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10Gd(n,n'y) experiments were performed with accelerator-produced monoenergetic neutrons. Excitation
functions at neutron energies from 1.5 to 2.8 MeV aided in the placement of y rays in the level scheme and
angular distributions at three neutron energies resulted in the determination of 28 excited-level lifetimes or limits
in 'Gd, including the lifetimes of several negative-parity levels attributed to octupole vibrations.
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I. INTRODUCTION

The '%°Gd nucleus lies in the well-known rare-earth region
of deformation and has an Ry /s [= E (4 J/E (2 2] ratio of 3.30,
placing it close to the rotational 11m1t An open question in
nuclear structure is the viability of vibrational excitations in
deformed nuclei. The lowest-lying excited vibrational modes
include quadrupole and octupole excitations. Single-phonon
quadrupoles are the y and 8 vibrations. y vibrations seem to
be well characterized as the first K™ = 2% bands and exhibit
a systematic behavior across the region of deformed nuclei
with typical B(E2;2} — 0) values of a few Weisskopf
units (W.u.). In contrast, the B vibrations do not exhibit
these systematic characteristics because the B(E2) values of
transitions deexciting the first-excited K™ = 0" band vary
greatly throughout the deformed region [1-3]. The question
regarding the viability of the B vibrations in deformed nuclei
remains open to debate [4-9].

Octupole excitations in spherical nuclei are identified
by large B(E3;07} ss — 37) [10] values, and a compilation
of B(E3) values of the lowest 3~ states can be found in
Ref. [11]. In deformed nuclei, the octupole mode splits
into K™ =07, 17, 27, and 3~ bands. The increasing level
density with excitation energy and the proximity of the pairing
gap complicate the identification of vibrations in deformed
nuclei. Two-phonon octupole excitations have been observed
in spherical nuclei of the rare-earth region—'*Sm [12],
146Sm [13], '*°Gd [14], '*Gd [15], and '**Gd [16,17]—as has
the combined two-phonon quadrupole-octupole vibrational
mode (2% ® 37) in nearly spherical nuclei; e.g., 1448m [12],
1469 18], and "3Gd [13]. A few cases have been suggested
as two-phonon double-y vibrations (K™ = 47) in '*Dy [19],
166Er [20], '®Er [21-23], and (K™ = 0*) in '%°Er [24]. A
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two-phonon double-$ vibration has also been proposed in
I78HF [25].

The low-lying structure of '°°Gd has been extensively
studied; there are numerous positive- and negative-parity
bands identified in this nucleus, including an excited K™ = 2%
band, several excited K* = O0"bands, and K™ =0~, 17, and
2~ bands. There is, however, a paucity of level lifetimes and
transition probabilities to clearly identify the collectivity or
lack thereof for these excitations. Our recent paper reported on
the characteristics of the K™ = 07 states [26] in this nucleus.
This work reports mainly on the lifetime measurements of
levels in low-lying K™ =07, 17, and 2~ bands. Using the
Doppler-shift attenuation method following inelastic neutron
scattering, we have determined the lifetimes of a large number
of excited levels in '°Gd.

II. EXPERIMENT

The low-lying states of '©°Gd were studied with the
(n,n’y) reaction at the University of Kentucky Accelerator
Laboratory (UKAL) with monoenergetic neutrons produced
by the 3H(p,n)’He reaction. The scattering sample was
29.456 g of 98.12% enriched '°Gd,03; contained in a
thin-walled polyethylene cylinder 3.1 cm in height and 2.3
cm in diameter. The emitted y rays were recorded with
a HPGe detector with a relative efficiency of ~50%. A
bismuth germanate (BGO) active shield was used for Compton
suppression. The HPGe detector was located at a distance
of 119.3 cm from the scattering sample, and time-of-flight
gating was used to suppress background radiation. Standard
radioactive sources, 2*°Ra and **Eu, were used for energy and
efficiency calibration. In angular distribution measurements,
a %°Co source was placed near the detector as a continuous
check on gain stability. At higher neutron energies, >*Na was
used as an additional in-beam source for accurate energy
determination. Additional descriptions of the experimental
setup and techniques are documented in Refs. [27-29].

The excitation function measurement provided yields of y
rays as a function of incident neutron energy (E,), and spectra
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FIG. 1. Excitation functions for the 1493.40 and 1568.70 keV y
rays originating from the 1568.77 keV level. Both exhibit the same
excitation-energy threshold and overall shape.

were measured for £, = 1.5 to 2.8 MeV in 80 or 100 keV
steps, with the detector at 90° with respect to the beam axis.
Examples of the excitation functions obtained for y rays from
the same level are shown in Fig. 1. Excitation thresholds were
used to place y rays and establish levels. Angular-distribution
spectra were recorded at neutron energies of 1.5, 2.0, and
2.8 MeV at ten angles over a range of 40° to 150°. To obtain
the most accurate lifetimes, these neutron energies were chosen
to minimize feeding to the levels of interest. The angular
distributions of the y-ray intensities, W(6) were fit with a
function of even-order Legendre polynomials,

W) = A,[1 + ay Py(cos 6,) + as Ps(cos6,)], (1)

where the parameters a, and a4 depend on the multipolarities
and mixing amplitudes of the transitions. The experimental
values of these parameters were then compared with statistical
model calculations from the code CINDY [30] to determine
multipole mixing ratios (8) of the transitions. If the intensity
of the y ray was small or if the statistical uncertainty was
large, the a, and a4 values were compared with those in Govor
et al. [31]. Provided the values matched within uncertainties,
the values of Ref. [31] were used in relevant calculations and
noted.

The angular-distribution measurements were also used to
extract lifetimes of excited states shorter than about 1 ps by the
Doppler-shift attenuation method (DSAM) [32]. The energies
of the y rays have an angular dependence described by

vc.m

E,@©,) = EVO[I + ™ by cos ey], )

c
where E, is the unshifted y-ray energy, v.n. is the recoil
velocity of the center of mass, 6, is the angle of observation,
and F(t) is the attenuation factor, which depends on the
stopping powers. By examining the energy of a y ray as
a function of angle, the F(r) value can be extracted and
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compared with those calculated using the Winterbon stopping
power formalism [33], and the lifetime of the state, t, can be
obtained. An extensive discussion on the DSAM can be found
in Ref. [32].

III. RESULTS

The levels, depopulating transitions, multipole mixing
ratios, lifetimes, and resulting B(EA) transition probabilities
are listed in Table I. Energies given for the y rays were
obtained from the angular-distribution measurements at the
lowest incident neutron energy for which the y-ray yields
were observed to have good statistics. This procedure allowed
for accurate energies of peaks which may evolve into complex
structures at higher incident neutron energies. The branching
ratios and lifetimes were also obtained at the lowest feasible
neutron energies. The level energies were determined by a
weighted least-squares fit of all the y rays to and from a level.

Since the last evaluation of '°°Gd [34], three papers have
made additions to the '°*Gd level structure using the (n,n'y)
reaction [26,31,35]. This information has been considered
along with the current results and is presented in Table I.
Gamma rays from a level were only included if the excitation
functions were consistent in shape and threshold for all y rays.
There were also previously placed y rays that were below
our experimental observation threshold and these were not
included in the level scheme [31].

In the following sections, we discuss levels which are
germane to the K™ = 2;; band and the negative-parity bands

in '°Gd. A partial level scheme is shown in Fig. 2.

A. K™ = 2;' band

The 2; bandhead at 988.72 keV had a previously measured
level lifetime of 1876(87) fs. This value is the weighted average
of four Coulomb excitation experiments [36-39] as given
in the latest nuclear data compilation of A = 160 [34]. We
observed three y rays from this level, but only the 913.43 and
988.68 keV y rays were used in extracting the level lifetime
limit of > 1800 fs. This value is near the limit of our method, but
is consistent with the accepted literature value. The 739.96 keV
y ray is near the energy of a background y ray and, therefore,
was not used in determining the level lifetime. In Table I,
transition probabilities were calculated by using the literature
lifetime and the associated branching ratios from Ref. [31]
to calculate the B(E?2) values presented, after ensuring the
consistency of the reported branching ratios with our data.

The 4; member of the band at 1148.15 keV depopulates by
899.59 and 1072.85 keV y rays. Govor et al. [31] observed a
doublet at a y-ray energy of 632.89 keV, which they placed as
decays from both the 1148.14 and 1621.44 keV levels. From
the excitation function shape and threshold, our work assigns
this y ray to the 1621.56 keV level.

The level at 1148.15 keV is assigned as J™ = 4t from
polarized proton-scattering measurements, and the authors
concluded a hexadecapole component for this state [40].
Our work yields a level lifetime T = 10807730 fs, leading

to B(E2;4;,r — 4;;) = 161“?0 W.u. and B(E2;4;,r — 2;;) =

3.81“%(1’ W.u., consistent with the expected quadrupole collec-
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TABLE 1. Energy levels (E.) observed in the '®°Gd(n,n'y) measurements. I, is the relative y-ray intensity; F(7) is the experimental
attenuation factor; lifetimes t are mean lives in fs. Multipole mixing ratios § are obtained in fits to measured angular distributions. When two
values are given, they have similar x? values. If one value is in brackets, the one with the smaller x2 value is given first and is the § value
adopted. Literature lifetime values (tj;,) are taken from Ref. [34] unless otherwise noted and are shown under the measured lifetime. Parentheses
denote tentative assignments or placements. For reference, B(E1)ywa = 0.190 e?b and B(E2)w.. = 5.16 x 1077 ¢2 b

E; J7.K JPK E, I, F(7) T Mult. 1) B(E1) B(E2) Notes
(keV) (keV) (fs) (x1073 W) (W)
75.24(5) 24,0 01,0 75.26 100 T = 3.9 x 10°

s’ gs’

248.55(6) 410 210  173.34(5) 100

gs’ gs’

515.00(8) 65,0 410  266.52(5) 100

gs’ g8’

988.72(6) 2.2 450 739.96(7) <2  0.008(14) >1800 E2 0.96(7) @b
T = 1876(87)
250 913.43(5)  100(1) E2/M1 —0.45750 1.279%
05,0  988.68(5) 88.7(10) E2 412) °
1057.42(6) 37,2 450  809.06(5) 20.6(2) 0.011(13) >2200 E2/M1  0.11(3) <0.04 °®
25,0 982.28(5)  100(1) E2/M1 47118 <6.5 d

1070.57(7) 474 610 55545@8) 1.6(1)

gs?

41,0  822.06(5) 100(2)

gs?

21,0 99530(5) 64.2(13)

gs?

1148.15(7) 47,2 4.0  899.59(5 100(1) 0.037(15) 10807730 E2/M1 2172 160y ¢
250 1072.85(5) 58.5(9) E2 3.873¢
122433(6) 17,0 25,0 1149.12(5) 100(1)  0.676(7) 2042 El 6.5(6)
Tt = 216(60)
05,0 122438(5) 67.5(8) El 3.6(4)
1261.24(9) 50,2 65,0 746.34(6) 19.6(9) 0.101(26) 3501420 E2/M1 8ty 317
[0.24(10)] 1714
45,0 1012.65(5)  100(1) E2/M1 151 3578
1289.90(7) 37,0 450 1041.37(5) 54.6(7) 0.565(19) 3443 El 3.03) e
T = 74(20)
250 121479(5)  100(1) El 3.5(3)
1351.30(6) 17,1 2,0 1276.06(5 100(2)  0.184(8) 180 + 20 El 0.74(8)
05,0 1351.30(5) 20.0(4) El 0.12(1)
1376.708) 27,1 332 31938(6) 1.8(1) 0.035(47) >550 El <0.18 b.f
2,0 1301.46(5)  100(1) El <0.27
1379.71(10) 07,0 25,0 1304.46(5 100  0.015(14) >1350 E2 <3.1 g
1427.40(12) 57,0 450 1178.85(6) 100  0.514(69) 50410 El 4.08)
1436.34(7) 27,0 45,0 1187.81(5) 100(1) 0.036(28) >340 E2 <13
250 1361.05(6) 36.4(4) E2/M1  0.00(8) <24
[2.4709 <2.0
05,0 1436.34(6) 13.5(2) E2 <0.70
1464.00(10)  3;,1 25,0 1388.75(5) 100  0.344(43) 50+5 El 2.5(2) f
1498.94(10)  4;,1 45,0 1250.39(5) 100  0.053(51) >400 El <0.41 f
1532.29(13) 3;.3) 4/.2  384.14(6) 100 f
45,0 1283.10(8) i
155831(12) 07,0 250 1483.06(6) 100  0.004(69) >590 E2 <3.7 g
1561.63(10) 47,0 6/,0 1046.67(6) 100(1) 0.049(53) >320 E2 <22 g
45,0 1313.03(6)  74.83) E2/M1  0.28%0% <0.40
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TABLE 1. (Continued.)

E; J.K 7K E, I, F(7) T Mult. 8 B(E1) B(E2) Notes
(keV) (keV) (fs) (x1073 W) (W)
1568.77(6) 17,1 15,1  217.51(6) 8.8(15) 0.044(28) 1000F}3%  E1 09791 o
25,2 580.206)  89.2(16) E2/M1  0.28%9% 53107
25,0 1493.40(6)  94.4(16) E2/M1 13478 0.44752
050 1568.70(6)  100(2) M1
1586.61(12) 27,1 2.0 1511.36(6) 100 0.044(39) >500  E2/MI <4.01 f
1599.056) 25,0 37,0  309.32(6) 8.9(4) 0.056(26)  800*1% El 0.34%03 h
17,0  37478(6)  14.8(3) El 0.321522
37,2 541.53(6)  36.83) E2/M1  —5.57T0 41758
—0.01(9) 0.004(77)
25,0 1523.59(6)  100(1) E2/M1  —1.0479% 0.3475%8
0.0 1598.85(6)  78.7(1) E2 0.41101
1621.56(9) 2,2 372 564.06(6) 29.0(7) 0.167(155) 240*%0 El L7509 !
252 632.94(6)  100(2) El 42704
1648.06(12) 47 250 1572.81(6) 100 0.134(58) 300135 E2 55438 f
1653.32(12) 55,1 6.0 (1138.51(6)) 0.454(78) 6072 b.f
45,0 1404.77(6) 100
1661.75(9) 45,0 1413.16(7)  5.6(2)  0.050(32) 8807’ if
250 1586.52(6)  100(1)
1691.68(7) 3,2 412  54345(6) 60.8(15) 0.17095) 230730 El 273 j
352 634.56(6) 99.5(25) E1l 21199
252 702.84(6)  100(2) El 1.5797
45,0 144293(8)  8.6(6) El 0.01759 i
1782.67(10) 4;.2 52  521.53(8) 23.6(16)
352 725.19(6)  100(2)
1805.13(9)  2& 474 734.50(6) 44.3(14) 0.055(96) >300 E2 <76 f
252 816.46(6)  100(2) E2/M1  —0.767019 <37
[—3.90"%7 <94
1931.96(7)  2¢ 32 87451(6) 43.4(21) 0.057(39) 760'3°  E2/M1 8ty b
45,0 1683.45(7)  45.4(20) E2 0327014 ®
25,0 1856.65(6)  100(3) E2/M1 092704 0.20%04]
0.50755; 0.08755]
05,0 (1932.00(7)) 31.5(17) E2 0.1175%
1966.66(10) 15 25,0 1891.33(6)  100(8)  0.606(48) 3718 El 0.841928
7 = 19(7)
05,0 1966.97(13) 57.0(70) El 0.43101¢
2030.90(9) (2%) 450 1782.14(6) 16.1(22) f
250 1955.93(7)  100(3)
2060.43(11) 05,0 2060.42(6) 100 0.187(44) 23072
210932(7) 1Y 352 1051.87(6) 47.4(18) 0.138(34)  3307.3° E2 62(1.7)  f
252 1119.71(13) 57.9(29) E2/M1 56(1.5)
25,0 203426(6)  100(2) E2/M1 0.50(13)
01,0  2109.31(6) 73.3(21) Ml

2s°
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TABLE 1. (Continued.)

E, KUK E, I F(r) T Mult. 8 B(E1) B(E2)  Notes
(keV) (keV) (fs) (x103 W) (W)
2135.76(13) 040  213574(7) 100  0.111(73)  420%5% !

*This y ray overlaps with an experimental background line, 739.42(5) keV from the "*Ge(n,y) reaction.

bThis y ray was not used in the level-lifetime determination.

“The branching ratios were taken from Ref. [31] and 73, was used for the transition probability calculations.
9The a, and a4 values of this y ray were within uncertainties of Ref. [31] and, therefore, the published § value was used in this work.

¢Level lifetime from Ref. [39]; see text for discussion.
fThis level or spin assignment adopted from Ref. [31].
¢Lifetime reported in Ref. [26].

hLifetime modified from Ref. [26].

iThis y ray is not reliable for excitation function and/or lifetime determination due to its low intensity.

iThis level or spin assignment adopted from Ref. [35].

tivity of this level and the K™ = 2% y bands in the rare-earth
deformed region of nuclei.
The 1261.24 keV 5;’ level decays to the ground-state band,

B(E2; 5; — 4;;) = 35f§2 W.au. and B(E2;5;,r — 6;8) =
3177, W.u. The ratios of these transition probabilities are
consistent, within error, with the Alaga rules.

B. K™ =0~ band

The 37 level at 1289.90 keV deexcites by two y rays,
1041.37 and 1214.79 keV. The 1214.79 keV y ray is observed
with an a = —0.276(33), which supports the assignment of
an E'1 transition. Ref. [31] assigns the 1214.79 keV y ray as a
doublet, but we see only a single y ray in our measurements.
A lifetime of v =74 £20 fs was reported from Coulomb
excitation and Doppler-broadening measurements [39], but our
value of 7 = 34 + 3 fs is not in agreement with this value. An
advantage of the (n,n'y) reaction with accelerator-produced
neutrons of variable energies is the ability to nonselectively

populate levels up to the incident neutron energy. By deter-
mining the lifetime of the 1289.90 keV level at E,, = 1.5 MeV,
the feeding of the level has been greatly reduced from levels
with significantly longer lifetimes. If the neutron energy is
increased to 2.0 MeV, increasing feeding from higher levels,
the apparent lifetime is increased to v = 60 £ 10 fs. The
method of selecting the neutron energy for population of the
level gives us confidence in our measured lifetime values. The
K7™ =07 band with 1], 37, 57 members at 1224.33, 1289.90,
and 1427.40 keV, respectively, decay by E1 transitions to
the ground-state band. E'1 transitions to the y band were not
observed.

C. K™ =1 band

The 1351.30 keV level is the bandhead of the K* = 1~
band and was introduced in Ref. [41] by the placement of
1351.0 and 1275.90 keV y rays. We observe both of these
y rays, and our spectra are not complicated by the doublet

4 1783
1692
| | 1622
+ 1499 |
1500+ 1427 37 1464 5 3 | h
= : A
> 1290 17 § -~ E
V] 1224 "l" ET
S
&
L ; = i
51000 2 E-
=i f 3z E:
43 5 L2 3
= £ 2 E
.S £ %
=1 r 5 L ] b S o
£ 500 515 2=z31308 4. 8§ = |
>< L
88}
4* 248 1
P 75 1
0- 01+60 0 T + T - T = T - b
| Gd K" = 2y K"=0 K'=1 K"=2

FIG. 2. A partial level scheme of '*°Gd highlighting the K™ = 2+ y and negative-parity bands. The B(E2) values in W.u. are shown in
green and B(E1) values in mW.u. in purple and scaled separately. All values are also listed in Table I.
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at 1351.09 keV reported in Ref. [31]. We determine a level
lifetime of 7 = 180 &£ 20 fs.

A level at 1388.64 keV was assigned by Berzin et al. [41]
with five deexciting y rays, where those at 1388.7 and
1313.0 keV were the most intense. In later work [31], this level
was rejected on the basis of a measured angular distribution
and the 1388.56 keV y ray was assigned to a new 3~ level
at 1464.00 keV. This 1464.00 keV level was assigned as a
J”™ =37 member of the 1~ band [31]. The 1388.75 keV y
ray has an excitation threshold of 1.5 MeV which favors the
placement from the 1464.00 keV level with an a, value in
agreement with Ref. [31]. Further evidence to support the
removal of the 1388.7 keV level is obtained from the y ray at
1313.03 keV. The excitation threshold is higher than for the
1388.64 keV y ray and is consistent with the placement at the
1561.63 keV level. Our data do not support any other decays
to or from the 1388.7 or the 1464.00 keV level. The 1388.64
keV level has been removed from the level scheme.

D. K™ =2~ band

A K7 =27 band was proposed in Ref. [35] with levels
at 1621.4 keV (27), 1691.4 keV (37), 1782.5 keV (47), and
1884.2 keV (57).

In Ref. [31], a doublet at 632.82 keV was reported and
the y rays were placed from the 1148.14 keV level (4;;) and
a 1621 keV level. The energy thresholds in our data support
placement at 1621.56 keV. Unlike Ref. [31], the 632.94 keV
y ray is a singlet with a, = 0.180(42) and a4 = —0.030(69).
CINDY calculations support the placement of both the 632.94
and 564.06 keV y rays to a J* = 27 state, in agreement with
Ref. [35].

The y rays observed in this work from the 3~ level at
1691.68 keV agree with those proposed in Ref. [31]. We

observe a level lifetime of T = 2301”?(5)8 fs with a preferred

decay to the y band, B(E1;3;, — 4Jf) = 23 mW.u.,
B(E1;3; — 3/)=2173ImWu.and B(E1;3; — 2})=
1.5 mW.u.

The 4~ level at 1782.67 keV was proposed in Ref. [35].
We confirm the placement of the 725.19 and 521.53 keV
y rays but are unable to calculate a lifetime due to low
statistics.

Recent studies of quadrupole and octupole states in '*Yb
(R4/2 = 3.27) noted a pattern of strong decay froma K™ = 2~
band into the y-vibrational band when compared with the
decay into the ground-state band [42]. This is consistent
with the degree of K forbiddenness. Earlier work by Apra-
hamian [43] showed a difference of three orders of magnitude
in E1 strength for transitions between states with the same K
(AK = 0) and for those with AK = 2. The authors note [42]
that this interesting decay pattern has also been observed in the
J7 =27 states belonging to the K™ = 2~ band in the nuclei
from Gd (Z = 64) to W (Z = 74). The preferred decay '**Yb
is to the is to the J™ = 4~ state, providing more evidence of
a K™ =27 band. The enhanced E1 transitions indicate some
overlap with the y band but further study of the negative-parity
states, including E3 strengths, are needed.

PHYSICAL REVIEW C 95, 064309 (2017)

E. K* = 0" bands

The 0F states in '°°Gd were discussed in Ref. [26]. O
states at 1379.7 and 1558.3 keV were confirmed and assigned
lifetime limits of >1350 and >590 fs, respectively, and states
at 1325.73 and 2236 keV were rejected as possible 07 states.
The band structure of these levels was also explored and is
included in Table I.

After evaluation of the full angular distribution data set at
neutron energies of 1.5, 2.2, and 2.8 MeV, the F(t) values
were scrutinized. From a careful evaluation of the full data
set, only F(t) values with uncertainties which overlapped the
other values were used in the lifetime calculation. This process
led to the recalculation of the lifetime of the 1599.05 keV level.
The reevaluated value of T = 800338 fs is consistent with our
formerly published limit of >300 fs [26], albeit with a large
uncertainty. The y rays of 1599.05 and 988.72 keV overlap
with background lines and were not observed in this set of
experiments.

F. Discussion

We have studied levels in '°°Gd with the (n,n"y) reaction.
Excitation functions aided in the placement of y rays in
the level scheme and angular distributions resulted in the
determination of multipole mixing ratios and level lifetimes
of excited states and, hence, the depopulating B(E2) and
B(E1) values for transitions from K* = 0%, 2+, 4+, 0,1,
and 2~ bands. In a previous paper [26], we identified excited
K™ = 0% bandheads at 1379 and 1558 keV and the excited
levels built on them. The measured lifetimes for the first- and
second-excited K™ = 0T band members were determined as
limits. Nonetheless, the limits indicate potentially enhanced
collective transitions from the 2™ and 4% members of the
band. In this work, we have measured the level lifetimes for
several members of the negative-parity bands. Figure 3 shows
the revised lifetime of the 2* state of the K™ = 0" band at
1599 keV with an enhanced B(E?2) of 4122 W.u. connecting
this state to the K™ = 2% band member, the 3% state at 1057.
This kind of enhanced B(E?2) transition probability could be
due to a collective excitation built on the K™ = 2% band.
B(E?2) values to the ground-state band are 100 times weaker.

The lifetimes of the excited states in negative-parity bands
are listed in Table I. A partial level scheme is shown for
the depopulation of the negative-parity bands for K™ =
0™, 17, and 2~ bands along with the K™ = 2%y band. These
transitions are E'1 in nature and show B(E1) values that are
strongly enhanced for the K = 0~ band depopulating on the
order of a few mW.u. These are three orders of magnitude more
enhanced than typical E1 values in deformed nuclei [43,44].
In comparison, the negative-parity bands with K™ = 1~ and
27 are one and two orders of magnitude weaker in B(E1)
to the ground-state band while the K™ =2~ band member
at 1692 shows enhanced E'1 transitions connecting this level
to the K™ = 2% band. The Alaga values for the ratio of
B(El;1gn_q — 2;;) to B(El; 1 gy — Ogs) is 2.0 and the
experimental ratio is 1.7.

A disagreement over the assignment of the 1622 keV
between Ref. [31] (J™ = 47) and Ref. [35] (J* =27) can
be addressed. The current data support the 2~ assignment and
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FIG. 3. A level scheme of '®°Gd highlighting the K™ = 0% bands. The B(E2) values in W.u. are shown in green and B(E1) values in
mW.u. in purple and are scaled separately. All values are also listed in Table 1.

experimental B(E1;25._,- — 3%._,.) to B(E1;25._,- —
2};n=2+) of 0.41, in good agreement with the theoretical
Alagal value of 0.36. Similarly, the B(E1;3._,- — 4;)

to B(E1;3¢._o- —> 2;) = 1.3 and the experimental B(E1)
ratio is 0.9, in good agreement within errors. The ratio
of B(E1;35n_y- — 45 )10 B(E1;3%a_,. — 35._50) 0
B(E1;3%._,- — 2%._,.) for the 1691.68 keV level to the
4%, 3%, 2% members of the K™ =2%y band, should be
1.8:1.4:1.0 from the Alaga rules and the experimental
equivalentis 1.3: 1.4 : 1.

The agreement of the Alaga rules with the measured B(E1)
values at 1692 as the 3~ member of a K™ = 2~ band is further
evidence of the K™ =2~ assignment. If the 1691.68 keV
level belongs to a K™ = 3~ band, then the Alaga ratio would
be 0.05:0.35: 1, in complete disagreement with measured
values.

The collective quadrupole and octupole degrees of freedom
were analyzed in '°Gd by using the well-known generator
coordinate method (GCM) with the Gogny D1S energy density
function. Mean-field Hartree—Fock—Bogoliubov (HFB) con-
strained calculations were carried out by using the axially
symmetric quadrupole and octupole mass moments in order
to explore the shape of the potential-energy surface (PES) and
to check for the existence of octupole deformed minima. An
in-depth discussion of this method can be found in Refs. [44—
46]. The computed PES reveals a reflection symmetric (i.e.,
with zero octupole deformation) for the ground state but the
PES along the octupole direction is rather soft, indicating
the need of a beyond-mean-field calculation using the GCM.
Figure 4 shows a deep minimum potential well that is
quadrupole deformed. The lowest oblate minimum does not
appear until 5 MeV. The calculations show a first-excited
K = 07 state appears at an excitation energy of 1.84 MeV
witha B(E1;1.._,- — 0;;) value of 5.1 mW.u., as shown in
Fig. 5(a). The B(E3;3™ — O;) = 13.50 W.u. The second 0™
state is a one-phonon g vibration with an excitation energy of
3.36 MeV and the 2™ member decays to the ground state with

a B(E2;2% — 05) = 3.7 W.u. and the 103 p? (Ey) transition
strength of 230. The third 0% state in this calculation is a
two-octupole phonon at 3.94 MeV witha B(E2;2T — O;S =

0.71 W.u. and a 10%p? (Ey) = 9. These calculated values are
compared with the experimental values in Fig. 5. We have
not measured any E3 transitions in this work, but the B(E3)
value used in comparison was established previously. Our
experimental level scheme is compressed in comparison to
the GCM calculations. There is, however, very good agreement
between the calculated and experimental B(E'1; 1 _y- — Of
values. The prediction is for an excited K™ = 0" band at
3.9 MeV as a double octupole phonon built on the K* = 0~
band at 1840 keV. Our work shows an excited K™ = 0" band
at 1558 keV that is connected to the first-excited K™ = 2+
band, as shown in Table I and Fig. 3. All indications are that
this K™ = 0% band at 1558 keV is the double-phonon yy
vibrational band. The K™ = 2% y bandhead is at 989 keV. The
two-phonon yy vibration in this case is 1.6 times the energy
of the single y-vibrational band. Negative anharmonicities
similar to this have been observed in 22*Th [47] in the actinide
region and "®Hf [25] in the rare earths.

-5 0 5 10 15 20 25

FIG. 4. Potential-energy surface as a function of the quadrupole
and octupole degrees of freedom for '°Gd. The dot is located at the
ground-state minimum.
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FIG. 5. Partial level schemes for '®°Gd. The B(E2) values in W.u. are shown in green, B(E 1) values in mW.u. in purple, and B(E3) values in
W.u. in white outlined in black. The two level schemes are scaled separately. (a) GCM calculations using the Gogny D1S energy density functional
is shown along with calculated transition probabilities. In this calculation, the first-excited K™ = 0~ state appears at an excitation energy of

1.84 MeV and a B(E1;1,

s lgm—o-

— Ogs) value of 5.1 mW.u. The B(E3;3™ — O;s) = 13.50 W.u. The second-excited state is a one-phonon

vibration with an excitation energy of 3.36 MeV and the 2 member decays to the ground state with a B(E2;2" — O;rs) = 3.7 W.u. The third
K™ = 0% band is a two-octupole phonon at 3.94 MeV, and B(E2;2" — 0;;) = 0.71 W.u. The GCM calculation predicts a double-octupole
excited K™ = 0" band at 3.9 MeV built on the K™ = 0~ band at 1840 keV. (b) The experimental partial level scheme with experimental
transition probabilities. The B(E3;3™ — 0*5) for the 1289 keV level is taken from Ref. [39].

g

IV. SUMMARY

We report the results of (n,n'y) measurements in the
low-lying excitation-energy regime of '®’Gd. Transition prob-
abilities were calculated from the level lifetimes and, where
possible, multipole mixing ratios are determined. The B(E?2)
values from the K™ = 2 band indicate that this is indeed
a quadrupole collective vibrational excitation. The level
lifetimes of the 4™ and 5™ members of this band show transition
rates consistent with other K™ = 2*y-vibrational bands in
this region of deformed nuclei. Our characterization of the
1599.05 keV level with a revised multipole mixing ratio and
the assignment or placement of the transitions to the y band
would make the B(E?2; ZI — 3;f) = 411“;(7’ W.u., potentially
pointing to a two-phonon yy-vibrational character for the
K7™ = 0% band at 1558.31 keV. The uncertainty on this B(E2)
value is large, but the observed collective strength, indicating a
preferred decay to the K™ = 2% y band, is difficult to ignore.

In deformed nuclei, low-lying negative-parity states are
generally associated with octupole vibrations, and a simple
pattern of K™ =07, 17, 27, and 3~ bands is frequently
seen. In pioneering work, Neergard and Vogel [48] described
the octupole states in deformed nuclei microscopically, and
Barfield, Wood, and Barrett [49] treated the detailed spectra
and E3 transition rates of nuclei in the rare-earth region
within the interacting boson model. Modern approaches to
the problem, such as those used in this paper, are required for
a more robust prediction of transition strengths and excitation
energies of the negative-parity states.

Experimentally, octupole bands are identified by enhanced
E3 transitions between the J™ =3~ member of the band

and the ground state in spherical nuclei. The compilation
of experimental data by Spear [50] and the update by
Kibédi and Spear [11] give the excitation energies of the 3~
states and reduced electric octupole transition probabilities,
B(E3; OT — 3), for the first 3~ states of even-even nuclides.
Moreover, it is frequently found that known octupole states
are populated strongly in single-nucleon transfer reactions,
indicating that these states have a complex character with one
or more large two-quasiparticle components. While a number
of E1 transition rates from negative-parity states are reported
in this work, the correlation between these B(E 1) and octupole
strength is less straightforward than that for the B(E3). We
note that, for example, the 1224.33 and 1289.90 keV levels
of the K™ = 0~ band have deexciting transitions of several
mW.u. compared with the 1~ band where the B(E1) are
less than 1 mW.u. Structural assignments based solely on
B(E1) values should be made with caution [51]; therefore,
we note these values, along with the previous reported
B(E3;37 — O;) = 11.1(7) W.u. [39], indicate an octupole
vibration. However, no new B(E3) values are available from
the current work. Also of note is a preferred AK = 0 decay
from the K™ = 2~ band to the K™ = 2%y band from the 3~
state at 1691.68 keV.

Although the energies of the calculated bands in the GCM
are higher than the experimental results, the agreement in the
transition probabilities suggesting the population of a one-
phonon g vibration and a two-octupole phonon state is striking.
Further work is underway to include two-quasiparticle excita-
tions in the GCM. New measurements of extended B(E?2) and
B(EQ) values in 100Gd can further clarify the situation.
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