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The v rays emitted following the decay of 21.8-min Gd!**¥ have been studied using Ge(Li)
and Nal(T1) detectors in a variety of singles, anticoincidence, pair-coincidence, and two-
dimensional (“megachannel”) coincidence experiments. Of the 38 y rays attributed to this de-
cay, 27 (accounting for >97% of the intensity) have been placed in a consistent decay scheme

that includes 20 states in Eu'%

. All of the single-proton states between Z =50 and 82 are seen

(including the Ay, state populated directly by the decay of Gd!%™), and the associated g and v
transitions are accounted for quite well using simple shell-model arguments. In addition, we
propose an explanation for the abrupt change in decay properties of the N =81 isotones that oc-

curs at Gd!%%, viz., the lack of observable population directly to the Eu

15 ground state but

72.6% of its decay going to states at 1757.8 and 1880.6 keV. With a (usm)‘1 ground state for
Gd145, these “fast” g transitions can be represented as

(Whu/z) on (vs 1/2) -l (Tfhu/z) 2n-1 (VhS/z) (vs 1/ 2) -t )

making the final states another example of three-quasiparticle states being populated by the

B*/e decay of nuclei below N =82.
I. INTRODUCTION

This investigation continues our over-all studies
of the neutron-deficient Gd isotopes, the decay' of
Gd'*° and the characterization® of the isomer,
Gd™™, having been reported previously.

Although several earlier papers speculated on
Gd'*®, Grover® in 1959 seems to have been the
first to characterize this nuclide to any degree of
clarity. It was also reported at about the same
time by Olkowsky et al.* Both sets of results,
having been obtained with NaI(T1) detectors, were
incomplete. A good example is the fact that the
two intense y-ray transitions at 1757.8 and 1880.6
keV were unresolved. The NaI(T1) data showed
these as a composite peak reported to have an en-
ergy of 1,75 MeV,? although with some insight
Grover decided that there were two transitions,
hut he did not elucidate further.

As far as we have been able to determine, no
conversion-electron studies have ever been made
on Gd%¢ decay, and, indeed its short half-life
(21.8 min; cf. Sec. III D below) and the high ener-
gies of its stronger transitions make such experi-
ments impracticable. And until the recent paper
by Newman ef al.,® no high-resolution [i.e.,
Ge(Li)] y-ray studies had been reported. The
lack, now and in the foreseeable future, of elec-
tron data cripples one in trying to assemble a com-
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plete decay scheme, for he has to work without di-
rect information on the multipolarities of the tran-
sitions. However, the spins and parities of a num-
ber of the lower-lying states in the daughter Eu'*®
were determined by Newman et gl.° through an an-
alysis of the Sm'*(r,d)Eu'*® reaction. This reaction
tends to discriminate against complex states, and,
as will be seen later in this paper, we have rea-
son to believe that the primary states populated by
the decay of Gd'**¢ are complex. Our work has
proceeded in parallel with the work of Newman et
al., and there has been exchange of information
between the groups.® They concentrated on the
(1, d) studies, however, taking only singles y-ray
spectra, whereas we have concentrated on y-ray
studies, using various coincidence and anticoinci-
dence techniques. Their experiments thus excite
and explain many of the more straightforward
lower-lying states that we see only weakly or not
at all. On the other hand, we see evidence of a
number of higher-lying states populated or depopu-
lated by weak y rays, and we think that we can ex-
plain what we call the “strange case” of Gd'*% de-
caying overwhelmingly to the two states at 1757.8
and 1880.6 keV in Eu'®. Here, then, is an excel-
lent case where -y spectroscopy from one labora-
tory and reactions spectroscopy from another labo-
ratory supplement and complement each other.

By the “strange case” we mean the abrupt break
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in the decay properties of the odd-mass N=81 iso-
mer pairs? that occurs at Gd'**. By now there is
a well-known series of seven N=81 isomer pairs,
the ground state in each case presumably being a
single d;,, neutron hole in the N=82 closed shell,
and the metastable state being a single #,,,, neu-
tron hole in the same shell. The metastable states
decay exclusively to the ground states via an M4
transition in the lighter-mass isotones, although
recently some direct branching has been observed
from Sm'**™ decay” and Gd'**™ decay® to the k,,,,
states in Pm'*® and Eu'®, More germane to the
present work, on the neutron-deficient side of

the series the (udy,,) ! ground states of ,Ce'®,
oNd™!, and ,,Sm*? (Geiger et al.,® Beery, Kelly,
and McHarris,? and DeFreene,' respectively) all
decay in a very straightforward fashion to the

ndy,, states in their daughter nuclei. A priori
there was no reason to expect the decay of ;,Gd'**
to behave otherwise, yet it was soon discovered
there there is essentially no decay to the wd;,,
ground state of Eu'*® —its unhindered decay popu-
lates the two aforementioned high-lying states.

We now think we have a reasonable explanation for
this, involving: (1) a crossing of the vd;, and vs,,
orbits such that the ground state of Gd'*° is really
(vsy,2)”", coupled with (2) a shift downward in en-
ergy of the 7h,,,, orbits, allowing an appreciable
(mhy,,,)?" component in the Gd'** wave function.
There is now indirect evidence®® for both of these,
and if they be true, the decay of Gd'*® can be de-
scribed as a “straightforward decay” into high-
lying three-quasiparticle states, somewhat analo-
gous to the decay'! of Nd*®*™ This will be dis-
cussed in some detail below.

II. SOURCE PREPARATION

Gd'#¢ gsources were prepared primarily by the
Sm™4(r, 2n)Gd**° reaction, which has a @ value of
—-10.6 MeV.!? Beams of 7 particles at 20 MeV (the
threshold for Gd'* production), furnished by the
Michigan State University (MSU) sector-focused
cyclotron, were used to bombard enriched targets
of Sm'*,0, (95.10% Sm'*, obtained from the Iso-
topes Division, Oak Ridge National Laboratory).
Typically, 25-mg targets were bombarded for
1-2 min with 0.5 g A of beam current. We also
used the Sm™**(a, 37)Gd'*® reaction (@ =-30.9 MeV)
to prepare a few sources, bombarding similar tar-
gets with 40-MeV « particles from the MSU cyclo-
tron.

It is interesting to note the competing reactions
that can accompany (7, xn) reactions. After a bom-
bardment at MSU to produce Gd'*® by the Sm-

(7, 4n)Gd' reaction (@= -31.2 MeV) using 40-MeV
7’s, we found that we had produced quite a pure
source'® of Sm'*!™*¢ most likely by a Sm'*-

(1, a2n)Sm™* reaction (Q=-9.8 MeV). Also, on
attempting to produce Dy'*" by the Nd'**(C'2, Tn)-
Dy'*" reaction (Q = -74.9 MeV) using 70-120-MeV
C'2 peams from the Yale University heavy-ion ac-
celerator, we found a sizable amount of Gd'* to
be present, presumably through the competing
Nd'#?(C*?, a5n)Gd™*® reaction (@=-56.2 MeV). And,
as a climax we found we were also able to pro-
duce Gd'*® by the Sm'*(C'?, 2a31n)Gd'*® reaction (@
=-38.4 MeV), which has an unexpectedly large
cross section. It must proceed by a combination
of cluster stripping and compound-nucleus forma-
tion. The low binding energies of « particles in
these neutron-deficient nuclei below N=82 and the
fact that « particles can efficiently carry away
large amounts of angular momentum make for
large cross sections for evaporating « particles
as well as neutrons. Not only does this cause a
large number of different nuclides to be made in
most bombardments, thus complicating the task
of analysis, but also it may set a practical limit
on the use of standard bombarding techniques for
the production of nuclei farther from stability in
this region.

Our bombardments with the 20-MeV 7 beam did,
however, produce quite pure sources of Gd'*,
Here, apparently, the bombarding energy was too
low for any competing (7, axn) reactions. The next
higher-mass nuclide, Gd'*®, which should still
have an appreciably formation cross section at
this energy has a half-life of 48 days and thus
posed no problem. In addition, Eu'*® has a half-
life of 5.9 days and a well-worked-out decay
scheme,'* so we did not have to worry about con-
tamination of the spectra by daughter transitions.

Each source was counted within 2-3 min of the
end of the bombardment and counted for varying
intervals of time up to a maximum of 80 min, ap-
proximately four half-lives. The y rays attributed
to Gd'*® decay all retained their constant relative
intensities over this period.

III. EXPERIMENTAL DATA
A. Singles y-Ray Spectra

Two separate Ge(Li) detectors were used to ob-
tain the Gd'**¢ y-ray spectra. One has a 7T-cm3-
active-volume five-sided coaxial detector [=0.5%
efficient for the Co®° 1333-keV y ray, compared
with a 3 X3-in. NaI(T1) detector at 25 cm] manu-
factured in this laboratory, the other a 2.6% effi-
cient detector manufactured by Nuclear Diodes,
Inc. The best resolution we obtained was 2.3 keV
full width at half maximum for the Co®° 1333-keV
peak. Both detectors were used with room-tem-
perature field-effect transistor preamplifiers,
linear amplifiers having near-Gaussian pulse
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shaping and pole-zero compensation, and 4096-
channel analyzers or analog-to-digital convertors
(ADC) interfaced to computers.

The y-ray energies were determined by counting
the spectra simultaneously with the standards
listed in Table I of Ref. 1. The larger peaks in
the spectrum were first calibrated by use of the
standards. These calibrated peaks, in turn, were
used to determine the energies of the weaker peaks
in spectra taken without the standards. The cen-
troids and net peak areas were determined with
the aid of the computer code SAMPO.*® The back-
grounds were first subtracted and the centroids
then determined by fitting the peaks to Gaussian
functions having exponential tails on both the up-
per and lower sides of the peaks. The specific
peak shapes were determined by comparisons with
reference peaks specified at intervals throughout
the spectrum. The energies were then determined
by fitting the centroids to a quadratic calibration
equation. Peak areas were then converted to y-ray
intensities through curves previously determined
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curves were obtained by using a set of standard y-
ray sources whose relative intensities had been
carefully measured with a 3 x3-in. NaI(T1) de-
tector.

A word about the energies of the higher-energy
y rays (Ey> 1880.6 keV): Because of the weakness
of these peaks it was not possible to observe them
in spectra when standards were counted simultane-
ously. Thus, we had to resort to an extrapolation
of our calibration curves up into this region. Vari-
ous polynomial extrapolations were tried and dis-
carded, for we found that a linear extrapolation
gave the best agreement between the energies of
the photopeak and those determined from double-
escape peaks falling within our well-calibrated
energy range. One should be somewhat wary, how-
ever, of systematic errors in the energies of
these vy rays.

After taking spectra from and following the de-
cay of at least 15 different Gd'**¢ sources pre-
pared at widely differing times, we have identified
38 o rays as resulting from the g*/e decay of

in this laboratory'® for each detector. These Gd'**¢, A singles spectrum taken with the 7-cm?
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detector is shown in Fig. 1. A list of these y rays
and their relative intensities is given in Table I,
where they are compared with the results of New-
man ef al.® All values from our work are the aver-
ages from many determinations, with the quoted
errors reflecting the statistical fluctuations found
among the different runs and the quoted errors on
the standards used.

B. Coincidence Spectra

1. Anticoincidence spectra. One of the most con-
venient “first steps” in elucidating a complex de-
cay scheme such as that of Gd'**¢ is to determine
which transitions are ground-state transitions, es-
pecially primarily e-fed ground-state transitions.
To obtain such information we performed an anti-
coincidence experiment between the T-cm?® Ge(Li)
detector and an 8 x8-in. NaI(T1) split annulus.

This setup has been described in detail elsewhere,”
but in brief it works as follows: The Ge(Li) detect-
or is placed inside one end of the annulus tunnel
and a 3x3-in, NaI(T1) detector is used to plug the
other end. The Ge(Li) detector is operated in an
anticoincidence mode (resolving time, 27~ 200
nsec) with either (optically isolated) half of the an-
nulus or the 3 X3-in. detector. Thus, the system
serves both as a Compton-suppression and, more
important, as a cascade-suppression spectrome-
ter. An anticoincidence spectrum is shown in Fig.
2, and the relative intensities of the y rays in this
spectrum are compared with those in the singles
spectra in Table II.

2. Megachannel coincidence spectra. OQur two-di-
mensional “megachannel” coincidence experiment
utilized two Ge(Li) detectors, the Nuclear Diodes
2.5% detector and an ORTEC 3.6% detector. A
block diagram of the electronics is shown in Fig.
3. The experiment was much like a standard fast-
slow coincidence experiment, except that both the
x and y events were processed each time a fast-
coincident event was detected. The x and y ad-
dresses were stored in the two halves of a single
(32-bit) word in a dedicated buffer in the MSU Cy-
clotron Laboratory Sigma-7 computer. When the
buffer was filled, events were collected in a sec-
ond, similar buffer while the contents of the first
were written on magnetic tape. The spectra were
recovered later off-line by a program that allowed
one to obtain gated “slices” with or without a line-
arly interpolated background subtraction.'®

The short half-life of Gd'**¢, coupled with the
fact that there just are not too many coincidences
associated with its decay, makes it difficult to ob-
tain “pretty” coincidence spectra. In order to re-
cord as many coincidence events as possible dur-
ing a limited counting time, we used a 180° geome-
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TABLE I. Energies and relative intensities of y rays
from the decay of Gdl45¢

This work Ref. 5
Energy Energy
(keV) Intensity 2 (keV) Intensity P
329.5+0.2  30.8+2.0 330.1 31
808.5+0.2 =100 808.4 =100
949.6+0.3 8.6+0.3 949.4 5.9
953.4+0.3 15.8+0.3 953.7 11.8
1041.9£0.2  112+4.0 1041.9 107
1072.0+ 0.4 31+1.0 1072.2 17.6
1567.4+0.2  10.4+0.2 1567.5 10.2
1599.9%0.2 20+ 0.4 1599.9 19.6
1719.4+0.2  13.3+0.1 1719.5 11.8
1757.8+0.3  380+10 1757.9 392
1784.4+0.4 4,8+0.2
1806.9£1.0¢  2.7+0.3
1845.4+ 0.4 6.3+0.1 1844.7 4.7
1880.6+0.5 364+ 10 1880.6 384
1891.6+0.3 4.9£0.2
2203.3+0.2 2.2+0.1 2202.8 7.1
2451.7+0.5 3.6+0.2
2494,.8+0.5 14.5+0.5 2494.3 15.3
2581.8+0.4 3.0+0.2
2642.2+0.5 21.6+0.2 2642.9 25.9
2662.8+0.4¢  6.7+0.7 2663.2 3.5
2666.1+£0.4¢ 7.2+0.1
2672.6+0.9 1.840.2 2674.0 2.4
2765.2+ 1.5 1.9+0.1
2837.4+0.3 4.6+0.4 2837.7 9.8
2868.1+0.7 1.3+0.1
2907.0+0.4 1.2+0.1
2956.4+0.2¢ 1,59
3236.0+0.5 1.6+0.2
3259.6+0.6 2.2+0.2
3285.6+0.5 1.7+0.1
3294.1x0,5¢ 1,449
3369.8+0.5¢ 0.8
3544.6+0.5¢ 1.69
3602.8+0.5¢ 1.04
3623.8+0.5¢ 2,14
3644.6+0.5¢ .99
3685.9+1.6¢ 1.449
781.3¢ 3.1
914.6¢ 2.7
1070.2¢ 9.8
1781.9¢ 7.1

2The errors given on the intensities reflect only the
statistical scatter about the average over many runs.
The absolute uncertainties will be larger, perhaps +10%
for the more intense peaks and correspondingly greater

for the less intense peaks.

bThe intensities given in Ref. 5 were renormalized so

that the 808.4-keV y= 100.

°These y rays show up only weakly (but consistently)
in the spectra, so we place them only tentatively as

originating from Gd!4%¢ decay.

dThese intensities may well be off by as much as a

factor of 2.

€ Transitions reported in Ref. 5 for which we found no
corresponding transitions. See the text for a discussion
of these transitions.
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FIG. 2. Gdl#°¢ anticoincidence y-ray spectrum. This spectrum was recorded with a 7-cm3 Ge(Li) detector placed in

one end and operated in anticoincidence with an 8 X8~in, NaI(Tl) split annulus. An additional 3 xX3-in. NaI(T1) detector,
also operated in anticoincidence with the Ge(Li) detector, blocked the other end of the tunnel.

try for the detectors, although this can cause seri- analyzed. The integral coincidence spectra for
ous complications because of Compton scattering the x (2.5%) and y (3.6%) detectors are shown at
between the detectors.'® With repeated bombard- the top of Fig. 4(a), and six gated spectra (gates
ments during a 1-day period we were able to col- on x, display from y), including background sub-
lect 1.8 x10° coincidence events, which were then traction, are shown in the remainder of Fig. 4(a)

TABLE I. Relative intensities of Gd!#°¢ y rays in coincidence experiments.

Relative intensities

Energy? Integral 511-511~y-ray Anti-
(keV) Singles coincidence coincidence coincidence
329.5 30.8 60 24
808.5 =100 =100 =100 86
949.6 8.6 18.4 5.5
953.4 15.8 19.3 11

1041.9 112 85.6 28.0 112

1072.0 31 35.6 21

1567.4 10.4 11

1599.9 20 0.64 21

17194 13.3 13.5 6.6

1757.8 380 214 100 507

1784 4 4.8

1806.9 2.7

1845.4 6.3 7.9

1880.6 364 171 86.8 497

1891.6 4.9

2203.3 4.4 5.6

2451.7 3.6

2494.8 14.5 1.5 20

2581.8 3.0 1.1

2642.2" 21.6 30

2The errors for these y-ray energies are given in Table I.
bNo coincidence information was obtained above this energy.
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and in Fig. 4(b). Of the slices taken, these were
the only ones that contained substantially useful in-
formation. Relative intensities from the integral
coincidence spectra are included in Table II, and
the results of the megachannel coincidence experi-

ment are summarized in Table III.

An important gate that is missing from Fig. 4 is
the one on the 329.5-keV y ray, which depopulates

the first excited state in Eu'*®, Because of its

position atop the intense y* Compton edge, coinci-
dence spectra gated on it, with or without intricate
or nonintricate background subtraction, could not
be “unconfused” from spectra indicating g* feed-
ing. Unfortunately, this has ramifications on the

construction of the decay scheme, as will be

shown in Sec. IV.

3. Pair spectra. The two halves of the 8 X8-in.

Nal(T1) split annulus were used in conjunction with
the T-cm?® Ge(Li) detector to determine the rela-
tive amounts of g8* feeding to the various levels in
Eu'®, Each half of the annulus was gated on the
511-keV y* peak and a triple coincidence (resolv-
ing time, 27~ 100 nsec) was required among these
and the Ge(Li) detector. A resulting spectrum is
shown in Fig. 5. Note that double-escape peaks
are also enhanced in this spectrum. A discussion
of the p* feedings extracted from this experiment
is deferred until Sec. V, where they are presented
in Table IV.

C. Half-Life Determination for Ga'*°¢

The half-life of Gd'**¢ was determined by follow-
ing the net peak areas of the 1757.8- and 1880.6-
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keV peaks as a function of time. We used a 50-

MHz ADC interfaced to the MSU Cyclotron Labora-

tory Sigma-7 computer for this experiment. A

code called GEORGE?® allowed us to take data, have
a live display on an 11-in. scope, and dump the dis-
played data onto the computer disk at precise inter-

vals that were determined at the beginning of the
run. The sequence of events: Count for the prede-
termined length of time, stop the counting, dump
the spectrum onto the disk, erase the memory,

and begin counting again. The entire dumping
process takes significantly less than 1 sec. The
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FIG. 4. Spectra from the two~dimensional megachannel
coincidence experiment. The integral coincidence spectra
are shown at the top of part (a), and various gated slices
are shown in the remainder of (a) and in (b).
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TABLE III. Summary of y-ray coincidence in Gd!4%¢ .

Gate energy vy rays enhanced

(keV) (keV)
Integral 329.5, 808.5, 949.6, 953.4,
(1041.9),2 1072.0, 1719.4
808.5 949.6, 1072.0
949.6
808.5
953.4
1041.9 (329.5)," (893.2)¢
1072.0 (329.5),P 808.5
1757.8 vE
1880.6 vt
511-511 808.5, 1041.9, 1757.8, 1880.6

2494.8,9 2642.24

Anti 1041.9, 1567.4, 1599.9, 1757.8,
1845.4, 1880.6, 2203.3,
2494.8, 2642.2

2As seen in Table II, the intensity for this transition
is less than in singles. This is reasonable since it is
only weakly fed by two vy transitions and g*.

bThis transition appears weakly in the gated spectrum.

cFrom Eul® decay.

dThis peak is very weak in the 511-511-keV spectrum.

spectra can be punched on cards later as they are
removed from the disk, thereby making the start
and stop times of data acquisition independent of
the card punching time. A pulser peak was in-
cluded in each spectrum so that dead-time correc-

TABLE IV, Comparison of experimental and theoreti-
cal €(tot)/B* ratios for decay to states in Euls,

Energy ® e(tot)/B*
(keV) Experimental Theoretical P

808.5 11 0.36
1041.9 1.6 0.65
1599.9 19 1.2
1757.8 =14°¢ 14
1880.6 1.7 1.7
2494.8 5.0 5.0
2642.2 12 7.1

3These are the only states in Eul%® that are measur-
ably fed by 8*, as determined from the y* gated coin-
cidence spectrum.

bThese values are only as precise as can be read from
the graphs in Ref. 22.

¢The experimental ratios were normalized to the theo-
retical ratios by assuming that the transition to the
1757.8-keV states is allowed and unhindered, presumably
yielding the expected ratio.

tions could be properly applied to the data. In this
manner the half-life can be measured independent-
ly for any or all of the peaks in the entire spec-
trum.

Forty consecutive spectra were obtained for
each of the two peaks at 1757.8 and 1880.6 keV,
each one representing a 2-min time span. After
background subtraction and dead-time corrections
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FIG. 5. Pair-coincidence spectrum showing the 8" feedings from Gd!45¢ decay. This spectrum was recorded with a
7-cm?® Ge(Li) detector operated in triple coincidence with the two halves of an 8 X8-in. Nal(Tl) split annulus, each half

of which was gated on the 511~keV region,
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the points were least-squares-fitted with straight
lines (semilog). From an average of these calcu-
lations we determined the half-life of Gd'**¢ to be
21.8£0.6 min, to be compared with the less pre-
cise value of 25 min obtained by Grover.? (Exam-
ples of these spectra and half-life curves can be
found in Eppley.2?)

IV. PROPOSED DECAY SCHEME

Our proposed decay scheme for Gd'** is shown
in Fig. 6. It is largely in agreement with the level
scheme proposed by Newman et al.,® the main dif-
ferences being our omission of their proposed lev-
els at 2112.0, 2662.5, and 3167.2 keV and our ad-
dition of nine new levels at 953.4, 1567.3, 2203.3,
2642.2, 3236.0, 3259.6, 3285.6, 3623.8, and
4411.3 keV. Of the 38 y rays listed in Table I, 28
have been placed in the decay scheme, accounting
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for over 97% of the total y-ray intensity. It is en-
tirely possible that many of the remaining ¢ rays
proceed from levels that decay via a single transi-
tion. These y rays were all too weak to have been
seen in any of our coincidence work, so, with no
further evidence for their placement, we have
omitted them entirely.

The assigned spins and parities, discussed in
Sec. V, represent a combination of deductions
from our work and also the conclusions of New-
man et al. for the states observed via the Sm'**-
(1, d)Eu'® reaction. The results of the two studies
are in good agreement for most states. We calcu-
lated? the total e-decay energy to be ~5 MeV.

The 8*/e ratios displayed on Fig. 6 are all calcu-
lated values using the methods of Zweifel.?* We
shall see later (cf. Table IV) that our experimen-
tally deduced ratios for some of the more hindered
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FIG. 6. Decay scheme of Gd'%%¢,
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transitions do not agree with these values. How-
ever, we do not have experimental values for
many of the states, and to be consistent we have
used the calculated values. This does not alter
any significant conclusions presented on the decay
scheme.

The relative y-ray intensities listed in Table I
were based on a value of 100 for the 808.5-keV y
ray. The relative x-ray intensity was not mea-
sured. Thus, the intensities given on the decay
scheme are based on the assumption that there is
no direct g decay to the Eu'**(d;,,) ground state.
This seems to be a good assumption in several re-
spects. First, in light of good evidence®® for the
ground state of Gd'*® being predominantly an s, ,
state, a direct transition to the Eu'*® ground state
would be a second-forbidden transition. Also,
Newman et al. determined that the ~25-min com-
ponent of the y* could be accounted for by assum-
ing no B* decay to the ground state, based on the
B*/K x-ray value of 0.6 obtained by Grover.?
(Note, however, that one has to be cautious here,
for there does appear to be some decay to the
329.5-keV state that we cannot explain away.)

Specific evidence for the placement of levels and

transitions in the decay scheme is given as follows:
Ground, 329.5-, 716.0-, 808.5-, and 1041.9-keV states.

These states were all populated strongly by the
Sm™%(r, d) reaction and appear to be essentially
single-particle states, viz., the d;,; g2 P11/
S12» and dy,, in that order. We, too, see specific
evidence for the 329.5-, 808.5-, and 1041.9-keV
levels. The 716.0-keV state is the 7k,,,, isomeric
state, which is not populated by the decay of Gd4%
but is populated by the decay? of Gd'**™,

As seen in the integral coincidence spectra of
Fig. 4(a), the y* Compton background peaks near
the 329.5-keV y ray, so no reliable information
can be obtained from a gate on this y ray. That it
is indeed involved in cascades is indicated by the
anticoincidence spectrum (Fig. 2), where its in-
tensity is diminished. The four transitions into
the 329.5-keV state were placed strictly on the
basis of energy differences. From the intensity
balances, we deduce that the 329.5-keV state re-
ceives 0.55% € and 1.5% B* feeding. Also, the y*
coincidence spectrum (Fig. 5) shows the 329.5-keV
y ray. However, this much p*/e feeding implies a
logft of 7.5, which is much lower than reasonable
considering that the transition to this state would
most likely be a +*— %*, i.e., second-forbidden,
transition. And, although the 329.5 lies in a par-
ticularly bad place for a precise intensity deter-
mination, we do not think that our intensity value
(or that of Newman et al.) can be wrong enough to
give us this low logft value artificially. In addi-
tion, although we could have missed placing sever-

al y rays that feed into the 329.5-keV level from
above, the over-all intensity of the unplaced y rays
is rather small, so it would be difficult to alter
the intensity balance by placing them. We are left
with a g*/e feeding that we do not believe and can-
not explain away easily.

The placement of the 808.5-keV y ray as proceed-
ing from a level of the same energy is consistent
with our coincidence and anticoincidence data. The
949.6- and 1072.0-keV y rays can be seen to be in
coincidence with the 808.5-keV y ray in Fig. 4(a).
The 2451.7- and 3602.8-keV ¢ rays are too weak to
be picked up in our coincidence spectra and were
placed purely by energy differences. As we shall
see in Sec. V, the 808.5-keV state is a 3* state,
which is consistent with its depopulating only to
the ground state. The logft of 6.9 is somewhat
high for an allowed transition, but it falls within a
reasonable range, and we shall see that the transi-
tion involves a multiparticle rearrangement, so it
would be expected to be slow.

The 1041.9-keV v ray can also be seen to be a
ground-state transition, as it is enhanced in the
anticoincidence spectrum. There are no strong co-
incidences in the 1041.9-keV gated spectrum (Fig.
4), again suggesting direct decay to the ground
state. The 2581.8- and 3369.8-keV y rays, too
weak to be seen in our coincidence spectra, were
placed solely on the basis of energy difference.
The logft for B*/e population of the 1041.9-keV
state is quite in line with an allowed transition,
consistent with the assignment of this state as 3+
by Newman ef al.

1757.8- and 1880.6-keV states. The two intense y
rays at 1757.8 and 1880.6 keV dominate the entire
GAd'**¢ o -ray spectrum. They are enhanced in the
anticoincidence spectrum and depressed in the inte-
gral coincidence spectra, and the spectra gated on
them [Fig. 4(b)] show nothing other than y*. Thus,
they are well established as ground-state transi-
tions from levels having the same energies. Fur-
ther, the 808.5-keV gated spectrum showed that
each of these two states decays additionally
through the 808.5-keV level. Together, these two
states receive 72.6% of the total g*/e¢ population
from Gd#¢, The low logft values (5.6 for each)
certainly suggest allowed transitions, and, assum-
ing the 3* assignment for Gd'*%, this means that
the states are 3* or 3*. This is consistent both
with their decaying directly to the ground state
and through the 3* 808.5-keV state. The 1757.8-
keV state appears to be excited only slightly in the
Sm'4(7, d) reaction® and it is not clear whether the
1880.6-keV state is excited or not (it falls too
close to the peak from the 1843-keV state). Need-
less to say, neither state appears to be simple in
structure, and we shall explain both of them as
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three-quasiparticle states in the next section.

953.4- and 2672.6-keV levels. These levels were
placed on the basis of moderately convincing, al-
though by no means airtight, coincidence results.
Both the 953.4- and the 1719.4-keV y rays were
enhanced in the integral coincidence spectra,
neither was enhanced in the anticoincidence spec-
trum, and neither could be detected in the pair
spectrum, implying that g* feeding could not ac-
count for their appearance in the coincidence spec-
tra. Unfortunately, both are weak enough that the
gated spectrum on the 949.6-953.4-keV region
proved inconclusive. Additionally, the sum, 953.4
+1719.4=2672.8 keV, so we place levels at 953.4
and 2672.6 keV, the order of the 953.4- and
1719.4-keV y rays being chosen because of their
relative intensities.

1567.3-, 1599.9-, 1845.4-, 2203.3~, 2494.8-, and
2642.2-keV levels. These levels were placed on the
basis of their respective ground-state transitions
being enhanced in the anticoincidence spectrum.
Newman et al. also observed states at 1843 and
2480 (doublet) keV excited by the (7, d) reaction.

The remaining levels: 3236.0, 3259.6, 3285.6, 3263.8,
and 4411.3 keV. Because of the weakness of the y
rays, no coincidence data of any significance
could be obtained above the line at 2642.2 keV.
Thus, these four levels had to be placed solely on
the basis of sums and must be considered as tenta-
tive. Under “normal” circumstances we would
not venture to suggest levels on just this basis,
but here there are mitigating circumstances.
First, the precision on the sums is quite good,
considering the energies and intensities involved:
0.5, 0.6, 0.3, 0.2, and 0.5 keV for the five levels,
respectively. Second, the states are spaced rath-
er widely apart in this nucleus with the y rays
having reasonably disparate energies. Such would
tend to make accidental agreements less probable
than under normal circumstances; yet it must be
remembered that these are by no means random
numbers, and there may be some subtle, insidi-
ous relations not recognized.

V. DISCUSSION

Some 20 states have now been placed, with vary-
ing degrees of confidence, in Eu'®, In some re-
spects, then, this nucleus finds itself among the
better known members of the N=82 series. All
five major proton orbits between Z =50 and 82 lie
reasonably close together, resulting in relatively
low-lying single-particle states that are not so
fragmented as some in the lighter N=82 isotones.
Also, the peculiar decay properties of Gd'** give
us some information about what appear to be three-
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quasiparticle states.

A. Single-Particle States

The five states at 0, 329.5, 716.0, 808.5, and
1041.9 keV comprise the major components of all
of the single-proton orbits between Z =50 and 82,
Viz., ds,5 &7/2 Piyyss S12, and dg,, respectively.
This was amply demonstrated by Newman et al.®
in their (7, d) scattering, where the spectroscopic
factors indicated precisely the occupations expec-
ted for adding a proton to a Z=62 nucleus.

The 3* nature of the ground state is also cor-
roborated by the decay properties'® of Eu'® itself.
The primary component of its wave function ap-
pears to be just what one might expect from a sim-
ple shell-model picture, (ng,,,)* (nd;,,)° above the
closed Z =50 shell. Note, now, that there is little
or no B*/e decay (logft 2 7) from Gd** to this
nds,, ground state. Herein lies the first portion of
the Gd'%¢ “strange case,” for both Nd'*'¢ and Sm*3¢
decay® ' quite readily (logf? =5.3) to the nd;,,
ground states of their respective daughters, in
simple shell-mocel terms these decays being
(1g72)° (nds 12)? (vdy )~ (ng,5)° (wds,,) and
(1€72)° (nds)* (v ) ™'~ (1g7,5)° (nds,,)°. There are
many ways in which one could explain away a mild-
er retardation of the Gd'* decay to the Eu'*®
ground state, but the only reasonable explanation
that we find for the experimental facts (hindered
by at least a factor of 100 and probably much great-
er) is that the ground state of GA™® is not a (vds,) ™"
state but instead a (vs,;,)" state. Newman et al.
also come to this conclusion. Some reasonable in-
direct evidence for this is available, viz., the
(1/31/2)’1 state does progress to lower and lower en-
ergies with increasing Z in the N=81 nuclei: It
lies at 281 keV2® in Ba'®, at 250 keV **2* in Ce'®,
and at 195 keV % in Nd'*!, Thus, it might be ex-
pected to have replaced the (vd,,,)™" state by the
time Gd'*° is reached. However, in our study? of
Gd'**™ we were neither able to confirm nor to deny
this, so it must be admitted that the evidence is
only indirect for this s,,, assignment. More will
be said about it in the next section.

The (ng,,,) " state [actually a (ng,,,)" (nd;,5)*" ...
state — in the next section we shall see that the
pairing force has undoubtedly removed some occu-
pation from this orbit] at 329.5 keV is well estab-
lished, but, quite surprisingly, it may receive a
small amount of 8*/e€ population, the logf being
=T7.5. Actually, we do not believe this, and, con-
sidering the uncertainty in the intensity of the
329.5-keV y ray because of its position in the spec-
trum, perhaps most of the feeding can be attribu-
ted to experimental difficulties. The results, how-
ever, are duly recorded on Fig. 6.
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FIG. 7. Stylized representation of some important transitions in the Gd!45-Eu!%® system. Protons are represented by
squares and neutrons by circles. The arrows point out the particles or holes of particular interest for a given state.

As expected, the £,,,, state at 716.0 keV is not
populated by Gd'**¢ decay, although we noted? its
being populated directly by 4.7% of the Gd'**™ de-
cay. The logft was found there to be 6.2. The fact
that such a direct decay takes place implies some
occupation of the #,,,, orbit by proton pairs in
Gd'®. This is the second clue toward explaining
the “strange case” of Gd'*¢,

The g*/e decays to the s,,, 808.5- and d,,,
1041.9-keV states, with respective logf#’s of 6.9
and 6.5, appear to be allowed transitions. How-
ever, note that these are somewhat higher logft
values than those for unhindered allowed transi-
tions in this nuclear region. This is dramatically
illustrated by comparing them with the log/¥’s for
the transitions to the 1757.8- and 1880.6-keV
states. The implication could be that the former
transitions are not completely straightforward.
Also, as can be seen in Table 1V, the e(tot)/g*
ratios for decay to the 808.5- and 1041.9-keV
states are large compared with the predicted??
ratios for straightforward allowed transitions.
Often such squelching of the g* branch is also an
indication of complexities in the decay process.
This is the third clue.

B. Three-Quasiparticle States

The fourth and most obvious clue, of course, is
the strong decay of Gd'*%¢ to the states at 1757.8
and 1880.6 keV. These two states account for 72%
of the Gd'**¢ decay, and the low logft’s, both 5.6,
clearly indicate nonhindered allowed transitions.
Now, the state at ~1757 keV populated by an 7=2
transfer (implying I" = $*) in the (7, d) experiment

of Newman ef al. may or may not be the same as
the 1757.8-keV state populated by Gd'**¢ decay. In
any event, the extracted spectroscopic factor (C2S)
was only 0.02, indicating the structure of that
state to be more complicated (or at least different)
than what could be attained by a simple dropping
of a proton into a vacant or semivacant Sm!* or-
bit. The 1880.6-keV state may or may not have
been populated®® (cf. Fig. 3 of Ref. 5) in the (1, d)
experiment, but if populated at all it was only to a
very slight extent. Also, in their shell-model cal-
culations using a truncated basis set (which con-
sidered only proton states and which did not allow
more than a single particle to be excited from the
&+/2-ds,, Subspace into the higher orbits), Newman
et al. were unable to construct states correspond-
ing to the 1757.8- and 1880.6-keV states. Our in-
ference here is that perhaps these states involved
the promotion of more than one proton into the
hyys2s S1/2, and dy,, region or, considering that the
states lie well above the pairing gap, they involve
broken neutron pairs.

We have arrived at a simple shell-model picture
that, qualitatively at least, explains all four clues,
or effects, quite well: (1) no 8*/e feeding to the
Eu'*® ground state, (2) some direct feeding of the
716.0-keV state by Gd'**™, (3) hindered transitions
to the s,,, and d,,, states, and (4) fast transitions
to the 1757.8- and 1880.6-keV states — meaning that
these last go by major components of the wave func-
tions and not by minor admixtures. Our model is
outlined in stylized form in Fig. 7 and involves two
assumptions: (1) The ground state of Gd'*® is in-
deed a (vs,,,)”" state, and (2) there is appreciable
occupation of the #,,,, orbit by proton pairs in both
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Gd'**¢ and Gd'**". Both assumptions have already
been discussed implicitly, and (2) has been directly
demonstrated by the population of the 716.0-keV
hyy,» state by Gd'*5™ (cf. the appropriate transition
in Fig. 7). (Also, compare the rapid drop in posi-
tion of the %,,,, orbit from 1.1 MeV in Pr'* to
716.0 keV in Eu'S, It should lie even lower in
Gd'*®, and the pairing force should insure its par-
tial occupation simply by virtue of its large degen-
eracy.)

Now, there are well-documented cases of g*/e
decay into high-lying three-quasiparticle states
from the nearby nuclei Nd'**™ (Ref. 9 and McHar-
ris, Beery, and Kelly*”) and Sm!*!" (Ref. 13),
both of which follow quite straightforwardly from
simple shell-model considerations. Looking about
for an analogous set of transitions, one is imme-
diately struck by the availability of the vk, or-
bit — by a crude extrapolation down from the lead-
bismuth region we would predict it to lie some-
where between 1 and 2 MeV higher than the s,,,
or dy,, orbits. Thus, the primary decay of Gd %
can be represented as wh,,,, ~ Vhy,, Or more com-

pletely, (mhyy,5)%" (VSy/5)™ = (T4 " " (Vigy,) (¥8y,5) 72

This would make the 1757.8- and 1880.6-keV
states three-quasiparticle states having the pri-
mary configuration (mh,,,,)(Vhy,,)(vs,,,) 7t

This model also explains the hindrance of the
B*/e decay to the 808.5- and 1041.9-keV states.
Each would require, in addition to the unfavorable
transformation of an existing (high-spin) proton
into an s,,; neutron, a promotion of the remaining
proton from that pair into a higher orbit. Thus,
the observed transitions probably proceed primari-
ly through admixtures.

Appealing though it be, this explanation must at
this time remain a hypothesis, for we have no di-
rect proof of (1) the (vs,,,)”" nature of Gd'**and
(2) the fact that it is specifically the Vhy, s OTbIt
that participates in the three-quasiparticle states.
Information would be useful concerning Dy*"™*¢
the next member of the series, but it is far enough
from stability to present formidable production dif-
ficulties. The same is true for Tb'*®, which could
populate states in Gd®. Perhaps most promising
is the study of Gd'*® states via the Sm**(t, 2uy)
reaction.

C. Remaining States

Relatively little can be deduced about the remain-

ing states at this time. The 953.4-keV state is
anybody’s guess. Although placed by reasonably
convincing coincidence data, we have no clues as
to its structure. The remaining states are all pop-
ulated by transitions having logf#’s variously in

the allowed or fast first-forbidden range. Thus,
they are all probably 3 or 3 states, with the ma-
jority having even parity. One word about the
1599.9-keV state: We observe its being populated
by the Gd'*¢ decay, which implies a 3 or & assign-
ment. This is incompatible with the Z* assign-
ment by Newman et al., but they*® consider the sta-
tistics in their angular distribution for this state

to be poor enough to make that assignment some-
what questionable anyway.

D. ¢/8" Ratios

From our y* gated spectrum (Fig. 5) we obtained
the relative g* feedings to seven of the Eu'* states.
The deduced €/B* ratios for the transitions to
these states are listed in Table IV, where they are
compared with the theoretical ratios calculated by
Zweifel’s methods.?® We normalized the experi-
mental values to the theoretical values with the
transition to the 1757.8-keV state, which we con-
sider to be one of the two most straightforward
transitions in the entire decay scheme. (If one
normalizes to, say, the 808.5-keV state, then the
B* feeding to the other states quickly exceeds
100%.) It can be seen that the €/B* ratio appears
to be a fairly sensitive indicator of the degree of
hindrance of a transition, for it does not take
much to depress the g* branch. Unfortunately, the
entire theoretical consideration of €/g* ratios
versus forbiddenness or hindrance needs serious
overhauling now, so little can be said in a quanti-
tative sense.
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