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Abstract

A survey is given of decay energies of
rare-earth isotopes measured in electron-
capture decay by relative Pg ratios, ECg/
B+, and EC/B* ratios. Atomic masses of A =
147 isotopes and of 146Gd and 148Dy were
derevid. The masses of these isotopes and
of «-decaying precessors are compared with
predictions of current mass formulae. The
subshell closure at Z = 64 is shown for
N = 82, and 84 isotones.

1. Introduction

The motivation to perform remeasurements
of the decay energies of 146Gd'), 147Eu and
147642) was” to resolve discrepancies in
earlier Qpc values. Differing results have
been reported from studies of the radio-
active decay3-~ and from nuclear reaction
work10,11) " A similar situation is found
in the decay energies of 145sm12,13) ang
1516a12,14) which has also prompted a reme-
asurement13),

The measurement of 148Dy, and 148Tb
aimed at determination of the unknown ato-
mic masses The isotopes 146Gd and
148Dy represent key masses in the sense
that o« -decay chains which are ending at
these isotopes permit the determination of
masses at a distance from the region of 8
stability. Six sequential o decays connect

2pt with D¥, and a chain of eight o
decays connect 178Hg with 146Gd. Until re-
cently this series was interrupted between
1624f" and Yb, but this « decay has now
been observed By comparison of the ex-
perimentally determined masses with calcu-
lated ones a test of mass predictions in
the region far from B stability is achie-
ved.

Our recent measurement of the unknown
decay energies of 1.9 min and 1.6 h - 147Tb
is performed in order to determine

the relative position of the two states.
Algha decay chains are also ending at
1477, In case the decays between nuclear
ground states are identified, further ato-
mic masses far from stability become acces-
sible and proton separation energies can

be derived from a number of isotonic mass
differences.

Our experimental masses can be used to de-
monstrate a shell closure at Z = 64. This
is reflected in the two-proton separation
energies by a sudden drop of the regular
decrease when the shell is crossed in the
direction towards heavier isqtopes16).

gether with our results.
the
hed a new y-deca
electron capture1

2. Decay energies of

146Gd, 1

47Eu,

147Gd,

145Sm

We have listed the contradicting values
of earlier measurements of the decay ener-
gies of these four nuclides in Table 1 to-

In the c¢

ourse of

Gd investigation we have establis-

Table 1. Experimental Qpc values

¥ scheme following the

isot.| author ref.|exp. method PRgc (keV)
146Gd |ageev 1970 3 |8t end-point [1756+30
Wapstra'77 4 |extrapol. 1200
Alford '79 11 144Sm(3He,n6 1026+30
pardo '80 12|144sm(12¢c,198Bd1015+26
present 1|Pg,BT/ECK 950<Qrc<1064
147Ga |adam 1969 5 |R*end-point [2382+25
Gromov '65 6 " 2221%15
Vylov '79 7 " 2184+ 5
pardo '80 11 [144sm(72c,%Bep070%502
P116+45P
present 2 |8*/EC=2.18-T6 2088+45
147gy |nAdam 1967 8 {Btend-point [1767+10
Vylov '79 9 " _3[1723% 3
present 2 [B+/EC=4.13-07]1669+30
145gn Sujokowski 13 [EC bremsspec.| 607+ 7
68
present 15 |PR492/PK60 630+11€
148Dy |present 16 |ECk/B+ = 21.72669++65
Spanier'81 30 [ECx/B+ = 14.7R2802+6
1481p lpresent 16 |EC/B+ = 2.36 [5805+50
(2.2 min)
1481p lwapstra'77 4 £5630+80
(60 min)
1477b lpresent 18 [ECx/B*=.85 B170+100C
(1.9 min)
a) adjusted 147Eu mass from ref. 12

b)
c)

with present 147Eu mass
preliminary data

“(150TDb)

The decay energy was measured by comparing
the relative K-capture probabilities of the
transitions feeding the new level at 690.7
keV and the one at 384.8 keV with calculated
values19,20), since the decay energy turned
out to be unfavourably large for this method
we were only able to derive a lower limit of
the decay energy, Qgc > 950 kev'!). The upper
limit of this decay energy was obtained from
the investigation of 150Dy and using the
closed cycle of atomic masses of 150Dy,
1507b, 146Gd and 146Eu. The following rela-
tion holds: Q¥g(146Gd) = Q?g(150Dy) +Q,

- Q(T50Dy) = QEc(T50Dy) - 762.3 +
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5.8 keV, where the last value was obtained
by inserting «-decay energies from a re-

cent compilation21 The isotope 150Dy was
produced by the '41pr(14N,5n) reaction at

the heavy-ion accelerator facility at Ber-
lin. In Fig. 1 the simple decay scheme22)

of 150Dy and the detector set-up is given

as an inset.
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Fig. 1 Comparison of experimental and calcu-
lated B*/ECk values in 150Dy. Insert:
decay scheme of 150Dy, detection
geometry

The B*/ECk ratio was found by counting
of annihilation radiation and Tb-K X-rays
in coincidence with 397 keV y-rays. This
method (I) was also applied in the in-
vestigation of 148Dy and 147Tb (1.9 min).
The experimental ratio is given by

(1) B*/ECk=N511-397/Ng-397-€RA2- Egq - %/
B- (1-£).

We denote by Nj_397 the number of observed
coincidences, by &; the detection effi-
ciency, and by Wy the fluorescence yield.
The quantity f« 1 corrects for annihilation
in flight23)while s is a correction faktor
introduced to account for the annihilation
taking place outside the source. This fac-
tor was obtained in two ways, first by
mapping of the efficiency as a function of
source position and weighing solid angle
sections into which the positrons are emit-
ted with these efficiencg values, second

by placing a calibrated 22Na source, thick-
ness 1 pg/cm? on 10 pum of mylar foil, in
the source position. It is important to note
that the coincidence efficiency cancels,
and only the relative efficiency enters

into equation 1. A further small correction
of .4% is caused by summing of the back
scattered second annihilation quantum.

No B* decay was observed in the decay of
150Dy. The experimental upper limit of the
ratio, Bt/EC, < 1.33:1073, is compared in
Fig. 1 with Ehe calculated ratios24). The
tabulated values24) were changed to take
the exchange correction into account. The
comparison gives an upper limit of the gt
end-point energy of 407 keV, and the value
Qpc < 1826 keV. Application of the calcula-
ted ratios of Gove and Martin result in
a value 5 keV lower. In Fig. 1 no additio-
nal correction factor has been used for
the theoretical ratios.

For the 146ca decay energy the upper
limit of 1064 keV is derived which is lis-
ted in Table 1. The energy region of the
146G4 decay energy, found by determination
of lower and upper limits, is supporting
the reaction datal0,11),

To remeasure the decaX of 147Gd, and of
147Eu we have produced 127Gd by 144sm (w,n)
reaction at the Go6ttingen cyclotron. After
aging, the same sources have been used for
the 147Eu measurements. In a similar geome-
try as indicated in the inset of Fig. 1 co-
incidences were measured. For the measure-
ment of 147Eu, the Ge(Li) gate detector

was replaced by an intrinsic Ge X-ray de-
tector, 10 mm diameter and 5 mm thick.

In these decay processes we have deter-
mined (Bt/tot)-decay ratios by the measure-
ment of relative y-ray intensities in the
singles, and in the coincidence spectrum.
This procedure (II) is discussed for the
decay scheme of 147Eu. A partial decay
schme of this nucleus is given in Fig. 2.
For the branching feeding the 121.3 keV
level in 147Sm the ratio of total transi-
tions and of positron decays, (8% + EC) 121/
B+121, is determined. From the decay scheme
it is seen that the balance of the transi-
tion intensities feeding and deexciting
this level is given by

(8% + EC)qpq + ZTIj = Iypq-

i
Herein TI; is the total intensities of
transitions from higher excited states fee-
ding the 121 keV level. By a simple arith-
metic therefrom the following expression
is derived:

(2) (B*+EC)q121/8%121 = Ig77/8% 121
(T121/Tg77 = EIi/Ig77)

The intensity ratios in the brackets of
the right side of this equation were ob-
tained by singles counting at 15 cm dis-
tance in order to minimize summing effects.
Relative detection efficiencies and values
of total conversion coefficients were used
to arrive at Iqq/Ig77 = 4.63+.02, and
SIi/1677 = 2.048 +.010. The factor in
front of the brackets was obtained from
the coincidence measurement. The coinciden-
ce spectrum of 147Eu gated by 121.3 kev -
rays is given in Fig. 2. Essentially, the
wanted intensity ratio is given by the
intensity ratio of the 677 keV, and 511 keV
line.
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Fig. 2 Partial decay scheme of 1478y and
spectrum gated by 121 keV y-rays

However, the feeding of the 197 keV level
by Bt decay and the presence of the 76 keV
transition in Fig. 2 causes a small correc-
tion of the number of 511 keV quanta. It is
obtained in an extra coincidence measure-
ment with the gate on 197 keV y-rays from
the intensity ratio of 511 keV, and 601 keV
quanta. To obtain the correction the latter
ratio was normalized by the intensity of
the 601 keV line in Fig. 2 and gave a 5%
deduction of the number of 511 keV quanta.
If N5qq-121 denotes the corrected number

in the coincidenc spectrum of Fig. 2 the
factor in equation 2 is given by the ex-
pression:

I677/8%121 = Ng77-121/N511-121 * 2€511/
€677 - 5 - (1-f),

where the values €4,s, and f have the same
meanlng as above. We obtained the ratio

17 7/B%¥121 = 94.6420.1 and deduced herefrom
(g /EC)121 =(4.13%.860 1073 (ref. 2).

The same method was used_in the inves-
tigation of the 147Gd decay®’ to obtain

(8%/EC) 339 = (2.18+.41)107. This evalua-
tion was simpler in the sense that no posi-
tron branching to a higher level had to be
corrected for. These ratios are compared in
Fig. 3 with the calculated ratios of Gove
and Martin25), and of Dzhelepov et al.24
Using for these first forbidden non-unique
transitions the tabulated values of allowed
transitions altered to include exchange
corrections 24,25)

10° : 107
— - — Gove,MartinZ=62 4 — - — Gove,MartinZ=63 -
n+ Dzhelepov,Z=63 4 n+ Dzhelepov.Z=64
EC EC[ wrg,
5 - 5 - -
2+ 2t ]
-3 2
10 #

Jf— N N N 1 10 L 2 N 1 N
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Fig. 3 Comparison of experimental and cal-
oElated 8*/EC values in 147gu, and
Gd decay as function of B* end-

point energy

The Z values to be chosen in the tabulat-
ions are indicated in Fig. 3. Taking for
comparison the ratios of Dzhelepov, decay
energies of 1669+30 keV, and of 2088+45

keV were obtained for 147Eu, and 147q3,
respectively2), and are given in Table 1.
Again, our value for 147Gd is supporting

the reaction workl11), however, our result
for 147Eu is smaller than the earlier extra-
polated B+ end-point energies8:9).

In the adjustment of experimental data
for the table of atomic masses closed
cycles of masses are considered ). The
bearing of the 145sm, and 157cd data on the

Eu decay energy and the presently ex-
s1st1ng 1ncon51sten01es have recently been
refered12). We therefore have started the
remeasurement of 145sm, and 151Gd decay
energies15).

In this investigation we are making use
of the energy dependent K capture probabi-
llty19) The decay of 145Sm is a favourable
case since a capture branching leading to
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the 492 keV level in 145pm having a small
transition energy is compared with the cap-
ture leading to the 61 keV level, having

a large energy26). This method26) is also
used in 151Gd decay. For 145Sm the relative
K-capture probability is expressed by the
number of 61, and 492 keV y-rays in the
singles spectrum, Ngq, and Ngg2, and in
coincidence with K X-rays, Ngi.gr and
Ngyg9p-g- It is expressed by

Pr492/Pr61 = N492-k/Ng1-K *Ng1/Ngg

An advantage of this relative measurement
is that detector, and coincidence effi-
ciency and also absorption corrections
cancle.

our valuel3) for this ratio, 0.46+.07,
was compared with ratios deduced from the
tabulation24) taking for the EC decay to
the 492 keV level values of a first-forbid-
den unique, and to the 61 keV level, of an
allowed transition.

The comparison gives the decay energy

Qrc(145Sm) = 630 + 11 keV also listed in
Table 1.

3. Decay energies of 148Dy, 2.2 min '48m

and 147Tb

New values of the decay energies of
148py, and of 2.2 min 148Th have recently
been measured!16). These isotopes were pro-
duced at the heavy-ion accelerator facility
at Berlin by 141pr (14N,7n), and 147pr (14N,
p6n) reactions using 120 MeV 14N ions, and
have been measured in a similar counting
array as shown in Fig. 1. The isotope
148Dy has a simple decay scheme27) as shown
in the inset of Fig. 4. The B8%/ECg ratio
was measured in a coincidence experiment
(method I) by the counting of annihilation
radiation and of Tb-K X-rays gated by 620
keV y-rays. This coincidence spectrum is
given in Fig. 4. Here, also the high energy

y-ray spectrum is displayed in order to
show the absence of further y-rays and to
exclude the feeding of a higher state in
148py decay16:28) . From the number of K
X-rays and of annihilation quanta the value
(ECx/B*)g20 = 21.7 + 3.9 was found using
equation 1, and by comparison with calcula-
ted ratiosé (see below) we obtain the 8%
end-point energy of (1027%83) keV and the
value Qpc = (2669%83) kev.

The same method was used in a first
evaluation of rec?ntly measured data in the
decay of 1.9 min 477h. We have produced
1471b by the '41pr(12c,6n) reaction at the
Berlin acelerator using 100 MeV 12C ions.
The number of 511 keV quanta, and of Gd-K
X-rays was measured by gating on 1397.7
kev, and on 1797.8 keV y-rays. The result
for the BT+EC transition leading to the
1397.7 keV level in 147Eu is = (ECg/B%)q1397
= 0.85 +.08 18).

The comparison with calculated ratios24)
gives an end-point energy of (2750+100) keV
and a decay energy of QEC = (5170+100) keV.

200
b
5
100F
i =266
Tb 60min QEC 2ke‘\3/
0 -
0 500 1000 1500 keV
h'4
5 a
300F i
200
100
0
0 200 400 600 keV

Fig. 4 Quanta spectrum of 148Dy gated by
620 keV transitions, a) low energy,
b) high energy part. Insert: decay
scheme of 14 Dy

An other evaluation method (III) is used
in the investigation of 2.2. min Tb.
In this decay a cascade of 882, 394 keV,
and of two more Y-rays with the same trans-
ition intensity are directly following the
B*+EC transition which is leading to the
level at 2693 keV in 148Gd. By gating on
882 keV ¥ -rays the balance of the number
of transitions feeding the 2693 keV, and
deexciting the level below at 1810 keV is
given by (B*+EC)jg93 = I394. From this
equation we calculate the EC/8% ratio which
can be expressed by the number of ¥y -rays
measured in coincidence with the 882 keVv
line, Nj-882, explicitely,

(3)  (EC/B*)pg93 = 1394/8%269371 =
N394-gg2/N511-882 - 2 €511/504 .
1+ %94) . s . (1-f) -1.

The factors in eq. 3 have the same meaning
as in equation 1 and of3q94 is the total
conversion coefficient. A small correction
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for summing in the 511 keV and in the 394
keV lines was also performed. This coinci-
dence method we have applied successfully
before29). 1n '487p decay the experimental
value is (EC/8%),¢93 = 2.36 + - 1816) and
we obtain the tota? 3ecay energy Qpc =
(5805+50) keV. A similar evaluation of our
recently measured data of 477 (1.6 h)

is in progressl18).

In our earlier evaluation'®) of the
decay energy of 148Dy, and of 2.2. min
148Tb we have used the tabulated ratios of
Gove and Martin25) which are arranged for
the atomic number of the daughter isotopes
and in a similar way have used the tabula-
tion of Dzhelepov et al. We are present-
ly using ratios in the tables of Dzhelepov
et al. which are given under the atomic
number of the parent isotope. In addition
we are applying an exchange correction to
these values ECg/B% 24). This procedure
causes a slight shift in the theoretical
curve of Dzhelepov et al. and consequently
gives different values of the decay ener-
gies, e.g. the Qpc value of 148Dy is
increased by 17 keV and of 2.2 min 148Tb,
by 50 keV. This reevaluation is shown in
Fig. 5, and the results are also given in
table 1.

148py 1“8 Th(22min)
|\ GoveMartinZ=65| | . —--GoveMartinZ=64
50\ —D—z—helepov2=66 —Dzhelepov Z2=65

PR 1 1 1 1 7Y B S i i i
"800 900 1000 1100 12 1800 1900 2000 2100 2200 2300
keV keV

positron end-point energy

Fig. 5 Reevaluation of 8% end-point energy
in 148Dy, and 148Tb (2.2 min)
decay, compare text

New mass values have been obtained
from the following experimental information

1) Qgc-values from this survey and from
ref. 10, and 11 (Table 1)

2) Q « -values given in ref. 16, Table 3é
and the new experimental value of 16 HE,
Ew = 4308+10 kev17)

3) %he mass excess values from ref. 4 of
46py (-77111+11 kev), 148Ga (-76268 +
6 kev), 148Tb (60 min) (-76640+80 keV),
and '%7sm (-79265+5 keV).

4. Discussion and conclusion

From experimental ECK/B+, EC/g+ and from
relative Pg values, decay energies for a
series of isotopes have been obtained and
are given in Table 1. The known experimen-
tal Qpc value in the decay of Tb
(60 min) 4) is also given as well as a
result obtained for 8Dy recently by a
less direct mehtod Comparing -the decay
energies of the two isomers we find that
the 2.2 min '48Tb state is higher in
energy by 175+94 keV and therefore very
probably is the isomeric state. We hope
that a similar decision can be made from
the recorded data taken for the decay of
the two 147Tb isomers in a short time.

New mass excess values have been deter-
mined and are given in Table 2. We are
giving the masses for the A = 147 isobars,
for 148Dy, and 2.2 min 148Tb. The 146?8 11
mass was taken from the reaction data “' )
We have also listed the experimental limits
of this mass!).

The masses are compared witg tgg predic-
tions of current mass formulaes!733). we
found a fair agreement with the liquid
droplet masses of Myers and the droplet
formula in the version of Hilf et al.

In Table 2 we have listed these mass dif-
ferences. Included in Table 2 are the mas-
ses of the two rows of isotopes within the
ot -decay chains ending at Dy and 146cq4.
They represent two sections through the
mass surface. These sections as a function
of the mass number are given in Fig. 6 by
the two bands A, and B. Coggar%§on is done
with the calculated masses> ' ~23), The width
of the bands represent the error of the
experimental masses alone which is +100

keV for the masses in band A, and +40 kevV,
in band B. The experimental limits for

the 146Gd, and '50py masses')are indicated
by the bars in Fig. 6, representing an
independently measured key mass with an
approximate error of +60 keV for the iso-
topes in band B. The section B through

the mass surface is closer to the line of

B stability than the section A. The differ-
ences |Mcalc—Mex | which are smaller for
the section B 1ngicate that the calculated
masses agree better with the experimental
ones in this region of the nuclear chart.

The masses used in Fig. 6a, b are shell
and shage corrected liquid droplet mas-
ses31,32) | we find about the same differ-
ences, Mcaic—Mgoypr in the region of shell
closures to the Eeft (Z = 64, N = 82) and
to the right close to the proton number
Z = 82. Inbetween we observe a systematic
deviation. The_agreement with the masses
of Hilf et al.32) is comparatively good
in Fig. 6a, the deviation between the
shells is larger for the masses from
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Table 2 Present mass-excess data compared
to predictions from calculations

of Myers (M), and Hilf, Groote,

and Takahshi (HGT).
isotope MeX -A (MeV) Mcalc-Mexp(MeV)
P M HGT
147gy -77.6040.310.04  -.09
1476q -75.5140.5 |+.14  +.58
M7 0h (1. 0min)| -70.34+.129
1875 (2.2min)|  -70.46+-07 |-.78+E; - 134E; 2
148py -67.97+-081-.92  +.28
152p, -60.62+-10|-.88  +.27
156yp -53.38+.10 [-.58  +.56
160y¢ -46.06+.10 |-.24  +.97
164y -38.36+.10 [-.12  +1.02
1680 -30.13+.10 |-.45  +.87
172p¢ -21.22+.10h.22  +.50
14604 -76.09+.03G-.37  +.37
-76.16 -30 +.44
150
Dy -69.32+.03C€-.35  +.23
-69.27° d-.40  +.18
154 *

Er -62.62+0.36-.16  +.36
158y, -56.02+0.4G+.21  +.64
162y¢ ~49.1740.45+.13  +.62
166y -41.89+.04G+.01  +.59
1700 -33.94+.04G-.24  +.43
174py -25.34+.045-.71  +.16
1784q -16.33+.04S4 7,  -.09

a) preliminary mass value

b) Ejgq energy of isomeric level in 1481
c) ref. 10, and 11

d) ref. 1

inhomogeneous-partial-difference equations
of Jaenecke and Eynon in Fig. 6d which
have proven to agree well in the region

of neutron deficient Sn isotope529). A
fair agreement is observed with the masses
of the semiempirical shell model of Liran
and Zeldes33 No remaining shell effect
as in Fig. 6a, d was observed in Fig. 6c.
The formula of Comay and Kelson33) being
successful in the region close to stability
shows in Fig. 6e large deviations when
going to more neutron-deficient nuclei.

As has been discussed in ref. 16 the
shell closure at Z = 64 can be observed in
a discontinuity in the regular decrease of
two-proton separation energies when the
shell is crossed in the direction towards
heavier nuclei. Using the mass excess
values of Table 2 and taking

for a try the mass of

HGT
15 L Mcale ‘Mexp A b

1F

1
=
n

MeV

66y

158y,

+ + + B
170 178

146 154 162 0s Hg

Gd Er Hf

6 a-c Comparison of experimental .
results of Table 2 with predic-
tions of current mass formulae,
mass differences in MeV,

a) calculated masses of Myers,
b) of Hilf et al., c) of Liran
and Zeldes

Fig.

1471p (1.9 min) to be the groundstate mass
we have plotted the separation energies in
Fig. 7. We observe subshell gaps of~ .7,
and v 1 MeV for the N = 84, and N = 82
isotones, respectively.

We intend to investigate mass differen-
ces of isotonic atoms after having estab-
lished the '47Tb masses.
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Fig. 6 d,e continued, d) masses of

Jaenecke and Eynon, d) of Comay
and Kelson
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MeV |
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S(2p)

N=84

'}
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64

Fig. 7 Two-proton separation energies,
S(2p), for N = 82, and 84 isotones.
The value S(2p) of 147Tb has to be
increased by the isomeric transition
if 147Tb (2.2 min) is not ground-
state

Sm Eu Tb D'y'
62 63 65 66
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DISCUSSION

F. Tondeur: The gap in Spp systematics is not to be
compared with the gap in single-particle energy at

Z = 64 due to pairing effects. The latter must be
higher than the former.

W.=D. Schmidt-0tt:
tions of the gap.

P. MYller: Many speakers have today discussed new
regions of deformation on the chart of the nuclides.
I would Tike to show a colour plot of calculated!)
ground state deformations for 4023 nuclei plotted
versus Z and N. Of particular interest are the new
deformed regions a little to the left and right of
the N = 50 magic number. Some features in the very
lightest region are also of interest. For instance,
note that the nucleus *'Na,, is quite deformed,
despite the "magic" neutron number. {he colour plot
will be submitted to Physica Scripta?).

1) P. Moller and J.R. Nix, Nucl. Phys. A361 (1981)
117 and to appear in Al. Data and Nucl. Data
Tables.

2) P. Moller and J.R. Nix, to be submitted to
Physica Scripta.

I agree, there are two defini-
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