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Abstract: Precision energy measurements on four gamma rays in the '**Gd -» 1*Tb decay were per-
formed with a 2 m curved-crystal spectrometer. Energies of the other gamma rays and all gamma
intensities were determined with a Ge(Li) spectrometer. A level scheme is proposed for %Tb
which includes a level at 854 keV. The status of the 617 keV doublet has been clarified. On the
basis of these mecasurements a proposal is made concerning the nature of the 854 keV level.

RADIOACTIVITY *Gd [from *%*Gd(n,y)]; measured E,, I, y-coin.
159Tb deduced levels, J, =1, log fr. Enriched target, Ge(Li) detector.

1. Introduction

The levels of '*Tb have been studied extensively through the decay of '*°Gd
[refs.  ~#)], **°Dy [refs. *~7)] and through Coulomb excitation 8 ~!'). Properties of
the levels of 1°°Tb have been used to test various models for odd-mass deformed
nuclei. Two investigators 12-13) have given rather complete decay schemes for !*°Gd,
but the status of a level at 860 keV and a gamma ray doublet at 617 keV is unclear.
The only work carried out with lithium-drifted germanium spectrometers was by
Ewan and Tavendale '), who observed a gamma ray at 334 keV which has not been
seen by other investigators. This investigation was undertaken to clarify the above
problems and construct a decay scheme based on measurements with a high-resolu-
tion curved-crystal spectrometer and Ge(Li) spectrometers. Gamma-gamma coin-
cidences were studied with the aid of Ge(Li) spectrometers. The observed bands are
discussed in some detail.

2. Source preparation

Samples of Gd, O, enriched to 97.6 % in ! °®Gd were irradiated with thermal neu-
trons from the University of Michigan Ford Reactor. Flat (ribbon) sources com-
posed of a Gd, O;-epoxy mixture were exposed to a flux of 2x 10'3 njcm? - sec for
about 48 h. These sources were used in the 2 m curved-crystal spectrometer. Sources
for use with the Ge(Li) spectrometer were composed of several mg of Gd, O, dis-
solved in HNO; and irradiated in the reactor for about 36 h. Samples used with the
Ge(Li) spectrometer were chemically purified after irradiation. The rare-earths were
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first purified as a group using the procedure of Stevenson and Nervik *%). Gado-
linium was then separated from the other rare-earths by elution from an ion-exchange
column containing Dowex 50 cation resin. The elutant used was 1 M lactic acid ad-
justed to a pH of 3.4 as suggested by Stevenson and Nervik !*). The chemical separa-

tion took about 8 h. No interfering activities were observed for sources less than 5 d
old.

3. Gamma-ray energies

The energies of the four most intense gamma rays were measured with the 2 m
curved-crystal spectrometer described by Reidy and Wiedenbeck ‘6). Diffraction
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Fig. 1. The pulse-height spectrum of gamma radiation accompanying the decay of ***Gd. The source
distance to the 5 mm Ge(Li) spectrometer was 2 cm. No absorber was used. All encrgies are in keV.

from a new quartz (310) crystal provided the energy measurement of the 58 keV
gamma ray. Measurements involving the other three gamma rays were performed



159Gd DECAY 459

with a germanium (400) crystal. Both crystals were calibrated using the 411.800 keV
transition in '°8Au as a standard. The sources were aligned in the spectrometer on
the first-order reflection of the 364 keV gamma ray in '°°Gd. The resolution widths
(FWHM) of the diffraction profiles were approximately 25" of arc.

The profile of the 364 keV gamma ray was measured in second order. The profiles
of the 58, 226 and 348 keV gamma rays were measured in first order. All other gamma
rays were too weak to be measured with the curved-crystal spectrometer. During
energy measurements, the profile of each gamma ray was scanned three times. The
measured energies are listed in table 1. The errors were determined by the method of
Reidy and Wiedenbeck 1°).

TagBLE 1
Gamma-ray cnergies and rclative intensities

Energy (keV) Relative intensity Energy (keV) Relative intensity
<) )
58.0040.01 ) 18.0 3.0 348.17 -0.08 %) 2.0 0.1
79.45£0.2 V) 0.38 +0.07 363.5640.03 %) 100.0
137.7 203 b) 0.042 1-0.026 536.7 +0.4 Y 0.018+0.012
210.8 103 9) 0.090-::0.035 559.9 .L0.3 ) 0.17 4-0.03
226.0040.04 *) 1.8 +0.1 581.1 4-0.3 Y) 0.55 =0.04
2369 =04 ) 0.05540.036 616.3 €) 0.009 +-0.006 1)
2742 0.6 ) 0.065+0.040 617.7 -£0.3 V) 0.13 +0.04
290.2 +0.3 Y 0.24 40.03 854.5 2-04 V) 0.014L0.008
305.6 ~0.2 b) 0.54 +0.04

3) Energy measurcd using curve-crystal spectrometer.

%) Energy measurcd using Ge(Li) spectrometer.

) Intensites normalized to 100 for the 363.56 keV gamma ray.

4) Values from coincidence measurements.

®) Enecrgy difference between 674.3 and 58.00 keV levels (not measured dircctly).

The gamma-ray spectrum was measured with a lithium-drifted germanium spectro-
meter having an area of 4 cm? and a depletion depth of 0.5 cm. The resolution width
(FWHM) obtained for the 662 keV gamma ray from ‘3’Cs was 3.4 keV. A typical
gamma spectrum for *3°Gd is shown in fig. 1. All gamma rays ascribed to '*°Gd
were checked for the correct *7) half-life of 18.6 h. No effects due to coincidence sum-
ming were observed. The energies of all gamma rays were measured with the Ge(Li)
spectrometer. The spectrum was calibrated using the four '*°Gd gamma rays meas-
ured with the curved-crystal spectrometer along with standard '®) gamma rays from
139Ce, "Be, '37Cs and **Mn. The energies and errors of all gamma rays were deter-
mined as in earlier work '°) and are given in table 1.

The gamma spectrum between 220 and 295 keV is shown in detail in the inset in
fig. 1. Two weak gamma rays can be seen at 237 and 274 keV. A gamma ray at 211
keV was observed in coincidence measurements but was not seen in singles spectra due
to a high Compton background from the 364 keV gamma ray.
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4. Gamma-ray intensities

Relative gamma intensities were determined from full-energy peaks observed using
the Ge(Li) detector. The intensity and its error were determined by methods used in
earlier work !?). The efficiency as a function of encrgy has been determined for our
detector by Donnelly et al.2°). Intensities of gamma rays at 138, 237, 274, 537 and 854
keV have especially large errors due to their low intensity and high background. The
intensity of the 211 keV gamma ray was determined from coincidence measurements.
Intensities of the components of the doublet at 617 keV are discussed in sect. 5.

TABLE 2
Upper limits for various gamma transitions

Encrgy Upper limit intensity
(keV) ©)

180 #) 0.013

334 %) 0.04

4912) 0.0008

506 ) 0.0008

674 %) 0.008

717 3) 0.004

796 &) 0.003

3) Missing transition between levels in our decay scheme.
b) Reported in ref. 14).
¢) Intensity relative to 100 for the 364 keV gamma ray.

A search was made for a 334 keV gamma ray reported by Ewan and Tavendale '#)
as well as for a transition from the 674 keV level to the ground state using singles
spectra from the Ge(Li) spectrometer. Upper limits for gamma decay from the 854
keV level to members of the ground-state band were established from singles measure-
ments. The limit on decay to the 674 keV level was based on spectra in coincidence
with the triplet of gamma rays at 560, 581 and 618 keV. Limits on decay from the
854 keV level to the 348 and 364 keV levels were based on spectra in coincidence with
the gamma rays at 348 and 364 keV. Upper limits for all these transitions are given
in table 2.

5. Gamma-gamma coincidence measurements

Gamma-gamma coincidence studies were carried out using a 7.6 cmx 7.6 cm
Nal(TI) spectrometer and Ge(Li) spectrometers. The detectors were oriented at 180°
to each other. A lead shield was used to minimize backscatter. The gating pulse for
the multi-channel analyser was always obtained from the Nal spectrometer. The co-
incidence resolving time was about 50 nsec and a 0.5 usec delay was introduced to
estimate the contribution from random coincidences. All spectra are corrected only
for random coincidences.
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The spectrum observed in coincidence with the triplet of gamma rays at 560, 581
and 618 keV is shown in fig. 2. A Ge(Li) spectrometer having an area of 4 cm? and a
depletion depth of 0.5 cm was used. The true-to-chance ratio was about 35. Strong
coincidences were observed with gamma rays at 58, 237 and 274 keV. The peak at
237 keV corresponded to coincidences with the gamma transition at 581 keV. The
peak at 274 keV corresponded to coincidences with the gamma transitions at 618 and
560 keV depopulating the 618 keV level.
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Fig. 2. The pulsc-height spectrum of gamma radiation in coincidence with the gamma rays at 560,
581 and 618 keV. A 5 mm Ge(Li) spectrometer was uscd. All energies are in keV.

The spectrum observed in coincidence with the gamma rays at 58 and 79 keV is
shown in fig. 3. A 17 cm?® coaxial Ge(Li) spectrometer was used. The true-to-chance
ratio was about 15. Strong coincidence peaks were observed with gamma rays at 58,
79, 211, 226, 290, 306 and 560 keV. Very weak coincidence peaks were observed with
gamma rays at 237, 274, 581 and 618 keV. All strong coincidence peaks represented
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real coincidences with the 58 or 79 keV gamma rays. The peaks at 237 and 274 keV
corresponded to coincidences with Compton distributions from gamma rays at 560,
581 and 618 keV. The very weak peaks at 581 and 618 keV will be discussed in detail
below.
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Fig. 3. The pulse-height spectrum of gamma radiation in coincidence with the gamma rays at 58
and 79 keV. A 17 cm?® coaxial Ge(Li) spectrometer was used. All energies are in keV.

The 211 keV gamma ray depopulating the 348 keV level was observed for the first
time in 13°Gd decay. Ryde et al. 7) have observed this gamma ray in the decay of
1591y Its energy was determined from the coincidence spectrum using ***Gd gamma
rays at 226, 290, 306 and 364 keV as calibration points. Its intensity was measured
relative to the 226 keV gamma ray. These values are given in table 1.

The weak peaks at 581 and 618 keV were studied carefully to determine the status
of a possible transition between the 674 and 58 keV levels. The peak at 581 keV was
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the result of coincidences with the Compton distribution from the 274 keV gamma ray.
The peak at 618 keV resulted from coincidences with the Compton distribution from
the 237 keV gamma ray plus coincidences between the 58 keV gamma ray and a tran-
sition of about 616 keV depopulating the 674 keV level. We thus propose a doublet
whose components have energies of 616.2 and 617.7 keV, respectively. The relative
intensity of the members of the doublet was determined from the relative intensities
of the 581 and 618 keV gamma rays in the coincidence and singles spectra. The in-
tensity of the lower-energy component of the doublet is about 7 9 of that of the
higher-energy component. Because of poor statistics, large errors were set on the
intensity of the low-energy component.

A search was carried out for coincidences with the 348 and 364 keV gamma rays
using the 17 cm? coaxial Ge(Li) spectrometer. In a 17 h run, no true coincidences
were observed other than those with X-rays.

6. Decay scheme

The gamma transition energies and intensities and their coincidence relationships
have been interpreted on the basis of the decay scheme shown in fig. 4. In addition
to well-known excited states at 58, 138, 348 and 364 keV, levels at 581, 618 and 674
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Fig. 4. The decay scheme of '3Gd from the present studies.
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confirmed the results of more recent investigations '#-13). The existence of a level at
854 keV reported only by Funke ef al. *%) was confirmed. The existence of a gamma
doublet at 617 keV was established. No evidence was found for a gamma transition
at 334 keV reported earlier '#).

The Q-value for the ' °*Gd decay has been given by Mattauch ez al. 2!) to be 947+7
keV. The relative intensity of beta rays feeding the ground state and the 58 keV level
of 1°Tb was obtained from the work of Nielsen et al. '). The log ft assignments for
the other levels were based on gamma intensity measurements of this investigation.
Internal conversion corrections for the 58 and 79 keV gamma rays were made using
known mixing ratios 22) and the tables of Hager and Seltzer ?*). Intensity corrections
for higher-energy gamma rays were made in a manner consistent with the spin assign-
ments in the proposed decay scheme. The assumption of zero beta feeding to the 138
keV level was consistent with our intensity measurements. A discussion of the in-
dividual levels and bands follows.

The ground state. The spin of the **°Tb ground state has been measured to be 3
by two groups 24:2°). This value agrees with that expected for the 65th odd proton
in the Nilsson diagram. The spin of the ground state of ! *Gd has been measured 2¢)
to be 3. )

The 58.00 keV level. The energy of the gamma transition from the first excited to
the ground state was measured to be 58.00+0.01 keV. This value is in excellent agree-
ment with the value of 57.99+0.01 kcV obtained by Chupp et al. 27) using a bent
quartz-crystal spectrograph. This level has been Coulomb excited by many investi-
gators 7 '1) who interpreted it as the § member of the ground-state band. The life-
time of the level has been measured to be (1.3+0.4) x 107! ? sec by Berlovich ez al. 28).

The 137.56 keV level. The energy of this level was measured to be 137.56 +£0.04
keV. This value was obtained from the difference in the energies of the 363.56 and
226.00 keV transitions. The value is in rcasonably good agreement with the value of
137.50+0.03 keV obtained from the data of Chupp er al. 27) using the value of
79.51+0.02 keV for the energy of the gamma transition between the first and second
excited states. This level has been Coulomb excited and interpreted as the 7 member
of the ground-state band.

The ground and first two excited states in >°Tb have been classified by Mottelson
and Nilsson 2°) as members of a rotational band based on the (411)3* state. They
also classified the ground state of **°Gd as (521)3 . Using 65 MeV *°0O jons, Brom-
ley 1°) has excited the %> level of the '*Tb ground state band. He found it necessary
to introduce third-order Coriolis coupling in order to interpret the level spacings cor-
rectly.

Branching ratios for beta and gamma transitions in odd-mass deformed nuclei
generally follow the asymptotic selection rules calculated within the framework of
the unified model 2% 3°). Following the terminology of this model, beta decay to the
ground and first excited states of 1°°Tb is first-forbidden “‘unhindered”. This classi-
fication is consistent with the measured log f¢ values of 6.7 and 7.0, respectively. The
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absence of beta feeding to the second excited state is consistent with the classification
of the corresponding beta transition as first-forbidden unique “hindered”.

The “hindrance factor’ for the 58 keV gamma transition was calculated from the
measured lifetime 28) of the 58 keV level and the single-particle estimate of Mosz-
kowski 3!). The statistical factor was taken to be 1, and a mixing of 1.4 % E2 as
measured by Novakov and Hollander 22) was used. The hindrance factor was found
to be 9 consistent with the unhindered nature of intraband gamma transitions.

The 348.17 keV level. The energy of the gamma transition from this level to the
ground state was measured to be 348.174-0.08 keV. The level decays to the first three
members of the ground-state band by emission of 348,290 and 211 keV gamma rays.
The ratio of the corresponding gamma intensities is 2.0/0.24/0.09 in good agreement
with the ratio 2.0/0.26/0.08 dctermined by Ryde ef al. ) from **°Dy decay.

TABLE 3
Comparison of measured gamma intensity ratios with the Alaga rules

Energy ]n__tcnsity ratio from Alaga rules . Measured Hindrance
(keV) L =1 L=2 ratio factor #)
348.17 100 100 100
290.2 43 150 12 - 1.6
210.8 7 83 4.5 4 1.7
363.56 100 100 100 3.1x10%
305.6 43 150 0.544+ 0.04 3.4 x 108
226.00 7 83 1.8 4+ 0.1 4.2x10°
617.7 100 100 100
559.9 150 7 131 1-44
536.7 100 100 100
616.3 96 18 50 145
674.3 14 27 <44

2) Based on single-particle estimate of Moszkowski 2!). Transitions assumed to be pure El.

Ryde ef al. have determined the three above transitions to be mixed M1E2, and
Persson '?) has found the 348 keV transition to be predominantly M1. The 348 keV
level is thus 3% or $*. Under this restriction, the only single-particle state available
in this region energy is (413)3 *. Diamond et al. ®) have Coulomb excited the 3 mem-
ber of this band using 60 MeV '°0 ions. They cite the spacing of the § and 7 levels
as additional cvidence for a K of 3.

The beta transition to the 348 keV level is first-forbidden hindered. This designation
is consistent with the measured log f* of 8.3. Gamma transitions from the 348 keV
level to the ground-state band are hindered by the asymptotic selection rules. Intensity
ratios for these transitions are compared with the predictions of the Alaga rule *°)
in table 3. The agreement is not very good, but this is not surprising in view of the
hindered nature of the transitions.

The 363.56 keV level. The energy of the gamma transition from this level to the
ground state was measured to be 363.56 4-0.03 keV. The level decays to the first three
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members of the ground-state band by emission of 364, 306 and 226 keV gamma rays.
Nielsen ez al. ') have measured the K-conversion coeficient for the 364 keV transition
and an upper limit for the conversion coefficient for the 226 keV transition. They
designated both transitions as El. Persson !2) has determined the 306 keV transition
to be E1 from an upper limit on its conversion coefficient. The 364 keV level is there-
fore 37, and the only available single-particle state is (532)3 .

The beta transition to this level is allowed and hindered. This classification is con-
sistent with the measured log f* of 6.7. Gamma transitions from the level are hindered
by asymptotic selection rules. Intensity ratios in table 3 for these transitions are in
obvious disagreement with the predictions of the Alaga rule. The lifetime for the 364
keV level has been measured by several investigators 327 3*) and most recently by
Malmskog er al. 3?), who obtained a value of (1.5+0.1) x 107'° sec. Using this life-
time and our relative intensities, we have calculated the hindrance factor relative to
the Moszkowski single-particle estimate. The results are given in table 3. Malmskog
et al. obtained similar results using the relative intensities of Ewan and Tavendale !4).
Such large hindrance factors are a well-known feature of 4K = 1 EI transitions, and
many attempts have been made to explain them 3%~ 38), Malmskog et al. have success-
fully accounted for the main features in '>°Tb by considering the effects of pairing
correlations, Coriolis coupling and octupole vibrations.

The 581.1 keV level. The energy of the gamma transition from this level to the
ground state was measured to be 581.140.3 keV. The level decays only to the ground
state. Raghavan 3#) has measured the lifetime of this level to be 1.1 +0.15 psec. The
spin assignments for the 581, 618 and 674 keV levels will be discussed as a unit below.

The 617.9 keV level. The energy of this level was measured to be 617.940.3 keV.
This value was obtained from the sum of the energics of the 38.00 and 559.9 keV
gamma rays. The level decays only to the ground and first excited states.

The 674.3 keV level. The energy of this level was measured to be 674.340.5 keV.
This value was obtained from the sum of the energy of the 137.56 keV level and the
536.7 keV gamma ray. The level decays only to the first and second excited states.

The three levels at 581, 618, and 674 keV have been interpreted as members of a
K = % band *''?). The parity of the band is positive, since Raghavan *%) has shown
the 581 keV transition to be mixed M1E2. The K = ! interpretation is consistent with
the decay of the 581 keV level only to the ground state, the small spacing between the
581 and 618 keV levels and the irregular ratio of the spacings between the three band
members.

Intensity ratios are given in table 3 for transitions between the 581 keV band and
the ground-state band. The ratios agree with the predictions of the Alaga rule for
mixed M1E2 transitions. The hindrance factor for the 581 keV transition relative to
the Moszkowski single-particle estimate was calculated to be 9 from the data of Rag-
havan. The log ft values of 8.3, 8.4 and 9.2 were measured for the beta decay to the
581, 618 and 674 keV levels, respectively. This result is consistent with a classification
of first-forbidden hindered for the beta transitions.
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The high log ft values rule out interpretation of the 581 keV band in terms of a pure
(411)1™ single-particle state. Diamond ez al. *) have tentatively identified a state at
971 keV as the (411)1* single-particle orbital. The most plausible interpretation of
the 581 keV band is as the K ;-2 gamma vibrational band of the ground state. A pure
vibrational band would be expected to decay by emission of E2 radiation only, but
our data clearly indicate the radiation to be mixed M1E2. Reich and Bunker 3°) have
interpreted the 581 keV band as a mixture of the ground-state vibrational band with
the (411)4™ single-particle state.

The 854.5 keV level. The energy of the gamma transition from this level to the
ground state was measured to be 854.5+0.4 keV. The level also decays to the first
two members of the 581 keV band. The placement of the above level was confirmed
from observation of coincidences between the 237 and 274 keV transitions and tran-
sitions depopulating the 581 keV band.

A log ft value of 6.9 was measured for beta decay to the 854 keV level. This valuc
limits the spin of the level to 4, 3 or 3. Absence of decay to any % or 7 level ruled out
a spin of 3. For a level with K = 3 and a spin and parity of 3 or 37, decay by El
and M1 transitions to the spin § levels at 348 and 364 keV would be expected to suc-
cessfully compete with decay to levels in the 581 keV band. Very low upper limits
have been set on such decays in table 2. The weakness of the 854 keV transition rela-
tive to the 274 keV transition mildly favors a K of 4 for the 854 keV level.

On the basis of the above arguments, we have designated the spin of the 854 keV
level to be 4. No single-particle state with K = 1 exists in this energy region except
(411)3™. In !3°Tb, this orbital has been associated with a 971 keV band observed by
Diamond et al. ®). We thus think it possible for the 854 keV level to be the first mem-
ber of a K,-2 gamma vibrational band built on either the (413);* or the (532)3~
single-particle state. A measurement of the parity of the 854 keV level would aid in
choosing between the two above possibilities. The low log f7 value of 6.9 mildly favors
the negative-parity state in analogy with log f¢ considerations for the 581 keV band.
A further example of such a state exists “°) in !87Re where a gamma vibrational band
at 686 keV is built upon a (514)%~ single-particle state at 206 keV. The weakness of
the 854 keV gamma ray relative to the 237 and 274 keV gamma rays is consistent with
the interpretation of the 854 keV level as vibrational in nature.

The authors wish to thank Professor J. J. Reidy for help during the course of the
experiment. One of us (J.H.) would like to acknowledge a stimulating discussion with
Professor K. T. Hecht.
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