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Abstract

Multinucleon-transfer reactions are
used to measure the ground state masses of
light nuclei far from beta stability., Tech-
niques for particle identification and Q-
value measurements in a magnetic spectro-
graph are discussed, and the results of the
experiments are compared to various theo-
retical models.

1. Introduction

Transfer reactions can be used to mea-
sure nuclear masses with high precision,
and the techniques which have evolved to
make these measurements in a magnetic
spectrograph are now being applied to nuclei
far from beta stability in a number of lab-
oratories. Besides providing a means of
Q-value determination, the spectrograph has
proven to be extremely valuable in the
particle detection aspects of the problem.
Cf equal importance has been the advent of
cyclotrons with well-defined, precise, high-
energy beams. The cyclotron~spectrograph
combination is capable of measuring masses
to an accuracy in the kilovolt range in
spite of the high particle energies involved
which are in the range of 25-100 MeV, In
this paper we will first discuss the tech-
niques for particie identification and Q-
value measurements. It will be evident that
most of the physical effects we are discuss-
ing would not be visible if the accuracy of
the measurements were not so high.

2. Method

A 1ist of the transfer reactions which
have been involved in studies of nuclei far
from stability is given in Table I. The

TABLE I.--List of transfer reactions used
to study nuclei far from beta stability.
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45 MeV p

cross sections and Q-values given are
typical ones for the particular reaction.
The cross sections show a strong fall off
with number of *transferred particles and
with transferred T,. Not surprisingly,
therefore, the farther from stability one

ugga2us  USA

wants to go, the lower the cross section,
Extreme limits of nuclear stability can be
reached by these reactions provided that
nature has presented the appropriate tar-
gets. Tor example the two extremes of
knowledge of the Cl isotopes, 31C) and %3¢i,
were both reached by five nucleon transfer
reactions: 6ar(3He,8L1)31C1 and
48Ca(3He,8B)43C), The cross-sections for
these reactions were approximately 10-25
nanobarns/sr. In all cases in which the
cross section exceeded a few nanobarn/sr,
a reascnable accurate mass has been
obtained (<60 keV). The technique des-
cribed here is responsible for the most
accurate mass determinations of approwxi-
mately 25 nuclei far from stabiiity rang-
ing from 8C to 55Ni and the first observa-
tion of about 15 of them.

In Fig. 1 we give an unusually complete
view of the experimental apparatus used at
Michigan State University. The maximum
ener%y beams from the cyclotren are 76 MeV
for “He's and 48 MeV for protons, and
typical beam currents are 1 to 4 uA. At
these currents the energy resolution of the
cyclotron-spectrograph combination is less
than the target thickness energy spread,

The best energy resclution that has been
obtained is 25 keV. In this case the beam,
target and detector contributed about equally
to the resolution. Geood resolution is very
important in both accurate Q-value measure-
ments and in separating the peaks of interest
from the background.

The detector is a triple telescope con=-
sisting of two wire counters and a plastic
geintillator. The front wire counter measures
the energy loss, AE', redundantly with the
energy loss in the second counter, AE. In
the present setup, a single channel analyser
which is set on the AE' of the group of
interest is one of the gate requirements for
the other signals to reach the computer, By
going from four to six ADC's we are planning
to add the positien information from this
wire to the events recorded on tape., At
present only the second wire gives position
informatien (by resistive charge division).
The spatial resolution is about 0.5 mm and
usually contributes negliigibly to the over-
all resolution. The principle of operation
of a charge-division position sensitive
detector is shown in Fig. 2. The computer
constructs the energy loss by adding the
gignals to get AE and then taking the divi-
sion Ey/A8E. Time of flight relative to the
rf structure of the beam is alsc recorded
as is the light output from the scintil-
lator, This light signal is rather poor
in quality and can not distinguish well
between particle types. The plastic scin-
tillator has another defect in that it is
very gamma sensitive; keeping the raw count-
ing rate in each detector to a minimum is
erucial for suppressing background. TFor a
plastic scintillator minimum volume is
therefore important. We use 0.2 mm thick
Pilot B scintillateor, which is so thin that
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FIG, l.--Schematic representation of experimental arrangement.
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FIG. 2.--Principle of operation of a charge-
division proportional counter.

the particles of interest actually pass
through it. Tons give little light at the
end of their range and therefore little
signal is lost and the gamma count rate is
minimized. A good soluticn to the gamma-
ray and poor resolution problem of the
plastic scintillator is to replace it with
a silicon detector. The problem here is
limited length, but a recent run with a 50 cm
long surface barrier detector gave a very
low background level of 50 picobarns/sr-MeV
in a search for the 27a1(3He,B8He)22A1 reac-
tion.

Figure 3 gives one of the displays
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FIG. 3.--A display of AE versus time-of-
flight. The particles are produced by a

74 MeV 3He heam on & 12C target.

that may be observed from the computer,

AL, energy loss in the gas, versus time-of-
flight. Any ccombination of the four input
signals can be displayed gated by another.

- 236 -



The events are stored on tape and either
live data or a previous tape can he analyzed
into spectra like that seen in FPig. 4, which
is from the 24Mg(3He,8Li) reaction. Play-
back of the tape is not always required
since the gates can be set effectively from

a small amount of initial data. Sometimes
80 v T T T
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FIG. 4.--Spectrum of the 2L'lMg(?’He.,BLi)lgI\Ta

reaction.

it is very useful for the cleaning up of
data as is shown in Fig. 5. The lower
spectra is of the 50¢r(3He,bHe) reaction
taken on-line. The improved version is the
upper spectrum in the figure. The lower
level on the energy loss requirement was
paised during the playback, and as a result
ambiquities concerning the ground state
region were eliminated. The background
events which were eliminated are due to

the simultaneous arrival of an alpha and

a tritoen.

The techniques for determining the
Q-value from the gated position spectrum
have been desoribed previocusly. The
method is a comparative one with known
reactions placed on the same focal plane
position by small changes of field. Reac-
tions with similar rigidity outgoing
particles but different {-values, e.g.
(3He,%He) and (3He,bHe), are very useful
for beam energy determination; a technique
known as momentum matching.? A useful
trick to eliminate the effect of gains and
rero levels when comparing different
particle types is to adjust the gas gain
to give each particle type the same energy
loss signal in the wire counter. Calibra-
tion reactions with detected particle and
Qwvalue similar to that of the reaction of
interest are used whenever possible. An
example is the (3He,%He) comparisons shown
in Fig. 6. The experiment was a massg
measurement of 37Ca using 21Mg and BONi as
calibrations. Ideally one wants one
calibration above and one below the primary
reaction in rigidity. This allows an
interpolation between two fields, and
knowledge of magnetic field integral
versus NMR setting becomes unimportant.

The error obtained in a particular
experiment is usually determined by a
number of factors. A typical case® is
shown in Table ¥I. One can see that a num-
per of improvements would have to be made
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TABLE II.~--Error analysis for a 19%a

- mass
determination.
2439 (PHe, 811 %Mo vs 2Mg(PHe, TLi1ZONa
PARAME EFFECT ON
TER UNCERTANTY Preo 1SS L)
Ein ({ABSOLUTE} 30 kev 6.6
® [FLBCYUATION) 16 kev 8.0
g 0.15¢ 3.0
ol ~p.25° 50
CENTROIDS 0.3 CHANKELS 6.3
*oNg MASS & ke 4.7
A TARGEY ~10% Le<
B SCALING - 1.0<
B REPRODUCIBILITY 1120,000 a0
COUNTER LINEARITY - lL.o<
15.0
besides collecting more counts. The beam

energy fluctuation problem could perhaps
be eliminated by constant monitoring of
the elastic line, but this would only be
advantageous if the absolute error could
also be improved., A 30 keV error for a
3He beam energy of 76 MeV is at the limit
of the momentum matching method.

Tig. 7 and 8 shows two spectra from the
YBea(3He,B8Li) reactiont to illustrate the
advantage of good resclution. The two
runs were taken for the same charge and
spectrograph solid angle, but in the second
a much thinner target was used. Since the
resolution was limited by target thickness
in this case, the second 35K peak has the
gsame height but much fewer counts. It is
actually a much better measure cof the mass
since the centroid error is linear with
the width but decreases only with the sguare
root of the number of counts. In this case
one can also be much surer of the absence
of shifts due to background.

3. Results

It is not possible to list here all of
the masses which have been measured by these
techniques. In any case most have become
part of the most recent tables. Instead we
will discuss their significance in terms of
three general headings 1) the iscbaric
multiplet mass equation 2) Coulomb energies
in the fg,, shell and 3) comparison to various
methods for mass extrapclation.

3.1 Isobaric Multiplets

The iscbaric multiplet mass egquation
has been reviewed in several publications,®
The basic idea is that a state of isospin T
is one member of a 2T+1 multiplet, which
would be degenerate in the absence of charge
dependent effects. Wigner® showed that, in
first order perturbation theory, charge
dependent two-body forces can at most produce
a quadratic dependence of the mass on the
z-projection of isospin, T

2

2

M(T,) = atbl_+cT,

To check this result one needs & multi-
plet with T>3/2. This is where nuclei far
from stability enter the picture. The
T,==3/2 nucleus is in every case three or
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more nuclei from stability. By means of the
{3He,PHe) and (3He,8Li) reactions we have
now measured all the Tz=-3/2 masses from

8¢ to 37ca with the two exceptions of 15F
and 27P. These two are being worked on but
are extremely difficult because of target
problems, The (YHe,8He) or perhaps some
heavy ion reactions may prove superior for
these nuclei and in fact for the continuing
extension of this work towards the line of
proton or two-proton emission. Not all of
the mass measurements of T,=-83/2 nuclel have
resuited in complete mass quartets. Often
one of the other members is difficult to
observe experimentally. The A=1$ ground
state quartet has been completed recentlg

by observing the lowest T=3/2 state in 19Ne
by means of the 21lNe(p,t)1%Ne reaction.

The A=35 quartet has not been ccmpleted”
because of the difficulty of ohserving the
T=3/7 state in 3%Ar. A known state of the
same spin but T=1/2 lies right at the pre-
dicted energy. Another recently completed
quartet is the A=31 ground gtate. We have
pecently employed the 36Ar(3He,8Li) reaction
to medsure the mass excess of 31Cl to be
~7.07%0.05 MeV £Q=~29.1761.
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FI@. 8.--Spectrum of the 40ca(3He,8L1)
reaction with a 170 ug/cm2 target.

Fig. 9 summarizes the current situation
on mass quartets by displaying d, the coeffi-
cient of a Ty% term needed to fit the data
exactly. The agreement is astonishing over
a wide range of A and including both ground
and excited states. The significance of this
appears to be that the wave function of the
members of the multiplet remains essentially
unchanged as the T is changed--even if
the most proton rich nucleus becomes much
less bound or even unbound, e.g. 19Na.

The sole strong disagreement with the
predictions of the multiplet equation is
the ground state A=3 quartet. There are
several remarks that should be made about
this. First it is the most accurately
measured quartet by far, the T,=x1/2
members having been measured to about 1 keV
and the T,=+3/2? members to about 3-i# keV.
Secondly, it is the iightest quartet with all
members bound. The 9C mass was measured to
an accuracy of % keV with the 7Be{(3He,n)
reaction. We have attempted to verify
this result with the 1%C(3He,5He)?C reaction
and the result, while agreeing with the
(3He,n) measurement, would move the d=
coefficient closer to zero. The experi-

mental error in this case is about 8 keV

so it has a negligible effect when averaged
with the (3He,n) number. Surprisingly the
first excited state A=9 quartet, which
contalns unbound levels, is closer to

a quadratic multiplet equation as can be
seen in Table IIT.

BOBARIC MULTIPLET MASS EQUATION &- COEFFICIENT
M(T,} = a «bT, + cT2 « dT?

o GROUND STATE A= 4n-|
o GROUND STATE A = 4n+{
40t # EXCITED STATE A = 4n-!
x EXCITED STATE A = dn+i

FIG. 9.--d~coefficient of the iscbaric
multiplet equation versus A. Excited states
are displaced siightly to the right of the
appropriate A.

TABLE III.--The two A=S mass quartets.

A=9 QUARTETS
d {keV) X2

=0 19

.S,

g { 5.8+ 15 -

ot =0 0-6
1®" exc. {
23t29 -

Mass quintets constitute a much more
severe test of the iscbaric multiplet equa-
tion than do quartets., The first one, A=8,
was completed about a year age,1? but only
recently have accurate mass measurements
been available for all five members. These
five measurements were all made by transfer
reactions in a magnetic spectrograph using
techniques of the type described above.

The agreement here is even more amazing

than the many quartets. Table IV summarizes
the situation for the mass guintets. The
significance of an e-coefficient in A=8 is
related to isospin mixing in ®Be as is
discussed in Ref. 11. The A=20 quintet has
four members known. Both A=g and A=20
T,=-2 members were measured most accuratel
at Texas AEM with the (4He,B8He) reaction,l
A spectrum of this reaction leading to hM
is shown in Fig. 10.

+13
g

3.2 Coulomd Energies in the f7/2 Shell

The eight T,5-1/2 nuclei in the £7/3
shell now have accurate mass measurements.
The mirror Coulomb energies assocciated
with these masses are plotted in Fig. 11.

- 239 -



Thus a plot of EL(A) versus A should
be a straight line. That this is nearly the
case is shown in Fig, 13. The A=39 energy
should be corrected by 125 keV for its much

9 larger binding than the other three nuclei.
A d e X The slope corresponds to CZ300 keV which is
in good agreement with a previous determina-
tion by Sherr and Bertsch of essentially

TABLE IV.--Summary of Mass Quintet
Coefficients (keV).

8 0 D 6.8 the same physical quantity, namely the Coulomb
8 6.0£2.6 g 1.2 interaction between an fy,5 particle and a
8 0 4,0:1.9 2.2 dz/y hole.
] Y.hgt3.0 2.4%2.2 -
3.3 Mass Extrapolations
20 0 0 1.35
20 7.3%20 0 - Onily the symmetric Garvey-Kelsonl? mass

formula (shown in Fig. 14) can be used to
crogs the N=Z line. The masses of a series
of T;=-1/2 nuclei must be known, however.
This is what has limited extrapolations
mainly to N>% nuclei., By measuring the
Tp7=1/2 nuclei up to 55Ni we have been able
2410 (*He, He) 2OMg to extend the relat@on to 2>N nuclei up to

! the Ni, The resulting bPredictions, which
81 op = Sdeg. were made using the symmetric relation are
given in Table V., One can sse that it will
be a long time before the limits of stability
are reached for light proton-rich nuclei or
i the interesting 2-proton emitters can be
studied.

Counts

Recently we have begun to apply the
2t same techniques to neutron-rich nuclei.
Fig. 15 gives spectra from the {3He,B5B)
, ﬂ| ] . ,“ reaction on 6%Ni and 27A1. The latter
-62.5 -~620 —6l.5 -61.0 -605 ~60.0 provided a calibration for the mass measure-
Q- Vaiuve ment of 5SMn which is summarized in Table
VI. In Fig. 16 we show the 48Ca(3He,83)43¢)
FIG. 10,--8Spectrum from the mass measure- reactiog? WhightugiorzggitE&ykh?S1? Q*Valﬁe
20 ] +t al. s0 negative a e peak falis in the
ment of “TMg by Tribble, et al region of light contaminants. The %3¢1
results are also summarized in Table VI,

The Coulomb energies have been divided by which also gives a comparison of the two
the Z of the neutren-rich member, and one neutron~rich nuciear masses to variocus

can see an alternation due to Coulomb theorgtical models, 'Tpese measurements of
pairing, which would not be visible if the nuecleil far from_stablllty are more accurate
errors on the masses were not below 30 keV. than those obtained by other method§ and
The mass 49 point has recently moved right ~ therefore serve as good points to tie the
onto the line due to a new mass measure- various gxtragolatlons_down and alsc as
ment of the non-exctic nucleus, chp, at good calibration nuclei for the othen

Notre Dame.l" The Coulomb pairing occurs methods,
because more energy is lost when a paired

proton is converted to a neutron *than when

an unpaired one is, The shell model cal-

culations of Chung and Wildenthall® shown

as a solid line reflect this effect very

nicely. TFor comparison the same effect

is shown for the dg;, shell where it is

much more marked.

Coulomb displacement energies of
hole states in the As4n+l mirror nuclei
can be described by a simple model,l
but first these states have to be identi-
fied, This was done by comparison to the
known spins in the mirror nucleus and alsoc
by means of angular distributions which
were compared to the angular distributions
from the %2Ca(3He,BHe) reaction as is
shown in Fig. 12, The Coulomb displace-
ment energy of a 3/2% hole state in the
fg/9 shell is related to that in A=39 by
the relations

A~39
EC(A) = Ec(39) + C =

where C 1s a constant.
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!
TABLE V.--Predicted mass excess using the symmetric Garvey-Kelson mass relation.2

Mass excess Separation energyb fMeV)
Nucleus {MeV) Cne proton Two protons
T =1
thy -23,83 1.81 6.31
4600 -29,55 5,02 §.64
“Byn -29,31 2.03 6.81
50p —34.50 4.13 6.22
5204 -34.38 1.48 6.34
St -39,27 3.92 5.53
Tz:_%
3y -17.92 9.10 3.87
450y ~19.64 3.1k 4,95
*7n -22.85 9.32 5., 3y
“9rg -24.76 2.76 4,79
>leg ~27.40 ‘ 0.19 4. 32
53y1 -29.66 : 2.59 4.07
T 52
42 z
v - 8.02 -0.37 2,08
o ~13.54 2.96 2,06
4Oy -12.67 0,22 3.36
“8pe -18.17 2.82 3,14
50c, ~17.73 0.26 3,02
52y ~22,68 2.58 2.77
Tzz—%
4ly 0.08 -1.81 0.43
“3em - 2.1 1.45 1.08
*Syp - 5,17 TS 1.82
“Tre - 7.15 1.8% 2.06
*og - 9.95 -0.93 1.89
Slys -12.02 1.59 1.85
T =.3
“2en 6.17 z 1,25 -0.56
i 6.35 -1.26 0.19
46pe 0.53 1.60 0,46
480, 6.97 -0.84 1.00
50y - .13 1.49 0.56
Tz:‘%
45pe 13.58 0.08 -1.18
*9Ns 7.6 .67 ~0.17
T =4
#8yg 16.43 0.50 ~1.31

Masses used in the relation are the present experimental resulis, Mass 71 mass values of

A.H, Wapstra and N.B, Gove, Nucl. Data A3, 267(1971), for the 5500 mass excess is
-54,027540.0022 MeV from P.L. Jolivette, et al. Phys. Rev. C10,2u48(31874) and for the mass
excess of 49Cr is «45,327+0.0029 MeV from P.L. Jolivette, et al. private communication

and Phys. Rev. C13,u439{(1978).
bNegative binding energy indicates nucleus unbound to particle emission.
CExperimental mass excess is -29.46£0.03 J. Zioni, et al., Nucl, Phys. Al81,455(1972).
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TABLE VI,--Summary of Mass

Measurements on 59Mn and

Cl.

Final nucleus reached by

the (3He,®R) reaction. *9vn 30y

Q-value in MeV ~19.61t0,03 ~29.07%0.,06

do/d{l at 8° in ub/sr 0.05+0.01 0.02+0.01

experimental mass excess ~55.4940.03 -23.14%0,06 Ref.

predicted mass excess
Garvey~XKelson (69) -55.75 -23.78 A
Garvey-Kelson (75) ~56.01 -23.64 B
Garvey-Kelson (78) ~55,79 -23,38 C
Modified G-X ~56.35 ~23.61 B
Liran~Zeldes ~56.01 -23.00 D

G.T, Garvey, et al., Rev. Mod. Phys. 4%1,511(1969).
N.A. Jelley, et al., Phys. Rev, C11,2049(2975) and C.N. Davids, to be publiched.

C. W. Gerace, private communication
D. 5. Liran and N. Zeldes, Institut fur Kernphysik der Technischen Hochschule, Darmstadt,
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FIG, 16.-=-Spectrum from the mass measure-
ment of #3Ci, Predictions 1-5 refer to
Garvey~-Kelson(69}), Garvey-Kelson{75},
Garvey~Kelson{76), Jelley, et al. and
Livran and Zeldes as given in Table VI
above.

FIG, 15,--Spectra from the mass measurement
of 5IMn. The calibration reaction
2741(3He,8B)22Ne ang the BYNi(°He,BR)5%Mn
run at the same field.
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