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Long-lived isomeric states and quasiparticle band structures in neutron rich $21%4Gd
from (-decay study
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Neutron-rich nuclei '%>'%*Eu were produced by bombarding a proton beam on a ?**U target at
the Holifield Radioactive Ion Beam Facility at Oak Ridge National Laboratory and mass seperating
the 1%21%4Ey products. New level schemes and new v ray transitions of the daughters '1%4Gd
were identified from B-decay spectroscopy studies. Halflives of the $%1®4Eu were remeasured to
clarify the previous ambiguous results. Two quasiparticle band structures were built and compared
with neighboring nuclei. The 8 and + bands were extended in '%>Gd and a + band was extended
in 1%*Gd. Halflives of the isomeric states at (67) 1449 keV in '2Cd and (47) 1096 keV in '°*Cd
were measured to be 99(3) us and 0.56(3) us, respectively. Projected shell model calculations were
performed and found to be in good agreement with all of the experimental data.

I. INTRODUCTION

Neutron-rich nuclei in the A ~ 160 region have drawn
much attention in nuclear physics studies. In this region,
nuclei with neutron number N > 94 become strongly de-
formed with large quadrupole deformations. Maximum
abundance in the r-process is seen in this rare-earth re-
gion [1], and arises from this large deformation at mid-
shell [2]. Nuclear structure studies in this region are im-
portant to understand the competion between neutron
capture and [-decay in r-process stellar nucleosynthe-
sis. From experiment, limited stucture information was
known compared to other regions due to difficulties to
populate the neutron-rich isotopes. Previous experimen-
tal studies show energies of the 27 levels have a local
minimum at N=98 [3, 4]. This fact is in contrast with
the theoretical calculations for deformation maximum at
N=104 midshell [5]. Recently, two quasi-particle bands
and isomers have been reported in 154:156:158,160Nq [, 7],
156,158,160,162,164Sm [6, 8*12], 162’164’166Gd [9, 12714] by
23817, 239Pu induced fission and 252Cf spontaneous fission.

Specifically, in the previous study of 162:164Gd, 162Gd
excited levels up to ~2.5MeV were reported in the
160Gd(t,p)52Gd reaction [15], with several positive par-
ity levels assigned. Later, our group extended the ground
state band up to 16" [3]. Recently, S-decay experiments
observed a 6~ state and the 57, 67 member of the 1+-
vibrational band of this nucleus [13]. For '%*Gd, our
previous work established the ground state band up to

147 [3]. Osa et. al. |16] observed three « rays but did
not place them in the level scheme. Additionally, sev-
eral new works [9, 11, 14] based on isomeric decay from a
4~ state added two new non-yrast levels and three new
rays to the level scheme of '4Gd. In the present work, we
have confirmed and extended the previous reported 1+-
vibrantional band levels and extended the band structure
built on the isomeric states in '621%4Gd. New spin and
parity assignments have been made for the Eu parents
according to our present work. Projected shell model
calculations have been performed and compare favorably
with the experimental data.

II. EXPERIMENTAL SETUP

The current experiment was performed at the Holifield
Radioactive Ton Beam Facility (HRIBF) at Oak Ridge
Naitonal Laboratory. A 10-18 uA ~50 MeV proton beam
was used to bombard the UCx target on a High-Voltage
(HV) platform. The induced fission fragments as positive
ions at 40 keV were seleted by passing through a dipole
magnet with resolution of m/Am ~ 1000. These ions
were then accelerated to 200 keV and Eu was separated
by a second magnet with m/Am ~ 10000 resolution.
A fast beam deflector (kicker) was used to prevent the
beam from reaching the detection station. This kicker
was operated in a correlated way with a tape cycle, as
discussed below. The ion beam was implanted into a



TABLE I. Table of the known halflives and tape cycle time
used for MTC at LeRIBSS.

Mass Number Eu Halflife Gd Halflife ~ Beam on/off
162 10.6(10) s [17] 8.2(3) min [18], 22s/22s
8.55(28) min [19]
164 42(2) s [16]  45(3) s [20] 8s/8s

movable tape at the turning point of the moving tape
collector (MTC) inside the Low-energy Radioactive Ion
Beam Spectroscopy Station (LeRIBSS). This point was
surrounded by four high-purity germanium (HPGe) de-
tectors and two plastic scintillators in a co-axial arrage-
ment for 5 detection. In the beam accumulation period,
the kicker was turned on and the ion beam was trans-
mitted to the MTC. In the decay period, the kicker was
turned off to deflect the beam away. After the decay pe-
riod, the MTC moved ~50 cm away within about 400ms
to a shielded place. The beam on/off settings of the tape
cycle are listed in Table. I. The § detectors provided -
gated events. The acquisition system was operated in a
triggerless mode and was time stamped with a 10 ns pulse
from a clock. This acquisition allows for variable coin-
cidence gates. Details of the experimental setup can be
found in Ref. [21, 22]. Here A=81, 82 nuclei are the ma-
jor contaminants (not from fission of Eu) because their
atomic numbers are half of those the current 62:164Ey
ones and have similar m/Q and were selected by the mag-
net. The '62:164Ey were in the 21 charge state while the
contaminant A=81,82 in the beam were at 11, so both of
them are selected by the magnet. The -decay and S-n
decay daughters of the A=81, 82 nuclei are also present
but weaker.

III. EXPERIMENTAL RESULTS
A. '°Gd

The new level scheme of °2Gd is shown in Fig. 1. The
~ ray transition intensities are measured and listed in Ta-
ble. II. The energy levels are grouped into 6 bands. The
ground state band was established up to 16T in Ref. [3]
from 252Cf spontaneous fission. In the present work, the
g.s. band is confirmed up to 8. In Ref. [15], 864- keV
27, 930- keV 3T and 1015- keV 41 were assigned as the
~-vibrational band levels without linking transitions and
were reported to have about 7 keV uncertainty. In the
present study, these levels are confirmed more accurately
as 863.0, 927.4 and 1012.7 keV, respectively, by identi-
fying the linking transitions from the ~-vibrational band
to the g.s. band. The 630-, 755-, 884-, 1010- keV transi-
tions from the ~y-vibrational band to the g.s. band were
reported previously from the %2Eu S-decay [13]. In the
present work, they are identified as 628.4-, 753.7-, 881.9-
and 1007.1- keV, respectively. The current work also
identified the 77 state of the y-vibrational band as shown

TABLE II. The relative intensities (I,,) of the y ray transitions
in %2Gd from the current experiment. The + ray intensities
are normalized to the 164.8 keV transition. Tentative transi-
tions are listed with parenthesis. The error bar is about 0.2
keV at 0 keV, 0.5 keV below 1MeV, and 1 keV for transition
energies above 1MeV.

E. B, I, E; | B E, I, E;
(keV) (keV) (%) (keV) | (keV) (keV) (%) (keV)
717 717 29(3) 0 |1581.7 1331 5.4(7) 14486
236.5 164.8 100(5) 71.7 [1645.3 152.2 0.1(1) 1493.1
490.1 253.6 51(3) 236.5 1408.8 <0.6 236.5
826.0 335.9 10(1) 490.1 | 1701 838  1.5(5) 863.0
863.0 791.4 27(3) 71.7 [1714.8 133.1 0.4(1) 1581.7
862.9 22(1) 0 1720.8 141.6 1.7(6) 1579.3
9274 (644) <1 863.0 264.5 1.1(3) 1457.1
691.4 5.2(4) 236.5(1733.8 152.1 1.3(2) 1581.7
855.7 29(3) 717 284.0 0.8(2) 1448.6
1012.7 7765 7.1(6) 236.5| 1781 918  2.8(8) 863.0
940.7 0.9(3) 71.7 |1898.0 252.7 <0.6 1645.3
11184 191.4 1.0(2) 927.4 1407.9 <0.6 490.1
628.4 9.3(7) 490.1 (1661.5) <0.5 236.5
881.9 44(2) 236.5|1975.4 526.8 9.7(5) 1448.6
1243.7 125 <0.5 1118.4| 2015 1778  1.5(4) 236.5
230.7 0.8(1) 1012.7| 2030 1794 1.8(5) 236.5
7537 10(1) 490.1 |(2148) (2148)" <3 0
1007.1 7.5(6) 236.5| 2305 2233 5.7(19) 71.7
1354.2 3419 1.4(2) 1012.7((2322) (874)" <2 1448.6
426.5 5.4(3) 927.4 (2337.2 755.5 1.4(4) 1581.7
491.0 13(2) 863.0 | 2414 2342 2.5(12) 71.7
1388.0 270.0 0.7(2) 1118.4| 2418 2346  3.0(13) 71.7
898.2 3.5(4) 490.1 | 2590 2354  1.2(4) 236.5
1427.8 1356.1 5.1(12) 717 | 2655 2165 1.6(5) 490.1
1448.6° 2052 8.9(5) 1243.7| 3424 3187 2.6(7) 236.5
329.9 42(2) 1118.4| 3510 3274 0.7(3) 236.5
1457.1 1027 2.6(6) 1354.2| 3573 3501 4.9(20) 717
443.4 0.9(2) 1012.7| 3596 2770 1.4(4) 826.0
529.8 2.0(4) 9274 3106  3.4(9) 490.1
1493.1 1256.6 4.8(5) 236.5 | 3660 (1339)® <1 (2322)
1519.7 711 1.2(2) 1448.6 3170 2.1(6) 490.1
1579.3 1222 2.2(7) 1457.1 3424 1.0(4) 2365

a: not placed in the level scheme in Fig. 1.
b: t1,9=99(3) ps isomer. See Fig. 5.

in the level scheme in Fig. 1. In Ref. [23], the 863.3- and
792.0- keV transitions depopulating the 863.3- keV 27 ~
band level, as well as the strong 856.5- keV transition de-
populating the 927.9- keV 31 ~ band level were reported.
Those transitions and levels are confirmed in the present
work. The odd and even spin levels of the v band are
seperated to make them easy to be seen in the figure
since their energies are too close. The 12 levels located
on the left of the level scheme are assumed as non-band
levels. The decay patterns of those levels indicate dif-
ferent spin ranges. The 2305, 2414, 2418 and 3573 keV
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FIG. 1. (Color online)The new level scheme of **2Gd obtained in the present work. New transitions and levels are labeled in

red.

levels only decay to the 71.7- keV 2T state. They are
proposed to have a lower spin (1,2,3). The 2015-, 2030-,
2590-, 3424- and 3510- keV levels only decay to the 236.5-
keV 41 state. Those levels could have intermediate spins.
The 2655-, 3596- and 3660- keV levels are likely to have
relatively high spins according to their decay patterns.

Fig. 2 shows a v ray total spectrum from about 0 to
5 MeV. All the strong 7 rays from '92Gd as well as con-
taminations are labeled. The major contaminations of
this experiment are from the decays of the mass 81 de-
cay chain. The '*Te contaminations are from the last
experiment in this facility. Unknown contamination tran-
sitions from the residue of the past experiment and Fe are
also labeled. A prompt-prompt y-v ray matrix was built
within a 1 us time window, which is the time response
of the prompt v rays for the current Clover detectors.
Fig. 3 depicts a v ray coincidence spectrum by gating on
the 164.8- keV transition in the g.s. band showing evi-
dence for the new and previously reported transtions. In
this gated spectrum, one can clearly see the 72, 205, 254,
330, 336, 427, 443, 628, 691, 754, 776, 882, 898, 1007
and 1257 keV transitions. Fig. 4 denotes a gate on the
491- keV ~ ray. The 103, 122, 142 and 264- keV tran-
sitions in band (5) and the 791 and 863 keV transitions
linking band (2) to band (1) can be seen. In the data
analysis with the prompt-prompt v-v ray matrix, most
of the strong contaminations and scatter contaminations
(labeled as "C" and "S" in Fig. 3) can be identified by
simply doing background subtraction. In some compli-
cated cases, e.g. transition energies are close to each
other, those contaminations as well as real peaks can be

identified by gradually changing the gated energy around
the aiming gated energy and comparing the behavior of
peaks in such a list of gated spectra. A strong contamina-
tion will keep the position and intensity as gated energy
changes. A scatter contamination will keep the inten-
sity but change the position of the peak in an opposite
direction as gated energy changes. The strong contami-
nations and scatter contaminations are also discussed in
the 164Gd part.

In Ref. [13], a 1453 keV (67) state was reported with-
out a lifetime measurement. This state is confirmed at
1449- keV as an isomer in the current work. The 205 and
330- keV transitions depopulating the 1449- keV level are
strong in Fig. 2 but are almost not seen in the g-gated
1 ps prompt v ray spectrum. By summing the 205 and
330 keV transitions gated S to v time decay curve (up to
1ms), a constant plus exponential decay is used to fit the
halflife of the 1449 keV isomer. In the current work, the
measured halflife of this isomer is 99(3) us, as shown in
Fig. 5.

Since the halflife of the 1449 keV level is measured,
a proper (-gated prompt-delayed ~-v matrix has been
built to identify the transitions feeding this isomer. In
the matrix, the prompt v ray transition is defined from
0-1 ps after a 3 event, while the delayed v ray is defined
from 1-500 us after the 3 event. The spectra of two gates
on the delayed 330- keV ~ ray and delayed 205- keV ~ ray
are shown in Fig. 6. In these two gates, one can see the
strong 133 and 527 keV transitions as well as the weak 71,
152, 284 and 755 keV transitions. The placement of these
transitions in the level scheme in Fig. 1 is based on their
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prompt v ray transition is defined from 0-1 us after a 8 event,
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intensities in Fig. 6 and their coincidence relationship in
the prompt y-y matrix.

Despite the weak transitions listed as tentative in Ta-
ble II, some other transitions have ambiguous assign-
ments and may belong to either mass=79, 80, 81 or 162
nuclei. The 874 keV and 1339 keV transitions are in co-
incidence with each other. They are only seen in the 330
keV delayed v gate, but not in the 205 keV delayed ~ gate.
Therefore, they are listed as tentative in Table II. The
2149 keV transition is not in coincidence with any ~ ray
in the current data. Close energy transitions at 2150 keV
were reported in 31Se in a 89Se(n,y) reaction [24]. This
transition in 8'Se is not considered as the contaminta-
tion because the coincidence transitions and transitions
depopulating the same levels are not seen in the current
work. The 3199 keV transition in Fig. 2 is in coincidence
with 43 keV and 70 keV. The coincidence 70 keV energy
is 2 keV away from the 72 keV ~ ray in '62Gd. The 3199
keV transition was also reported in 3°Se [25]. Although
this transition is not reported in -decay, it may weaken
its evidence in '%2Gd. Thus, this transition is not placed
in the level scheme in Fig. 1 nor in Table II.

The parent '®2Eu nucleus was reported to have a
160.2(24)- keV isomer from a direct mass measurement
in Ref. [13]. The ground state and the isomer of
162Fu were assigned as 17 75/2[413|®@v7/2(633] and 67
w5/2[413|®@v7/2[633], respectively [13]. The reported
halflives of 1°2Eu were 10.6(10) s from Ref. [16], 11.8(14) s
from Ref. [26] and 15.0(5) s Ref. [13]. To explain this dif-
ference, the author in Ref. [13] assumed different halflives
from the ground state and the isomer of '®2Eu populat-
ing low and high spins in '%2Gd, respectively. In the cur-
rent work, different strong v ray gates were used to mea-
sure possible different halflives. Note the %2Sm nucleus
halflife was reported as 2.4(5) s from the S-decay study
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in Ref. [27] with 36.0, 736.7 and 741.1 keV transitions as-
signed to the daughter '®>Eu nucleus. The current data
do not show evidence for these three transitions neither
in the v ray total in Fig. 2, nor in the (-gated v ray
spectra. Thus, the halflife measurements in the current
work do not have influence from !%2Sm. The halflives

were fitted to grow-decay curve using the same equation
as in Ref. [22] Eq. (1).

_ [ Aol —e7t/m) 0<t<th
ho(t) = { Ag(et/m — et/ ¢ <t <ty M

Here t; = 22s and to = 44s for tape cycle settings in
162Gd. The measured results are shown in Fig. 7 and
Table III. The 205 and 330 gates should give the halflife
of the possible high spin state of '2Eu. The 165 and
253 keV gates were also used to compare to the result in
Ref. [13]. These results do not show a clear difference
in the halflives. From the intensity measurement in Ta-
ble II, direct 3 feeding contributes ~70 % of the 863-

TABLE III. Table of the halflives of *?*Eu by gating on dif-
ferent v rays. The results are compared with previous exper-
imental data.

Reference Gates FEu Halflife (s) Depopulating Spin

[17] K x-ray 10.6(10)
[26] ion-3 11.8(14)
[13] 165,254 15.0(5) 4t 67"
this work 205,330 12.3(6) (67)
165 12.0(2) 4t
254 11.6(4) 6"
863 11.7(12) 2t
72% 10.8(5) 2+
43 (Ka)  11.6(3)

a: this gate is contaminated.

keV level v ray (791 and 863) intensities. Only the 863-
keV gate was used in the current work, because the 791-
keV is strongly contaminated by the 793- keV transition
(more than half of the peak in Fig. 2) in 8 As. The re-
sult for the 863 gated halflife is consistent with the other
gates discussed above. The 856 keV transition is contam-
inated by the 857 keV transition in '26Te. The measured
value of 10.8(5) s for 72 keV transition shows some dif-
ference from the other gates used in the present work.
Such difference may be due to contamination of the 73
keV K2 of Pb. The 43 keV K, x-ray of the Gd gate is
also used for comparision. The Tb element also has a 44
keV K, but the contribution can be neglected, for the
reason discussed below. The strong 403, 442 keV transi-
tions in 62Tb reported in Ref. [19] are ~ 4.5% and 5.3%
of the 165 keV transitions in %2Gd in the total v ray
spectrum in Fig. 2, respectively. These '62Tb transitions
are weak in the spectrum and do not generate significant
internal conversion with x-rays. In all, the result from
the present work does not show evidence for two differ-
ent halflives in 152Eu. It is possible that the reported [13]
160.2(24) keV isomer in 2Eu only decays to the ground
state of 192Eu, or the halflives of the two state in 12Eu
are very close. The possible 160 keV isomeric transition
in 1%2Eu is not seen in our data. The data do show some
very weak evidence for a 103-57 keV coincidence and a
99-61 keV coincidence. However, they are not consid-
ered as the cascades linking the 160 keV isomer and the
ground state in '2Eu because of the lack of confirmation
in previous %2Sm 3 decay to '®?Eu data.

B. '%“Gd

A newly developed level scheme for %4Gd is shown
in Fig. 8 with 16 new transitions, 13 new levels, and 2
transitions that were previously observed [16] now, for
the first time, placed into the level scheme. Table IV de-
notes the list of the 7 ray energies, intensities, initial and
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FIC. 9. Spectra from the LeRIBSS '%*Eu S-decay data for (a) v ray singles, (b) S-gated + ray singles.

final levels, and tentative spin-parity assignments. The
164Fy parent nucleus is weaker populated in the beam
than '°2Eu which results in a slightly different data anal-
ysis process.

First, the '%4Gd data were compiled using a 1 us co-
incidence window, which is the same coincidence time as
the prompt event matrix in '62Gd. Figure 9 shows the
v ray singles and S-gated y ray singles. First the singles
spectrum is generated by every v ray interaction with any

of the 16 HPGe crystals in the 4 clovers of the LeRIBSS
station with no coincidence of any kind required. In this
single spectrum, all but the weakest peaks from '64Gd
can be seen, as well as the greatest number of contam-
ination peaks. The way of generating this spectrum is
the same as the one in Fig. 2 in '%2Gd. Second, the
[B-gated singles are just like the singles except that any
~ ray recoreded in the spectrum must be in coincidence
with a S-ray. This drastically reduces the contaminant
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FIG. 11. (Color online) A plot of sum of gates on the 854.3
keV and 168.5 keV v ray energies as a function of the § —
time. The data were recompiled using a 2 us rolling coinci-
dence window for the lifetime measurement. The fit shown
between the end of the “bump” at ~400 ns and 2 us is used
to determine the lifetime of the 1095.7 (47) isomer in **Gd.

peaks, as shown in the 62Gd part before, and enhances
the peak to background ratio of many of the peaks in
which we are interested.

The spectra in Fig. 10 are both from background
subtracted gates on v rays, with no requirement of (-
coincidence. Both of these coincidence spectra use add-
back, where any gamma ray interactions in different crys-
tals of the same clover are added back together under
the assumption that they were in fact the same origi-
nal v ray. The background subtraction in these gates
was done by subtracting gates on channels immediately
to the left and right of the desired gate energies from
the desired channels. Part (a) is a spectrum gated on
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FIG. 12. (Color online)A plot of the measurement of the S-
decay half-life of ***Eu. Requiring S-coincidence, background
subtracted v ray gates on 72.9, 168.5, and 854.3 keV were
summed to produce the time spectrum below. The grow-in
and decay-out were fit simultaneously to produce the curves
shown. The resulting half-life is 3.9(3) s.

the 169 keV transition in the ground state band, showing
the clear 73, 92, 193, 793, 854 keV known transitions and
new 261, 301 and 1081 keV transitions. Part (b) is a spec-
trum gated on the 854- keV transition, in which the 93,
193 and 301- keV transitions feeding the isomer can be
clearly seen. The add-back background subtracted gate
does not remove Compton scatter events, when a higher
energy v ray Compton scatters into a different clover de-
tector. These scatter events create diagonal lines in the
2-D histogram from which these gates were taken, mean-
ing that the background gates see the scatter peak at
higher or lower energy than the gate energies and cre-
ate sharp negative peaks in the final spectrum on either
side of the cross talk peak, making them easier to spot.
Scatter peaks are labled with an S in Fig. 9.

The most prominent contaminants in our data are from
the A = 82 and 81 chains. Transitions from these nuclei
have been marked with triangles in Fig. 9. We end up
with A = 81 nuclei in our data from § — n decay. Fur-
ther details on the v rays produced by these A = 81, 82
contaminants can be found in references [28-33].

A number of contaminant v rays exhibit one distin-
guishing feature in common; that they experience no co-
incidence with other v rays or (S-particles. These con-
tamination ~ rays can be confirmed by comparing the
spectra from '%2Gd in Fig. 2 and '%4Gd. These have been
marked with a letter b in Fig. 9. These coincidence-less
peaks also show no time variation behavior, meaning that
they cannot be contained in our beam or dependent on
our tape cycle. One contaminant which can be identi-
fied is 125Te (stable residue and Coulomb excited), due
to its obvious coincidence relationships and well known
energy structure [34, 35]. The transitions from '2Te are
marked by an "@Q" symbol in Fig. 9. Additionally, the



TABLE IV. Table of levels and ~ rays in *°*Gd. Square brack-
ets indicate that a value is tentative. Subscripts on spin-parity
labels indicate band. Here E; is the level energy populating
the v rays and Ey is the level populating the ~ rays.

E, I, TIL E; JI Ef J7
61.0f  13(3) E1 1095.7% [4;] 1034.7 [37]
729  23(6) [E2] 72.9° [2f] 0.0° 0,
91.6t 5(2) [M1] 1187.3 [5,] 1095.7% [4,]
[110.7]% 1.6(13) [M1] [1298.0] [6;] 1187.3 [5;]
168.5 100(6) [E2] 241.4 [45] 72.9°  [2F]
192.81  13(2) [M1] 1288.5 [35] 1095.7% [4,]
260.7  5.3(9) [E2] 502.1 [6]] 2414  [4/]
300.8+  11(4) [M1] 1396.5 [45] 1095.7* [4;]
322.2«  8(4) [E1] 1288.5 [3;] 966.3  [27]
793.3  3.7(15) 1034.7 [3%] 2414  [4]]
854.3  81(7) 1095.7% [4,] 2414  [4]]
883.9%  8(2) 1125.3 [47] 2414 [4]]
893.4x  12(2) 966.3 [27] 72.9°  [2]]
961.8  40(4) 1034.7 [37] 72.9°  [2]]
966.3%  19(6) 966.3 [27] 0.0° 0,
1080.8% 3.5(14) 1322.2 2414 [4]]
1187.8«  7(2) 1429.2 241.4  [4]]
1215.6%  21(3) 1288.5 [35] 72.9°  [2]]

[1523.51x <5 [1764.9] [4f] 2414  [4]]

[1542.5]% < 17 [1615.4] [25] 72.9°  [2]]

[1585.7]%  9(6) [1585.7] 0.0° 0,

[3156.3]% 10(4) [3156.3] 0.0° 0,

[3789.8]xx <10 0

[4812.6]% 14(6) [4885.5] 72.9"  [2]]

[4885.5]%  8(4) [4885.5] 0.0° 0,

“Isomeric state: t1,5 = 0.56(3) s, see figure 11.

b 2% state half-life: ¢,/ = 2.77(14) ns [36].

¢ Ground state half-life: Ty, = 45(3) s [37].

T Reported in [16] but not placed in the level scheme.
* Newly observed transitions in this work.

xx Not placed in the level scheme.

Pb x-rays are from the activated Pb bricks used to shield
the LeRIBSS station. The X-rays of Pb are marked by
circles in Fig. 9.

The intensities displayed in Table IV were measured
using both the total v ray spectrum and the gated ~ ray
coincidence spectra, as shown in Figs. 9 and 10. The
first spectrum is the v ray singles spectra, which displays
all v rays detected during the nearly two hours of data
collection, with no coincidence requirement or attempt to
correct for losses due to effects like internal conversion.
The second spectrum used was the S-gated singles, which
is the same as the singles spectrum but has the added re-
striction that any ~ ray included must be in coincidence
with at least one electron, which reduces several sources
of background contamination. The third and fourth spec-

tra were background-subtracted gates on the 168.5 and
854.3- keV ~ rays, respectively. Both the singles, and (-
gated singles were normalized such that the intensity of
the 168.5- keV ~ ray was 100. The gate on 168.5 keV was
normalized so that the 854.3 keV v ray was equivalent to
what was measured in the singles spectrum. The 854.3
keV gate was normalized by the intensity of the 192.8
keV ~ ray, compared to its weighted average intensity in
both the singles and [-gated singles spectra. In the sin-
gle total spectra some transitions were contaminated by
the mass 81, 82 transitions or too weak to measure, and
hence the y-ray gated spectra were used to obtain the
energies and intensities. However, transitions populating
the 1095 keV isomer would be attenuated when gating on
transitions below it and result in some uncertainty.

The internal conversion coefficient of the 61.0 keV tran-
sition was measured by comparing the 61.0-, 793.3- and
961.8- keV v ray intensities in the 192.8- keV transition
gate above the isomer. The sum of the gated intensities
of the two transitions depopulating the 1034.7 keV state
fed by the 61.0 keV transition are taken as the total gated
intensity (v + e~ ) of the 61.0 keV transition. This gated
intensity is compared to the measured gated intensity of
the 61.0 keV v ray transition. This means that the in-
ternal conversion coefficient of this 61.0 keV transition
is

I I
e = 961I+ 93 4 2)
61

where « is the internal conversion coefficient and I is the
measured ~y ray intensity of a transition. The one com-
plication to this is that, in the 192.8 keV gate, the 793.3
keV transition is barely identifiable above background,
and thus too week to fit. The branching ratios of the
793.3 and 961.8 keV transitions from the total v ray in-
tensities in Table IV were used to determine the intensity
of the 793.3 keV transition. These measured intensities
of the 962 and 61 keV transitions and the calculated in-
tensity of the 793 keV transition in this background sub-
tracted 192.8 keV gate are used to deduce the internal
conversion coefficient of the 61 keV transition. The ex-
perimentally measured internal conversion coefficient for
this transition is 1.0(7). By comparing to the theoretical
value for 1.1 E1, 8.4 M1 and 17 E2 in Ref. [38], the 61
keV transition is determinted to be an E1 transition by
brlce [38].

The lifetime of the 1095.7 keV state has been measured
to be 0.56(3) ps. This measurement was conducted by
measuring the exponential decay rate from the S—+ time,
or the time between the detection of an electron and the
detection of a  ray, by using a 2 us rolling coincidence for
longer observation of the isomer. In the § —~ time vs.
ray energy plot, the sum of the 854.3 and 168.5 keV ~ rays
was used for this measurement. The resulting summed
gate is displayed in Fig. 11. In Fig. 11, first is the
large sudden rise and rapid drop caused by fundamental
limitations of our detector crystals. The second feature is
caused by the decay of the isomer. An exponential decay



fit was performed, which appeared as a straight line on
a logarithmic graph, as seen in Fig. 11. This section of
the graph has been fit to determine the lifetime of the
1095.7 keV state. The third segment of Fig. 11 is the
appearance of a shorter lifetime starting at 2 us. This
effect is caused by the nature of the “rolling” coincidence
by which our data were compiled. This section was not
included in the fit to determine the lifetime of the 1095.7
keV state.

Finally, the lifetime of the '%*Eu p-decay parent of
164Gd has been measured by examining the tape cycles,
as shown in Fig. 12. A 2-d histogram was generated
which gives v ray energy vs. time within a tape cycle,
and consists in the sum of all tape cycles. As noted in
the experimental setup section, the tape cycle was 8 s
beam-on, followed by 8 s beam-off, for a total of 16 s.
This means that our total tape cycle is only about 4
half-lives (previous: 4.2(2) s [16] and 3.80(56) s [26], see
also [37]), with only two half-lives being allowed for each
grow-in and decay-out, which increases the uncertainty
in this lifetime measurement. While only 2 half-lives is
shorter than desired for the measurement of the %4Eu
half life, it does minimize some the presence of contami-
nants from our beam. For example, it mostly precludes
population of '%4Tb from the B-decay of 164Gd, as that
half life is 45(3) s [39]. Background subtracted gates on
72.9, 168.5, and 854.3- keV transitions were combined for
more statistics. Both the grow-in and decay out were fit
simultaneously with a piecewise function as also stated in
Eq. (1) in Ref. [22]. From this fit we deduced the half life
of 154Eu to be 3.9(3) s, in agreement with the 4.15(20) s
NNDC accepted half life [37]. The result of these gates
and fitting is shown in Fig. 12.

IV. DISCUSSION
A. J" assignments of 12164 Ey

The B-feeding of levels in '62Gd can be deduced from
the v ray decay in and out intensity balance. The calcu-
lated values for strongly populated levels are 72 keV 27T,
65(30); 236 keV 47, 9(8); 490 keV 6T, 16(3); 863 keV 27T,
31(4); 927 keV 37, 26(3); 1448 keV 67, 21(3). The accu-
rate percentage of S-feeding cannot be obtained because
of the possibility for two different '®2Eu branches. The
ground state S-feeding can be calculated from the 62Gd
and the daughter %2Th counts ratio. From Eq. 1, the
number of the created 62Gd atoms is:

N(*92Gd) = / ’ Io(t)dt (3)

t1

Here taking T/, = 11.8s, which is the weighted average
of the measurements of gating on 43, 165, 254, 205+330,
863 keV transitions by neglecting the possible difference
between the B-decay halflives of the '%2Eu ground state
and 160- keV isomer, one obtains 7o = T} /2/In(2) = 17.0s
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and N(162Gd) = 18.6164¢ (Ap is defined in Eq. (1)).
Similar to the Eq. in Ref. [22], the total number of 02Gd
atoms left during the tape cycle without decay is the
integral:
ta
N(162Gd)R :/ 67(t2*t)/7 Io(t)dt (4)

0

Taking a weighted average from Refs. [18, 19,

T1/2(162Gd) = 503s, one can get T’ =
T, /5(*2Gd)/In(2) =  725s. The integral is
N(1%2Gd)r = 18.0624p. The number of '%2Tb

atoms created from decay is the difference of these two
N(162Th) = N(192Gd) — N(1%2Gd)r = 0.5544¢. Thus,
N(162Gd)/N(*%2Tb) = 33.6. The N(!®2Tb) can be
evaluated by adding the 403 and 442 keV transition
intensities depopulating the 442 keV level, which has
95.5% p-feeding according to Ref. [19]. This value
times the 33.6 factor can give the N(1%2Gd) value. The
N(162Gd) contains 72, 863 keV ground state « rays and
ground state $-feeding. By doing the subtraction, the
162Gd ground state 3 feeding is 34(39) (not percentage).
This value would be an upper limit for possible 162Gd
in the beam. In order to explain the relatively strong
B-feeding of the 2%, 3T, 4T, 6T, 6= 162Gd states, we
propose the '62Eu ground state and 160 keV isomer to be
67 75/2[413] ® ¥7/2[633] and 3~ 75/2[413] ® v1/2[521],
respectively, by comparing with the neighboring nuclei
N =99 v7/2[633] ground state for **1Sm [11, 40], 13Gd
[41], 19°Dy [42]; Z = 63 75/2[413] ground state for 15*Eu
[43]; and N = 99 v1/2[521] isomer in '63Gd [41, 44] 138
keV 23.5(10)s, 19Dy 108 keV 1.257(6)min [42].

From the intensity data shown in Table IV, we can
calculate the combined - and v-feeding for each level in
164Gd. The results of this analysis are shown in Table
V. Since the known Q-value for the S-decay of 1%Eu is
6.39(5) MeV [45], it seems likely that other weak high
energy states and v rays are produced in the [-decay
of 14Eu which remain unobservable in our data due to
the low efficiencies of the HPGe detectors at higher en-
ergies. Thus, the current S-feeding measurements and
the determined log(ft) values for '4Gd are only valid
and referable for strong [S-feeding levels. However, we
can still attempt to deduce the spin and parity of the
ground state and (-decaying isomers of 14Eu. Since the
relatively reliable spins of 241- keV 47, 966- keV (27),
1035- keV (3T), 1096- keV (47) states receive strong
feeding, 3% and 4~ are preferred for the ground state
of 14Eu. The logft value for the 1095.7 (47) state lies
on the edge of an allowed transition. Thus, 3~ and
4~ are more favored. The 1187 keV (57) level also re-
ceives strong [-feeding, but the value is not very reli-
able due to the strong contamination of the 93 keV tran-
sition from 8'As. The proton and neutron Nilsson or-
bitals near the fermi energy are 75/2%7[413], 75/27[532],
7n3/21[411], v1/27[521], v7/2%[633]. The only combina-
tion is 37 75/2[413] ® v1/2[521]. This assignment is con-
sistent with the tentative assignment from nuclear data
sheets (Ref. [37]).



TABLE V. The v ray feeding, outflow and -feeding of excited
levels in '**Gd from the B-decay of '®*Eu calculated from
Table. IV. Ground state [-feeding is assumed to be 0. Note
the weakly populated levels are not accurate because of the
possible unobserved high energy transitions due to low yield of
population and low efficiency. Subscripts on spin-parity labels
indicate their band, either a simple identifier for collective
bands or the value of K for the quasi-particle bands.

Eievel (keV) I™ q-feeding v-outflow I8 I8 (%) log(ft)

0.0 05 261(57) 0 ~0 ~0

72.9  [24] 232(16) 214(61) <46 <18 >63
2414 [47] 108(8)  140(8) 31(11) 12(4) 6.4(2)
502.1  [6]] 0 5.8(10) 5.8(10) 2.2(4) 7.1(1)
966.3  [27]  8(4) 31(6)  24(7) 9.2(27) 6.3(2)
1034.7  [37] 28(7) 43(4)  16(13) 6.1(50) 6.5(4)
1095.7  [4;] 47(8)  108(14) 61(16) 23(6) 5.9(2)
1125.3  [47] 0 8(2) 8(2) 3.1(8) 6.8(1)
1187.3  [5;] 4(3) 18(6)  14(7) 5.4(27) 65 (3)
1288.5  [33] 0 47(6)  47(6) 18(2) 5.9(1)
[1298.0] [6;] 0 4(3) 4(3) 1.5(11) 7.0(4)
1322.2 0 3.5(14) 3.5(14) 1.3(5) 7.0(2)
1396.5  [45] 0 12(4)  12(4) 4.6(15) 6.5(2)
1429.2 0 7(2) 7(2)  2.7(8) 6.7(2)
[1585.7] 0 9(6) 9(6) 3.4(23) 6.5(4)
[1615.4]  [27] 0 <17 <17 <65 —62
[1764.9]  [4;] 0 <5 <5 <2 >6.7
[3156.3] 0 10(4)  10(4) 3.8(15) 5.7(2)
[4885.5] 0 22(7)  22(7) 8.4(27) 4.1(2)

B. High K quasiparticle states and hindrance

According to Patel et. al.,[11] and Yokoyama et. al.,[9]
(same research group), the decay of the 1095.7- keV level
in '%Gd is hindered by a large change in K. For the
854 keV v ray, AK = —4, even though AJ = 0. An
experimental hindrance factor can be defined as f, =

1
GG

life for the transition, ¢} P
v =|AK|— L, and L is the multipole order of the tran-
sition (i.e. EL or ML). Patel et. al. [11] reports
f3 = 1.4 x 102 for the 854 keV « ray, while Yokoyama et.
al., |9] quotes f3 = 1.28(3) x 103. The difference between
these two results primarily stems from differing branching
ratios of the 61 keV transition compared to the 855 keV
~ ray. The present experiment has better statistics than
either Patel et. al., or Yokoyama et. al., and a new half
life measurement which is consistent with both of their
half life measurements. Based on these considerations we
have found f3 = 1.27(7) x 102 for the 854 keV transition
and f; = 4.5(13) x 10° for the 61 keV transition. The
current independent measurement confirms the measure-
ments of Yokoyama et. al. with f3 = 1.28(3) x 103.
These two hindrance factors were measured with partial

half lives t¥/2(61) = 4.5(13) ps, t{/CQ(61) = 4.1(36) us, and

/v
, where ti’% is the Weisskopf predicted half
is the v ray partial half life,
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TABLE VI. Reduced transition probability ratios measured
for '%*Gd as seen by the B-decay of '®*Eu. Subscripts on
spin-parity labels indicate band, either a simple identifier for
collective bands or the value of K for the quasi-particle bands.

v ray Decay Pattern Ratio
B(E2;966;27 — 07)/B(E2;894;27 —27)  1.1(3)
B(E2;962;37 — 27)/B(E2;793;37 — 4)  4.1(17)
B(E1;854;4; — 4F)/B(F1;61;4; — 3%)  0.0027(7)

B(E1;1216;3; — 27)/B(E1;322;3; — 27)  0.05(3)

B(E1;1216;3; — 27)/B(M1;193;3; — 4;) 0.0063(13)
B(E1;322;3; — 4, )/B(M1;193;3; —4;7)  0.12(7)

1/2 (854) = 0.75(12) pus, derived from the branching ra-
tios of the 854 and 61 keV v rays and the ICC of the 61
keV transition. For '92Gd, the hindrance factor of the
330 keV transition depopulating the 1449 keV (67) iso-
mer can also be obtained for comparison. With AK = 4,
v =1and t; /5 = 99(3)us, the calculated f, is 2325(23).
This value is not only larger than the '%4Gd 4~ value,
but also significantly larger than the E1 transitions de-
populating the 6~ v5/2[512] ® 7/2[633] isomer in 164Sm
fo =487(38), 96Gd f, =356(7) reported in Ref. [12].
A 67 v5/2[523] ® 7/2[633] t1/2 = 339(20)ns isomer was
reported in %8Nd [7]. The 1197 keV E1 transition (fol-
lowed by 233 and 152 keV transitions) decaying from the
158Nd isomer to the ground state band leads to a factor
fo = 76(1). From the current calculation as discussed
later, the 1449 keV 6~ isomer in '62Gd is also proposed
to be 6 v5/2[523] ®7/2[633]. Such differences may indi-
cate that the 152, 233, 1197- keV transitions reported in
Ref. [7] in ®Nd were wrongly placed — the correct order
may be 152 keV 4; — 22{, 1197 keV 53; — 42{ and 233
keV 6~ — 5F. Such an assignment gives f,, =264(5) and
is generally close to the values in 1%4Sm and 156Gd.

By using the intensity data in Table IV, the B(IIL)
ratios can be determined for the transitions out of the
966.3, 1034.7 and 1095.7, and 1288.5- keV levels in 194 Gd.
All of the measured ratios are presented in Table VI.

The assignement about the 1288.5 keV level in 54Gd
can be made based on the B(II1) ratios and final spin-
parity of its three depopulating v rays. First, it decays
to the 72.9- keV 2;, 966.3- keV (2?;), and 1095.7- keV
(4,) states, thus its own spin and parity must be 27,
3%, or 4T, because only M1, E1, and E2 transitions
are commonly observed. Second, the reduced transition
probabilities of the 192.8 and 322.1 keV transitions are
clearly much higher than that of the 1215.6 keV transition
in Table VI, which favors a high K for the 1288.5- keV
level. By comparing with the reduced transition proba-
bility ratios found in Lesher et. al.,[46] for 6°Gd, nearly
all collective states can be rule out. In Lesher et. al.,
the levels of the y-vibrational band of 1%°Gd decay only
to the ground state band, while the 1288.4 keV state
n 64Gd is observed decaying to both y-vibrational and
ground state bands. Furthermore, the energy space for



the 1288.5- keV state does not match for it to be a -
vibrational state. One can also rule out K™ = 07,1~
octupole vibrational bands, as they are also observed to
only decay to the ground state band in '%°Gd by Lesher
et. al., The most likely option by observing Lesher et.
al., is the 37 of a 27 octupole vibrational band. Lesher
et. al., observes this state in '°Gd decaying to the
4%, 3%, and 27 with about equal intensities and the 4,
with about 0.7% the reduced transition probability of the
other transitions from this level. We rule this level out
for 1%4Gd, because we observe it decaying only to the
2:YF instead of all three ~y-vibrational states, and observe
decay to the 2 state, rather than the 4 state. The

1288.5- keV level cannot be the 4}' level, as decay from
this state to the y-vibrational band would be forbidden,
as it simultaneously would create a «-phonon while de-
stroying a S-phonon. This statement assumes no 8 —
mixing (i.e. Zg, = 0), and may not be true. However,
comparison with the 3-band of 1°Gd cited in Lesher et.
al., indicates that the assumption of no decay from the
B-band to the y-band holds true for neutron-rich, even-
even Gd isotopes. Thus, the 1288.5- keV level is most
likely to be a quasi-particle state. According to its al-
most allowed logft value, 27, 37 and 4~ are the most
propable candidates. Combining with the decay pattern
discussed above, we believe that the 1288.5- keV level is
likely a 37 v1/2[521] ® v7/2[633] state, and favors decay
to the 1095.7, (47) level due to the shared configuration.
The assignment of this configuration is in consistent with
the 1094 keV 4~ v1/2[521] @ v7/2[633] isomeric state re-
ported in 1%®Er [48]. Further details will be discussed in
the calculation part.

The 4886- keV level in %4Gd has a very small logft
value for an allowed transition. This value favors 27, 37
or 4~ for its spin/parity assignment. If the spin/parity
is 27, it could be some other quasiparticle or collective
bandhead. If the spin/parity is 37, a strong 4886 keV E3
transition would indicate strong octupole deformation or
correlation. However, since the ownership of this transi-
tion is not very certain, this judgement is not very clear.

C. ~ band structure

Since the °°Gd(t,p)'®2Gd reaction [15] provided
spin/parity assignments of the y-band and [-band lev-
els, the 12Gd data obtained in the current work, together
with neighboring Gd isotopes, can help investigate the -
band structure/assignments in ***Gd. From Alaga rules
[47], the ratio of B(EL) values for transitions out of the
same state is the ratio of the square of Clebsch Gordon
coeficients

B(EL:J; — J;)  (JiK;LAK|J;Ky)? 5)
B(EL:J; = J})  (LK,LAK'|JK})?

This equation gives B(E2;2:YF — O:JF)/B(EQ;%- -
20)=0.7, B(E2;2% — 2f)/B(E2;2F — 4[)=20,
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FIG. 13. Projected shell model calculations for the band

structures in 1%2Gd, compared with the experimental data.
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FIG. 14. Projected shell model calculations for the band
structures in 1°*Gd, compared with the experimental data.

B(E2;3,‘YF — 2;7*)/B(E2;3,‘YF — 4;):2.5 and B(E2;4,‘YF —
21)/B(E2;4% — 4}1)=0.34. The B(E?2) ratios of tran-
sitions from the 966.3- keV, (21) and 1034.7- keV, (3¥)
states shown in Table VI are in agreement with the Alaga
rules ratio and confirm the ~-band assignment of these
levels. The 47 level of the y-band only has one tran-
sition decaying to the 4% ground state. However, the
Alaga rules predict the 47 to 2 weaker than this 41 to
4;. Detailed v band levels, 2y band levels, as well as
other quasiparticle bands are discussed in the following
section.

D. Projected Shell Model and Triaxial Projected
Shell Model Calculation

Projected shell model (PSM) [49-54] and Triaxial pro-
jected shell model (TPSM) calculations [55, 56] have been
performed for comparison with the level schemes of the
g.s. bands, isomer states and ~v-vibrational bands in
162,164Gq. In the present calculations, the Nilsson en-
ergy levels are calculated with deformation parameters
€2=0.275, €,=0.007, ¢=0.115 for 52Gd and e;=0.275,
€2=0.000, €’=0.110 for 164Gd taken from Moller et al.|57],
respectively. The €’ is the the triaxial deformation pa-
rameter in the TPSM calculation. The monopole-pairing
strength is taken to be Gy = [G1 F G2(N — Z)/A] /A,
"-" for neutrons and "+" for protons, with G; = 20.12
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and K™ = 4% two quasiparticle bands and comparison with
the experimental data.

and Gy = 13.13 being the coupling constants. The
quadrupole-pairing strength Gg is assumed to be pro-
portional to Gy, with the proportionality constant be-
ing fixed to be 0.16. These strengths are consistent with
those used in previous works for the same mass region
[52, 54].

From the calculation, the yrast band and 1y band in
162,164Gq have been well reproduced from the theory
shown in Fig.13 and Fig.14. For '®2Gd, band (5) with
a band-head at the 1354- keV level favors 47 from the
decay pattern to the 19 band (2) in Fig.13. The calcula-
tion predicts the 2 band-head at 2.12 MeV and the 4
m3/2[411] ® 75/2[413] bandhead at 1.47 MeV.Therefore,
the 47 band in '°2Gd is unlikely to be a 2y band. Recent
B-decay study [58] assigned 1071 keV 47 as hexadecapole
band head. The 4 hexadecapole band in 1°Gd [58] has
strong linking transitions to the ground state band but
not the 1 band. This decay pattern in '%0Gd is differ-
ent from the current 47 band in '2Gd. Thus, band (5)
is proposed to be the 41 73/2[411] ® 75/2[413] two pro-
ton quasiparticle band, instead of a 2v-vibrational band.
The calculations also predict the 6~ v5/2[523]®@v7/2[633]
at 1.53 MeV giving the same assignment with Ref. [13].
Note that in Fig.14 the 4~ v1/2[521] ® v7/2[633] band
has been very well reproduced by the PSM calculation.
The configuration assignments of 6~ and 4~ isomer states
in 162164Gd play an important role to discuss the lo-
cation of the deformed shell gap which is discussed in
Ref. [12, 13, 26]. Our coming theoretical work[54] will
investigate the changes of deformed shell gap with the
neutron numbers at N ~ 100 neutron-rich mass region.
To discuss the configuration of the possible 3~ state with
bandhead at 1289 keV in 64Gd, PSM calculation is per-
formed with the assumption of 37, 6~ and 4% bandhead
at 1289 keV and compared with the theoretical energy
levels in Fig.15. In the PSM calculation, the configura-
tions of K™ =37, K™ = 6~ and K™ = 4% are assigned
with v1/2[521] ® v7/2[633], v5/2[523] ® v7/2[633] and
w3/2[411] ® 75/2[413]. The experimental data can be
well reproduced by assuming the assignment of K™ = 3~

13

and K™ = 6, however, from the transition point of
view, K™ = 37 v1/2[521] ® v7/2[633] and K™ = 4T
w3/2[411] ® 75/2[413] configurations are reasonable to
explain the observed transition of 1216 keV. For further
configuration assignments of a possible 3~ state, more ex-
perimental data are expected in the future experimental
work.

V. CONCLUSION

In conclusion, the structures in 162:164Gd have been
studied from '62:'64Eu B-decay. New energy levels, 7y rays
and band structures have been reported. The halflife of
the isomeric state in '92Gd has been measured for the
first time. The isomeric state in '*Gd has been remea-
sured and is in agreement with the previous measure-
ments. Projected shell model calculations have been per-
formed and found to be in good agreement with the ex-
perimental data for the collective and quasiparticle band
structures.
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