
L. G. Moretto,'~ R. C. Jared, and R. M. Latimer 

, 

10 

The Nuclear Chemistry Annual Report for 1967 described experiments carried out in an at
tempt to produce and observe isotopes of element 114. The calculations by Nilsson and Tsang 
have given predicted properties and half-lives for isotopes in the region of elements near Z = 114. 
Atomic number 114 is a magic number and neutron number 184 is also magic. 

Since the 1967 annual report the detection system was redesigned to improve the sensitivity 
for detection of spontaneous fission of nuclei of atomic number 114. A schematic drawing of the 
apparatus is given in Fig. 1. The background of fis sion tracks coming from impurities from the 
recoil catcher has been reduced by using very pure silicon as the catcher material. A further re
duction of the background was accomplished by covering the mica detectors with aluminum foils of 
"" 2.18 mg/cm2 thickness. The energies, in the backward direction, of fission fragments coming 
from the prompt fission of compound nuclei having a large momentum in the forward direction is 
considerably- reduced. In the case of uranium impurities the improvement resulting from the 
2.18 mg/cm2 aluminum mica covers is of the order of a factor of 10. For lighter elements the 
ratio is larger. 

As a result of these improvements the limits on the cross sections for production of isotopes 
of element 114have been lowered considerably. The upper limits on the cross sections for the 
products of the following reactions are given in Table I for the reaction 

248 C + 40A -+ 288-x114 + 
96 m 18 r xn. 

The 40 Ar energy ranged from 213 MeV (Coulomb barrier) to 250 MeV. The limits are relevant 
only for the isotopes with half-lives between nanoseconds and years, depending on the cross sec
tion. The transit time of the recoil nucleus to the catcher is of the order of nanoseconds and the 
duration of a shift at the Hilac is of the order of a day. 

The negative results are consistent with the calculations by Nilsson and Tsang, who predict 
that the half-lives of the expected products would be much less than a nanosecond. Ifproducts 
with a larger neutron excess could be produced by using combinations of targets and projectiles 
with larger neutron excess, the chances of producing and detecting isotopes of atomic number 114 
would be considerably improved. '. 

Footnotes 

t Theoretical Physics Group, Lawrence Radiation Laboratory, Berkeley. 

'~Present address: Laboratorio di Radiochimica, Univer'sit~ di Pavia, Pavia, Italy. 
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Table 1. Upper limits for cross sections for reaction 

96 248Cm + 18 40 Ar .... 284 114 + 4n. 

Elab 

(MeV) 

218 

227 

231 

237 

242 

Fig. 1. Schematic diagram of experimental 
apparatus. 

Cross section with 
Al cover 
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3.3 ± 2.4 X 10 
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1.1 ± 1.1 X 10 - 32 

4.3 ± 2.5 X 10- 32 

1.5 :: 1.5 X 10- 32 

2.1±2.1 X 10- 32 
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AMALGAMATION BEHAVIOR OF HEAVY ELEMENTS. 
THE TRACER CHEMISTRY OF DIVALENT MENDELEVIUMt 

., ~")I: 

Jaromir Maly' 

X8l682-1835 

The extraction of mendelevium into sodium amalgam from sodium acetate solutions results 
in about a tenfold enrichment relative to the lighter actinides (Pu, Am, Cm, Bk). 

Separation of Md from the heavier actinides may be accomplished also by electrolysis in 
acetate or citrate-acetate solution on an electrode of mercury amalgamated with sodium. The 
sequence of electrodeposition of actinides in acetate-citrate solution is Md> Fm> Es > Cf. 

These separat~n methods probably depend on the formation of stable Md2+. The potential of 
the Md 3+ + e .... Md + couple was estimated by a series of reductions, using YbCl2' Zn, EuCl2' 
CrCl2 , VCl2, and TiCl3 , all in 2 M HCl. All except TiCl3 appear to reduce Md31- to Md2+, which 
can then be coprecipitated with EuS04 or BaS04; Md in the precipitate is thereby enriched 10 to 
30 times relative to the daughter isotope 256Fm in solution. 
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A previous communication1 reported preliminary results concerning the possible separation 
of Md from higher actinides by extraction into sodium amalgam from sodium acetate ,!,\olutions, or 
by an electrolytic one-step separation of Md and Fm from Es. This and a subsequent pUblication2 
reported the first experimental evidence of the Md2+ state, an oxidation state which now appears 
to exist for other heavy actinides as well. This paper presents a more detailed study of Md 2+. 

Experimental Procedure 

Isotopes of Md, Fm, and Es Produced by Irradiation 

256Md , produced by irradiation with ~ 46 -MeV He ions of an einsteinium target, 
of "" 5 fJ-g 253Es mounted on 4 fJ-g/cm 2 Be foil, was used for the work reported here. 
get contained"" 10/0 of 254Es and 255Es, the latter being in equilibrium with 255Fm. 

consisting 
The Es tar-

Irradiation for "" 30 min with a beam current of 50 to 100 fJ-A/cm 2 (10 to 20 fJ-A through the 
target) yielded approximately 105 atoms of 256Md (and also some 251Fm, 252Fm, 253Fm, 254Fm, 
255Fm, and 256Fm isotopes) which were collected on a Be catcher foil, along with about 105 to 
107 a dim of 253Es3 knocked out from the target. The catcher foil was dissolved in 6 M HCl, con
taining "" 500 fJ-g La +. This solution was treated with an excess of KOH to form La(OH)3' which 
coprecipitated Md, Fm, and Es. The La(OH)3 precipitate, washed with 6 M KOH and water, was 
usually dissolved in 200 A. of 2 M HCl, to form a "stock Md" solution. 

The isotopes 252Md , 253Md , and 254Md , which also were produced during irradiation by 
(He, xn) reactions, could not be detected. They are short-lived and decayed by K ca~ture to their 
Fm isotopes. A few 7.34-MeV a particles were observed in the a spectrum due to 2 5Md 
(T1/2 = 30 min). However, this isotope was observed mainly after K capture as 255Fm. 

Radioactive Tracers 

The tracer isotopes 238 U (in the U4 + state), 237Np (as Np 4+), 239Pu (Pu 4+), 241 Am, 244Cm, 
249Bk, 252Cf, 253Es, 152Eu, and 154Eu (all 3+) were used in "" 0.5 M HCI solution. 

252Fm, 255Fm, and 254Fm were used for measurement of the yield of Fm in chemical opera
tions. The yield of 252Fm was corrected for the growth of 255Fm from 255Es (measured 40 days 
after bombardment and compared with the original 255Es present in the target) and for growth 
from 255Md (determined from the amount of 255Md as measured by its 7.34-MeV a energy and 
30-min half-life). A known amount of the II stock Md" solution was used for the chemical separa
tion procedures (extraction, electrolysis, reduction, and coprecipitation), and at the end of a 
particular procedure a part of each separate fraction was electroplated and then counted by a
pulse analysis as described in Refs. 1 and 3. The amount of 256Fm activity was determined for 
each fraction, either by measuring the decay curve for spontaneous fission (SF) along with its a 
spectrum, or by utilizing a separate a chamber and a surface barrier Si-Au detector employing a 
discriminator for SF counts. At the same time SF and a decay curves were measured for a known 
amount of the stock solution in order to calculate the yield of separated isotopes in each fraction. 

Chemicals 

Sodium amalgam was prepared by dissolving freshly cut sodium metal in hot mercury. 

Calculation of Md Yield 

A. Yield from decay curves 

The growth and decay curve of the SF activity is described by 

where RMd = A.Mi(A.Md-A.Fm) = 1. 73. 

The time t is measured from the end of bombardment, when Fm and Md are FmO and Md
O 

re
spectively. Because ~d > A.Fm, for large values of t the curve becomes a fermium decay 

(1) 
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curve described by 

(2) 

The yield of Md was calculated from. the difference between the growth curve for Fm.: described 
by Eq. (1) and the decay curve (Eq. 2), extrapolated to the tim.e of separation. For this difference, 

f:. Fm.(t ) = Fm.(t ) - [ (Fm.O + RMdMdO)exp(-A.F t )] = RMdMd
O 

exp(-A.
F 

t ); (3) sep sep m. sep m. sep 

f:. Fm.(tsep) represents the difference between total ferm.ium. after decay of Md, and ferm.ium. be
fore Md -decay. Hence the difference m.ay be used to calculate the yield of Md. 

B. Calculation of yield from. the ratio SF of 256F m.: a activity of 253Es 

In the case of electrolysis, when the SF activity was too low to give a good growth curve, the 
activity ratio SF/a 253Es was followed for 3 to 6 hours, after a wait of m.ore than 15 hours _ 
(t long = tL) after the end of the bom.bardm.ent for essentially all 256Md present at. t sep ' to de
cay to 256Fm.. From. this ratio of SF/a 253Es in the original solution and in the separated frac
tion and with the aid of 253Es yield, the yield of SF in the fraction ["70 SF(tL )] was calculated. 
For calculation of the yield of Md separated at t sep ' we used the form.ula 

"70 SF(t
L

) = "70 256F m.(t ) A + "70 256 Md(t) 1 (4) 
sep A+1 sep A+1 ' 

where -Ai = RMdMd(t )/Fm.(t ), sep _ sep 
256 -. 255 and for 0;0 Fm.(t ) we used the Yleld "70 Fm.(t ), m.easured in a given fraction and in the 

unseparated m.ixtufltf.P The value of the factor A issfRad from. a standard decay curve for the 
unseparated m.ixture, at tsep. 

- In the above equations, RMdMdO exp( - A.F t) is equal to that part of the SF activity of 256 F m. 
contributed by the decay of 2:OMcf at t sep ' wher~s 256Fm.(tsep) in (4) represents that part com.ing 
from. Fm. present in the fraction at tse. The 1/ A is the ratio of SF activity from. Fm. produced 
by mendelevium. decay to Fm. produce2f directly; A/ (A+1) is the fraction of SF activity from. Fm. 
produced directly~ Multiplication by 100 gives the "70 of total SF activity originating from. this 
source. 

Measurem.ent of a activity from. 253Es perm.itted a check on the yield of totai a' s and con
sequently of total SF's through the chem.ical procedure. 

Extraction Procedure 

The extraction experim.ents usually were carried out from. a m.ixtu;e of 20 A. of the" stock 
Md" solution in 0.15 M HCll-, 25 A. of tracers in 1 M HCl, 9 A. of 1 M HCl containing 12:0 f-Lg of 
Sm.3+ and 150 f-Lg each of Eu 5 + and Yb 3+, 150 A. of 7 M sodium. acetate, 5 A. of 8 M am.m.onium. 
acetate, and selected am.ounts of HCl, as shown in Table 1. 

The extractions were perform.ed in a 3-m.l cone using 250 A. of sodium. am.algam., containing 
~ 3.5 m.illiequivalents Na/m.1. The actinide elem.ents were back-extracted from. part of the 
am.algam. with 6 M HCl, the extract neutralized by NH40H, and then electroplated on a Pt disk. 
Details of the extraction procedure are described in Ref. 3. . 

The rem.aining portion of the am.algam., after being washed with H20, was decom.posed by 
ice-cold concentrated HCl; NaCl crystals together with EuC12 were centrifuged out, washed with 
concentrated HCl, and dissolved in 1 m.l of H 20, and, after neutralization with NH40H, an ali
quot was electroplated on a platinum. plate. 

The com.bined HCl supernatants were diluted to 2 m.1. Aknown fraction of this solution was 
neutralized and electroplated as before. 

Electrolytic Procedure 

The com.positions of the solutions used in electrolysis were sim.ilar to those used for 
amalgam. extractions: in the first experim.ent, 150 A. "stock Md" in 1 M HCl (containing ~ 200 
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f.Lg La3+), 600 A of 7 M sodium acetate, 20 A of.S M ammonium acetate, and 100 A of 0.5 M HC!, 
and in the second 200"T of "stock Md" in 3 M HCi:"""25 A of 0.5 M sodium citrate, 300 A of7 M 
sodium acetate, and 50 A of 0.5 M HC!. In the first expe.riment110 A of tracer solution in 0.5M 
HC!, containing"" 1 mg 23SU, was also present. 

The electrolyses were performed in the open air, using 900 A and 300 A of pure mercury in 
the first and second experiments, respectively. The anode consisted of a platinum spiral, held 
at the surface of the electrolyte. The Md-rich fraction from electrolysis was subsequently used 
for experiments on the reduction of Md3+ to Md2+. 

The electrolyses were carried out for 35 min, with periodic interruption at 5-min intervals 
for sampling the mercury phase. Following any 5-min period of electrolysis, the current was 
stopped, and after 1 min of mixing of both phases, 5 A of mercury was withdrawn by pipeting. 
This sample was washed three times with water, transferred to a platinum disc, the mercury 
driven off by heating, and the residue counted for Md and Es as in the extraction experiments. 

Reduction Procedure 

The Md "stock" solution was reduced by adding 4 to 5 mg of YbCl2 or EuCl2 , or else with 
amalgamated zinc in the presence of z 5 mg EuCl3• In other experiments solutions of Cr 2+, 
V 2+, and Ti3+ were prepared by reduction with amalgamated zinc. In a typical experiment, the 
reducing solution was prepared by adding a 0.1 M solution of the oxidized species in 2 M HCl to 
z 0.5 g of amalgamated zinc (20 mesh) containedin a 1-ml cone. The solution was heated and 
repeatedly mixed by pipeting for 5 min. The concentration of HCl after reduction to Cr 2+, V2+, 
or Ti 3+ was about 1 M, because of the Zn dissolution during reduction. One ml of this freshly 
pre~ared reducing solution was added to a 2-ml cone containing 50 A of "stock Md," z 6. mg 
Eu +, and 300 f.Lg of Ba2+ in 100 A of 0.5 M HC!. After 1 to 2 min of reduction, BaS04 was pre
cipitated by the addition of 25 f.Ll of 40% H 2S04 , After centrifuging, the precipitate was washed 
with water, transferred to a platinum counting plate, dried, and counted. A sample of the stock 
solution was counted at the same time. 

In reductions with YbCl2 , EuCl2' and amalgamated Zn, only 400 A of solution was used, which 
was 0.1 Min Eu, and pure EuS04 was precipitated in place of BaS04' 

Results and Discussion 

Extraction Behavior of Md and Evidence of MdCl2 

The results of the extraction of the tracer mixture and "stock Md" solution are shown in 
Table 1. The results in parts A and B of the table are equivalent to the addition of 52 A and 
276 A of 1 M HC!, respectively, shown in graph 3 in Ref. 4. Table I shows a high extraction 
yield for cpt, Es 3+, Fm3+, and Md3+, whereas Cm3+, Am3+, Pu4+, and Np4+ are extracted 
with low yield, especially when only 15 A of 1 M HCl is present. This same method successfully 
separates Eu from Sm, the former showing preferential retention in the solid chloride precipi
tate. 5 - S The SF activities separated in the EuCl2 and SmCl3 fractions respectively are shown 
in Fig. 1. It is evident from the figure that Md appears only in the EuCl2 fraction (growth of SF 
activity), and is practically not present in the supernatant (SmCl3 fraction). The distribution of 
tracers shown in Table I indicates that other actinides are largely aasent from the EuCl2 frac
tion, but are found instead in the SmCl3 fraction. It appears that after decomrosition of the 
amalgam, Md was present as MdCl2' which is carried by EuCl2' and that Md + must be relatively 
stable in HCl solution, whereas the other actinides are oxidized in cone. HCl by H+ ions very 
rapidly to the 3+ state. 

Electrolytic Behavior of Md, Fm, and Es 

Because of time limitations, it was possible to perform only two electrolytic runs. In the 
first run Jwith z 1 rng U4+ present) a current density of 5 mA/cm2 was usgg. The separation of 
253Es, 2 5Fm, SF activity, and 256Md is shown in Fig. 2. The yield of 2 Md was calculated 
according to procedure B under" Calculation of Md Yield." The second experiment was done with 
a current density of 10 mA/cm2 in the absence of uranium. These results are shown in Fig. 3. 
Figure 2 shows a yield ratio of Es:Fm:Md = 0.8% :4% :900/0' after 35 min of electrolysis; in the . 
second experiment the best relative yields are Es:Fm:Md = 1.2% :13% :52%, after 5 min of elec
trolysis. In the first expe.riment the yield of Md and Fm in mercury was increasing during the 
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first 150 rnA minutes of charge passed; in the second experiment (10 mA/cm
2 

curro dens.) a 
drop of the yield of Md in mercury was observed, between 200 and 350 rnA minutes of charge 
pas sed. It is pos sible that this effect might be caused by a more alkaline solution near the cathode 
after prolonged electrolysis, leading to re-solution of Md from the cathode. However, more work 
is necessary to sufficientlY2~rove this effect and to find its explanation. In the first electrolysis 
much better separation of 5Fm from 256Md was found (with a factor "" 20), whereas in the sec
ond the separation was only a factor"" 4. This observation probably cannot be explained solely by 
the lower current density. The reason probably lies in the effect of citrate ion in the second elec
trolysis and the higher pH. 

For comparison with other data reported in the literature, we recalculated the data of Fig. 2 
to obtain the "amount left in solution, II shown in Fig. 4. After finishing the second electrolysis 
we replaced the mercury phase by 300 A of fresh Hg and proceeded in the electrolysis of 253Es 
and 255Fm with 30mA/cm2 current den~ity,:, with results shown in Fig. 5. Both Figs. 4 and 5 
show, in agreement with the literature, ,10 an approximately linear relation between these quan
tities. One can read from these curves the" periods of amalgamation" introduced by Boussi~res 
et al. 9 The results are "" 100 rnA min for Md, from Fig. 4 and"" 300 rnA min for Fm and"" 800 
rnA min for Es, from Fig. 5. The curves for 256Md in Fig. 4 and 255Fm in Fig. 5 show devia
tions from a straight line ~dropping faster when more charge is passed, as observed by Onstott 
in rare earth electrolyses 1). 

. 3+ 2+ 
PotentIal of the Md - Md Couple 

Although a correlation between the amount of extraction into sodium amalgam and the forma
tion of a chemically stable +2 state has been 'established for the 4f elements, 5, 12 a similar corre
lation has not been demonstrated for the 5f series. 

The expected analogy between Tm and Md led'Seabor~13 in 1949 to predict that Md might have 
a +2 state. 

Accordingly, we sought direct evidence for a dipositive state of mendelevium, and have at
tempted to establish rough limits for the potential of the Md3+ + e = Md2+ couple. To this end, 
various reducing agents were added to the" stock Md" sol~tion, and BaS04 or EuS04 was pre
cipitated from the mixture. The distribution of 253Es, 25 Fm, and 256Mcf activities between the 
precipitate and supernatant was then determined. 

Typical decay curves of the original solution and the EuS04 or BaS04 fractions are shown in 
Fi~. 6 (for reduction by amalgamated zinc--in the presence ·of Eu2+), Fig. 7 (reduction with 
Cr +), Fig. 8 (reduction with y2+), and Fig. 9 (attempt at reduction ~th Ti3+). The curves in 
Figs. 6,7, and 8 show good evidence of growth of SF activity from 25 Md separated in the EuS04 
or BaS04 fractions. For Ti3+ only slight growth of 256Fm was observed relative to the original 
solution, which indicated incomplete reduction of Md3+ to Md2+ by Ti3+. 

The reduction data are collected in Table II. The enrichment factor of Md in the EuS04 or 
BaS04 fraction [ defined as the ratio 

RMdMd(t ) sep 
Fm(t ) 

sep 
ppt fraction 

RMdMd(t ) sep original solution] Fm(t ) 
sep 

in all reduction runs with Zn, Eu2+, Cr2+, and y2+ was between 10 and 90, as shown. The yield 
of Md2+ coprecipitated with BaS04 was from 50 to 100%, but with EuS04 the yield was only 
"" 5 to 100/0 when the EuS04 yield was also 5 to 100/0. The reduction with YbCl2 gave the same re
sult as with EuCI2 , with an enrichment factor"" 20. These results show that Md3+ was reduced 
to Md2+by Yb2+, Zn, Eu2+, Cr 2+, and y2+, but with Ti 3+ the reduction was low. Since partial 
reduction occurred with Ti3+ [ EO = - 0.09 Y (Ref. 14) in 1 M HCI] the Md3+ + e - Mdl + reduc-
tion potential apparently is about .0.1 y. -
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Conclusion 

The results presented in Table I indicate that Md is extracted by sodium amalgam s~mewhat 
more readily than is einsteinium, and on comparison with results presented previously, it ap
pears that Md is extracted more readily than californium. This suggests that Md2+ is more 
stable than Cf2+ or Es2+. Additional data in Table I show that, in the separation of EuCl2 from 
SmCl2, if these amalgams are treated with ice cold concentrated HCl all the Md is carried by the 
solid EuCl2 fraction. This suggests the existence of a solid, slightly soluble MdCl2 (in conc 
HCl), isostructural with EuCl2• \ 

Figures 2 and 3 demonstrate a very substantial separation of Md from Es and Fm by elec
trolysis. The maximum separation observed was 0.8'10 Es:4'1o Fm:90'}'o Md by electrodeposition 
in mercury during the first electrolysis (Fig. 2). 

The maximum ratio of spontaneous fission activity due to 256Fm to Cl' activity of 253Es and 
255Fm was reached after passage of '" 9 C of electric charge. The enrichment of 256Fm in the 
mercury phase by a factor'" 30 is due to preferential electrodeposition of 256Md on the cathode 
while Es and Fm remain mostly in solution. This result is similar to the well~known electrolytic 
separation of Eu and Sm from other rare earths on a lithium-amalgamated cathode. 11,15,16 The 
observed large separation of Es from Md by electrolysis suggests that a substantial difference ex
ists in the potentials of their 3+-2+ couples. To prove this difference, the reduction experime~ts 
summarized in Table II were carried out. These data indicate that Md 3+ can be reduced to Md + 
and then precipitated with EuS04 or BaS04, usually with an enrichment factor > 10 (in compari
son with Es) with any of the following reducing agents: YbCl2 , Zn (Jones' Reductor in the pres
ence of Eu3+), Eu2+, Cr2+, or y2+ in 2 M HCl solution. 

It follows that tfe reduction potential for the E s 3+ - Es2+ couple must be more n~ative than 
for the Md3+ - Md2 couple by '" 1 Y or more. The oxidation potential of Md3+ ..... Md couple is 
clos e to the oxidation potential of Ti 3+ ..... Ti4 + in 1 M HC!, about -0.1 Y. 

The results suggest that the +2 state of mendelevium is more stable than the dispositive state 
of ytterbium, and even of europium. The substantially greater ease of reduction of Md than of 
Es affords a basis for a rapid and efficient separation of the elements as shown by the reduction 
experiments. The Md 3+ can be separately reduced, for instance by zinc, using a Jones' Reductor, 
to Md2+, while Es and Fm remain in the 3+ state. 
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Table I. SodiuITl aITlalgaITl extraction of actinides and separation with EuCl2 - SITlCl3 
by conc. HCl. 

EleITlent 
237

Np 239Pu 241 AITl 246
CITl 

252
Cf 

253
Es 

255
FITl 

256
Md 

A. 15 kiM HCl added before extraction: 

% extracted 4.0 5.3 5.65 6.8 58.1 89 '" 100 '" 95 
into s odiuITl 
aITlalgaITl 

% in 0.33 0.37 0.25 0.15 1.5 1.4 3.1 '" 85 
EuCl2 (s) 

% in SITl 3+ 3.6 4.9 5.9 6.6 56.6 87.5 97 10 ,'" 
fraction 

B. 75 kiM HCl added before extraction: 

%, ,extracted 18.2 19.3 20.6 12.0 96.2 '" 100 '" 100 '" 100 
into s odiuITl 
aITlalgaITl 

% in 1.0 0.95 4.7 0.65 5.6 2.6 4.4 97 
EuCl2 (s) 

% in SITl3+ 17.2 18.3 15.9 11.3 90.5 97.4 95.6 3 
fraction 

Table II. Results of reduction,of Md. 

Reducing Precipi- Reduction Corresponding Experi- RMdMd(t ) Enriching 
ion' tate potential reaction ITlent seE factor in 

FITl(t ) (volts) No. seE precipi-

of of 
tate 

input reduc-
tion 

Zn + Eu3+ EuS0
4 -0.763 Zn

2
+ + 2e - Zn 1 0.6 19.0 31.7 

(Jones' 2, 0.22 4.0 18.2 
Reductor) 3 1.00 90.0 90.0 

Eu 
2+ EuS0

4 
-0.43 Eu3+ + e _ Eu2+ 1 0.21 5.25 25.0 

2 0.25 5.0 20.0 
3 2.00 35.0 17.5 

Cr 2+ BaS04 -0.41 Cr3+ + e _ Ci 2+ 1 0.15 1.54 10.3 
2 0.086 3.0 34.8 

y2+ BaS04 -0.255 y3+ + e -+ y2+ 1 0.107 2.0 18.6 
2 0.67 9.0 13.4 
3 0.28 5.7 20.4 

Ti 3+ BaS04 -0.09 TiOCl+ + 2H+ 1 0.26 0.8 3.1 
+ 3Cl- + e 
-+ TlCl4 +H2O 2 0.24 1.15 4.8 
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NOBELIU"M: TRACER CHEMISTRY OF THE DIVALENT 
AND TRIVALENT IONSt 

Jaromh MalY. ':' Torbj¢rn Sikkeland. :t: 
Robert Silva. and Albert Ghiorso 

Three -minute 255No was produced b6 irI"adiation of a plutonium target. 0.8 mg/ cm2 thick 
and supported by a 25.4-fJ. Be foil] with 1 ° ions from the Berkeley Hilac. The isotopic composi
tion of the tar~et was (atom % ) 2q4pu, 74.21; 242Pu, 25.32; 241Pu. 0.094; 240Pu, 0.312; 239Pu, 
0.064; and 23 Pu, 0.002. The beam current was 2 to 4 fJ.A over an area of 0.2 cm2• The nobeli
um atoms recoiling from the target were stopped in helium and transferred to a platinum catcher 
foil by gas jet. 1,2 The 255No was identified by its alpha-decay energy. The maximum ¥ield was 
obtained at an oxygen-ion energy of approximately 97 MeV, as expected for the reaction 44pu 
(160, 5n) 255No• 

The first evidence of unexpected be~avior for No was found during cathodic-electrodeposition 
experiments using standard procedures; the No atoms were washed from the catcher foil with a 
saturated NH4 CI plating solution containing tracer quantities of the radioactive elements to be 
compared with the No. The pH during plating is very high near the cathode, and tracers are de
posited in approximately inverse proportion to the solubilities of their hydroxides; Table I shows 
the percentages of tracers and nobelium that were plated, 4 together with the number of 255No 
alpha decays observed per number of decays expected. The latter was computed for each experi
ment from the average number of countable atoms by allowing for decay during the chemical op
erations. The fact that No is plated with a low yield suggests hydroxide solubility similar to that 
of Ra rather than the other actinides. 

Our attempts to elute No from a heated (80 ·C) Dowex-50 X 12 column of ion-exchange resin 
with ammonium alpha-hydroxyisobutyrate in the predicted pre-einsteinium elution position5 were 
unsucces sful. The elution was carried out in two fractions: five column volumes of dilute elutri
ant (0.3 M, pH 4.0), followed by an equal volume of concentrated elutriant (1. 9 M, pH 4.8). The 
results (Table I) clearly show that No does not elute before Es. -

An elution position for No relative to tracer quantities of y, Sr, Ba, and Ra was obtained for 
a heated (80 ·C) column, 0.2 cm in diameter by 2 cm long, with the concentrated elution solution. 
The composite result for 13 experiments appears in Fig. 1. Under these conditions nobelium 
does not exhibit the slightest resemblance to the +3 actinides. In similar tracer experiments, Es, 
Cm, Am. and Ac were eluted in the Y position, which is promptly after the first free column 
volume; the same was true for Th, Pa, Pb, and Ceo 

For study of the coprecipitation behavior of nobelium fluoride we used the residue-adsorption 
technique. 6 A drop of 0.1 M HCI containing the tracers with which No was to be compared, plus 
about 5 fJ.g of each of the various charge-state carriers Ba, La, and Zr, was used to dissolve the 
No atoms from the catcher foil. Two drops of 40% HF was added for conversion to the fluorides, 
and the solution was taken to dryness. The plate was then washed with H 20. and both residue 
plate (LaF 3 fraction) and H 20 washes (BaF 2 fraction) were analyzed. The results (Table I) sug
gest that tlie solubility of nobelium fluoride is more like that of BaF2 than of LaF3. 

Assuming that the nobelium was exhibiting a +2 valence under the above conditions, we at
tempted to oxidize the No 2+ to N o 3+, which should form a less soluble fluoride. The procedure 
was the same as that just described except that the oxidant ceric nitrate was substituted for the 
Zr. After oxidation with Ce4 + the distribution was in favor of the LaF 3 phase (Table I). 

Yttrium-90 can be separated from 90Sr at room temperature by elution from a SrS04 column 
with H 2S04. 7 Generally the more soluble sulfates are eluted before the less soluble ones. We 
used a similar column for study of the behavior of nobelium sulfate; in each experiment the No, 
tracer activities with which No was to be compared. and about 5 fJ.g each of Zr and La were con
verted to the sulfate form on the platinum catcher foil and transferred to the column in the elutri
ant, 6 M H2S04. The mass of Zr and La added was the same as the mass of Ce4 + and Ce 3+ used 
in later oxidation experiments, in order to duplicate the mass effects on the column. The elution 
from a column 0.2 cm in diameter by 1 cm long was carried out in two fractions; the results 
(Table I) show No to be more strongly adsorbed on the column than are Es and Am. 

Similar experiments under oxidizing conditions used Ce 4+ (Table I); the No was eluted with 



296 

Es and before Am. This apparent change in solubility of nobelium sulfate is consistent with a 
change in valence state from +2 to +3. 

These tracer experiments show that the divalent ion is the most stable species for nobelium 
in aqueous solution; thus the element exhibits chemical behavior substantially different from 
those of the other actinides. This finding appears to confirm Seaborg's prediction8 in 1949 of a 
possible stable +2 state for element 102, due to the special stability of the 5f14 electronic con
figuration. 

We thank B. B. Cunningham for suggestions, T. Bowman for help in preparation of the Pu 
target, and the Hilac crew. One of us (J. M.) thanks the International Atomic Energy Agency, 
Vienna, for a research grant. 
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Table 1. Summary of results of experiments with electrodeposition 
cation-exchange columns, and coprecipitation. 

Fraction Oxidizer 
Percentages in fractions Counts of No 

drops (No.) 253
Es 243 Am 223Ra 255

No 
(obs/pred) 

--- ---
Electrodeposition 

Electrodeposited None 43 48 4 4±2 2/76 

Cation-exchange column 

0.3 M butyrate } None { 43 6 < 0.1 2±1 1/113 
1. 9 M butyrate 0 59 < .1 65±12 52/80 

. Fluoride coprecipitation 

LaF3 } None, { 60 15 7±3 6/98 
BaT 2 ) 11 37 56±10 48/87 

LaF3 } Ce4 + { 
34 18 48±8 63/134 

BaF?, 17 33 31±6 35/117 

Strontium sulfate colum'n 

1-10 } , None { 38 10 <1 2±1 1/122 
11-22 5 36 <1 13±4 9/75 

1-10 } Ce 4 + { 47 3 <1 58±10 54/94 
11-22 3 28 <1 5±3 3/74 
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Fig. 1. Elution of nobelium from a heated 
(80 ·C) Dowex-50 X12 cation-exchange 
column with 1.9 M ammonium a-hydroxiso
butyrate (pH 4.8). 

DETERMINATION OF THE No(II)- No(III) POTENTIAL 
FROM TRACER EXPERIMENTSt 

R. J. Silva, * T. Sikkeland,:j: M. Nurmia, A. Ghiorso, and E. K. Hulettt 

Only very recently has an isotope of eleme.nt 102, 255No (Refs. 1-3), of ·sufficiently.long half
life (3 min) become available in sufficient quantity (50 to 100 atoms per experiment) so that infor
mation about its tracer chemical behavior could be obtained from average behavior observed 
during repetitive series of experiments. 4 Ion exchange and coprecipitation studies showed nobeli
um to behave in aqueous solution like a divalent alkaline earth element rather than a trivalent . 
rare earth element as expected. However, after oxidation with ceric ions, nobelium appeared to 
behave like a trivalent actinide. The experiments described in this work were conducted in order 
to estimate the value of the oxidation potential of the No(Il)-No(Ill) couple in aqueous solution. 

The 255No was produced by irradiation of a 0.8_mg/cm2 thick 244Pu target with 97-MeV 160 
ions from the Berkeley Hilac.. The details of the experimental procedures and system have been 
described in Ref. 4. The 255No was identified from the emission of 8.1-MeV a particles and 
from its 3-min half-life. 

The distinction between Nb(ll) and No(Ill) was made on a few-atoms -at-a-time basis by multi
ple solvent extractions with di(2-ethylhexyl) orthophosphoric acid (HDEHP), using the column 
elution technique of extraction chromatography. 5 In this method, the aqueous phase is passed 
through an inert Kel-F powder bed on which the extractant HDEHP has been adsorbed; the 
HDEHP behaves much like a liquid cation exchanger in that its ionizable hydrogen atoms can be 
replaced by other positive ions. In z 0.1 M acid, mono- and divalent metal ions are poorly ad
sorbed by the extractant,.b and pass through the column in a few column volumes, whereas tri
and tetravalent ions are strongly adsorbed in the extractant and are not eluted from the column. 

In our experiments, the nobelium recoil atoms were dissolved from a platinum catcher foil 
with z 1 col~ volume (3 2.i~ps) of a dilute acid solution containing an oxidizing ·agent and tracer 
quantities of 2Cf(Ill) andCm(IlI). Tracer 213Ra(Il), produced by the (160 , axn) reactions 
from lead impurity in the target, was useful for comparison with the behavior of divalent nobelium. 
The tracers were used also as a check on proper column operation and chemical yield. After dis
solution and oxidation by heating at 80 to 100·C for z 1 min, the solution was passed through a 
column bed 2mm in diameter by 2 cm long. In the case of the oxidants HI03 and CrOy the solu
tion was evaporated to near dryness to obtain a high acid concentration found necessary for oxida
tion of the TI. The solution was then diluted to ::::.0.1 M in the oxidant with 0.1 M HN03before 
transfer to the. column; The 3+ ions were recovered by elution with 2 to 3 column volumes of 
3 g HN03• The O.1M and 3 M. HN03 fractions were collected on platinum disks and evaporated 
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to dryness, and the number of a particles with energies between 5.4 and 9 MeV were measured 
with a gridded ionization chamber. The average time necessary for the chemical procedures was 
"" 5 min. 

Table I shows the analysis of the tracers in the extracted phase for each set of oxidizing con
ditions together with the standard potentials of the oxidants. Also shown for comparison are the 
results of identical experiments performed with 204TI and 144 Ce which were carried out during 
or immediately following the nobelium experiments. 

The data for No, Tl, and Ce are also shown in Fig. 1. 

So far as extraction indicates oxidation from the 2+ to 3+ valence state, the results show 
nobelium to be oxidized appreciably by solutions of periodate, bromate, and peroxysulfate-silver, 
but only slightly, if at all, by dichromate, iodate, and nitrate. The comparison made in Table I 
of the percent oxidation of Ce (III) and TI(I) under identical conditions suggests that the standard 
oxidation potential of the No(II)-No(III) couple in aqueous solution lies between that of the 
TI(I)-Tl(III) and Ce(III)-Ce(IV) couples. Our best estimate for the potential of the half-reaction, 
No(II) = No(III) + e -, is EO "" - 1.4 to -1. 5 volts. 

The plutonium used in these experiments was produced and made available through the 
National Transplutonium Program. We acknowledge the excellent machine operation and support 
of the Hilac operations staff. 
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Table I. Analysis of trace,rs in extracted phase 

Standard 'Total 
potential of Extracted by HDEHP column (% ) number of 

Conditions for oxidant, No events 
oxidation (volts) Cf Cm Ra TI Ce No observed 

"" 0.1 M HN03 -0.94 -> 91 92 .1 4 1 7 £3 7Z 

"" 0.1 M. HI0
3 

a -1.20 > 87 93 2 58 6±3 59 

"" 0.1 M Cr03
a -1.33 > 94 89 1 63 22 ±8 50 

"" 0.1 M HBr03 -1.52 > 96 71 4 99 5 56 ± 10 68 

"" 0.25 M H 5I0
6 

-1.6 > 90 88 2. 97 28 86±12 73 

"" 0.1 M (NH4)t208 

+ 0.1 M HN0
3 

" -2.01 > 89 77 2 92 79 69 ± 10 7Z 

a. Evaporated to near dryness. 
b. + Trace Ag. 



Fig. 1. Distribution ratio of No; TI, and 
Ce between HDEHP and 0.1 M acid vs 
standard potential of the oxidant used. 
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TRACER CHEMISTRY OFLA WRENCIUM t 

Robert Silva, * Matti Nurmia, Torbj~rn Sikkeland, :j: and Albert Ghiorso 

The recent discovery of 256 Lr , with half-life of 35 sec and alpha energy of 8.3 to 8.6 MeV, 
has made it I;>0ssible to carr~ out tracer :hemical experiments to ~etermine the oxidation state .of 
element 103 In aqueous solution. Approxlmately 1000 atoms of 25 Lr were produced for study In 
nearly 150 individual experiments by the irradiation of a 249Cf target with ilB ions from the 
Berkeley Hilac. 

A very fast solvent-extraction procedure using 100 X. of 0.2 M TTA in methyl isobutyl ketone 
as the organic phase and 100 X. of acetic acid and sodium acetate buffer solution as the aqueous 
phase was designed to distinguish between the 2+, 3+, and 4+ oxidation states. The distribution of 
actinides between the phases takes place very rapidly, and. nearly complete extraction can be ob
tained in only 10 sec. The entire procedure, from beam off to counting, required only from 45 to 
60 sec. 

Figure 1 shows the percent extracted from the aqueous phase into the organic phase as a func
tion of the pH of the aqueous phase for a number of trans uranium and alkaline earth elements 
(solid lines) and for element 103 (points with error bars): 

Similar experiments were also carried out with tracer quantities of a number of lanthanide 
elements, and, by analogy with the lanthanide behavior, one would expect Lr(III) to extract. at 
about the same pH as Cf(III) and Fm(IlI). The data shown in Fig. 1 indicate that the most stable 
species for lawrencium in aqueous solution is 3+, as expected for the last member ·of the actinide 
series. 
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Fig. 1. TTA extraction behavior of Lr (points) 
compared with that of some other actinides and 
alkaline earths. 
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PREPARATION AND CRYSTAL STRUCTURES OF DICESIUM 
BERKELIUM HEXACHLORIDE AND DICESIUM SODIUM 

BERKELIUM HEXACHLORIDE t 

L. R. Morss and J. Fuger'~ 

Cerium andberkelium(III) and (IV) have similar redox potentials in aqueous solution, and 
their crystal chemistries are also similar. Although Ce4 + oxidizes Cl- in aqueous solution, and 
although no simple tetrachloride of cerium exists, solutions of Ce 4+ in concentrated aqueous 
HCl are remarkably stable and intensely red, presumably due to the presence of the complex ion 
CeC162-. Further, addition of large monovalent ions such as Cst or N(CH3)4+ to such solutions 
results in the precipitation of complex compounds. 

Being familiar with the preparation of CS2CeC16' we planned to synthesize and characterize 
the corresponding Bk compound. As a preliminary to the proposed synthesis, techniques were 
developed to prepare CS2CeC16' starting with 1 !Jog of Ceo X-Ray powder patterns of the Ce pre
cipitate showed it to be CS2CeC16' 

249Bk was available for preliminary experiments, with about 200/0 of its decay daughter, 
249Cf, present. Further experiments were carried out using Bk recently purified by alpha-hy
droxyisobutyric acid cation-exchange columns and cation" clean-up" columns. Bk solutions 
were prepared in 2 M H2S04 in a concentration of 1 !Jog/fll .• 

CS2BkC16 was prepared using 1, 5, and 40 !Jog of Bk. NaBr03 was added to the Bk solution 
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and the solution heated to boiling to oxidize the Bk; green-yellow Bk(OH)4 was then precipitated 
with aqueous NH3• About 20% excess of CsCl in concentrated HCl was added with cooling to the 
centrifuged hydroxide. The red-orange precipitate of CS2BkC16 was then centrifuged and washed 
with glacial acetic acid and diethyl ether. 

An identical experiment performed under nonoxidizing conditions gave a precipitate whose 
powder pattern was similar to CS2NaAmC16' 1 Subsequent experiments, including one with excess 
hydroxylamine present as reducing agent, precipitated Bk(OH)3 and then CS2NaBkC16 by adding 
slight excesses of CsCl and NaCl. With hydroxylamine present, both the hydroxide and chloro
compound were white; without hydroxylamine. the hydroxide was pale green and the chlorocom
pound yellow, presumably due to air oxidation of the hydroxide. 

X-Ray powder patterns were generally taken by mounting the capillary-tip reaction micro~one 
itself as an x-ray capillary. CS2BkC16 is not isomorphous with Cs 2 CeC16 (which is trigonal~, 
but is hexagonal, space group P6 3mc. Lattice parameters are a = 7.451 ±6, c = 12.097±9 A. 
The structure is similar to that of Cs 2 CeC16 , doubling the £ axis with alternate layers rotated 
180 deg about sixfold screw axes. Figure 1 is a projection of the unit cell upon the a h plane. 
CS2NaBkC16 is isostructural with CS2NaAmC16: space group Fm3m, a = 10.805 ± 3 X. 

The 40-fJ.g preparations of CS2Bk C16 were used for chemical analyses. Samples were 
weighed in quartz buckets on a quartz fiber torsion balance to ±0.02 fJ.g, then were titrated poten
tiometrically for Bk(IV) with standard Fe 2+ and for Cl- with standard Ag+. They were then 
as sayed for total Bk by counting the alpha growth of 249Cf (til2 = 345 years). 3 Anal. Calcd for 
CS2BkC16: Bk, 34.2; Cl, 29.24. Found: total Bk, 31.6; Bk(IV), 29.9; Cl, 27.8. The analytical 
results indicate the presence of about 7 wt % of CsCl, but clearly prove that the Bk was present in 
the tetravalent statz" These experiments have demonstrated that aqueous Bk(IV) chlorocomplex 
ions such as BkC16 - are at least as stable thermodynamically (toward dissociation or reduction) 
as the corresponding Ce(IV) ions. 

Footnotes and References 
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PREPARATION AND CRYSTAL STRUCTURES OF 
S 0 ME CUB ICC H LOR 0 COM P LEX COM PO U ND S 0 F T R I V ALE N T MET A L S 

L. R. Mors s, N. Edelstein, and M. Siegal t 

Many compounds of the general composition LxMyX3x are known to exist in crystal structures 
of high symmetry. 1 In general, the ions L and X are of similar radius and form close-packed 
"planes," with smaller ions X filling some of the octahedral holes between II planes." Some ex
amples of such compounds are shown in Table I. 

The recent preparation of CS2NaAmCl62 and CS2N~BkCI6 3 encouraged us to synthesize simi
lar compounds for other large trivalent cations. Since these ions are in sites of cubic symmetry 
(surrounded by an octahedron of CI- nearest neighbors with Na+ at the corners of a cube such that 
the M3+-Na+ distance is about 'l[3that of the M-:3+-CI-), these compounds might be valuable as 
matrices for the study of trivalent ions in cubic sites We began with the lanthanide element of 
smallest ionic radius, hoping that the complex LuCl6 ~- might exist in appreciable enough concen
tration in concentrated aqueous HCI to precipitate out the compound Cs 2NaLuCI6 . This compound 
was indeed formed (with some NaCI, which also is quite insoluble in concentrated HCI). We 
found that this compound, as well as the corresponding one for other lanthanides, could be pre
pared by evaporating a solution of the metal ions in aqueous HCI to dryness. (For La and Ce, the 
dried material had ·to be melted and resolidified to yield identifiable powder patterns.) These 
compounds for all lanthanide elements appeared to be air-stable for at least several hours, even 
as finely divided powders. Most of these compounds melt in air without decomposition. 

Isomorphous compounds have been prepared with several other trivalent ions replacing the 
lanthanide ion; the smallest trivalent ion with which we have sf.fceeded is Cr3+ and the largest 
is La3+. (No recognizable compound was precipitated with Pu ,but an anhydrous synthesis will 
be attempted.) CS2NaBiCl6 can be recrystallized from dilute HCI by cooling or evaporation; crys
tals of this compound larger than 1 mm on a side have been prepared. These crystals are octa
hedra, and as expected for the cubic system are optically isotropic. Their index of refraction is 
greater than 1. 74. 

All compounds synthesized to date and identified by x-ray powder diffraction have been listed 
in Table II. All are face-centered cubic; observed intensities agree with those calculated for 
space group Fm3m, with atomic positions as follows: 4 M3+ (a), 4 Na (b), 8 Cs (c), 24 CI (e). 
There are four formula units per unit cell. 

The cubic lattice pa,;rameters have been plotted vs ionic 'radii of M 3+ in Fig. 1. These radii4 

are those derived for sixfold coordination in oxides. The observed change of lattice parameter 
with crystal radius is remarkably linear ( I:;. a/I:;. r = 1.52). If a hard-sphere model, such as the 
unit-cell face of Fig. 2, were correct, the lattice parameter would be 

a = 4rCI - + 2rNa+ + 2rM 3+ 

da/drM 3+ = 2. 

For this model, the lattice parameter. would cease to change when the radius of M 3+ became so 
small that chloride -chloride contact was reached (at rM3+ = 0.72 A). This does not occur, since 
observed lattice parameters are about 3% smaller than those calculated by summing ionic radii, 
and because l:;.ajl:;.rM 3+ =12, the hard-sphere model is quite inadequate. 

Footnotes and References 

t Undergraduate Summer Visitor, 1968. 
1. A. F. Wells, Structural Inorganic Chemistry (Oxford, London, 1962), p. 374 ff. 
2. K: W. Bagnall, J. B. Laidler, and M. A. A. Stewart, J. Chem. Soc. Sect. A, 133 (1968). 
3. L. R. Morss and J. Fuger, preceding paper. 
4. R. D. Shannon and C. T. Prewitt, Acta Cryst. (in pres s). 
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Table I. Some examples of compounds of general composition L M X3 • 
x y x 

ComEound M Crystal system a c Stacking 

Cs 2PtCl
6 Pt Cubic 10.192 ABCABC 

Cs 2 PuCl
6 Pu Trigonal 7.44 6.04 ABAB 

Cs 2BkCl
6 Bk Hexagonal 7.451 12.097 ABACABAC 

Cs 2NaBkCl
6 

Na, Bk Cubic 10.805 ABCABC 

(NH4)3 AlF6 { Al 
Cubic 8.92 ABCABC 1/30fNH4 

K 2NaAlF
6 Na. Al Cubic 8.093 ABCABC 

CS 3 Tl2 Cl
9 

Tl Hexagonal 12.8, 18.3 ABAB 

Rb CaF3 Ca Cubic 4.452 ABCABC 

Table II. Compounds synthesized to date and identified by x-ray powder diffraction. 

ComEound 

Cs 2NaCrCl
6 

Cs 2NaFeCl6 
Cs 2NaTlCl

6 
Cs 2NaScCl

6 
Cs 2NaTlCl

6 
Cs 2NaLuC16 
Cs 2NaYC1

6 
Cs 2NaGdC1

6 
Cs 2NaBkC16 
Cs 2NaEuCl

6 
Cs 2NaBiCl6 
Cs 2NaAmC16 
Cs 2NaNdC1

6 
Cs 2NaPrCl6 
Cs 2NaCeC16 
Cs 2NaLaC16 

a From Ref. 4. 

Trivalent metal 
ionic radius a 

0.615 

0.645 

0.67 

0.73 

0.88 

0.848 

0.892 

0.938 

0.96 

0.950 

1.02 

1.01 

0.995, 

1.013 

1.034 

1.061 

Lattic e Ear amete r 

10.28 

10.33 

10.40 

10.49 

10.62 

10.65 

10.73 

10.79 

10.805 

10.81 

10.84 

10.86 

10.89 

10.91 

10.95 

10.99 
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Fig. 1. Change of lattice parameter of CS2NaMC16 with M
3+ 

ionic radius. 
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Fig. 2. Side of unit cell of Cs 2NaM
3

C16 . 
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OXIDATION STATES OF U IN CaF
2 

R. McLaughlin, N. Edelstein, U. Abed, and E. HuffITlan 

When CaF 2. crystals are grown containing small aITlounts of U, crystals of ITlany different 
colors are obtalned. Brown, green, yellow, and red of various shades have all been reported. 1,2 
Work described in this paper was undertaken in an effort to deterITline the oxidation states of the 
U ion responsible for the ITlany different properties of these crystals. There are three general 
areas which would be expected to provide the explanation: the valence of the U ion, the charge 
cOITlpensation about the U ion, and solid solution forITlation (i. e., the U is incorporated into the 
crystal as U02)' 

As the color changes suggest, the spectral differences between different crystals is large. It 
has been deITlonstrated that effects of changing the charge cOITlpensation (site sYITlITletry) h~ve a 
sITlall effect on the spectral characteristics when rare earths are incorporated into CaF2' No 
evidence of solid solution forITlation in this type of systeITl was found in the literature, so the va
lence of the U ion seeITlS the ITlost likely explanation. There are still ITlany possibilities, however, 
since U is known to exist in every valence state froITl 6+ to 3+; recently 2+ has also been sug
gested. 2 

The valence of U in these crystals is unknown, since a valence change occurs while the CaF2:U 
ITlelt is at a high teITlperature in the crystal-growing crucible. It has been reported, 1 for example, 
that if U is added as the ITletal, U4+ is found in the crystal, whereas if it is added as the tetra
valent ion UF 4, it is found as the trivalent ion in the crystal. An atteITlpt was ITlade to avoid 
changing the valence of the U ion by perforITling the following experiment. 

An acid solution of uranyl ion was reduced to U4+ by passing through a Pb reductor. 4 CaCIZ 
was dissolved in the solution so that the U concentration was'" 5% of the Ca ion. Excess HF 
was added which coprecipitated the U and Ca as fluorides. It was felt that in this way there would 
be no question about the valence of the U ion that was incorporated into the CaF2 lattice. After 
washing and drying a ITlull was ITlade of the precipitate, and the absorption spectruITl obtained is 
shown in Fig. 1-

The siITlilarity between the spectruITl of U4 + in CaF 2 and the green crystal of Ref. 2 is very 
apparent. In every case, where one ITlaterial shows a group of absorption features, a corre
sponding group is shown by the other ITlaterial. The spectruITl of U4+ is known to be very sensi
tive to the crystal field that surrounds the ion. 5 The fact that there is not exact agreeITlent be
tween the two spectra could be explained by the presence of water ITlolecules trapped at the next 
nearest neighbor site around the U4+ ions. An atteITlpt to further dehydrate the material resulted 
in the forITlation of U02' 

In order to further verify our assignITlent of the spectruITl of the green crystal to U4 +, a 
chemical analysis was done on the reducing power of the U ion in the crystal, and also the total 
U content was deterITlined. FroITl these ITleasureITlents the U valence state was ascertained. This 
was accoITlplished by dissolving a green CaF2:U crystal in a solution which contained an excess of 
oxidizing agent known to take U to the 6+ state. If the aITlount of U in the saITlple was known and 
the aITlount of oxidizing agent that reacted was deterITlined, then the initial valence of the U ion 
would be determined. In actual practice a HCI04 solution containing Ce 4 + as the oxidizing agent 
and an Fe 3+ catalysis was used. The reducing power of the crystal was deterITlined by back-ti
trating with Fe 2+, using Ferrion indicator. 

Separate portions of the saITlple were used to deterITline total U content. The total saITlple 
was ground to a powder before any deterITlination was ITlade to insure that the U content would be 
hOITlogeneous. The total U content of two portions of the saITlple was determined by neutron-acti
vation analysis •. A spectrophotoITletric ITlethod6 was also used to deterITline total U of two other 
portions of the saITlple. All these results are sUITlITlarized in Table 1. The near agreeITlent of 
values in coluITln 3 with the value 2 makes it alITlost certain that the U ion was in the 4+ valence 
state before the crystal was put into solution. 

There seems little need to question the valence of U in the red crystals. Much work has 
been done with these crystals and all of it has been consistent with the assuITlption the U is in the 
3+ state. It is planned to apply this saITle approach to yellow and brown crystals in the future. 
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Equivalents 

of Ce 4+ 
consumeda 

(meg/mg CaF
2

:U) 

6.57 X 10- 5 

6.92X10-5 
6.88X10-5 
7.18X10-5 
7.31X10-5 

Table I 

Total U 
content 

("/0 ) 

0.82b 

0.79b 

0.80 c . 
0.81 c 

av 0.805±0.01 

Valence c~ange to 
produce U + 
(0.805"/0 used as U 
content value) 

1.94 
2.05 
2.03 
2.12 
2.16 

a. Five separate determinations. 
b. By activation analysis. 
c. By spectrophotometric method. 

Fig.
4

1. The spectrum of coprecipitated 
U + in CaF2 compared with the spectrum 
of a green CaF 2: U crystal. 
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EXTRACTION OF HRe0 4 BY TRIOCTYL PHOSPHINE OXIDE IN 
NITROBENZENE AND IN 1, Z-DICHLOROETHANE 

J. J. Bucher, T. J. Conocchioli, and R. M. Diamond 

Strong organic bases such as the alkyl amines dissolved in a relatively inert diluent can re
act with solutions of strong aqueous acid by extracting the proton away from the water to form a 
one-to-one complex, the ammonium ion, 

(1) 

where the species R3NH+ ; •. X- may be dissociated,· associated to ion pairs, or aggregated to 
still higher associations, depending upon the nature of the anion and of the diluent. With large 
anions, such as CI04 - or Re04 -, and diluents of relatively high dielectric constant, such as nitro
benzene, the ammonium salt is usually dissociated and essentially anhydrous. 

Weaker organic bases, such as tributyl phosphate (TBP), cannot take the proton away from 
the water molecule, and so must extract the hydronium ion, H30+. Depending upon the anion and 
diluent, three, two, or one TBP molecules may be needed to satisfy the s·olvation requirements 
of the hydronium ion and additional water may be co-extracted. Again, depending upon the con
ditions, a dissociated or associated species may result, 

The alkyl phosphine oxides are intermediate in basicity between the two prev~ously considered 
classes of extractants, and therefore might be expected to show an intermediate behavior. It is of 
interest to see, for example, if trioctyl phosphine oxide (TOPO) extracts a proton or a hydronium 
ion, and if the latter whether it is further hydrated, and how many extractant molecules are nec
es sary to provide solvation for the cation. The use of a large monovalent anion such as CI04 - or 
Re04- (the latter is particularly advantageous, as it has a convenient tracer, 186Re) minimizes 
the cation-anion interactions and leads in high-dielectric -constant media such as nitrobenzene 
and dichloroethane to dissociated species. The extraction may then be expressed as 

+ - + -H +X +xHZO+nTOPO(org) = H • nTOPO.xHZO(org)+X (org), (3) 

with the corresponding equilibrium constant for the dissociated species 

Kd = [ H+' nTOPO· xHZO] [X-] l±/(TOPO)n (HZO)x(HX) 
n 0 0 0 

Here [ ] denotes concentration, ( ) signifies activity, y± is a mean molar activity coefficient, 
and the subscript 0 means an organic-phase quantity. 

(4) 

However, before examining HRe04 extraction by TOPO, .it is necessary to establish the ex
tent and nature of the extraction of water by TOPO. The organic-phase water concentration 
[ HZO] 0' corrected for extraction by the diluent, is plotted against the initial TOPO concentra
tion in Fig. 1. The slope of 1.0 for each system in such a log-log plot indicates that one TOPO 
molecule is involved in each water complex, and the stoichiometry suggests a ratio of water to 
TOPO of 1:1 for TOPO in 1, Z-dichloroethane and of 1.3:1 for TOPO in nitrobenzene. Thus the 
amount of free uncomplexed TOPO is very small. Consequently, when in later discussions the 
concentrations of TOPO, [TOPO], are considered they will actually denote hydrated extractant 
molecule s. 

From log-log plots (not shown) of organic-phase acid concentration vs the aqueous HReO 
activity at constant TOPO concentrations, it was determined that the extracting species in bo2h 
diluents was indeed a pair of dissociated ions. Similarly, from log-log plots of organic ,acid vs 
equilibrium TOPO concentration at fixed aqueous HRe04 activities it was determined that the 
number of TOPO molecules involved in the extraction complex was two in both diluents. A com
pact presentation of the data is seen in Fig. Z, where the square root of the numerator in Eq. (3) 
is shown vs the square root of the denominator in a log-log plot (the square roots were taken so 
as to halve the number of decades necessary). Activity coefficients in the organic phase were 
calculated on the Mayer-Poirier theory, and aqueous activity coefficients were taken to be the 
same as those of HCI04 solutions of the same concentration. The organic-phase acid concentra
tions went from 10- 7 to 0.Z4 M, and TOPO concentrations varied from 10-4 to 1 M. The excel
lent fits to straight lines of unit slope indicate that over this range of conditions (up to 30-40% 
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loading of the initial TOPO concentration}. the two systems can be described by a singla organic
phase species which is dissociated and involves two TOPO m~ecules. The values of K2 for 
HRe04 in nitrobenzene and in 1. 2-dichloroethane are 1. 2X10 and 9. 6' respectively. 

Figure 3 shows. for 0.3 M TOPO in nitrobenzene and in 1. 2-dichloroethane. the amount of 
water less diluent water co-extracted by the organic-phase acid complex as the acid concentration 
increases. In both diluent systems the total amount of water decreases as [ H+] 0 increases. 
When the amount of water extracted by the remaining free TOPO is substracted. curves 3 and 4 
suggest that essentially no excess water co-extracts with the acid complex in either diluent; the 
complex is anhydrous. This means that the TOPO molecules in these two diluents are sufficiently 
basic to pull the proton away from water and extract it alone. But TOPO is not so basic towards 
the proton as the trialkylamines. and so two TOPO molecules are needed where one amine suffices. 
Since it is most unlikely that the TOPOl s bond to the Re04 -. the extracted species consists of the 
pair of dissociated ions. 

and we do not know yet whether the cation is symmetrical or not. 

The fact that the protonic cation in these diluents is both anhydrous and dissociated from the 
anion leads to an interesting possibility. If a dissociated 2TOPO species is also found with other 
strong acids. it seems reasonable to assume the same anhydrous cation (it may be possible to 
prove this byNMR). But then any water co-extracting must be bound to the anion; values for the 
hydration of anions under ,these conditions can be determined relatively unambiguously. 

Fig. 1. Variation of water content of or
ganic phase with TOPO concentration in 
nitrobenzene and 1.2 -dichloroethane. 
([ H20] 0 = total H 20 minus H20 dis
solved by diluent.) Line 1. •• is for 
TOPO-nitrobenzene system. Line 2. O. 
o . is for TOPO-1. 2-dichloroethane 

system. O. denotes results using Karl 
Fischer titrations; 0 • denotes results 
using tritiated water as a tracer. Lines 
are drawn with unit slope. 

1.0 

o 
'0' 

NO.1 
:r: 

b.OI~ __ ~~~~~~ ____ ~~~~~u 
0.01 0.1 1.0 

[TOPO] 
XBL 691-1898 
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FiJ.~. 2. Variation of ornnic-phase acid activity vs the product 
U TOPO] 2(o)(HRe04)} 1 . Line 1 is for the TOPO-nitrobenzene system. 
Line 2 is for the TOPO-1, 2-dichloroethane systems. Lines are 
drawn with unit slope. 

Fig. 3. Water content vs HCl04 concentra
tion in the organic phase (as the aqueous 
HCl04 concentration increases) for total 
TOPO concentration of 0.3 M in nitro
benzene and 1, 2 -dichloroethane. Lines 1 
and 2 are the total organic-phase water 
less diluent water respectively for nitro
benzene and 1, 2-dichloroethane. Lines 
3 and 4 are the total organic-phase water 
less both the solvent water and the water 
bound to TOPO for 1, 2-dichloroethane 
and nitrobenzene respectively. 
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EXTRACTION OF HBr AND HCI BY DILUTE SOLUTIONS OF 
T RIO C T Y L PH 0 S PHI N"E 0 X IDE INN I T ROB E N ZEN E AND IN 
i, Z-DICHLOROETHANE AND HYDRATION OF Br- AND CI-

IN THESE DILUENTS 

J. J. Bucher, E. R. Held, t J. A. Labinger, tt 
B. A. Sudbury, t and R. M. Diamond 

In the first part of this study of inorganic acid extractions by tri-n-octyl phosphine oxide 
(TOPO), it was shown that HRe04 is extracted into dilute TOPO solutions in nitrobenzene and 
i, Z-dichloroethane as a dissociated, anhydrous species and the cationic species is ZTOPO· H+. 
It was suggested if the same extraction pattern held for HBr and HCI as for HRe04' information 
concerning anion (Br-, CI-) hydration, in other than aqueous media, could be obtained. 

The extraction of HBr and HCI into nitrobenzene and i, Z-dichloroethane, if similar to the 
HRe04 system, can be expressed 

+ - +-ZTOPO(org)+H +X +xHZO = ZTOPO' H (org)+X . xHZO(org). 

The corresponding equilibrium constant is 

(i) 

(Z) 

From log-log plots (not shown) of organic-phase acid concentration [H+]o' vs the aqueous 
acid activity at constant TOPO concentration, it was determined that the extracting species for 
HBr-nitrobenzene and i, Z-dichloroethane systems and for HCI-i, Z-dichloroethane was indeed a 
p"air of dissociated ions. Similarly, from log-log plots of organic-phase acid vs equilibrium 
TOPO concentration at fixed aqueous acid activities, it was determined that the number of TOPO 
molecules involved in the extraction complex was two for each of the HBr, HCI-TOPO-diluent 
systems studied, the same as in the HRe04-TOPO-diluent systems. 

These data are "summarized in Fig. i, which is a log-log plot of the square root of the numer
ator of Eq. (Z) vs the square root of the denominator. (The square roots are taken to halve the 
number of decades necessary for the plot.) The good agreement found between the experimental 
points and the lines drawn with unit slope for each system indicate the validity of Eq. (Z). The 
values of K2; are 0.1 for HBr-nitrobenzene, 4. Z XiO- 3 for HBr-i, Z-dichloroethane, and Z'OXiO- 4 

for HCI-i, Z-dichloroethane. The range of TOPO concentrations covered is from O.OOOOi to 1.0 M, 
and the range of [H+]o was up to O.Z M. Data for HCI-nitrobenzene-TOPO were not obtained be
cause of the limited solubility of the HCI acid complex in this diluent. 

Since the extracted acid species observed with HCI-TOPO in dichloroethane and with 
HBr-TOPO in nitrobenzene and in dichloroethane are dissociated ZTOPO· acid species, just as 
found previously for HRe04' it seems to us reasonable to suppose that the same anhydrous cation 
is involved as with HRe04' Consequently any excess water found to co-extract with the acid com
plex can be attributed to anion hydration. 

Figures Z and 3 show the amount of exces s water corrected for that extracted by the diluent 
and by uncomplexed TOPO, co-extracted by HBr-diluents and HCI-i, Z-dichloroethane respectively. 
The slope of the line drawn through the combined diluent data for HBr gives a ratio of 1. 9 H 20 
molecules per acid complex. The initial slope of the curve for the HCI data is about 4, but tails 
off to less than 3. It is unfortunate that the necessary aqueous acid concentrations needed to load 
the organic phase sufficiently to get meaningful results are high enough that the activity of water 
has changed appreciably from unity. To what extent the water activity affects the suggested 
chloride ion hydration is not clear. Another problem with HCI is that at these aqueous acid con
centrations the bichloride ion, HCIZ -, starts to form and extracts much more readily than CI-; 
the larger anion should be less highly hydrated, and also requires only half as many TOPO mo
lecules per mole of HCI, e. g., ZTOPOH+ and HCIZ-' 

These last two effects tend to compensate each other in correcting the excess water curve in 
Fig. 3, but the first effect dominates, and so the appearance of the bichloride anion makes the 
water curve fall off more rapidly than if it were CI- alone. For this reason and because the water 
activity remains closer to unity, more weight is given the data at low organic-phase acid concen
trations in spite of the larger errors inherent in obtaining the results -as a difference between 
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more equal numbers. We feel that our resUlts indicate that.a free bromide ion in nitrobenzene 
and 1,2-dichloroethane has two waters of hydration and that a chloride ion probably has four. 

Footnotes 

tUndergraduate summer visitor, 1968. 

ttUndergraduate summer visitor, 1967. 

XBL681.2- 7~23 

Fig. 1. Variation of organic-phase acid activityvs the product 
{[TOPO]o {HRe04)}1/2. Line 1 is for the TOPO-HBr-nitrobenzene 
system; line 2 is for .TOPO_HBr-1, 2-dichloroethane system; 
line 3 is for TOPO-HCl-1, 2-dichloroethane system. Alllines 
are drawn with unit slope. 
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Fig. 2. Water content vs HBr concen
tration in the organic phase (as the 
aqueous HBr concentration increases) 
for total TOPO concentration of 
0.3 M in nitrobenzene and 1,2- \ 
dichloroethane. Lines 1 and 2 are 
the total organic-phase water content 
less diluent water for nitrobenzene 
and 1, 2-dichloroethane, respectively. 
Line 3 is the total organic-phase 
water less both the solvent water and 
the water bound to TOPO; • , 
nitrobenzene, • , 1, 2 -dichloro
ethane. 
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Fig. 3. Water centent vs HCI 
concentration in the organic 
phase (as the aqueous HCI 
concentration increases) for 
total TOPO concentration of 
0.25 M in 1, 2-dichloroethane. 
Line T·isthe total organic
phase water less diluent 
water;. line 2 is the total 
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RADIATION CHEMISTRY 

RADIATION CHEMISTRY OF THE a-AMINO ACIDS: 
'{ RADIOLYSIS OF SOLID CYSTEINEt 

Donald B. Peterson, * John Holian, and Warren M. Garrison 

, Radiolysis of the siInpler a-amino acids such as glrcine and alanine leads iO deamination as 
a major chemical consequence both in aqueous solution and in the solid state. And there is 
accumulating evidence that the intermediate processes of deamination in the solid state are closely 
a.nalogou~ to those that occur in aqueous solution. For example, in aqueous solution the ioniza
tion step 

4 
is followed by 

+ -
HZO -- H ,OH,e aq 

e
aq 

+ NH;CH(R}COO--NH3 + CH(R}COO-, 

OH + NH;CH(R}COO- -HZO + NH;C(R}COO-, 

( 1) 

(Z) 

(3 ) 

where e~q represents the hydrated electron. The experimental evidence is that e - adds initially 
to the C=O linkage of the carboxyl group and that dissociation of the reduced inter&~diate then 
ensues. 4b, c Subsequent interaction~ of CH(R}COO- and NH!C(R}COO- yield keto acid and fatty 
acid as the major organic products. c, d . 

The identification of reaction Z prompted the suggestion 4a that dissociative electron capture 
is also involved in the formation of ammonia as a major product in the radiolysis of the a-amino 
acids in the solid state. Ionic processes in these irradiated polar solids would then be repre
sented by 

NH;CH(R}COO- -- NH;C(R}COO- + H+ + e-, 

e - + NH;CH(R}COO- - Nr:3 + CH(R}COO-, 

where reactions 4 and 5 are the stoichiometric equivalents of reactions 1 through 3. 

( 4) 

(5 ) 

It has since been established elsewhere5 that glyoxylic and acetic acids are indeed formed as 
major products in the '{ radiolysis of solid glycine, with G(NH3} = G(glyoxylic acid} + G(acetic 
acid} = 5. 

In this work we e~amine the role of the SH function as a competing locus of reaction in the '{ 
radiolysis of cysteine in the solid state. Data on a number of related compounds are also in
cluded. Although there have been numerous studies of the paramagnetic -resonance properties of 
irradiated cysteine, 7 the detailed radiation chemistry of this system has not been elucidated. 

G values for the various products formed in the '{ radiolysis of solid polycrystalline L-cys
teine at 30·C are summarized in Table I. Dose-yield plots for all products are linear up to doses 
in the range 10Z1 eV /g; typical plots are shown in Fig. 1. Yields of hydrogen, hydrogen sulfide, 
and ammonia from a number of related sulfur -containing. compounds are given in Table II. 

We find that the ra<t,iation chemistry of solid cysteine may be interpreted 'in terms of the 
radiation-induced steps 

• + 
RSH - RS + H + e -, 

RSH- RS + H, 

( 6) 

(7) 
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followed by 
.......... H + RS 

H + RSH ----- Z . 
/---""HZS + NH;CH(CHZ)COO- (Ref. 8), 

e- + RSH-NH
3 

+ CH(CHZSH)COO-, 

_ ~HZ + NHZCH(CHZS)COO 
e + RSH---.... ._ 

HZS + NHZCH(CHZ)COO , 

and by the radical-removal steps 
.../ .. 

RSH + CH(CHZSH)COO--RS + CHZ(CHZSH)COO-, 

RSH + NHZCH(CHZ)COO--RS + NHZCH(CH3)COO , 

ZRS -RSSR (Cystine). 

( 8) 

(8a) 

(9) 

( 10) 

( 10a) 

( 11) 

( 1Z) 

( 13) 

That e in the dissociative capture reaction 1Z adds initially to the carboxyl C=O linkage of 
cysteine (as in the reaction of e - with solid glycine) is supported by the results obtained with 
cystamine NH~CHZCHZSH (Table_ II). We find that cystamine which does not contain the carboxyl 
group as a trapping center for e does not form ammonia in any appreciable yield; G(NH

3
) ~ 0.1. 

The SH group of cysteine represents a competing trapping center for e -.9 Recent studies in 
other systems 10 - 1Z indicate that simple dissociative, capture reactions of the type 

RSH + e - - R + HS -, 

RSH + e - RS - + H 

( 14) 

( 15) 

become exothermic 13 only if solvation energies in a polar medium can be utilized in the overall 
energetics. 14 Whether or not such factors are involved in the reactions of e - in a polar solid 
such as cysteine we cannot say. 

However, simple dissociative attachment of e - need not necessarily be involved in steps 10, 
10a. An alternate explanation is that e - is captured by the sulfhydryl group to give RSH- and 
that chemistry then ensues as a consequence of proton transfer from an adjacent NHJ group. 
Some evidence for such concerted action is to be found in the fact that G(H

Z
) + G(H ::i) from N

acetylcysteine, CH3CONHCH(CH
Z

SH)COOH, is markedly lower than the corresponaing value for 
cysteine as shown in Table II. 
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Table I. Product yields in the y radiolysis 
of solid L-cysteine. 

Product G 

Hydrogen 3.1±0.1 

Hydrogen sulfide 1.5±0.1 

Ammonia 1.8±0.1 

Cystine 5.0±0.5 

IINH
Z 

-free II fraction 1.0±0.1 

Pyruvic acid ~ 0.1 

Total carbonyl ~ 0.1 

Table II. Comparative product yields in the 
y radiolysis of cysteine and related com
pounds in the solid state. 

G 

Cysteine 
NH~CH( CHZSH)COO 3.1 1.5 1.8 

Cystamine 
(NH~CHCHZSH)Cl 5.6 1.Z <0.1 

N -acetyl cysteine 
CH3CONHCH( CHZSH)COOH 0.5 0.9 <0.1 

S-methyl cysteine 
NH~CH( CHZSC H3 )COO ::::O.Z a 5.1 -

Glycine _ 
NH3CH

Z
COO ::::O.Z 5.Z 

Alanine 
NH!CH(CH3)COO - ::::O.Z 5.4 

a. HZS was not expected, nor was it observed 
as a product from S-methyl cysteine; other 
measurements with S-methyl cysteine gave 
G(CH4) :::: 0.5; G(CH3SH) ~ 0.1. These results 
indicate that e - is not captured via dissocia
tive attachment at the sulfur locus; the ob
served H,z and NH3 yields suggest that the 
"glycine I mechanism is of major importance 
in the radiolysis of S-methyl cysteine. 
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Fig.·1. Production of hydrogen (e), amrrlO
nia (I), and hydrogen sulfide (0), from 
solid cysteine as a function of y-ray 
dosage. 
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ON THE RADIATION-INDUCED REDUCTION OF AMIDE 
AND PE P TIDE FU Nt T IONS IN AQUO -ORGA NIC SY STE MS t 

John Holian and Warren M. Garrison 

In the y radiolysis of neutral, oxygen-free solutions of peptide s such as N -acetylglycine and 
N -acetylalanine, the labile products of the radiation-induced step 1, Z 

+ -HZO-HZOZ' HZ' OH, H, H , e aq 

are removed through reactions of the type 3 , 4 

e- + RCONHR + HZO-RC(OH)NHR + OH-, aq . 

OH + RCONHR-R' + HZO, 

H + RCONHR- R' + HZ. 

( 1) 

( Z) 

(3 ) 

( 4) 

In subsequent chemistry, the radical combination reactions which lead to net reductive cleavage 
of the amide linkage, 

ZRC(OH)NHR- (RCO)Z + ZNHZR, 

ZRC(OH)NHR- RCHO +NHZR + RCONHR, 

RC(OH)NHR + R'- R(R')CO + NHZR, 

(5) 

( 6) 

( 7) 

occur in relatively low yield. We find, for example, that the combined yield of carbonyl products 
(RCO) , RCHO, R( R ')CO in neutral solutions of N -acetylglycine and N -acetylalanine corre sponds 
to G(>CO) ~ O.Z. 3b The indirect evidence is that a reconstitution reaction with the stoichiometry 

RC(OH)NHR + R'- ZRCONHR ( 8) 

represents an important path for removal of the radical species derived from RCONHCH(R)COO 
through reactions Z through 4. 



317 

We have investigated the analogs of reactions Z through 8 in oxygen-free solutions of acet
amide and of N-ethylacetamide under y radiolysis. And, because of the relative simplicity of the 
chemistry of the aqueous acetamide system, we have been able on the basis of stoichiometric 
considerations to wholly substantiate the validity of the proposed reaction scheme given in Eqs. 1 
through 8. 

To establish the locus of OH attack on acetamide and to eliminate any contribution of the back
reaction 8, we make use of the fact that dissolved NZO and H+ convert e~q to OH and H respec
tively' via 

NZO + e~q + HZO-NZ + OH + OH 

e +H+ -H. 
aq 

and (9) 

(10) 

The data of Table I, columns 1 and Z, show that both the. OH and H radicals react preferen
ti.ally ~t the ~ethyl grou.p of ~cetamide to yield the radicals CHZCONHZ.' which subsequentially 
dlmenze to glVe G(succmamlde): = Z.6 "" [GOH + Geaq + GH ] /Z. The YIeld of carbonyl products 
is essentially zero in solutions containing die electron scavengers H+ and NZO. 

In the absence of these added scavengers we find, as shown in Table I, column. 3, that succin
amide is produced in quite low yield, G(succinamide) "" 0.3. The combinedyield of carbonyl prod
ucts is also low, with G(>CO) < O.Z. Detailed analytical probes of this relatively simple system 
have failed to reveal any other organic products in significant yield. 

Since we know from the rate data 3, 5 that both e~q and OH are quantitatively scavenged by 
acetamide in 0.Z5 M solution at pH 7, we are led to conclude that radical termination in this sys
tem occurs almosfexclusively through the reconstitution reaction 8. 

Direct substantiating evidence for the occurrence of such reactions in neutral solutions of 
amides and peptides has been obtained. We find that certain labile organic compounds--notably 
the thiols, RSH--are effective at low concentrations in blocking the back-reaction 8 by virtue of 
the H-atom transfer reaction 

RC(OH)NHR + RSH-RCH(OH)NHR + RS, ( 11) 

which leads in turn to the cleavage of the amide (peptide) linkage, 

RCH(OH)NHR-RCHO+ NHZR. (1Z) 

As indicated in Table II, acetaldehyde appears as the major product, with G(CH3CHO) "" Z.5, 
in solutions of acetamide and N -ethylacetamide containing the thiol, cysteine. 

Of interest from both the chemical and biological standpoint is the present finding that RSH 
at low concentrations induce s a very striking enhancement in the radiolytic lability of the .amide· 
(peptide) linkage. 

Footnotes and References 

tCondensation of UCRL-184Z8; J. Phys. Chern. (to be published). 
1. (a) A. 0. Allen, Radiation Res. Suppl. 4, 54 (1964); (b) E. J. Hart and R. L. Platzman, 
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e 3. (a) R. L. Willix and W. M. Garnson, Radiation Res. 3Z, 45Z (1967); (b) M. A. J. 
Rodgers, H. A. Sokol, and W. M. Garrison, J. Am. Chern. Soc. 90, 795 (1968); (c) W. M. 
Garrison, Current Topics in Radiation Research, Vol. IV, 1968; (d) H. L. Atkins, W. Bennett
Corniea, and W. M. Garrison, J. Phys. Chern. 71, 772 (1967). 
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both the primary amide and the monosubstituted primary amide (peptide); (b) In the radiolysis of 
N -acetylglycine and N -ac~tylalanine, OH attack and H attack occur at C -H linkage of the main 
chain, i. e., R' = RCONHC(R)COOH (Ref. 3c). 

5. For a recent compilation of rate data see M. Anbar and P. Neta, Intern. J. Appl. 
Radiation Isotope s Q, 493 ( 196 7). 



Table I. Product yields in the '{ radiolysis of 
oxygen-free solutions of acetamide. a 

G value 

Product pH7 pH 1 pH 7 

(+.02M N
2

O) 

Succinamide 2.6 0.3 

Ac e taldehyde I { 0.1 
Other b 

<0.05 <0.05 

carbonyls ::::0.03 

Hydrogen c 3.8 0.9 

a. 0.25 M 
b. Acetone plus biacetyl 
c. Not measured 
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Table II. Effect of cysteine (RSH) on the '(
ray-induced reduction of acetamide and 
N-ethylacetamide in oxygen'::iree solution. 

Amide solution (RSH), M G(CH
3

CHO) 
(M pH7)a 

acetamide none ::::0.1 

acetamide 4 X 10-4 
2.4b 

N -ethylacetamide none <0.05 

N -ethylacetamide 4 X 10-4 
2.8c 

a. Since the rate constant for reaction of cys
teine with e- corresponds to k = 2X10 10 

M-1sec -1 (lt~f. 5) it was necessary in this 
series of experiments to increase the amide 
concentration to 1 M to insure the preferential 
s.cavenging of e~q by RCONHC~R. Concentra
tIons of RSH much below 4X 10 4 M are ex
perimentally impracticable because of exces
sive depletion of the mercaptan during radiol
ysis. 
b. This yield is dose -dependent, and the val
ue 2.4 represents the extrapolated yield at 
zero dose. 18 
c. At dosages below 2.5 X 10 eV /g. 

IONIZATION AND EXCITATION IN PEPTIDE RADIOLYSIS t 

Warren M. Garrison, Michael E. Jayko, Michael A. J. Rodgers, 
Harvey A. Sokol, and Winifred Bennett-Corniea 

A major chemical effect of '( rays on simple peptides such as the N-acylamino acids under 
oxygen-free conditions, both in the solid state and in ,concentrated aqueous solution, leads to for
mation of labile amide -like compounds which are readily degraded on mild hydrolysis to yield 
ammonia as a characteristic product. Several classes of nitrogen-deficient products are formed 
concomitantly with the ammonia. Earlier communications have discussed certain limited as~ects 
of the radiolytic lability of simple peptides in the solid state and in concentrated solutions. 1-
The radiation chemistry of the se systems is more complex than that involved in the radiolysis of 
simple peptides in dilute oxyge~-free aqueous solution, under which conditions main-chain degra-
dation is of minor importance. In this paper we report detailed experimental evidence and spe-
cific formulations for a number of degradation modes that have been found to be induced directly 
through ionization and excitation of peptides in the polycrystalline state and in the glassy state. 

The 100-eV yield for the radio lytic degradation of the peptide bond, as measured in terms of 
G(NH3) after mild hydrolysis, has been determined for a variety of aliphatic, aromatic, and sul
fur-containing amino acids in the N-acetyl form. These data are summarized in Table·I. In the 
aliphatic serie s, we note that the length of the side chain has relatively little effect on the yield of 
main-chain degradation. The effect of the aromatic groups of acetyl phenylalanine and of acetyl 
tyrosine is to quench in part the yields of those reactions that lead to formation of amide ammo
nia. The 'sulfur moiety of methionine, on the other hand, appears to be relatively ineffective in 
quenching such reactions. 

We have completed a detailed study of the reaction products formed in the '{ radiolysis of 
simple peptide derivatives of alanine, viz., poly-DL-alanine and acetyl-DL-alanine polycrystal
line. These data are summarized in Table II. We find that the major organic products, in the 
order of decreasing yield, are propionic acid, acetaldehyde, pyruvic acid, and lactic acid. The 
labile ammonia from acetylalanine, G = 3.4, is derived primarily from acetamide, G = 2.8, plus 
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a small amount of free ammonia, G = 0.6. From these studies of the concomitant products it is 
clear that the observed G(NH3 ) values represent the combined yield of a number of different modes 
of degradation of the peptide chain. 

The initial radiation-induced step in solid peptides may be represented in terms of the ioniza-
tion 

RCONHCHR
2 

- (RCONHCHR
2

)+ + e-. ( 1) 

It is of interest, therefore, to consider the effects of added electron scavengers on the yield of 
main-chain rupture. Fortunately, for this purpose we have been able to prepare N -acetylalanine 
in the form of a clear glassy solid at room temperature. The glass has the composition 
CH3CONHCH( CH3)COONa· 2H20, and gives product yields that are essentially the same as those 
obtained with the polycrystalline solid, e. g., G(NH3)::::: 3.4, G(propionic) = 1.6, G(acetaldehyde) = 
0.8. Chloracetate ion, which has been shown to be an effective electron scavenger, 

e +RCl-R+CI-, ( 2) 

in other polar glasses, 5 is soluble (as the sodium salt) in acetylalanine glass. We find that G(CI 
increases with chloracetate concentration in the concentration range 1 to 10 mole %, as shown in 
Fig. 1; the reciprocal-yield plot of Fig. 2 gives a limiting value of G(Cl-) ::::: 3, which value pro
vides a measure of the yield for ion-pair production via reaction 1 in this system. At the same 
time there is but a small effect of added chloracetate ion on G(NH3). even under the condition in 
which G(CI-) is maximal. The evidence is, then, that charge recombination, i. e. 

+ -(RCONHCHR
2

) + e -products, (3 ) 

is not of major importance in the radiolytic degradation of the peptide N -C linkage. 

From these and other data obtained on the effects of various classes of added scavengers we 
conclude that the y-ray-induced cleavage of the N-C linkage to yield fatty acid involves excitation 
of the peptide bond by low -energy electrons via 

e- + RCONHCHR
2
-(RCONHCHR

2
)* + e-. ( 4) 

A theoletical treatment of this mode of excitation for the general case has been given by 
Platzman. We envisage the chemistry of the excited (triplet) state in these solid systems to be 
of the forin 

° II 
R-C-N-CHR 

I 2 
H 

° II 
R-C-N-CHR 

. 2 

H 

° I 
R-C=N + . CHR I 2 ' 

H 

(5 ) 

where RCONCHR2 rearranges instantaneously to give the long-lived radical RCONHCR2 . 7 Since 
the radical products of reaction (5) are formed at a distance, the effects of caging will be mini
mal. The overall energy requirement for reaction (5) is essentially that required for dissocia-
tion of the aliphatic N-C bond, i. e., :::::3 eV. 8 . 

If solid acetylalanine is irradiated at the temperature of liquid nitrogen, then the propionic 
acid is almost wholly quenched from G(propionic)290oK = 1.6 to G(propionic)770K ~ 0.1. The 
ammonia yield shows a corresponding drop from G(NH3)290oK = 3.4 to G(NH3h70K = 1.3. We 
interpret this as evidence that an energy of activation is involved in reaction (5). The yields of 
carbonyl products, on the other hand, are unchanged at the lower temperature, with 
G(carbonyl)770K =G(NH3h70K = 1.3. We suggest that the carbonyl products arise from positive 
ion precursors' 



320 

RCONHCHR
Z 

- (RCONHCHR)+ + R + e-, 

RCONHCHR
Z 

- (RCONHCR
z

)+ + H + e-, 

which species undergo proton stripping in the polar solid, e. g. , 
~ 

(RCONCHRzt -RCON=CR
Z 

+ H+, 

(6 ) 

( 7) 

(8) 

to yield dehydropeptide products which are labil~9 and readily hydrolyze to yield amide plus car
bonyl products respectively, 

RCON=CR2 + H 20-RCONH 2 + RzCO, 

RCON=CHR + HzO- RCONH
z 

+ RCHO. 

(9) 

( 10) 

Acetyl £l'-aminobutyric acid yields £l'-ketobutyric acid and propionaldehyde in accord with the above 
formulation. 
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Table I. ,,-Ray-induced degradation of solid 
N -acetylamino acids, 

CH
3

CONHCH(R)COOH. 

N -acetyl 
derivative a (R) 

G(NH
3

)b 

glycine -H z.68 

alanine - CH3 3.4 

£l'-aminobutyric -CH
2
CH

3 2.7 
acid 

leucine -CH2CH(CH3 )Z 3.2 

glutamic acid -CHZCHZCOOH 2.3 

pheny lalanine -CH
Z
(C

6
H

5
) 0.8 

tyrosine -CH
Z
(C 6H 4OH) L6 

methionine -CH
Z
CH

Z
SCH

3 
Z.3 

a. N -acetyl-DL-amino acids were used with 
the exception of N-acetyl-L-glutamic acid. 
b. After hydrolysis. 

Table II. Product yields in the 'y radiolysis of 
N -acetyl-DL-alanine and poly-DL-alanine. 

Product 

ammonia (total) 

amide 

free 

proplonic acid 

pyruvic acid 

acetaldehyde 

lactic acid' 

ac ry lic acid 

hydrogen 

N -acetyl-
alanine 

3.4 

Z.8 

0.6 

L4 

0.4 

0.8 

~o.z 

trace 

0.40 

G 

Poly
alanine 

3.6 

3.1 

0.5 

L8 

"'1 

"'0.4 

0.45 
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Fig. 1. Ammonia (0) and chloride -ion (e) 
yields as a function of chloracetate con
centration in acetylalanine glass, 
RCONHCH(R)COONa' ZHZO. 

321 

1.5r-----.,...-----,------..., 

-I~ 

o 10 20 30 

(Ace ty lalanine) / (Chloracetate) 

XBL6712-5859 

Fig. Z. Reciprocal chloride-ion yield as a 
function of (acetylalanine)/(chloracetate) 
concentration ratio in the systems 
RCONHCH(R)COONa' ZHZO, (0); 
RCONHCH(R)COONa' 8HZO' (e). 
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CHEMICAL ENGINEERING 

L I QUI D M IX IN GIN RE C TAN G U LA R V E SSE L S 

Thomas D. Coughlen t and Theodore Vermeulen 

The power-speed relations of mixers are a guide to the optimum choice of agitation condi-· 
tions, in many blending and contacting systems. Rectangular tanks are sometimes used instead 
of cylindrical vessels, and have not been examined systematically. In this study, power require
ments have been inve stigated for liquid agitation in a closed rectangular tank having variable 
cross section, using both four-bladed flat paddles and flat-bladed turbines with a varying number 
of blades. 1 

In tanks 10 in. high and 10 in. long, widths of 10.0 and 7.5 in. were investigated with a cen
tered impeller, and a width of 8.75 in .. with an off-center impeller. Data obtained with four
blade flat paddle s of varying width and length showed moderately good agreement on a plot of 
modified power number against impeller Reynolds member (Fig. 1) and are all seen to lie be
tween those for unbaffled and for fully baffled cylindrical tanks. 

Less effect of tank shape was found with four-blade turbine impellers of similar dimensions, 
all these giving power numbers about one-third less than those for paddle impellers in the square 
tank. The effect of number of blades on a turbine impeller was also investigated. For a turbine 
with 5 -in. tip-to-tip diameter, and with 1.25 -in. -square blades set perpendicular to a 3.25 -in. -
diameter disk, the number of blades giving maximum power input at a given speed varied from 
10 at an impeller Reynolds number of 105 to 14 at a Reynolds number of 2000. The modified 
power number varied from 12 at the former to 24 at the latter condition .. Similar relations are 
believed to apply in cylindrical tanks, and the effect of number of blades should therefore be 
studied further. 

In measurements on air-water mixtures involving 2.5 to 15 vol-% air, four-blade flat paddle 
impellers gave greater percentage reductions in power requirement for the cross sections exhibit
ing the higher air-free power inputs. 

Footnotes and References 

tPre~ent address: Humble Oil and Refining Co., Baytown, Texas. 
1. T. D. Coughlen and T. Vermeulen, Power Requirements for Liquid Agitation in Rec

tangular Vessels,UCRL-16289, Aug. 1968. 
2.' J. H. Rushton, E. W. Co stich, and H. J. Everett, Chem. Eng. Progr. 46, 395 and 467 

( 1950). 
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~ Curve 1. Rectangular tank, paddle centered. 

o Curve 2. Rectangular tank, 'paddle off-center. 

o Curve 3. Square tank, paddle centered. 

Curve~. Cylindrical tank with four baffles, data of Rushton et al. (R2). 

Curve 5. Unbaffled cylindrical tank, data of Rushton et al. (R2). 
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Fig. 1. Modified power number vs Reynolds number for flat paddles in different tank geom-,' 
etrie s. 

OSCILLATING-JET MEASUREMENT OF DYNAMIC 
LIQUID-LIQUID INTERFACIAL TENSION 

Sugihiko Tada and Theodore Vermeulen 

The oscillating-jet technique has been used previously for measuring the surface tension be
tween a gas and a liquid. Here it is extended to the measurement of the interfacial tension be
tween two immiscible liquids. This work was undertaken to establish a hydrodynamical theory 
for the oscillating jet, so as to allow this technique to be used to indicate interfacial concentra
tions in liquid-liquid systems undergoing mass transfer. The mathematical theory by Bohr for 
the gas-liquid case has been extended to the liqyid-liquid case to give an exact but implicit ana
lytical solution. 1 In the study pre sented here, corrections have been made to the previous re
suit, and a simple correction mUltiplier f to the Rayleigh-Bohr formula has been developed to 
give an explicit repre sentation of the exact solution: 

~-
2 {I2' (ba) 

(1 - 12 (ba) } [

, 37 
. 1 + 24 (::::::::) T' . f, 

where f has been found to be 

[ (2 )-.050 ().029( ).897]-1 
f = 1 + 1. 44 :~Pi ( ba) -. 141:: :: ' 

with c the effective plug-flow velocity; a the mean jet radius; rmax and rmin the elliptical 
major and minor half-axes; b the wave number (2'll/>", with>" the wavelength); f1 viscosity; P 
density; and subscripts i and e designating the interior and exterior fluids. 

Experimental data were taken on immiscible liquid pairs whose interfacial tension ranges 
'from 6 to 42 dynes/cm, and were analyzed by the theory developed. A further correlation is 
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needed to estimate c from the local interface velocity and average interior-jet velocity. Figure 
1 shows the agreement obtained for the experimental measurements that have been made to date. 

\ 

As an essential step in this study, a calculational method has been developed to predict the 
velocity profile of a circular liquid jet in a stationary surrounding liquid. Figure 2 is an example 
of such profiles, for a benzene jet into water, at various downstream distances z measured as 
ratios to the orifice radius. The resulting values of jet radius and interfacial velocity have been 
used to correlate the effective plug-flow velocity which is required a.s an input for ·the oscillating-
jet theory. . 

In order to improve the stability of the oscillating jet, and also to approach closer to theoret
ical flow conditions, the use of a flowing external phase at a velocity near the average velocity of 
the oscillating jet is proposed. A calculational method to predict the velocity ·profile for such a 
case is given as an extension of the method used for a stationary surrounding liquid. Figure 3 
shows a typical initial profile, along with one calculated at a considerable distance downstream. 

References 

1. A. E. Vandegrift, P. N. Tenney, and T. Vermeulen, Liquid-Liquid Interfacial-Tension 
Measurement with art Oscillating Jet, UCRL-10717, March 1963. 

2. S. Tada, A. E. Vandegrift, and T. Vermeulen, Oscillating-Jet Measurement of Dynamic 
Liquid-Liquid Interfacial Tension, UCRL-18629, Dec. 1968. . 
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Fig. 3. Jet radius and radial variation of 
axial velocity, for laminar jet injected 
into flowing exterior liquid, at injection 
nozzle and at a downstream cross section. 
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DEVELOPMENT OF A JET-MIXED EXTRACTION COLUMN 

Daniel R. Kahn and Theodore Vermeulen 

XBLSBII-7228 

A jet-mixed extraction column has been developed i which incorporates most advantages of 
existing column-type extractors, while eliminating the need for internal moving parts. The column 
was designed to provide high rates of mass transfer, with only normal or even decreased extents 
of unwanted longitudinal dispersion ("axial mixing"). 

The column utilizes uniformly spaced horizontal tubular jetting and intake rings at the inner 
and outer boundaries of an annular cross section. At each level, both rings are perforated so as 
to promote nearly straight-line radial flow between the jetting and intake rings. Externally these 
rings are connected by way of a small centrifugal circulating pump. The experimental column as 
set up for visual testing is shown in Fig. 1. The apparatus is part of a complete solvent-extrac
tion unit which has been used in previous LRL studies. 2 

Semiquantitative tests of the column in single-phase and two-phase operation have been made 
to study the effects of number, size, and position of the ring ports, compartment height, jetting 
circulation rate, and longitudinal flow rates on the vortex patterns, the extent of longitudinal dis
persion' the extent of interception (desired) of the discontinuous phase, and the extent of colloidal 
dispersion (undesired) of discontinuous phase. 

Further experimentation, involving a complete mass-transfer analysis using two different 
solvent-solute systems, and a larger number of jet-mixed stages, is needed to complete the per
formance evaluation of this new de sign. 

References 

1. Daniel R. Kahn and Theodore Vermeulen, Development of a Jet-Mixed Extraction Column, 
UCRL-18679, Feb. 1969. . 

2. Joon S. Moon, Alphonse Hennico, and Theodore Vermeulen, Longitudinal Dispersion in 
Packed Extraction Columns· With and Without Pulsation, UCRL-i0928, Oct. 1963. 
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IMPROVED METHODS FOR CONTACTING FLUID PHASES 
IN SEPARATION PROCESSES 

Edward J. Palkot, Jr., and C. Judson King 

This project has been concerned with the evaluation of various novel gas -liquid contacting 
devices for absorption separation processes of practical importance. Attention has been focused 
upon situations in which a highly nonlinear equilibrium curv~ is encountered, leading to the re
quirement of relatively few equilibrium stages for any realistic degree of separation. Two 

chemic-al systems of this sort are currently being examined--the absorption of carbon dioxide into 
catalyzed potas sium carbonate solutions and the adiabatic absorption of hydrogen chloride (or 
hydrogen fluoride) into water. Both these systems are of interest in connection with nuclear pro
cessing. 

When a highly nonlinear equilibrium relationship is encountered along with the need for rela
tively few stages, cocurrent flow contacting devices 'can become attractive. A cocurrent flow con
tactor is not limited in throughput by flooding, which occurs in countercurrent and crosscurrent 
contactors. Consequently, cocurrent contactors can receive a very high throughput, which often 
results in a very high mass transfer efficiency in a relatively small equipment volume. Nearly 
all of the carbon dioxide-carbonate absorbers now in practical use involve countercurrent· plate 
or packed columns. The plate efficiencies are very low, with the result that 25 or 3D stages ·are 
required for a separation that requires only one or two equilibrium stages. Hence it appears that 
there can be considerable incentive for using cocurrent flow devices for that system. \, 

The following devices are being evaluated as cocurrent flow absorbers for the systems indi-
cated above: 

(a) rapid, cocurrent flow in a packed bed, 
(b) slug-annular flow in an open pipe, 
(c) froth flow in an open pipe, 
(d) spray contacting. . 1 2 

The evaluation of froth flow makes use of the results obtained by Heuss, King, and Wilke' (see 
also Chemistry Annual Report, 1964). The evaluation of the' other systems makes use of other 
fundamental data available in the literature. 

The carbon dioxide-carbonate system is rate-limited by a pseudo-first-order chemical reac
tion. As a result the gas-liquid interfacial area is an important design parameter. The inter
facial area for high-velocity cocurrent flow through packing is not well k)1own, and this generates 
uncertainty regarding the utility of the packed column. The froth flow system for carbon dioxide 
absorption requires a substantial liquid recycle, but compensates for this by providing very small 
bubbles, which give a large interfacial area. Froth flow is attractive for this application, and it 
appears that a countercurrent arrangement of two moderate lengths of pipe with cocurrent froth 
flow inside the pipes can replace a 25 - or 3D-plate column, with the pipe diameter being an order 
of magnitude less than that of the plate column. Two stages of slug-annular flow contacting are 
also attractive. 

Although spray columns are ordinarily favored for low ratios of liquid to gas flow, they can 
be used for the carbon dioxide-carbonate system because of the large interfacial area they pro
vide. A countercurrent arrangement of three internally cocurrent spray columns, ea~h about 15 
feet high, can replace the 25 - to 3D-plate column, but the system volume will not be reduced. 
Hence the spray tower does not seem to be so useful as the other cocurrent contacting methods. 

References 

1. J. M. Heuss, C. J. King, and C. R. Wilke, Mass Transfer in Gocurrent Gas-Liquid 
Flow, UCRL-1157D, Aug. 1964. 

2. J. M. Heuss, C. J. King, and C. R. Wilke, Gas-Liquid Mass Transfer in Cocurrent 
Froth Flow, A. I. Ch. E. J. !!.- 866 (1965). 
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GROWTH OF STREPTOCOCCUS FAECALUS IN DENSE CULTURE t 

L. D. Sortland* and C. R. Wilke 

A fermentation system was designed and constructed to study the growth characteristics of 
microorganisms at low and high cell concentrations. The technique used to develop high cell den
sities utilized a rotating microfiltration unit to permit the removal of cell-free product from the 
fermenter. Figure 1 is a schematic diagram of the system. The fermenter volume and the filter 
were contained in a single unit composed of a series of concentric cyclinders. The annuli served 
as the fermenter volume; the second outermost cylinder supported a microfiltration membrane. 
Feed to the system was pumped at constant rates and the internal pressure built up to a value 
which would effect the required filtration rate. The system was operated batchwise and contin
uously, with and without filtration. 

The anaerobic growth characteristics of Streptococcus faecalus were determined at 37°C and 
pH 7.0 for batch, continuous, and contin~ous-with-filtration modes of operation. Filtration rates 
in excess of a liter per hour (2.2 ml/cm -hr) were maintained for several days with cell concen
trations up to 20% packed cell volume. The maximum cell density obtained was 40% packed cell 
volume, a factor of 45 larger than could be obtained in the usual batch culture. Excellent filtra
tion efficiency was achieved; the concentration of cell in the filtrate was six orders of magnitude 
smaller than in the fermenter. 

The filtration-fermenter combination has a larger productivity per unit volume than a contin
uous stirred tank fermenter when both are operated at the same specific growth rate. The advan
tage of the filtration-fermenter over the continuous stirred tank increases with decreasing specific 
growth rate and with increasing filtration rate. Very large increases in productivity are possible 
at low specific growth rates. The application of high-density fermentation to industrial processes 
will depend largely on the cost of filtration membranes, which are expensive at present. The 
presence of a cell-free effluent is advantageous when product recovery systems require the sepa
ration of cells from the fermentation broth. The filtration equipment is more complex than a 
stirred tank, but the added cost is offset by the smaller size required for the same throughput. 

In batch culture, glucose was converted almost stoichiometrically to lactic acid. When an 
excess of glucose was present, disassociation of the rate of glucose consumption from the growth 
rate occurred as the culture entered stationary phase. In continuous culture with glucose limita
tion, the fraction of glucose going to lactate decreased with the dilution rate. The consumption of 
glucose for cell maintenance was negligible. Results in terms of substrate conversion,· yields, 
viability, etc., from steady-state high-density experiments were similar to those obtained from 
low-density continuous culture. 

The transient high-density experiments showed that the yield of cells per mole of glucose 
changed quite abruptly as a run progressed. Complex interactions between the cell and its envi
ronment were probably responsible. No consistent correlation between these yield changes and 
cell density was evident. The changes in cell yield were usually accompanied by alteration in the 
lactate yield constant, but no correlation could be developed .. 

The transient technique of operating the filtration-fermenter and the plotting methods em
ployed for the data obtained appear useful for the rapid determination of changes in metabolic 
pathways which affect cell and product yield constants. 

More detailed description of the experiments and tabulations of data are available. 1 

Footnotes and References 

tCondensed from a paper submitted to Third International Fermentation Symposium, Rutgers 
University, September 2-6, 1968, New Brunswick, N. J. 

*Present address: Bellcomm Inc., Washington, D. C. 
1. L. D. Sortland and C. R. Wilke, Kinetics of a Dense Culture Fermentation, UCRL-18340, 

June 1968. 
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ELECTRONIC INSTRUMENTATION AND SEMICONDUCTOR DEVICES 

HYPERCRYOGENIC DETECTOR-FET UNIT-CORE OF 
HIGH-RESOLUTION SPECTROMETERt 

* Emanuel Elad and Michiyuki Nakamura 

A hypercryogenic high- resolution x- ray and '(- ray spectrometer consists of a lithium-drifted 
germanium. detector and a germanium. junction field-effect transistor (JFET) preamplifier. 1 The 
preamplifier uses two germanium JFET' s cooled to liquid helium temperatures. Pulse generator 
resolution of the preamplifier for zero external capacitance is 0.28 keY FWHM (Ge), with a slope 
of 0.018 keV/pF. 

Radiation detectors require thick depletion layers, which are realized by lithium compensa
tion, forming p-:i-n structures. In these devices only the leakage current generation components 
in the bulk and surface are significant. The generation current in the bulk space charge layer can 
be shown to be mostly dependent on the density of thermally generated carriers and the lifetime of 
the carriers. The density of thermally generated carriers is decreased strongly with decreasing 
temperature, which reduces bulk generation current. Unfortunately, there is little information on 
carrier lifetime (or capture cross sections) at cryogenic temperatures. There is evidence of in
creased trapping of carriers at liquid helium temperatures. This reduces the effective lifetime, 
as the probability of detrapping at these temperatures is very small. Therefore the increased 
trapping causes det,erioration of resolution but does not increase bulk generation current. 

The surface component of leakage current is mostly dependent on the density of thermally 
generated carriers and the surface recombination velocity. The density of thermally generated 
carriers exhibits the same temperature effects for surface leakage currents as for the bulk-
generation currents. The main difference for the surface component of leakage current is the 
indirect temperature dependence on the concentration of generation- recombination centers., Be
cause liquid helium. cooling acts in effect as a cryopump, the vacuum. of the cryostat is improved 
considerably, and the probability of adsorption of polar molecules on the detector surface is re
duced. 

The total leakage current should be reduced significantly by reducing the temperature from 
77° K to 10 to 20° K. 

The capacitance of germanium detectors is only weakly temperature-dependent, but is reduced 
with decreasing temperature. The parasitic resistance effects in germanium detectors are re
duced with dec reasing temperature. 

Summarizing, we can say that the noise sources of the detector, both shot and thermal, are 
reduced and the signal- to-noise ratio improved as its temperature is lowered 'below 77° K. Higher 
bias voltage can be applied to the detector and this has the advantage of improving charge-collec
tion statistics and reducing the capacitance of the detector, but has the disadvantage of higher mi
crophonics. 

The spectrometer was tested with three different germanium detectors from different ingots 
and with different histories. All three detectors were tested for temperature dependence of their 
resolution and behavior. Longer differentiation and integration pulse- shaping time constants were 
used at the lower temperatures. Improved resolutions were obtained, on the order of 0.4 keY for 
low-energy x rays and 0.68 keY for the '( rays of 57Co , On one detector the bias applied at 12°K 
was 1500 V, whereas at 77° K it withstood only 600 V. Increased trapping effects were noticeable 
at the lower temperatures. 
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Footnotes and Reference 

t Condensed from IEEE Trans. on NS-15 3, 477-485 (June 1968), 11th Scintillation and Semi
conductor Symposium, Washington D. C., February 28-March 1, 1968. 

*Present address: Nuclear Diodes; Inc. ,. Prairie View, Illinois. 
1. E. Elad and M. Nakamura, IEEE NS-15.1., 283 (1968). 

DEVELOPMENT OF A GERMANIUM COUNTER SYSTEM FOR 
CHARGED-PARTICLE NUCLEAR SPECTROSCOPY 

E. A. McClatchie, M. S. Zisman, A. D. Bacher, C. Glashausser, R. H. Pehl, 
E. Rivet, and F. S. Goulding' 

In recent months an intensive effort has been made to put into ope'ration a Ge counter system 
for use in charged-particle nuclear spectroscopy. The higher density and atomic number of ger
manium make it superior to silicon for detecting high energy particles from nuclear reactions. 

, , 

Figure 1 is' a schematic diagram of the, germanium counter holder installed in the 36-inch 
scattering chamber at the 88-inch cyclotron. The scattering cha,mber has been modified to allow 
liquid nitr:ogen to be pumped through a copper cold bar which runs' around its circumference. A 
counter holder has been designed which is clamped to the cold bar by means of a stainless steel 
bellows, which is expanded against it by compressed air. The counter holder is also attached to 
a movable hub iris ide the chamber, and can be rotated to any angle by evacuating the bellows to 
un clamp the counter holder, rotating the hub, and then repressurizing the bellows. Under equi
librium conditions, the temperature of the counter when clamped is about -150° C. 

The counter is operated as a windowless system. During an eXEeriment the counter and the 
scattering chamber share a common vacuum (typically about 5 X 10- mm Hg) provided by a ,mo
lecular sieve pump in the counter-holder,unit and the diffusion pump on the chamber itself. The 
counter holder has a motor-driven vacuum valve which can isolate the c'ounter from the chamber 
vacuum while the molecular sieve pump maintains a low internal pressure. Figur'es 2 and 3 are 
photographs of the counter holder. 

Tests using the 42-MeV proton beam from the 88-inch cyclotron gave an 'optimum resolution 
(FWHM) of about 20 keY at 1.5 kV bias for scattering off a 70-fLg/cm2 Au target at a iab angle of 
12 deg. The energy spread in the beam itself was 10 keY and the electronic noise was 8 keY. 
The peak-to-background ratio 1 MeV down from the elastic peak was about 5000:1. During a later 
experiment with a diffe,rent detector, in which the resolution had degraded to 55 keY (because of 
radiation damage), a peak-to-background ratio of 19000:1 was observed looking directly at the 
beam particles in the absence of collimators (see Fig. 4). The ratio of integrated counts 'in the 
background to counts in the peak was 30/0 (see Fig. 5), which can be accounted for by nuclear re
actions in the germanium crystal. 1 These measurements were obtained by using 0.6- to 0.9-cm
thick lithium-drifted germanium detectors. It was found that the observed resolution depends on 
detector bias up to about 1.5 kV but improves very little between 1.5 and 2.5 kV. 

We are also planning to use the Ge counter in conjunction with aSi 6.E, counter Jor particle 
identification. 

Reference 

1. M. Q. Makino, C. N. Waddell, and R. M. Eisberg, Nucl. Instr. Methods 60, 109 (1968). 
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Fig . 2. Counter ho1de r, showing mole cular sieve pump and 
i nte r na l first stage of th e FET preamplifier. 
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Fig. 3. Counter holder, s how ing motor-drive n vacuum valve 
and external part of the pr eamplifi e r. 
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Fig. 4. Spectrum with counter in 42-MeV 
proton beam, 3 keY per channel. 

Fig. 5.· Spectrum with counter in 42-MeV 
proton beam, 45.5 keY per channel. 

GERMANIUM DETECTOR SYSTEM DEVELOPMENT 

R. H. Pehl, F. S. Goulding, W. L. Hansen, E. Rivet, J. T. Walton, D. F. Malone, 
R. C. Cordi, R. C. Davis, and G. 1. Saucedo 

Progress in the development of germanium detectors continues to be largely determined by 
the quality of germanium crystals that can be obtained. Nearly all the new detectors produced 
this year were made from crystals pulled in our laboratory. The best of these detectors are ap
proximately equal to the very best that we have made from Hoboken material. 

The quality of detectors that can be made from different crystals varies decidedly, and there 
is a definite tendency for the detector quality to become worse as the crystal diameter becomes 
larger. In fact, we have not succeeded in making a high-quality detector « 2.4-keY resolution at 
60 Co) from crystals of greater than 4.0 cm diam. 

During the calendar year 1968, 43 detector systems were put into service. Better high
capacity field- effect transistors enabled us to improve the resolution on most of the spectrometer 
systems produced. For example, we have obtained a resolution of 1.3 keY for the 122-keY 57Co 
y ray with a 35_cm3 true coaxial detector having a capact~nce of about 30 pF. With an 11-cm3 

planar detector a resolution of 1.8 keY for the 1173-keV Co y ray was obtained. 

METHOD FOR GOPPER-STAINING GERMANIUM CRYSTALS t 

Ernest- J. Rivet 

Techniques capable of showing junctions and impurity inhomogeneities in semiconductor crys
tals constitute an important tool in device fabrication and development. Copper staining by white
light illumination of a sample immersed in a Cu++ solution has been used as a tool to decorate Si 
crystals. 1,2 However, to our knowledge, the decoration of Ge devices could be accomplished 
only through var}ous adaptations of techniques based upon preferential chemical etching and elec-
trolytic plating. This report describes how to provide excellent decoration of Ge crystals by 
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copper staining. 

The key conditions for proper decoration of Ge crystals by copper staining are: 
(a) Low solution temperature"" 3° C. 
(b) Illumination of the sample by infrared light. 
(c) Careful positioning of the light source relative to the germanium sample so as to minimize 

the absorption of the infrared light. 

The staining solution used in this work contained 20 g CuS04 5H20 and 1 cm3 48% HF per 
liter of solution. 4 Ten fold variation in CuS04 and HF concentration showed no significant effect 
on the quali ty of the stain. 

The solution must be kept at a temperature near the freezing point to obtain clear stains. As 
the temperature'is increased to > 10 0 C the stains on the p-i-n junctions of a device become fuzzy; 
at room temperature a lack of contrast, especially between the p-i regions, makes the stain un
usable. A brief investigation with solutions containing methanol and ethylene glycol indicated that 
stains cannot be obtained at temperatures lower than"" _10 0 C. 

The use of light is essential in copper staining since the rn.ethod is based on,a photovoltaic ef
fect caus~~g more electrons to accumulate on n-type material, and therefore preferential plating 
of the Cu ions. 3 By comparison, the i region, on which more electrons accumulate than on the 
p region but less than on the n region, is plated accordingly. Most distinct region separation has 
been obtained with the use of an infrared lamp. Since infrared radiation is absorbed by the Cu++ 
solution, the sample is irradiated through the glass bottom of the dish and therefore through the 
sample rather than through the top of the solution. 

A diagram of the apparatus utilized is presented in Fig. 1. The surface to be stained is care
fully lapped and dried with a jet of dry nitrogen. The sample is then immersed in the solution, 
kept at "" 3° C by an ethylene glycol cooling coil. After a 3D-sec delay the infrared light is turned 
on for a period of 2 to 4 minutes, depending upon the size of the sample. A liquid-nitrogen-cooled 
collimator allows longer exposure if desired without causing a serious temperature ri.se of the 
staining bath. During the staining exposure a 0.3-liter/min flow of Ar is bubbled into the bath to 
provide a stirring action, without which the presence of heat currents rising from the faces of the 
device cause severe distortion of the stain. A piece of copper pipe located in the bath promotes a 
circular motion of the solution. 

Figure 2 shows a stain on a typical Li-drifted germanium crystal. The sharpness of the bound
aries illustrates the usefulness of the method as a tool to investigate the shape and depth of the 
p-i-n regions. The method is sufficiently sensitive to show nonuniformities in germanium crystals 
prior to Li drifting. 

The best detectors from the point of view of good resolution and low trapping have been made 
from materials exhibiting very uniform copper deposition when stained prior to lithium drifting. 
Therefore, as with our previous observation, when copper staining was used on silicon, the tech
nique can be used to weed out poor-quality crystals without requiring the elaborate process of 
lithium drifting. The better crystals must still be graded by testing detectors, however. 

Footnote and References 

t Condensed from·Nucl. Instr. Methods (to be published). 
1. P. J. Whoriskey, J. Appl. Phys. 29, 867 (1958). 
2. P. A. Iles and P. J. Coppen, J. Appl. Phys. £2" 1514 (1958). 
3. P. J. Holmes, The Electrochemistry of Semiconductors (Academic Press, London and 

New York, 1962), Chapters 6, 7 .. and 8. 
4. R. P. Lothrop and H. E. Smith, Lithium-Drifted Silicon Radiation Detector Production 

Process, UCRL-16190, June 1965. 



337 

TO COOLING UNIT 

Ar 

STAINING APPARATUS 

XiiI. (./UJ-S65S 

Fig. 1. Cutaway view of the staining 
apparatus. 

XBB 688-4906 
Fig. 2 . Stain of a Ge(Li) d evice . H eavy plating on 

the n material causes this region to appear as a 
white section at the bottom of the picture; the 
dark area at the top and the thick gray section in 
the middle correspond to the p and i regions 
respectively. 

COMPUTER CONTROL SYSTEM FOR THE FIELD-FREE SPECTROMETER 

Ron Zane, R. L. LaPierre, and Joseph E. Katz 

Early in 1968, a system utilizing a Digital Equipment Corporation PDP 8 computer was as
sembled to collect data and control the operation of the Fi e ld-Free Sp e ctrometer. The system 
hardware is interconnec ted as shown in Fig. 1 . 

An experimenter can, via the teletype, ent e r the initial spectrometer current, the current 
increment, the number of increments, the increment · rat e, and the number of scans. The real
time clock module provides the time base for the system. The spectrometer magnet current is 
set, by means of the output registe r, to th e value determined by the system program. Magnet 
current is controlled to an accuracy of 1: 10 6 . The setting of the relays in the magnet current 
supply is monitored by the shunt relay monitor. Computer-controlled scalers totalize the counts 
detected during each current incr.ement. The interlock control provides a program interrupt 
whenever anyone of 12 external sensors indicates a fault condition. The software system deter
mines which sense line caus e d the interrupt and then either issues a wa rning for nonfatal faults or 
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terminates the experiment and preserves the "good" data for fatal faults. 
running a series of experiments, without the need of operator intervention, 
schedule with a high degree of reliability. 

This system has been 
on an around·-the-clock 

The software system program was written by Derik V. Armstrong of the Mathematics and Com
puting Group. Presently the system software produces, on the CRT, an on-line histogram display 
of the data. High-quality permanent graphic output is available by incorporating the CalComp 565 
plotter in the system program. It is not possible at the present time, because of computer mem
ory limitations, to provide both CRT and CalComp displays simultaneously. 

It is intended to write a system program that will. incorporate the high- speed paper tape reader 
and punch to perform these several functions. The system will first acquire the data from a series 
of scans and then perform a limited amount of analysis and produce permanent high- quality 
CalComp plots. 

PDP-8 interface 
level shifter 

13XI660 

PDP-8 

XBL692 -1933 

Fig. 1; Field-free spectrometer computer control and data
acquisition system.~ 

CONTROL UNIT FOR LINKING PULSE-HEIGHT ANALYZERS 
TO A PDP-9 COMPUTER 

Richard L. LaPierre 

.We are in the process of building a unit that will link the various pulse-height analyzers at 
this inst.allation to a PDP-9 computer. The transfer of data will be under computer control, and 
will occur via programmed data transfer . 

. One of the design objectives is to allow the memories of suitable pulse-height analyze.rs to func
tion as fast random-access bulk-storage devices for the PDP-9 computer. We have a Nuclear Data 
160 analyzer with a 4K 18- bit memory which will be used in this manner. 
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The design of the control unit allows the following ITlodes of operation for the transfer of data 
between the cOITlputer and the ITleITlory of the analyzer: 

(a) "Read" into the cOITlputer, cOITlITlencing at location X in the analyzer, the contents of ITl 
succes sive locations. 

(b) "Write" into the analyzer, COITlITlencing at location X, ITl successive words. 
(c) "Add-1" to the contents of location X in the analyzer. 

Due to the, differences in the various analyzers, it was decided to have one central control 
station which would serve as the link between the cOITlputer and all the analyzers. The design phi
losophy is such that this unit will also serve as the link for a COITlITlercial ITleITlory systeITl when 
one is added to the PDP-9 systeITl. At each analyzer station will be an auxiliary unit which serves 
as the interface between the specific analyzer and the central control station. 

The auxiliary unit offers an inexpensive solution to the probleITl of changing the analyzer's 
systeITl configuration without the accoITlpanying change of nUITlerous cables. The auxiliary unit be
COITles a part of the analyzer systeITl and the analyzer operates in norITlal local control. A stan
dard cable connection to the central control station perITlits the option of cOITlputer control of the 
sys teITl. 

SPECIAL-PURPOSE COMPUTER 
FOR LINKING PULSE-HEIGHT ANALYZERS WITH A 

DIGITAL INCREMENTAL PLOTTER 

Richard L. LaPierre and Michiyuki NakaITlura 

We have designed a fixed-wire COITlputer which features the advantages of a cOITlputer-digital 
plotter for displaying the inforITlation stored in an analyzer. The special-purpose COITlputer is 
portable and has its own digital plotter, which eliITlinates the inconvenience and tiITle delay nor
ITlally encountered when work is subITlitted to a cOITlputer center. 

The instruITlent contains the electronics to allow it to be interfaced with either' binary-coded
deciITlal or binary-type analyzers. The plotted output can be on linear or seITlilog paper. Log
arithITls of the input data are cOITlputed in base 2 and converted to base 10, for y-axis1c2ntrol in 
seITlilog plots. The logarithITls are generated by a ITlethod reported in the literature, ' and the 
organization of our ITlachine readily lends itself to an expansion of the error-reduction technique 
suggested by COITlbet et al. 2 

A ITlachine language prograITl was written for the CDC 6600 cOITlp~ter which duplicates the op
erations perforITled by our systeITl. The errorS introduced in generating the logarithITls are shown 
in Fig. 1. The accuracy of the logarithITl generator is sufficient to' produce an overall positional 
accuracy of ± 1 step of the increITlental plotter. 

The length of tiITle to plot a graph is deterITlined priITlarily by the pen cycle tiITle of the plotter; 
however, it is also dependent on the COITlplexity of the spectruITl and the nUITlber of channels (data 
points) per inch. A typical plot tiITle for a SCIPP 1600-channel analyzer is 3.5 ITlinutes for a six
cycle log graph with 20 channels per inch. 

The operation of the systeITl is fully autoITlatic once the zero reference of the plotter has been 
established. Graphs are then produced whenever the analyzer enters the parallel readout ITlode, 
and a paper-advance feature provides suitable separation of the plots. During the last year, the 
systeITl has been in nearly continuous around-the-clock operation. In a recent series of runs in 
which spectra froITl various speciITlens were taken on the SCIPP 1600, the entire series was COITl
pleted in 16 hours for 25 spectra of 0.5-hour data-collecting periods. The spectruITl froITl each 
individual run was analyzed iITlITlediately following each run and during the data collecting of the 
following run. ' 

The technique of generating logarithITls 'can be readily used by cOITlputers with sITlall ITleITlories 
in which use of subroutines ITlay not be desirable. 
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ON-LINE PDP-9 COMPUTER FOR FISSION RESEARCH 

Craig A. Denison, James B. Hunter, Richard C. Jared, >:< Richard L. LaPierre, 
Michiyuki Nakamura, and Elizabeth Quigg 

A Digital Equipment Corporation PDP-9 computer was installed and put into operation this 
past year. The PDP-9 is being used on-line for data acquisition of fission experiments and off
line for data analysis, sorting, and calculations. More complex computations and analysis are 
done at the main computer center with the Control Data Corporation 6600 computer. 

The PDP-9 system, when originally installed, consisted of 8K 18-bit word memory, extended 
arithmetic element, CalComp plotter and control, and oscilloscope display and control. Later, 
we added Dectapes, additional 8K memory, automatic priority interrupt, and a large-screen CRT 
display. We built our own controllers for an IBM compatible magnetic tape transport and a 130 
track, movable head disk (manufactured by Data Disk). Presently under construction is a device 
synchronizer for a Data Link1. 2 which will allow the PDP-9 to communicate directly with the CDC 
6600 computer. Interfaces and controls were built for ADC's, stretchers, digital gain stabilizers, 
and pulse-height analyzers. 

The prog ramming fo r the PDP- 9 is built around the advanced software package supplied by 
DEC. Several small utility programs have been written, such as CalComp plotting, pulse-height 
analysis, CRT display, maintenance, and test routines. A program for a multidimensional ex
periment has been written for on-line data acquisition with these features: (a) digital gain stabili
zation, (b) sorting and display for any of up to eight "singles" spectra, (c) dumping of all data on 
magnetic tape for later analysis on the CDC 6600, and (d) off-line analysis of data. We feel that 
the recent addition of the automatic priority interrupt and the additional 8K 6f memory will ease 
some of the programming obstacles and problems encountered in the past. 
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PULSE-HEIGHT COMPENSATION SYSTEM FOR Ge(Li) TIMING t 

J.M. Jaklevic, F. M. Bernthal, J. O. Radeloff, and D. A. Landis 

Due to the variation in the rise time of the pulses produced by Ge(Li) '{-ray detectors, it has 
become common practice t~ employ a leading-edge discriminator to extract the timing information 
from the detector pulse. 1- This method has the advantage over crossover or fractional amplitude 
pickoff timing of a smaller variation of trigger time with rise-time variations, but suffers the dis
advantage of introducing a dependence of trigger time upon the energy of the pulse. Although this 
energy dependence is of little consequence in measurements involving coincidences between narrow 
energy regions of the Ge(Li) spectrum, it can produce a significant broadening in the time-resolu
tion curve in the more frequently encountered cases in which one is interested in the full energy 
spectrum of '{ rays. We describe here a Ge(Li) fast-timing system which employs a relatively 
simple method of compensating for the energy dependence of the timing signal. 

Operation of the pulse-height compensation system can best be explained with reference to 
Fig. 1. The upper curve is a plot of centroid position of a time-to-amplitude converter (TAC) out
put as a function of energy for a 13-mm depletion depth planar Ge(Li) detector. The data were ob
tained by using a

60
hree-parameter incremental tape data storage program on the PDP-7 computer.4 

The source was Co and the "START" signal was provided by a NaI scintillation detector. The 
"error" bars are used to .indicate the full width at half maximum (FWHM) of the time distribution. 
Analysis of the dependence of centroid position on energy shows that the time shift can be approx
imated by a function proportional to log E, where E is the energy ofthe signal. Therefore by mixing a 
signal proportional to log E with the time output one can essentially compensate for this energy 
dependence. The lower curve in Fig. 1 is a plot of centroid positions taken under conditions iden
tical to those for the upper curve, except that the compensation signal has been mixed with the 
TAC output. The compensated signal exhibits only a slight energy dependence over the range 
shown. This could be improved by more careful adjustment of the logarithmic amplifier gain, and 
perhaps by generating a more complex function than the simple logarithmic one used here. 

Figure 2 is a plot of the 22Na time distribution obtained with the NaI detector and the 10-mm 
planar Ge(Li) detector. The plots represent uncompensated and compensated data respectively. 
As indicated in the figure, the broader distributions are data for all energies above threshold 
(::::: 20 keY); the narrower peaks include only events with energy greater than 100 keY, The broad
ening of the distribution in the former case is caused by the poor time resolution obtain.ed at very 
low energies and by incomplete pulse-height compensation due to the inadequacy of the log E ap
proximation at lower energies. In general, the effect of the low energy pulses on the time distri
bution is a very slight broadening at FWHM and a 10 to 20% broadening in the full width at tenth 
maximum [FW(O.1)M] . 

The compensation system has been applied to several different types and sizes of detectors. 
In general there is approximately a factor of 2 improvement in both FWHM and FW(O.1)M. Since 
the FW(O.1)M is a more realistic rr;J.easure of the coincidence resolving time possible in a given 
configuration, one can conclude from these measurements that if one uses pulse-height compensa
tion, resolving times of 2 T = 29 nsec and 2T = 60 nsec possible for planar-planar and coax- coax 
configurations respectively. Altho~g9 this improvement is not so great as that which should be ob
tainable by using other techniques, - we feel that the simplicity of the method makes it attractive 
for a large number of applications. 
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Fig. 1. Plot of centroid position as a func
tion of energy for a 13.-mm depletion 
depth planar Ge(Li) detector. The "er
ror" bars are used to indicate the 
FWHM of the time distribution. The 
upper curve is without compensation; 
the lower curve shows the effect of 
mixing the log E compensation signal 
with the TAC output. . 
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Fig. 2. Timing curves obtained with a 
10-mm depletion depth planar Ge(Li) 
detector in coincidence with a NaI scin
tillation spectrometer, showing the ef
fect of pulse-height compensation on 
the time distribution. Curve.s are 
shown for both the full-energy spec
trum (all events above approximately 
20 keY) and the spectrum of events 
with energies greater than 100 keY. 
The "STOP" signal was supplied by the 
Ge( Li) detec to r. 
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GENERAL INSTRUMENTATION AND DEVELOPMENT 

WAIST-TO-WAIST TRANSPORT IN THIN-LENS OPTICSt 

A. U. Luccio 

A simple graphical method has been developed that would enable one to calculate very quickly 
the transport of a charged beam through an optical system of many elements, in the thin-lens 
approximation. The method can be used to deal with accelerating (immersion) lenses as well, 
and it is hence useful as an aid in designing ion guns. 

The basic system of equations used is 

v = y<\> [u(u -<\» + i]/[(u _<\»2 + i], 

f.12 = X
2

/yX
i 

= <\>2/[(u _ <\»2 + i], 

where u = zO_/X1~ v = z02/Xi' <\> = f/X i , and the following definitions apply: 
y = accererahon facfor, 
zOi' z02 = distances from the lens to the source and image waist, . 
Xi' X 2 = characteristic lengths of waists, 
f.1 = linear magnification, 
f = focal length. 

( i) 

(2) 

A first family of curves (Figs. i and 2), with parameter <\>, represents the function v/y vs u 
from Eq. (i), and allows one to calculate z02' given z01' X 1 ' and f. 

A second family, f.12 vs u (Fig. 3), from Eq. (2), allows one to calculate the linear magnifica
tion and X 2" 

Putting X 1 = X 2 ' one proceeds with the calculation for the next lens. 

Footnote 

t Condensed from UCRL-i82i7" 
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88-INCH CYCLOTRON DEVELOPMENT 

D. J. Clark, J. Ernst, A. U. Luccio, and F. Resmini 

In 1968 the improvements to the cyclotron and beam-handling system included the installation 
of another 10-inch oil diffusion pump on the dee tank, the installation for testing of another center
region defining slit called the "3/4-turn collimator, "the installation and successful testing 1 of 
the two 1~O-deg analyzing magnets in the new Cave 4 area, and the operational use of a fast vac
uum valve. 

Beam Development 

Beam development work at the 88-inch cyclotron has been mainly devoted to some special 
items in connection with new experimental needs or the installation of the analyzing -magnet sys
tern. Work on the development of single-turn extraction, reported in 1967, has been temporarily 
abandoned because of the problems deriving from the high dee-voltage ripple. The consequent 
smearing out of the turn structure prevents single -turn operation except for very low energy 
beams. This work might then be successfully reconsidered only when the ripple is reduced to no 
more than 0.1% (peak to peak) rather than the present typical values of 0.6% to 0.8%. 

In connection with a series of experiments requiring the use of time-of-flight techniques, 3 
a few runs have been devoted to the production of narrow-phase-width beams. The goal was to 
produce beams of width in the range of 1 to 2 nsec FWHM, with a reasonable extracted intensity, 
around 1 f.LA, initially for 95 -MeV alphas and 55 -MeV protons. For these particles and energies 
the corresponding phase widths are of the order of 6 to 8 deg. The technique used was to properly 
clip the internal beam, usually distributed over a 30- to 40-deg phase interval, by means of a slit 
placed 1/2 ~urn after the ion source called the "half-turn collimator, " which has been described 
elsewhere. The internal phase probe, whose signal is fed to a sampling scope, is used to moni-
tor the internal beam width and to check the phase history as a function of radius. 

A typical phase probe picture for 95 -MeV alphas is shown in Fig. 1. The horizontal scale is 
4 deg/cm, which, at the operating frequency of 10.8 MHz, corresponds to 1.3 nsec/cm. The 
beam is seen to have a FWHM of about 2 nsec. The half-turn collimator gap is 1.5 mm. In these 
conditions we would extract up to 1.50 f.LA. Similar results were obtained with 55-MeV protons. 
Figure 2 shows a time-of-flight spectrum recorded under the experimental conditions reached for 
this last beam: the FWHM is about 1.5 nsec, the intensity of the extracted beam 2 f.LA. 

No attempt has been made so far to further reduce the time width of the beam by means of 
the other collimators available, namely the 3/4-turn collimator and the defining slits. The limit 
of 6 to 8 deg has to be considered as the minimum obtainable with only the use of the half-turn 
collimator, in the sense that a further reduction in its gap width merely reduces the transmitted 
beam intensity, without appreciable effects on the phase width. This behavior is clearly under
standable as due to the presence of radial oscillations whose amplitude is of the same order of 
magnitude as the difference in radius corresponding to different phases. 

Transmission tests through the analyzing magnets
1 

were carried out with two beams, namely 
50-MeV alphas and 45 -MeV protons. The purpose was to measure the transmission efficiency 
for two rather different beams (different in terms of the machine operating conditions) and look 
at the millisecond time structure of the analyzed beams. These last measurements were desired 
because one expects the dee-voltage ripple to produce important effects. 

The slit widths of the analyzing magnets were chosen so as to give an energy resolution 
~E/E = 0.02%. The beam optics were tuned so that the radial emittance of the analyzed beam is 
of the order of 4 mm-mrad. The measurements of the time structure were performed by inter
cepting the beam with a copper plate, amplifying the signal with a direct coupled amplifier, and 
feeding it to an oscilloscope. 

The transmission efficiencies to the target ranged between 0.5% and 0.7% of the whole ex
tracted cyclotron beam for 45 -MeV p and 50-MeV Cl'. The beam currents on target were about 
0.5 f.LA for a well tuned beam. Under these conditions a typical time structure of the analyzed 
beam is shown in Fig. 3, the horizontal scale being 2 msec/ cm. One can clearly locate periodic
ities at 60 Hz resulting from the presence of the dee-voltage ripple. 
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The almost complete absence of beam for long periods of time, pointing out a very low 
macroscopic duty cycle, indicate dramatically the need for better dee-voltage regulation. Also 
one could reasonably guess that considerably higher transmission efficiencies could be obtained 
if the cause of the low duty cycle were suppressed. Present programs call for installing a better 
regulated dee voltage supply early in 1969, and at that time these measurement.s will be repeated. 

Deflector Development 

In October the old deflector developed some leaks and had to come out for repair. It was 
decided to use the new Mk II deflector as a spare. It had been used successfully on several pre
vious te sts 4 with the positive regenerator electrode turned on for higher -energy beams, and 
turned off for some low and medium energies. Since the regenerator caused some voltage -holding 
problems, and did not significantly improve the energy resolution or extraction efficiency, we de
cided to remove the regenerator and operate the deflector as a conventional electrostatic channel. 
Optimum electrode positions for stable operation were found for beams throughout the cyclotron 
operating range, including 55-MeV protons and 12.0-MeV CI! particles. Deflected beam powers of 
1 to 2. kW were obtained--approximately as much as with the old deflector. 

For the setup of beam transport lines it is very important to know the size and position of the 
radial and vertical cyclotron external beam virtual beam source asa function of particle, energy, 
magnetic field, and deflector settings. In order to study the properties of the present (or an im
proved) electrostatic deflector a FORTRAN program FLECT (based on CYCLONE) was developed 
for the integration of particle paths through the fringe field of a cyclotron. 

Calculations were done for medium and high magnetic fields corresponding to 65 - and. 130-
MeV CI! particles. The motions of particles contained in a phase ellipse of 30 mm-mrad were 
traced through the deflector. The virtual source properties derived are in good agreement with 
measurements for the present deflector. A calculation for a radially focusing second electrode 
with quadrupole shape showed that it is possible to increase the transmission of the deflector by 
producing a more parallel beam leaving the cyclotron, rather than the present very divergent 
beam without a radially focusing device. Changing radial position, gap, and voltage of the quad
rupole electrode would allow variation of the position and size of the virtual source over a wide 
range, adjusting the transmission efficiency and the dispersion of the cyclotron to experimental 
conditions. 

Proposed High-Transmission Beam of Variable Energy Resolution to Cave 4 

The present beam optics for Cave 4 (UCID-3094) satisfy the original requirement of high 
energy resolution. It now appears desirable to also obtain solutions with high transmission effi
ciency, especially for experiments with polarized beams in which the intensity is low. The re
quirements for good beam optic s may be summarized as 

(a) variable energy resolution over a wide range, 
(b) full transmission of analyzed beam to target, 
(c) nondispersive, variable-size focus on target. 

Beam optics calculations were performed with the program BEAM. 

The transport elements of a system with variable energy spread are shown in Fig. 4. The 
elements different from the present system are an additional quadrupole doublet between the two 
110-deg magnets, together with an alternative analyzing slit II. Also the doublet in front of the 
scattering chamber has been replaced by a quadrupole triplet to provide variable beam size on 
target. 

Horizontal and vertical beam envelopes for one special triplet setting are plotted in Fig. 5. 
The second doublet provides a parallel beam entry to the analyzing magnet with a focus at the new 
analyzing slit II. The best energy resolution at this point is 0.11%. For smaller radial size of 
the virtual source, even higher resolution may be obtained. 

In order to get a sharp, nondispersive focus at the target the dispersion due to the analyzing 
magnet has to be compensated by the following 110-deg magnet. The requirements for that pur
pose are 

(a) Parallel beam out of second 110-deg magnet achieved by an intermediate horizontal focus 
at point III, which is symmetric to slit II with respect to slit 1. 
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(b) Parallel beam after the cleanup magnet nondispersive if the beam size at the intermediate 
focus III is the same as at slit II (-1 magnification). 

These conditions can be fulfilled by the settings of the quadrupole doublet Q3. The vertical 
focusing is done by providing a focus at the position of the analyzing slit I. For the vertical focus
ing through the doublet Q3 the calculation (Fig. 5) shows that the beam is well below the critical 
limit inside the second 110-deg magnet. 

Axial Injection 

The construction and installation of the new axial injection transport line 6 was completed 
during 1968. This line contains three sets of 3 -in. -aperture electric quadrupole triplet lenses. 
For beam monitoring there are scanning wires, quartz plates with TV viewing, and Faraday cups 
(Fig. 6). This system replaces the old line of quadrupole doublets. 7 The duoplasmatron test 
source, constructed previously, was tested on the bench and then installed with the new bending 
magnet on the axial injection line. Anew 8-inch diameter plug for the upper magnet yoke, with 
removable sections, was installed. The sections allow median plane balancing, and a i-in. hole 
lets the beam travel to the median plane. Small concrete shielding blocks were stacked on top of 
the magnet yoke, and in the hole in the vault roof, to reduce the cyclotron neutron flux in the axial 
injection area. 

The effect of the magnet-yoke magnetic field on the particles injected axially into the cyclo
tron has been studied. 8 The behavior of the beam has been computed, with the measured mag
netic field, by numerical integration of the equations of motion. The "hole lens" shapes the beam, 
bringing it to periodic focusing near the center of the cyclotron. By choosing properly the injec-' 
tion energy and the focal power of the last element of the axial injection system, -a waist can be 
set at the cyclotron center. Two operation modes appear possible: mode I, 3"1e/2 (Fig. 7) and 
mode II, "Ie (Fig. 8). 

Studies were done on increasing the cyclotron time acceptance of axially irijected beam by 
bunching the dc beam into 20- to 40-deg wide rf pulses synchronized with the dee frequency. One 
possible design for such a buncher9 would be a drift tube with a sawtooth voltage on it (Fig. 9). 
For source -limited beams, the increase in intensity made possible by a buncher is a factor rang
ing from 5 to 20, depending on buncher wave shape, cyclotron phase acceptance, and beam energy 
spread (Fig. 10). Some study of the production of the sawtooth wave shape on a drift tube or on a 
single-gap ferrite-loaded cavity shows that large power is required at frequencies up to 16 MHz, 
voltages of 2 to 3 kV, and a 10% reset time. This power could be produced, but we are now in
vestigating the alternative of using drift tubes with harmonic sine wave voltages. 
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POLARIZED ION SOURCE FOR THE 88-INCH CYCLOTRON 

A. U. Luccio and D. J. Clark 

The assembly of the polarized ion beam for the 88-inch cyclotron has been almost completed 
and tests have been carried out. 

The general layout of the source has been previously described (Fig. 1). Its main compo
nents are (i) a dissociating unit to produce atomic hydrogen and deuterium, (ii) a differential vac
uum system to produce a high-intensity, well collimated atomic beam, (iii) a magnetic sextupole 
to split the beam into its hfs states, (iv) a set of adiabatic rf transitions, (v) an ionizer to produce 
ions from the atomic beam. .. 

(i) The dissociator, consisting of a "hairpin" discharge tube powered by a 2-kW 20-MHz r( 
supply, has been successfully tested, for gas flow up to 200 atm cm3 j sec. Work is in progress 
to improve the matching between the rf supply and the discharge, which would allow increasing 
the atomic ion intensity from the dissociator. 

(ii) The engineering and operation of the vacuum sys!em have been very satisfactory. Typical 
operating conditions under heavy beam load are 2 X 10- torr, 10-4 torr and 10-6 torr in the first, 
second, and third sections of the vacuum housing. 

(iii) The magnetic sextupole (Fig. 2) has been installed and te sted. Measurements of the mag
netic field, performed by means of rotating coils at various distances along its axis, have shown 
that a field in excess of 10000 gauss at the pole tips can be achieved with a current of 150 A. The 
reading of the coil current has been recorded continuously and analyzed into its harmonic compo
nents. The field appears almost perfectly that of a sextupole, with less than 5% of 4-, 12-, and 
18-pole components. . 

(iv) The nonuniform field magnet and the rf oscillator for the 7 - MHz adiabatic field transition 
have been built and installed. The unit has been tested under vacuum, but, of course, only the 
actual acceleration of polarized protons and a scattering experiment will allow us to test its effi
ciency. 

(v) The ionizer, purchased from the ORTEC Company, has been tested on the bench with back
ground gases. The power supply unit has been partially rebuilt to meet our special requirements, 
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as far as ion energy and optical quality of the ion beam are concerned. The unit is now being 
installed. 

The whole atomic beam system has been tested. Molybdenum oxide pictures of the beam 
(Fig. 3) with the sextupole "off" and "on" have been taken at a distance of 40 cm from the sextu
pole end. The beam appears well collimated, with a cross section of about 1 cm2 . The distribu
tion of the atomic density across the beam has been computed, and the experimental results agree 
satisfactorily with the calculated values. By means of a compression gauge and the focusing 
action of the sextupole on the atoms of hydrogen, the intensity of the beam and the dissociation 
yield have been. estimated as 10 17 atoms/sec/cm2 and 70% respectively. 
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NEW BEAM-ANALYSIS SYSTEM 
INSTALLED AT THE 88-INCH CYCLOTRON 

B. G. Harvey, E. A. McClatchie, F. G. Resmini 
W. S. Flood, R. E. Hintz, and F. B. Selph 

The Berkeler, 8S-inch cyclotron produ~es intense beams of protons (10 to 55 MeV), deuterons 
(10 to 65 MeV), He (20 to 150 MeV), and He ( 23 to 130 MeV) with small emittance and a typical 
energy resolution of 0.30/0 FWHM. For several years the best energy resolution obtained in a 
counter experiment had been 0.090/0, limited by the resolution of the best analyzed beam of 0.0 80/0 . 
Since there seemed to be no inherent barrier to obtaining resolutions of better than 0.050/0 with 
solid-state counters, 1 a new beam-preparation system having a resolution of 0.020/0 was designed. 
Of equal importance was the removal of "tails" (due to slit-scattered particles) in the primary 
beam. 

The analyzing system consists of two identical uniform field magnets (Fig. 1). The beam 
from the cyclotron is brought to a horizontal focus at the entrance slit. This slit, of width 0.5 
mm, defines a source for the first magnet. An energy-dispersed image of the slit is formed at 
the analyzing slit, which is at the radial focus of Magnet 1. The analyzing slit, gap 0.5 mm, is 
used to energy-analyze the beam and to provide a source for Magnet 2. At the radial focus of the 
second magnet an image of the analyzing slit is formed. Slit-scattered particles have lower 
energy, and therefore a third slit (the clean-up slit) can be used to remove them. The clean-up 
slit is normally set at a gap of 2 to 5 mm to avoid further scattering the beam. 

Magnet Parameters 

A flat-field edge-focusing magnet design was used, with equal entrance and exit edges. This 
is shown diagrammatically in Fig. 2. For this magnet the necessary description parameters are 
a, the turn angle; [3, the edge angle; p, the magnetic radius; 1 sx' 1 fx' the radial and vertical focal 
distances; and X f , the analyzing-slit width. To get good resolution, Xf must be made small and 
p large. To achieve a compact design it is desirable to have a large, while [3 is determined by 
the need for adequate vertical focusing. We decided to operate symmetrically with the following 
parameters: l sx =l fx =lfy=3.14m, lsy=2.11m, a=110deg, [3=38deg, Xf=0.5mm, 
p = 2.03 m. 

The radial magnification mx is thus -1. The!;;e parameters give a first-order resolution 
Pi 5.6 X 10-5 , i. e., Pi is the momentum spread that will just be transmitted by object and 
image slit widths of 0.5 mm. 
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The maxirrlUm field needed (to deflect i30-MeV 0' particles) is 8.15 kG, which is comfortably 
below the region of iron saturation effects. We used internal high-current-density coils in the 
magnet to keep down the overall size. The coils have 36 turns of 0.5 -in. -square copper with 
0.25 -in. -diam holes for water cooling. A current of 1000 A is required to produce the maximum 
field. A cross section of the iron, coil, and vacuum tank is shown in Fig. 3. An existing i30-kW 
silicon-controlled rectifier power supply was utilized and provided with a series transistor pass 
element designed to provide a long-term field stability of 1 part in 105 . Both magnets are oper
ated in series; individual control is provided by shunt transistor timmers permitting up to 2.2 A 
to be diverted around each magnet. This individual control provides adequate compensation for 
minor differences in the magnets and for alignment errors. 

The entrance and exit poles of the magnets were chamfered and field clamps were used in 
such a way as to minimize the change in effective field length with magnet excitation and to make 
the fringing field as uniform as possible parallel to the magnet edge. A diagram of the field 
clamp is shown in Fig. 4. 

Magnet aberrations were studied with a computer program which integrates the equations of 
motion. The procedure is fully de scribed in Ref. 2. The de sired field shape turned out to have 
an r2 dependence, where r is a radial coordinate extending from the magnet center a;xis, i. e. , 
the field should have a shape B(r) = BO - B2r2, where BO is the central field. Magnetic field 
measurements were made only in the median plane of the magnets, using coils and a precision 
integrator. The central region (24 in. from each pole edge) was studied with a point-measuring 
coil that could be moved azimuthally at a given radius or radially at a given azimuth. The ends 
of each magnet were studied separately with long coils which extended from 16 in. outside to 24 
in. inside the magnet, and were constrained to move parallel to the pole edge. 

Measurements were made at three field values, approximately 2, 5, and 8 kG. Shims were 
designed to correct for the field sag found and to introduce the required field shaping. 

The aberration calculations indicated that residual aberrations could increas.f the first-order 
resolution by a·factor of 1.4, still leaving the resolution I::>p/p less than LOX 10-. . 

Energy Resolution Measurements 

The energy resolution obtained from the first magnet can be rapidly measured with the sec-
0nd magnet. The clean-up slit is closed to 0.5 mm and the field of the second magnet is adjusted 
to give maximum beam in the Faraday cup. The beam is then swept across the clean-up slit by 
raising and lowering the field to values that give beam intensities of half the maximum. Then, to 
first order, 

t:>E _ 21::>B 21::>1 
E FWHM -~ -1-

After correction for finite slit widths 2 the typical values of I::>E/E found lie in the range 0.015 to 
0.02%. 

A further energy resolution test was made by measuring the well-known3 T = 3/2 resonance 
in i3N, which can be observed in 12C + p elastic scattering at 14.233 MeV proton lab energy. 
Protons scattered at 165 deg lab from a 15 -fJ.g/cm2 natural carbon target were detected in two 
Si(Li) counters. The resonance curve is shown in Fig. 5. The energy resolution is obviously of 
the order of 2 keV; from some unpublished work of Temmer4 we estimatel::>E/E :::: 1.5 keV:::: 0.011%. 

The calculated I::>E/E is 0.011 to 0.015% depending on the vertical size of the beam in the ana
lyzing magnet, and so we feel the performance has in practice achieved the design value. 

Conclusion 

In initial operating experience, the system has proved to be quick to set up and convenient to 
use. Up to 600 nA of 50-MeV 0' particles have been obtained at the highest resolution levels, 
representing about 1% of the total extracted cycl9tron beam. More beam is of course available 
by relaxing the resolution requirements. If the source and image slits of the analyzing magnet 
are opened to 1 mm, the beam intensity increases fourfold with only a twofold loss of resolution. 
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By opening all slits wide and using sOInewhat different beam optics to give a radial focus mid
way between the entrance slit and the analyzing magnet, a dispersionless solution has been ob
tained, with roughly 50% of the total cyclotron beam transmitted by the magnets. This mode of 
operation will be useful for experiments with polarized protons, where intensity conservation is 
crucial. 

The new beam-analysis system has proven to be a valuable addition to the experimental facil
itie s of the 88 -inch cyclotron. 
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CASCADE ISOTOPE SEPARATOR 

M. C. Michel and F. L. Reynolds 

During the last year the first stage of a projected two-stage electromagnetic isotope separa
tor has been successfully operated and tested. This instrument was designed and constructed for 
the Nuclear Chemistry Division with assistance from many support groups of the Laboratory. It 
is meant to be a general-purpose separator as well as an improvement in some respects upon the 
existing instruments in use elsewhere. A complete description will be published elsewhere, but 
a short summary of the present status and future capabilities is given here as a progress report. 

As seen in Fig. 1 the basic design of the first stage is a 90-deg-deflection single-direction
focusing magnetic analyzer with vertical refocusing accomplished by an electrostatic cylindrical 
lens. It is similar in design to the so-called Scandinavian or low-intensity research separators 
used extensively in Western Europe in the 1950's, but with improvements suggested by the almost 
two decades of experience accumulated by others. With a radius of deflection of 60 in. the dis
persion is adequate ("" 6 mm/mass number at mass 250) without a shaped field, and the size sim
plifies many design and vacuum problems which would offset the advantage of a smaller machine. 
Particularly, decontamination by the electrolytic process chosen would be more difficult with a 
smaller instrument. 

Several design criteria were involved in the construction of this separator, which have not, 
to our knowledge, all been achieved in one design before. Some of these are listed below. 

(a) The separator should be capable of separating samples containing reasonably large levels 
of radioactivity with no unusual health or technical hazards. 

(b) Separation factors (determining isotope purity) should be optimized and not limited by any 
known and easily controllable feature s of the instrument. 

(c) Decontamination from radioactivity deposited internally must be relatively easily accom
plished with minimum hazard and down-time. 

(d) The separator vacuum system should be compatible with possible future use in solid-state 
re search, e spec ially with re spect to the ability to keep surface s free of the gros ser forms of 
contamination by hydrocarbons. 

(e) The separator should have the ability to run sample s with decay lifetime s comparable to the 
delivery time of targets from the local accelerators. 

(f) The separator should be easily operable by one person and be as free from maintenance 
problems as possible. 
We believe that most of these aims have been met although much evaluation remains to be done. 
The present machine has a strongly differentially pumped metal-gasketed vacuum system consist
ing of a mercury-diffusion-pumped system on the source chamber with base pressure"" 1X 10-8 

torr, an effective speed at the source of 250 l/sec for noncondensable gases, and considerably 
higher speed for gase s condensable at liquid nitrogen temperature s. The beam is extracted from 
this vacuum through a small hole after traveling less than 2 cm, and the rest of the path is in a 9 
system pumped by two 500-1/sec triode sputter-ion pumps having a base pressure of 1 to 2 X 10-
torr. More than a hundredfold pressure difference can be maintained between these two regions, 
so that for >95% of the beam path pressures greater than 1X 10- 7 torlf should not occur except in 
unusual cases. Typical pressures in operation have been 2 to 5 X 10- torr, with beams of sev
eral microamperes being collected. Since residual gas scattering is one important source of 
isotope contamination, these pressures represent an improvement in potential separation factor 
attainable with this system. 

Beam intensities usually are limited not by ion source output, but rather by space-charge de
focusing in the electrostatic lenses. Even so, beams of 10 fLA. are quite well focused, and inten
sities up to 100 fLA. and even beyond are usable at reduced separation factor. This does limit the 
amounts collected in a reasonable time to quantities below 1 mg for most elements, although in 
special cases larger amounts might be processed. For research uses of radioactive isotopes 
this is more than adequate for most samples. The beam may be focused to a variety of shapes at 
the collector, the narrowest dimension being a line 0.5 to 0.7 mm in width and of height (deter
mined by the cylindricai lens potential) from several centimeters to "" 1.5 mm. Thus a round spot 
of "" 1.5 mm diameter is a typical minimum size, increasing at the higher current densities. 

Transmission by the ion optical system after initial extraction is ;;'95%, so that total effi
ciencies of collection are determined primarily by ion source efficiencies or--perhaps more 
realistically--extraction efficiencies in the case of small-aperture plasma-type sources. These 
efficiencies depend on the type of source and the element being separated, but a typical collection 
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efficiency might be 50/0 of the charge material for many elements, including many of the rare 
earths and actinides. Recent work here and elsewhere indicates that for a few elements efficien
cies considerably higher are attainable, and of course for some elements (such as the platinum 
group metals) a much lower yield is the rule. 

Decontamination is accomplished by dismantling the entire vacuum enclosure, using plastic 
film bagging and seal-off techniques where necessary, followed by conversion of each subsection 
of the vacuum tank into a container for liquid electrolyte by the use of appropriate plastic flanges 
and other fittings. Insertion of a copper cathode into this solution and electrolytic dissolution of 
a very thin layer of the stainless steel wall (leaving an electropolished surface) in a controlled 
atmosphere area allows removal and disposal of most radioactive elements in solution. Cleaning 
and reassembly. which is simplified by the construction of various sections on individual wheeled 
support carts, completes the decontamination. This technique has been tested on other contam
inated systems and a test run has been made on each section of the finished machine during the 
assembly process. 

Quick operating probes (see page 372) of two different designs allow easy and quick intro
duction of samples into the ion source and removal of collected samples from the collector 
region. 

Facilities for deceleration of the beam at the collector to very low energies is built in so that 
nuclear spectroscopy sources of low self-absorption can be made by avoiding the penetration of 
the full-energy (30- to iOO-keV) particles into the substrate. 

Preliminary testing and modifications have been completed and radioactive isotope separa
tions are now planned as the next step. This will be followed by completion of the second stage 
after sufficient operating experience is accumulated to assure that the second-stage design will 
achieve maximum improvement in isotopic purity. Figure 2 shows an overall view of the first 
stage viewed from the collector region. 

Expected uses of the separator are 
(a) separation of single radioactive isotope samples to be used as sources in nuclear spectros

copy re search. 
(b) separation of radioactive isotopes for identification or nuclear reaction studies, or both, 
(c) preparation of thin monoisotopic accelerator targets (either stable or radioactive), espe

cially for the Hilac, 
(d) solid-state studies, including the preparation of Mossbauer sources and doping of semicon

ductors, 
(e) as a mass spectrometer of very high resolution and adjacent-mass sensitivity, 
(f) as a possible chemical purificat~on technique for preparing ultrapure materials as acceler

ator targets or for solid-state work. 

Although many people have contributed effort toward the construction and testing of the sepa
rator, we are especially indebted to C. E. Miner, R. M. Reimers, and R. H. Escobales for 
mechanical design, to G. G. Young and J. F. Wiltens for technical support, and to F. Vogelsberg 
and D. E. McClure for electronic design. 
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Fig. 1. Overall layout of cascade isotope separator. 
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eBB 688-5038 
Fig. 2. View of cascade isotope separator from first - stage collector 

area. 

PARTICLE IDENTIFICATION OF THE ELEMENTS 
UP TO ARGON PRODUCED BY THE INTERACTION 

OF 5-GeV PROTONS WITH URANIUM 

A. M. Poskanzer, E. K. Hyde, and G. W. Butler 

The study of fragments produced by the interaction of high-energy protons with uranium in 
the external proton beam of the Bevatron has continued. Identification of isotopes is based on the 
measurement of their energy loss e s in solid-state d e tectors. Energy spectra and angular d i stri 
butions are being measured for is otopes from hydrogen to carbon. Above carbon it is necessary 
to use a very thin transmission detector to measure the e nergy spectra to low energies, and then 
it becomes difficult to separate isotopes. Howeve r , by just separating elements we have been 
able to go as heavy as argon, as is shown in Fig. 1. The cutoff above argon is electronic, and 
there is probably no reason that w e could not observe h eavier elements. The energy spectra and 
angular distributions will be used to study the mechanism of the production of these fragments in 
the high energy interaction. 
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Fig. 1. A particle spectrum obtained from the 5.5-GeV proton bombardment of a UF 4 target 
0.7 mg/cm2 thick. The telescope consisted of a 20-11 DoE detector, a 100-11 E detector, and 
an E reject detector. The power law was adjusted to optimize the separation in the region of 
Si. The peaks represent the relative yields of the elements which penetrate the 20-11 DoE de
tector and deposit at least 20 MeV in the E detector. 

SLIT SCATTERING EFFECTS WITH 50-MeV a PARTICLES 
AND 20-MeV PROTONSt 

F. Resmini, A. D. Bacher, D. J. Clark, E. A. McClatchie, and R. de Swiniarski 

The continuum background arising from particles scattered by slits in front of detectors is of 
importance in high resolution nuclear spectroscopy experiments and may set a lower limit on the 
observable cross sections. The purpose of this experiment was therefore to measure the scatter
ing arising from slits of different materials and properties and compare the results with existing 
theories. Measurements were taken with beams of 20-MeV protons and 50-MeV a particles. 

Figure 1 sketches the experimental setup. Beams from the Berkeley 88-inch cyclotron were 
energy-analyzed to 0.02% FWHM and focused at the center of the scattering chamber, where a 
silicon counter, 12 mm in diameter, was placed. The various slits, of 2 mm width and 10 mm 
height, could then be positioned successively in front of the detector.' This technique allows 
spectra to be taken, in the same beam conditions, with and without slits,and therefore one has 
a clear measurement of the slit-scattering effect alone. The beam spot, as seen on aluminum 
oxide, is approximately 6 mm wide and 1 mm high. For an emittance of 10 mm-mrad that means 
an essentially parallel beam. The uniformity of illumination of the slits was checked by sweeping 
the beam by ± 1 mm across a 0.005-inch slit and measuring the transmitted intensity, which re
mained constant within ± 5%. The measurements were taken with a beam intensity between 1000 
and 1500 particle s per second. Some slit profile s are shown in the bottom of Fig. 1. The thick
ness of the slits was stopping thickness + 15%, materials being brass, tantalum, and aluminum. 
Straight-edge slits were tried with a high degree of polishing of the surface and no polishing (i. e. , 
only fine machine finishing). 
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Figure 2 shows two spectra obtained with 20-MeV protons. The scale covers a range of 
approximately 2 MeV below the peak. The effect of slit scattering can be easily appreciated. 
From these spectra, subtracting the contributions due to reactions in the detector, one can eval
uate the' peak-to-valley ratios, defined as the ratio between the counts/channel on the peak, re
ferred to a given FWHM, and the counts/channel in the background. The best results obtained, 
1 MeV below the peak, are 4 to 5X105 :1 for 50-MeV a particles and 8X104 :1 for 20-MeV protons 
(referred, respectively, to 30 keV and 20 keV FWHM) with brass straight-edge polished slits. 
Other profiles give poorer results. 

Some of our experimental results, namely those for straight-edge slits, can be directly com
pared with the Courant theory, 1 which is particularly simple for the case of a parallel beam, such 
as the one we used. In Fig. 3 the percentage of particles scattered with energy losses between 0 
and ~E is plotted as a function of ~E/Einc. The agreement with the theory is very good up to a 
~E/E. ::::: 50"/0, the theoretical results being somewhat lesser (by 25"/0 in some cases) only at 
higheinfnergy losses. This partial discrepancy is, however, expected because of the simple as
sumption, in the theory, of constant scattering cross section. The size of the points is a measure 
of the statistical errors alone. 

In conclusion, the measurements presented here prove the applicability of the Courant theory 
to the treatment of slit scattering for straight-edge slits and parallel beams. Because the theory 
also provides the mathematical method for treating the problem of nonparallel beams, which one 
would encounter in an actual experiment, we believe that, on the basis of these results, the slit
scattering background can be estimated for any particle, energy, and beam divergence; 

Footnote and Reference 

tpresented as a contributed paper to the APS Fall Meeting, Miami Beach, 1968: Bull. Am. 
Phys. Soc. Series II 13 [11], (1968). 

1. E. D. Courant, ,Multiple Scattering Corrections for Collimating Slits, Rev. Sci. Instr. 
~ 1003 (195'1). . ' 

Analyzed beam 
- -- -- -- ---+-

AE/E= 0.02% 

u 
n 

TOP VIEW 

Cooled Si (Li drift) 
Slits detector 

'm~':" mm 
1 mm -+ +-

Slit profiles 

n 

Fig. 1. Experimental setup. 

FRONT VIEW 

Spacers 
I 

'\ 
2 mm 

~·",l 
-+ ~Beam spot at 
6mm) the slit 

r- Detector J 
'" 12 mm ...., 

XBL6811':'7111 



Q) 

c: 
c: 
o 

(,) 

....... 

III 

+
c: 
::::l 

o 
(,) 

2 
,10 

10 

o 

365 

20-MeV protons - 2 keV/channel - FWHM 18.6 keV 

Open detector 

Total cou,nts on peak" 1,681,592 

295i ._ 3/2+ - 1.28 MeV 

100 200 300 400 500 600 700 800 900 

20-MeV protons - 2 keV/channel - FWHM 

Bross slits - straight edge polished 

Total counts on peak: 1,342,315 

14.6 keV 

o 100 200 300 400 500 600 700 800 900 

Channel number 

XBL6811-7113 

Fig. 2. Spectra of 20-MeV proton, without slit (top) and with a straight-edge polished brass 
slit (bottom). 
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RADIOISOTOPE SOURCE-TARGET ASSEMBLY 
FOR x-RAY SPECTROMETRyt 

Robert D. Giauque 

Radioisotope source-target assemblies have been constructed to be used in conjunction with 
high-:resolution semiconductor detectors for nondispersive x-ray fluorescence analysis. As 
shown in Fig. 1, the radioisotope source has annular geometry, as does the primary target. A 
radioisotope source is used to excite the K x rays of a sel~cted target material, and these in turn 
excite x rays from the specimen. In order to obtain high sensitivity in analysis, primary targets 
are chosen whose characteristic K x-ray energies are not too far above the absorption edges of 
the elements to be determined. Similarly the radioisotope source should have photons not too 
much higher in energy than the absorption edge of the target. 

Some of the radioisotopes that can be used as sources are 241Am, 109Cd, 125 1, and 57Co. 
Table I lists the half-lives of these radioisotopes, their useful radiations, and the intensities of 
these radiations per disintegration. The primary targets are either cut from pure metal sheets 
or made from plastic castings of the metal powders, metal oxides, or appropriate compounds. 

Rhodes 1 reports the use of a radioisotope source -target assembly to correct for several of 
the major problems of x-ray fluorescence analysis, matrix enhancement, and absorption effects. 
High analytical sensitivity.is obtained by using a target which has its characteristic Ka x_ray 
energy just above the absorption edge of the element to be determined. Matrix enhancement is 
usually elic-;:nated by this procedure, and matrix absorption is compensated by normalizing to the 
backscatter )-"aY: of the target's Ka x rays. 

This SOLlrce -target assembly in Fig. 1 has been used to analyze glass and ceramic archaeo
logical artifacts when the destruction of these artifacts was not permitted. A detailed descriptio¥ 
of the equipment used along with a multichannel pulse -height analyzer has been given elsewhere. 
When present in low concentrations (10/0 or less), several elements with comparable x-ray ener-

_ gies may often be determined with the same target. Detection limits of 100 ppm and less for 
many elements can usually be obtained. Typically, analysis of a specimen for more than a dozen 
elements (Mn and higher atomic number elements) can be accomplished in less than 1 hour. 
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Figure 2 shows a Mosley plot of a glass specimen containing 1.0% Cu, 0.150/0 Co, 0.8% Fe, and 
0.9% Mn excited with As K x rays excited from an As 20 3 target by an 241Am source and detected 
with a lithium-drifted silicon detector. It will be noted that the peaks from manganese, iron, and 
cobalt are not resolved. With the data still in the memory of the pulse-height analyzer, the spec
imen is replaced by a piece of iron and the analyzer is run in the "subtract mode" until the iron 
x-ray peak, as seen in the oscilloscope screen, is reduced to the background level, as shown in 
Fig. 3. The accuracies of many of these analyses were often good only to 10%. An accuracy of 
around 1% should be obtainable for many analyses in which the compositions of the samples do 
not vary over a wide range, when particular care is taken in the sample preparation, and when 
sufficient care is taken in standardization. 

Footnote and References 

tCondensed from Anal. Chern. 40, 2075 (1968). 
1. J. R. Rhodes, Analyst 91, b93 (1966). 
2. H. R. Bowman, E. K. Hyde, S. G. Thompson, and R. C. Jared, Science 151, 562 (1966). 

Table I. Radioisotopes for source-target assemblies. 

Radioisotope Half-life Useful radiations Intensity per 

Energy Radiation 
di sinte g ration 

(keV) 

Americium-241 458 years 13.9 Np La x rays 0.14 

17.8 Np Lf3 x rays 0.18 

20.8 Np Ly x rays 0.05 

26.4 '{ ray 0.03 

59.6 '{ ray 0.36 

Cadmium-109 453 days 22.1 Ag Kax rays 0.7 

25.0 Ag Kf3 x rays 0.15 

87.7 '{ ray 0.03 

Iodine -125 60 days 27.4 Te Ka x rays 1.1 

31.0 Te K(3 x rays 0.2 

35.5 '{ ray 0.07 

Cobalt-57 270 days 14.4 '{ ray 0.09 

122.0 '{ ray 0.87 

136.3 '{ ray 0.11 
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Fig. 3. Spectrum from Fig. 2 with the 
iron peak subtracted out by exciting a 
pure piece of iron metal with the ana
lyzer in the "subtract mode. " 

369 

MnKa 
A .. . ~ 

8 • . . , 

tV . . 
':1 

5 
1 

7 

CuKa 

• .. 
,. , 
, , 

· . 
• 

AsKa backscatter · . ,. .. . ' 
to Co ",'" , 

: . 
· • · . 

•• It 

• 

.CuKj3 • 

.:\ . 
I • , ~ . 

I 

. 
t • 
. & 
" 0 

9 II 
(keV) Energy 

13 

XBL686- 2942 

U N I QUE L Y DE T E R MIN E D. MET A S TAB LEI 0 N S 
BY ION ACCELERATOR DECOUPLING 

C. W. Koch 

The CEC 21-110B high-resolution mass spectrometer (Mattauch-Herzog geometry) has a 
drift region between the electrostatic and magnetic sectors sufficiently short that metastable ion 
transitions cannot be readily exploited for structure determinations. Recently Shannon et al. 1 
have reported on a technique particularly suited to the much longer drift region between the ion
source object slit and the electrostatic analyzer. This technique involves decoupling the ion 
accelerator from the electric sector. By this procedure after a peak of interest has been located 
magnetically in the usual manner, the ion accelerator voltage is scanned. As the voltage is in
creased, the normal peak disappears, and at the voltage 

v = (mass of precursor) 
1 (mass of daughter) x V 0 
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the precursor ion from the metastable transition appears. Consequently, the precursor is 
uniquely determined at the same time as normal ions are removed from the spectrum because 
they have too much ene rgy to pas s through the electrostatic sector. 

We have recently modified our instrument to permit decoupling of the ion accelerator. Pre
liminary studies are in good agreement with those observed by Shannon et al., 1 providing about a 
50-fold increase in sensitivity above that obtained conventionally. The modification consists pri
marily of a 10-turn potentiometer for adjusting accelerating voltages over a range from 2 to 10 kV 
(independent of the sector voltages); they are read from a four-place digital voltmeter. To utilize 
the range between 2 and 10 kV requires changing the output range switch at appropriate intervals 
in order to maintain regulation of the circuit. Careful selection of the region of linearity for each 
range switch setting is necessary at present in order to give correct voltage readings. Figure 1 
is a plot of voltage change vs potentiometer reading with the output range switch set progressively 
at 2, 4, 6, and 8 kV. The arrows indicate roughly the initial ion accelerator voltage when the 
daughter ion has been found before the ion accelerator is decoupled. So long as voltage measure
ments are made in those ranges where b. V / b.Pot is linear with changing accelerator voltage, a 
reproducibility of ± 0.1 % in mass measurement is obtained. In those regions where b. V / b.Pot 
deviates from these slopes the voltage reading is incorrect. 

To compare the sensitivity of our present design with that reported by Shannon and co-workers 
we repeated that portion of their studies of n-hexane between the masses 52 and 143 (56 metasta
bles). We were able to confirm all those metastable transitions which they classified as weak, 
medium, strong, or very strong at source pressures of approximately 1X 10-6 torr and ion cur
rents ranging from 1 to 4X 10- 12 A. Those metastables which were classified as very weak we 
could, in general, detect, but not measure with reliability under the above conditions. 

To test the method utilizing the direct introduction probe we investigated in some detail the 
metastable transitions for the compound 1, 2, 2a, 3 -tetrahydrocyclobuta[b] quinoxaline, which has 
the structure 

cx· I N~1 MW 158 

~ N~2 
3 I 

H 
Its normal low-resolution spectrum on the CEC-21-1iOB at an ion current of 2 X 10-5 A/torr 
showed onli two metastable peaks of sufficient relative abundance to be detected, one at m/e 
156.0 and the other at 110.3, corresponding to the transitions 

158+ -157+ + H, 
158+ -132+ + C

2
H

2
. 

The decoupling technique identified the precursor ions corresponding to the fragmentation path
ways shown in Fig. 2. The conditions were approximately those used for the low-resolution scan 
except that the resolution of the instrument was fixed at 2500 when the instrument was in the nor
mal mode. Usually the resolution for the precursor ion was about one-half that for the daughter 
ion. All masses calculated from the voltage measurements were within ± 0.2 mass unit. Relative 
abundances above 5% obtained from the low-resolution spectrum are listed. The compositions 
were established by high-resolution mass measurement, and the abbreviations beneath the arrows 
represent the approximate intensities of the metastable transition ions. 

The precursors for the transitions 

158+ - 156 + + H
2

, 

64+ - 63+ + H, 

63+ - 62+ + H 

could be readily distinguished from their daughter ions and the voltage s were easily measured. 
For the transition 

the 158+ precursor could just be resolved and measured in the 8-kV range (b.V ::::: 50 V and reso
lution 2500). With the output range switch set at 4 kV (b.V::::: 25 V) the precursor ion was not 
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separated froIn the daughter at 2500 resolution. With increased resolving power the two peaks 
could be separated, but the relative abundance of the precursor ion was reduced to very nearly a 
IniniInal Ineasurable value. At present we consider 1 part in 1'50 about the liInit of our resolving 
power. 

Distinguishing the alternate pathways represented by the transitions 

130 + -HCN 103 + -C 2
H

3 76 + 

I -C 2
H 3 + -HCN I 

L-__ --=::...__=:.~ 103 -'--~o.::::...:'-'----___' 

is an iInpossibility at present, since the difference in Inasses of C 2H 3 and HCN is about 13 Inilli
Inass units. We have not yet explored relative-abundance differences of Inetastable transitions 
of isoIners, but McLafferty and Bryce 2 have shown the utility of this technique for distinguishing 
the five hexane isoIner s. 

As a consequence of the success of our very crude instruInental Inodifications for obtaining 
pure Inetastable spectra, we plan to further iInprove the instruInental design and to autOInate the 
IneasureInents in order to reduce saInple size and operator tiIne. 

References 

1. T. W. Shannon, T. E. Mead, C. G. Warner, and F. W. McLafferty, Anal. CheIn. ~ 
1748 (1967). 

2. F. W. McLafferty and T. A. Bryce, CheIn. COInInun. 1215 (1967). 

Fig. 1. Plot of the ratio <5 V / d Pot reading 
for the CEC 21-110B when the output 
range switch is altered froIn 2 kV to 8 kV. 
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Fig. 2. Fragmentation pathway established by decoupling procedure for 1, 2, 2a, 
3- tetrahydrocyclo buta{b)quinoxaline. 

DIFFERENTIALLY PUMPED VACUUM PROBE 
USING CRYOGENIC AND ION PUMPING 

R. H. Escobales, C. E. Miner, R. M. Reimers, and M. C. Michel 

As part of the design of the cascade isotope separator, it was desirable to achieve minimum 
base pressure of the main vacuum tank with low pumping speed because of the relatively high cost 
per speed unit for ion pumps. It was also necessary to be able to retrieve samples from the vac
uum rapidly for the study of short-lived radioactive samples. The first requirement could easily 
be met with a low-outgassing low-speed system, giving a long pumpdown time but good base pres
sure. This effectively blocks the use of conventional sample vacuum locks because of the outgas
sing of the soft seals common in these designs. Therefore a vacuum probe system similar to 
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those in use for many years on mass spectromiters at both sites of the Laboratory was designed. 
This in turn was based on a design by Stevens. 

As shown in Fig. 1 this is a cylinder making a very tight fit in the differentially pumped hous
ing, allowing insertion or removal of a sample -carrying probe by displacing a similar cylinder to 
a similar device on the opposite side. Figure 1 shows three positions of the probe (not complete 
in all details). 

(a) Operating position: Both differentially pumped (at CP1, CP2, and IP2) housings are closed 
by either the blank cylinder (at left) or the actual collector probe on the right (the blank system is 
always in vacuum and never is removed). 

(b) Partial extraction: The left blank cylinder has been moved by a screw mechanism (operat
ing through an O-ring seal in vacuum space pumped by CP1) to cover the probe. Closure of the 
left hou'sing is now by the longer blank cylinder, and the shorter cylinder, attached to it by a 
slightly articulated joint, is about to push the probe out of the right housing. The articulated 
joint avoids the need for accurate alignment of the two housings, a difficult task and a defect in 
the original designs (fit of the cylinder and housing is of the order of 0.0005 in. to reduce leakage). 

(c) Probe extracted: Probe has been pushed out by continued advance of the screw drive forcing 
the two blank cylinders to occupy both housings. Note that at no time is a significant leak present 
between any two differential pumping ports or to the outside. 

Reversing the removal procedure allows insertion of the probe, which is attached to the short 
blank cylinder by a simple bayonet joint and pulled in by reversal of the screw mechanism. 
(Pumpout through radial ports occurs as the probe passes the pumping annuli.) When the probe 
has reached the limit of travel the bayonet can be disengaged by slight rotation of the probe and 
the covering blank cylinder retracted as in~! Fig. 1. 

The effectivene ss of the articulated joint was shown by adequate operation within a few min
utes of initial assembly, whereas previous designs required many days of effort to achieve align
ment of the two pump housings, and equal times in case of reassembly. 

Since the main separator vacuum was ion-pumped, it was felt de sirable to replace the me
chanical pump""diffusion pump combination in use on the previous probes with cryogenic and ion 
pumps. The mass spectrometer probes had avoided all possibility of organic contaminants in the 
main vacuum by allowing a permanent leak to the pumping port CP1 from atmosphere instead of 
using the auxiliary O-ring seal in the design of Stevens. 1: To avoid unnessarily frequent regener
ation of the cryogenic pumps, this feature, slightly modified to avoid contact of this secondary 
seal with any part that reache s the main vacuum, was re stored as shown in the inset detail in 
Fig. 1. Thus the maximum leak to CP1 is present only during transfer of a probe in or out. At 
either extreme a tight secondary seal is made either by the probe or by a removable plug when 
the probe is out. Thus the two cryogenic pumps are loaded only during a probe transfer, and 
almost a year of use has required no regeneration of either cryogenic pump. The two spaces at 
IP2 are pumped by an 8-I./sec and an 11-I./sec sputter-ion pump respectively, normally operating 
at ~ 1X 10- 7 torr. 

The main vacuum has a base pre s sure of 1 to 2 X 10 -9 torr, and removal of the probe raise s 
this by less than a factor of two for a very short time. Insertion of a probe from atmosphere 
does disturb the system, and the rise in pressure depends on the exposure of the probe to con
taminants. In general pressures do not rise above 1X 10- 7 torr and the return to pressures below 
5 X 10-8 torr (which is satisfactory for operation) can be achieved in less than 30 minutes. Return 

·to base pressure requires several hours. 

Figure 2 shows a view of the collector with the system installed and the probe in operating 
position. Figure 3 shows the probe itself removed from the system. 

Reference 

1. C. M. Stevens, A Vacuum Lock for Routine Solid Analyses with a Mass Spectrometer, 
ANL-4816, Dec. 1951. 
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Fig. 1. Simplified schematic drawing of vacuum probe system. 
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Fig. Z. View of cascade isotope separator, showing vacuum probe. 
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Fig. 3. Collector probe for cascade isotope separator. 

SIMPLE METHOD FOR DETERMINING 
WAIST-TO-WAIST TRANSFER PROPERTIES 

OF QUADRUPOLE DOUBLETS AND TRIPLETSt 

* F . ResInini 

The Inethod reported here is based on a proper cOInbination of transfer Inatrix tabulation and 
graphical p l otting, and has proved quite successful in solving exactly any waist-to-waist (WW) 
transfer probleIn associated with quadrupole doublets or triplets. The Inajor advantage steInS 
froIn the fact that it eliIninates the need for fairly close guesses of the lens strengths and visual
izes at once all possible solutions for any given geoInetry. 

A beaIn traveling along the z axis is r e presented in a general way by referring to the phase 
spaces associated with the (x , z) radial and (y, z) vertical planes. The (x, x') and (y, yl) variables, 
i. e., position and div ergence, describe the beaIn behavior in phase space, the units being usually 
InIn and Inrad. The beaIn has a waist, at SOIne position along the z axis, at which it is repre
sented by upright ellipses in both phase spaces, and along a drift length the waist position is thus 
the place where the beaIn has its IniniInuIn size. The ellipses can be represented, at any waist, 
through their characteristic length X, defined as X = xO/xO and Xv = YO/Yo for the radial and 
vertical planes respectively, the subscripts (0) ref~rring to the seIniaxes of the ellipses. When 
WW transfer is obtained, the shap'e of the iInage ellipse will be different froIn that of the source 
and characterized by a different X I or X I. The matching ratio p is t~n defined by X I = 
P X ,and is related to the us&al linXar Inagnification by p = M . In order t6'li'ave WW 

r .. v fr'r v . h h' . f b . h . X . r0 r, v . I d h trclns e Wlt Inatc lng ratlo p, or a eaIn Wlt a glven ., lt IIlUSt be posslb e to re uce t e 2-
by - 2 transfer Inatrix to the forIn 1 ln 

1/2 p cosel> 

( 1) 

(X 1/ 2)-1.,!, 
- inP sln'Y 

-1/ 2 
p cosel> 

where eI> is an arbitrary phase angle used in describing the iInage ellipse. 
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Referring to Fig. 1, we consider the following problem: given the upstream and downstream 
distances U and D (which in the most general case could be different for the radial and vertical 
planes) and given X . and Xi' the characteristic lengths of the initial ellipses, find the 
strengths of the qua~r~poles ~~i~ allow WW transfer between U and D, together with the radial 
and vertical magnifications. 

If we deal with a triplet in which the outer quadrupoles are equally excited, as in Fig. 1, or 
a doublet, then the problem is one with two free parameters, i. e., the gradients of the quadru
pole s, and can be treated conveniently by the pre sent method. 

We write symbolically the transfer matrices of Fig. 1 as 

T 
r 

T 
v 

with self-explanatory notation. It can be shown that the following equations must be satisfied in 
order to have WW transfer in both planes: 

a 12 a 22 _X2 . (2) 
0'21 0'11 r, In' 

(312 (322 _X2 . (3 ) 
(321 (311 v, in' 

whe re the element ai . and (3ij are only functions, for a given geometry, of the strengths K1 and 
K2 of the quadrupoleJ. 

The solutions (K1, K 2) of the equations above correspond to WW transfer in both planes for 
the given beam. Once they are found, the magnifications are also determined. 

The best way to solve this system is to tabulate and plot the ratios of the matrix elements as 
functions of K 1, for different value s of K2' 

In the (K 1, X2) plane any beam of characteristic length Xin is then simply represented by a 
line parallel to the K1 axis and with ordinate -X? The intersections of this line with the plotted 
curves mentioned above provide pairs of values In(K 1, K 2} and thus in a K t , K2 plane generate a 
curve which corresponds to radial (vertical) WW transfer. The intersectIons in the (K 1, K 2) dia
gram of the curves for the radial and vertical matrices give, finally, the required quadrupole 
gradients for the simultaneous WW transfer. 

As an example, for U = D = 50 cm, Figs. 2 and 3 present the ratios (2) and(3} tabulated as 
functions of (K

1
L}2, for different values of (K2 L}2. The units are so chosen that the beam size 

and divergence are exp,ressed in mm and mrad and the quoted X2,s are consistent with this choice. 

Only the negative half plane of each plot, corresponding to negative (-Xrn)' is of physical sig
nificance and is shown here. Points on the X2 = 0.0 axis correspond to WW transfer for a point 
source. In the '''radial'' plot, Fig. 2, for every K2L there is only one curve which lies in the 
negative half plane. In the "vertical" plot instead, Fig. 3, the curves for each K2L splii into two 
branches, each of which allows WW transfer in the sense of Eq. (3). Thus, for any (-X. ) value 
we have, in the (K1L, K 2 L) diagram, one line for the radial matrix and two for the verti~~l, like 
those shown in Fig. 4 for X? = 1. The two po.ints of intersection represent the only solutions to 
the desired WW transfer. #bint 0 gives a magnification of unity in both planes, an obvious case 
for this geometry. Also the point 0' yields a magnification of.unity in the radial plane and in the 
vertical. 

The same pattern is observed for any other symmetric upstream-downstream triplet geom
etry for which WW transfer is pos sible. 
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It is to be noted that once graphs like Figs. 2 and 3 are constructed they immediately give the 
solutions for any X. . In terms of the quadrupole gradients, these solutions, of course, are dif
ferent for differentl~alues of Xin. 

Footnotes and References 

!Condensed from Nucl. Instr. Methods (to be published). 
On leave of absence from University of Milan, Italy. 

1. A. P. Banford, The Transport of Charged Particle Beams (E. and F. N. Spon, London, 
1966) and references therein. 
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Fig. 1. Schematic triplet geometry. 

0.6 

-0.5 

-1.0 

-I. 5 L-------:~--L--'~_:_--_::'_::_-"----,L::_--"...1.5. 

XSL689-3S82 

Fig. 3. Plots of the ratio (3) for the verti
cal transfer matrix, in the case U = D = 
50 cm. 

0.6 0.9 1.2 1.5 
(K, L)2 

XSL689-3881 

Fig. 2. Plots of the ratio (2) for the radial 
transfer matrix, in the case U = D = 50 
cm. 

1.8 

X; .: 1.0 

1 
x; :: '.0 

x; :: I' 
1.0 

1.2 / 0' MR:: 1.0 
1 . 

/ I 
Mv:: 1.00 

OJ I I 
--l / I OJ 0 
~ I 0.6 /MR=Mv=1 

o 1.8 

XBL689-:3883 

Fig. 4. Solutions for waist-to-waist trans·
fer in the case U = D = 50 cm for a beam 
characterized by X? = 1. ln 



379 

ROTATING VACUUM SEAL AND ANODE 

HermanP. Robinson 

Electron Spectroscopy for Chemical Analysis ,(ESCA), 1 as developed by Professor Kai Siegbahn 
and co-workers at the University of Uppsala, uses a high-intensity low-energy x-ray beam. This 
requires the use of a high.,speed water-cooled anode rotating in a vacuum.. . 

Figure 1 shows a cross section of the bearing, vacuum seal, and anode developed for this 
purpose. The anode consists of a copper structure about 3 in. in diameter mounted on the end of 
a hollow stainless steel shaft. The hollow shaft was made by boring lengthwise a stainless steel 
rod and inserting a smaller stainless steel tube to provide for water flow to and from the target. 
The face of the anode is coated with a layer of aluminum, since Al Ka x rays are desired. Cooling 
water is conducted through the hollow shaft to the target. The electron beam impinges on the face 
of the target in a spot about 1 X 3 mm. An electron beam power of 6 kW requires a speed of 5000 
rpm or more to prevent local melting of the aluminum. The present design has been run at 2000 
rpm only. 

Three sleeve bearings made of Rulon A (or LD), a loaded Teflon, provide shaft support and 
separate incoming and outgoing water. The water also lubricates the bearings. Slight leakage of 
water past the bearings is necessary, and this leakage is drained away at the two ends of the bear
ing assembly. Two other bearing materials were tried, but were not so satisfactory as Rulon. 
Lignum vitae, which is sometimes used in bearings that are submerged in water, was satisfactory 
except that if the bearings dried out, shrinkage and cracking occurred.

e 

The shrinkage of about. 
2% was not completely reversible. 

Nylon was also tried, but slight local heating caused a flow of material which interfered with 
the lubrication of the bearing, further aggravating the difficulty. Bronze was considered but not 
tried because of the short time available for te sting before the unit was dismantled and shipped to 
Uppsala, where the work will be continued. 

, A very critical element in the de sign is the vacuum seal. Materials sliding in a high vacuum 
exhibit a much higher coefficient of friction than they do in air, and as a consequence the wear 
rate is much higher. Rulon has been used by others for a vacuum seal and was chosen for the 
present design. The vacuum seal consists of a copper collar faced with stainless steel, running 
in contact with Rulon. Provision was made for differential pumping to reduce leakage. The 
higher-pressure side of the Rulon vacuum seal disk is pumped with a mechanical pump to reduce 
air leakage across the rotating seal. 

The seal has been run for several hours at 2000 rpm with moderate wear of the Rulon seal. 
At 5000 rpm the wear rate is excessive. There is another material called Meldin which is a 
polyimide plastic, much harder than Rulon, which should withstand higher speeds under vacuum. 
No time was available to try this material. 

Professor Siegbahn and Sven-Erik Karlsson, both from Uppsala, were active in the develop
ment of this device. 

Reference 

1. Kai Siegbahn et al., ESCA (Almqvist & Wiksells Boktryckeri Ab, Uppsala, 1967). 
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Wall 

Fig. 1. A cross-section view of the bearing, vacuum seal, 
and anode for use in the Electron Spectroscopy for Chem
ical Analysis apparatus. 
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On the following pages the abstracts of theses issued in 1968 are given as they appeared 
in the original documents. 

AN INVESTIGATION OF THE (3 He , t) AND (3 He , 3 He, ) 
REACTIONS ON Ip SHELL NUCLEI 

Gordon Charles Ball 
(Ph. D. Thesis) 

(From UCRL-18263) 
I 

The (3He, t) and (3He, 3He I) reactions on 9Be, 12C, l3C, 14C [(3He, t) reaction only]. 14N, 
and 15N have been investigated at 3He energies of 39.9, 49.8, 39.6, 44.8, 44.6, and 39.8 MeV, 
respectively. Angular distributions were obtained for all prominent states up to excitations of 
2.0 MeV. A microscopic analysis of these data has been carried out using a local two-body inter
action with an arbitrary spin-isospin exchange mixture. Spectroscopic factors were calculated 
using intermediate-coupling wave functions for p shell states while simple j-j configurations 
were assumed for the levels which were populated by promoting a p nucleon to the s-d shell. 
A Yukawa interaction with a range of a-I = 1.2 F was found to give the best results. The strength 
of the effective nucleon-nucleon interaction required to fit these data is in good agreement with 
recent (p, pI), (p, n), and (3 He, t) calculations on light nuclei. In particular, dominant L= .0 
transitions observed in the (3He, t) reaction gave values for the isospin. VST= VDl and spin-isospin 
V 11 dependent terms (converted to an effective nucleon-nucleon interaction at a-I = 1. .0 F) of 
2.0.6 and 16.5 MeV, respectively, while the strengths required to fit (3 He, t) L= 2,3 transitions 
were generally enhanced. For inelastic transitions, the average strengths obtained for VDD, 
assuming a Serber exchange mixture, varied from 47.2 to 67.3 MeV depending upon the L transfer 
involved. A comparison of the (3He, t) and (3He,3He ' ) reactions populating analog final states 
(where Tf= Ti + 1) is also presented. In general, these transitions were weakly populated; 
however, it was pos sible to observe the lowest T = 312 levels in the mirror nuclei 9B - 9Be and 
13 N - DC and several T = 1 levels in 12N - 12C. 

THE CRYSTAL AND MOLECULAR STRUCTURES 
OF THREE BORON COMPOUNDS 

Barry Goodwin DeBoer 
(Ph. D. Thesis) 

(From UCRL-18391) 

The crystal and molecular structures of three boron-containing compounds have been deter
mIned by x-ray diffraction studies of single crystal specimens. They are: the rubidium salt of 
an octadecahydroeicosaborate (2 -) photoisomer, Rb2B2DH18; the tetramethylammonium salt of a 
brominated carborane-metal "sandwich" ion, N(CH3 )4[ (B9CZH8Br3)3 Co]; and tris -difluorobora
borane-phosphorous trifluoride, B4F6PF3. 

Crystals of RbZB2DH18 are orthorhombic, space group Pn21a, with S:.= 12.344±.D.DD7 A, 
Q.= 19.D14±.D.DID A, f..= 7.26D±.D.OD5 A, and contain four formula units per unit cell. The cal
culated density is 1.58 glcc (by flotation, 1.57 g/cc). The structure was determined by Patterson 
and Fourier techniques and refined by a full-matrix least-squares procedure to a conventional R 
of D.IZ7 for 1175 scintillation-counter data (.0 • .073 for the 935 non-zero data). The non-centric 
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nature of the space group was demonstrated by the measurement of anomalous dispersion effects. 
The anion consists of two capped-square-antiprismatic BIO polyhedra joined by a pair of hydro
gen bridges, one between each pair of equatorial four-rings, such that the result has an approxi
mate z/m (~h) point symmetry. A list of thirteen possible isomers covering reasonable choices 
of bridge positions is presented together with their point symmetries. 

Crystals of N(CH3)4[(B9CZH8Br3)ZCo) are monoclinic, space group pZl/c, with 
~= 19.893tO.01O A, £= 19.487tO.01O A, £= lS.OS8tO.OlO A, f3= 93.lS 0 tO.OS o, and contain eight 
formula units and four crystallographically independent anions per unit cell. The calculated 
density is 1.967 glcc, in agreement with the measured value of 1.98tO.Ol g/cc. The structure 
was solved by statistical methods and refined by a least-squares procedure to a conventional R 
of 8.70/0 on 300Z data collected by counter methods. All four independent anions have the same 
shape to within the accuracy of this determination. The anion, the product of a bromination 
during which the bis-dicarbollyl cobalt "sandwich" is believed to remain intact, consists of two 
substituted icosahedra with the cobalt as their common vertex. In each icosahedron, the carbons 
are adjacent to .each other and to the cobalt, while the three borons bonded to bromine form the 
corners of a triangular face. Two corners of this face are as far as possible from the carbons, 
and the third is adjacent to the cobalt. These bromination sites are consistent with a charge 
distribution in the reactant which is analogous,to that in Q.-BlOCZH12, but modified slightly by 
the presence of the Co(Ill). 

Crystals of B4F6PF3 are orthorhombic, space group Pnma, with ~ = 13.893 to.OOS A, 
£= 10.S78tO.00S A, £= 6.075tO.00S A, and contain four formula units per unit cell. The calcu
lated density is. 1.8Z g/cc. The structure was solved by statistical methods and refined by full
matrix least-squares to a conventional R of 9.3% for 703 data collected by counter methods 
(6.7% for the 603 non-zero data). The molecule consists of a central boron atom, tetrahedrally 
bonded to three BFZ groups and the PF3 group in such a w~y that the molecule has approximately 
3m (C3v) point symmetry, one mirror of which is required by the crystal symmetry. Distances 
found (uncorrected for thermal motion) are: B-F, 1.30S A; B-B, 1.68 A; B-P, 1.8Z.5 A; and 
P-F, LSI A (all to.OIS A). 

AN ABSOLUTE TEMPERATURE SCALE FOR CERIUM 
MAG N E S I U M NIT RAT E. BEL 0 W O. 0 0 2 0 K 

James John Huntzicker 
(Ph. D. Thesis) 

(From UCRL-18476) 

The absolute temperature scale for single crystal cerium magnesium nitrate (CMN) has been 
extended to S/R= O.OOZ 'by adiabatic demagnetization from values of HIT up to 68 kOeloK. The 
temperature dependence of the highly anisotropic angular distribution of the ZSS keV y-ray from 
oriented l37mCe in the CMN provided the thermometric parameter. The nuclear orientation 
results were interpreted with the spin Hamiltonian # = gl,f3HxSx + B(Sx1x + Syly) where Hx (a cal
culated dipolar field) = 60.67 Oe and B/k= 0.'008Z0tO.0004ZoK. The hyperfine structure constant 
B was determined by normalizing the nuclear orientation results to the calorimetric results of 
Hudson and Kaeser in the entropy range 0.063 ~ (lnZ - SiR)::; 0.164. Analytic relations between 
temperature and entropy are presented for the entropy range 0.00Z:::"S/R:::"0.640. The lowest 
temperature measured was O.0013S t 0.00008oK. The present results are in reasonable a'gree
men't with both the earlier nuclear orientation results of Frankel, Shirley, and Stone, and with 
the calorimetric results of Hudson and Kaeser. These results and the results of Hudson and 
Kaeser are compared in detail. The effect of recent high-field magnetization measurements on 
the CMN temperature scale are discussed. 

The 137mCe y-ray thermometer was also used to investigate the thermal behavior of cerium 
zinc nitrate (CZN). The preliminary nuclear orientation results indicate a high degree of 
similarity between CZN and CMN. 
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PAIRING IN NUCLEI 

.Oliver Davis Johns 
(Ph. D. Thesis) 

(From UCRL-186l4) 

Parts I and II of this thesis deal with the general problem of adapting the quasi-particle 
approximation to give satisfactory results in nuclear systems. Part I shows that the projection 
of correct particle number from the number non-conserving quasi-particle ground state vector 
can give excellent agreement with exact ground states, when the quasi-particle ground state is 
first modified by an exponential four, eight, etc., quasi-particle operator. 

The similarity of this ground state exponential form to that predicted by the quasi-boson 
method leads to Part II,which considers the generalized problem of computing both ground and 
excited seniority zero 0+ states of nuclei. The results of Part II demonstrate that excellent over
lap of boson and exact 0+ states is obtained if the following revisions are made in the quasi-boson 
method: 

1) The zero energy boson used to help define the boson ground state should be a certain linear 
sum of the spurion and its conjugate, and not the spurion alone. 

2) The first excited state for moderate to weak pairing potential strength is a two boson state 
consisting of one zero energy boson and one non-zero energy boson. 

3) The striking failure of the method at subshell closures can be circumvented by slightly 
altering the average particle number. 

Part III of the thesis illustrates the method of exact, number conserving diagonalization of the 
many body Hamiltonian matrix. This method, which is practical only for non-deformed nuclear 
systems, is conceptually simpler than the quasi-particle method in which much effort must go 
into the isolation and correction of approximation produced inaccuracies. 

THE (n, d) REACTION ON LIGHT AND MEDIUM MASS NUCLIDES 

Chi Chang Lu 
(Ph. D. Thesis) 

(From UCRL-18470) 

The (n, d) reactions on targets of 13C, l4C, l5N, and 20Ne were studied using alpha particle 
beams of 40.1, 46.2' 45.4, and 44.5 MeV, respectively. Angular distributions were obtained. 
States with (ld5/2)5+ ° configuration were located and possible spin assignments were suggested. 
These states are: l5'N 13.03 MeV (11/2-), 11.95 MeV (9/2-); l6N 5.75 MeV (5+); 1707.74 MeV 
(11/2-), 9.14 MeV (9/2-); 22Na 1.528 MeV 5+. 

Separated isotopes of 52Cr, 54,56Fe, 59Co, 58,60, 62Ni, 63 Cu, and 64,66, 68Zn were used 

as targets to study the ~,d) reaction with a 50 MeV alpha particle beam. States with a probable 
configuration of (lg9/2)9+ ° were located. These states are 54Mn 9.47 MeV, 56Co 8.92 MeV, 
58Co 6.79 MeV, 60Cu 5.99 MeV, 62Cu 4.75 MeV, 64Cu 4.57 MeV, 66Ga 2.99 MeV, 68Ga 2.88 MeV, 
70Ga 2.88 MeV. 

The residual interaction energies between the proton and neutron in the configurations 

(ld5/2)~+, ° and (lh /2)~+, 0, and(lg9/2)~+, ° were extra~ted from the eXiitation energies deter
mined in the present work and previous work on (ld5/2)5+, ° and (lh/2)7+, ° states. For Tz/o 
nuclides, an "interaction model" method was proposed to extract the residual interaction energy. 
The mean values of the residual interaction energies are about -3.9, -3.0, -2.2 MeV respectively 
for the three mentioned configurations. There is a slight decrease of residual interaction energy 
with increasing A. These results are reproduced excellently by conventional shell model calcu
lations. 

The results' Of (n, t) reactions studied sImultaneously with the (n, d) reactions are also 
briefly reported. 
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ENERGY LEVEL CALCULATIONS FOR SINGLY IONIZED HAFNIUM 

Rolf Mehlhorn 
(Ph. D. Thesis) 

(From UCRL-18040) 

The parametric theory of atomic structure, developed by Giulio Racah, was used to derive 
formulas for matrix elements, including those of configuration interaction not hitherto available 
in the literature. These formulas were incorporated into a series of computer codes for cal
culating matrix elements, energy levels, g-values, and intensities. The programs were designed 
to deal with the commonly occurring configurations ,en, ,en-l,e', and·,en-2,e',e". 

With the aid of these programs an analysis of HflI was conducted. The odd parity levels could 
be described with a mean error of 143 cm- l for 56 energies, corresponding to about 0.5% of the 
configuration width. However, many calculated g-values did not agree with the observations. 
Therefore a new least squares fit, utilizing both the g-values and energy levels was developed. 
With this fit the mean error for the g-values was reduced from 0.100 to 0.023, but the error in 
energies rose to 453 cm- l for 62 energies. . 

To investigate the eigenvector errors, intensities were calculated. With the eigenvectors of 
the energy calculation no reasonable agreement was found between the calculated and observed 
intensities. The theoretical intensities were considerably improved by assuming a crude model 
for configuration interaction. An admixture of excited configurations into the known eigenvectors, 
depending linearly on the energy of the known level, was postulated. In the final result the mean 
error for 300 observed transitions was about 50%, due in part to large experimental errors. 

Although the experimental intensities are certainly in need of improvement, much of the 
error must be ascribed to the theoretical eigenvectors. It is felt that significant corrections to 
these would result from an improved energy calculation, taking into consideration relativistic 
corrections, such as the spin-other-orbit interaction, and the effective operators of configuration· 
interaction. These refinements are recommended for future work. 

RADIO-FREQUENCY STARK SPECTRA OF NaCl, NaBr, AND BaS 
BY THE MOLECULAR BEAM ELECTRIC RESONANCE METHOD 

Carlos A. Melendres 
(Ph. D. Thesis) 

(From UCRL-18344) 

The strong-field radio-frequency Stark spectra of Na23 C135, Na23 C137, Na23 Br 79 and 
Na23 B r 81 have been observed by the molecular beam electric resonance method of molecular 
spectroscopy. Analysis of spectral lines obtained by observing transitions of the type 
J = 1, mJ = ±.1 ~J = 1, mJ = 0 at strong electric fields yielded molec'~lar dipole moments and 
nuclear hyperfine interaction constants for the different vibrational states of the molecules. 

A beam of BaS was successfully obtained. The Stark line corresponding to 
J = 1, mJ = 0 ~ J = 1, mJ = ±.1 transition was observed at moderately weak fields from which was 
obtained the ratio >L2/B for the three lowest vibrational states. 

A mass spectrometric study of the composition of indium monohalide beams was undertaken. 
Dimers and atomic species were observed in addition to the more preponderant diatomic mole
cules. 
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THE EXCITATION OF UNNATURAL-PARITY STATES IN 24 Mg 
20 Ne AND 16 0 BY INELASTIC a SCATTERING 

Mary Reed 
(Ph. D. Thesis) 

(From UCRL-18414) 

The excitation of unnatural-parity states (rr I(-)J) in even-even nuclei has been studied by 
inelastic a scattering over the energy range of 33 to 120 MeV. Data are reported for the low
lying states in three nuclei _24Mg, 2 ONe, and 160. 

The excitation of unnatural-parity states is forbidden in simple, one-step, direct reaction 
theories by spin and parity considerations. Since these states are excited with moderately large 
cross sections, the study of them sheds light on more complicated reaction mechanisms. 

When the angular distributions for these reactions at the various energies are compared with 
each other, consistent results are obtained for the natural-parity states and for the 2- state in 

.160 . However, for the 2- state in 20Ne and the 3+ state in 24Mg, unusu~l angular distributions 
are obtained which bear no resemblence to the theories. 

Calculations of compound nucleus and multiple excitation cross sections are made using 
Hauser-Feshbach and coupled-channel computer codes. The multiple excitation cross sections 
produced in this way give fairly good agreement with the experimental data, even reproducing the 
unusual appearance of the 3+ angular distributions. Thus the exci!ation of the unnatural parity 
state in 24Mg is determined to be mainly a multiple-step process. . 

THE MOLECULAR-BEAM ELECTRIC-RESONANCE SPECTRA OF 
THE LITHIUM HYDRIDES 

Elaine Rothstein 
(Ph. D. Thesis) 

(From UCRL-17 948) 

Radio-frequency spectra have been observed in the first rotational state of Li7H, Li7D, Li 6H, 
and Li 6D by the molecular-beam electric -resonance method. Analysis of the spectra has made 
possible the determination of accurate dipole moments and nuclear-hyperfine interaction constants. 

The experimental values are compared to the available quantum mechanical calculations. 
The polarizable ion model is also compared to the experiment. 

KINETICS OF A DENSE CULTURE FERMENTATION 

Lyman Dale Sortland 
(Ph. D. Thesis) 

(From UCRL-18340) 

A fermentation system was designed and constructed to study the growth characteristics of 
micro-organisms at low and high cell concentrations. The technique used to develop high cell 
densities utilized a rotating micro-filtration unit to permit the removal of cell-free product from 
the fermenter. The fermenter volume and the filter were contained in a single unit composed of 
a series of concentric cylinders. The annuli served as the fermenter volume while the second 
outermost cylinder supported a micro-filtration membrane. Feed to the system was pumped at 
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constant rates and the internal pressure built up to a value which would effect the required filtra.,. 
tion rate. The system was operated batchwise and continuously with and without filtration. 

The anaerobic growth characteristics of Streptococcus faecalus were determined at 37 0 C and 
pH 7.0 for batch, continuous and continuous with filtration modes of operation. Cell concentra
tions 45 times more concentrated than could be produced in batch culture were obtained using the 
filtration technique. 

DIPOLE MOMENTS OF ALKALI HALIDES BY THE 
ELECTRIC DEFLECTION METHOD 

Troy Lee Story, Jr. 
(Ph. D. Thesis) 

(From UCRL-18484) 

The radio-frequency Stark spectra and the microwave spectra of 6Li35CI and 6Li37CI are 
investigated by the molecular-beam electric-reson~nce method of spectroscopy. Observations of 
transitions of the type (J, MJ) ~ (J, MJ il) and (J+ 1, M J ) ~ (J, M J ) have allowed a determination of 
dipole moments, rotational constants, and chlorine quadrupole and 'spin-rotation interaction . 
constants for several vibrational states of these molecules. 

A method of determining dipole moments by deflecting a beam of velocity selected molecules 
with an electric field is presented. Dipole moments of KI, RbBr, RbI, CsBr, and CsI have been 
determined by this method. Deflection analysis of CsOH and LaF3 are carried out, and implica
tions concerning the geometrical configurations of these molecules are given. The design and 
construction of the velocity selector which was used in the deflection experiments is presented. 

HYPERFINE STRUCTURE OF D y 165 AND SPIN OF E r 163 

Sanford Stein 
(Ph. D. Thesis), 

(From UGRL-17969) 

The atomic beam magnetic resonance flop-in method was used to measure the hyperfine 
structure of Dy 165 and the s~in of E r 163. 

The result for the 66DY9~5 ground state is a=±89.8(7)MHz, b=+1520(30) MHz where a 
and b are the magnetic dipole and electric quadrupole hyperfine interaction constants. The spin 
was previously measured to be I= 7/2. From these values one can calculate the nuclear mag
netic dipole moment ~ I and the nuclear electric quadrupole moment Q which are 
~I(uncorr) = +0.50(4) nm, Q(uncorr)= i2.8(3) barns. 

These values are in good agreement with that predicted by the strong deformation collective 
model. 

The spin of the ground state of 68Er~~3 is I= 5/2 which agrees with the Nilsson state 
assignment. 

The theory underlying the atomic beam method, a description of the technique and equipment 
used, and a comparison with appropriate theoretical calculations are presented. 
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ATOMIC BEAM MEASUREMENT OF THE ISOTOPE SHIFTS 
IN l27Cs, l29Cs, l33 Cs , l34 Cs , l34mCs, AND l37Cs 

Edmond Chen-ching Wang 
(Ph. D. Thesis) 

(From UCRL-18434) 

A new atomic -beam technique has been employed to measure the isotope shifts of five radio
active cesium isotopes relative to the stable isotope l33Cs. The shifts (in 10-3 cm- l ) in the Dl 
line are found to be 

Isotope: 

IS: 

127 Cs 

+5.9(1.5) 

l29Cs 

+2.8(1.5) 

134Cs l34mcs l37Cs 

+1.8(1.0) -2.2(1.2) -6.0(1.5) 

Here a positive sign means that the wave number of the Dl line for the indicated isotope is 
greater than that for l33Cs. 

The normal volume shift is calculated to be 1 0.7 Xl 0- 3 cm- l for the addition of one neutron. 
There is evidence that points to the cancellation of the normal volume effect by the deformation 
effect as a possible explanation of the smallness of the observed shifts. 
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