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Levels in "Gd have been studied using the ' Sm{a, 2ny) reaction at an energy of 24 MeV. Singles

spectra, y-y coincidence spectra, and angular distributions were obtained in-beam using Ge{Li) detectors.
Among the new levels proposed in ""Gd are as follows: a 7+ state in the y band; 7, 9, and 11 states in

an odd-spin octupole-vibrational band based it 1241 keV; possible 7+ and 8+ states in the K = 4+ band

based at 1646 keV; and 8 and 9 members of a X = 7 band based on the 7 state at 2138 keV. The
results are compared with various theoretical models. y-y directional correlation measurements were also

performed on some cascades populated in the radioactive decay of the various isomers of ' Tb, and the
results confirm the assignment of 7 for the 2137.8 keV state and establish a spin value of 1 for the 2119.7
and 2187.2 keV states.

NUCLEAR REACTIONS Sm(&, 2'), E= 24MeV, xneasured E» I» py (delay)j
yy coin, p(0) ~4Gd deduced levels, K, J, ~ 6, Q. Enriched targets. Ge(Li) de-

tectors.
RADIOACTIVITY ~ Tb(22. 6, 9.0, and 21.'4 h) from Eu(n, 3e) and i~ Gd(P, 2).

Measured yy (&) ~5 Gd deduced J, 7r, &. Enriched targets Ge(Li) detectors.
I

I. INTRODUCTION

With the (n, 2ny) reaction at =25 Me V one ob-
serves sufficient side-band population to allow the
study of higher-spin states in the y band (as well
as other bands}. The relative population of these
states is different than in the case of (Hl, m) and

(&,xn) reactions at higher energies where the
yrast states are populated very heavily.

From studies of the decay of "4Eu (Refs. 1-4)
the P- and y-vibrational bands in '~Gd have been
established up to the 4' states, and multipole mix-
ing parameters for transitions between low-spin
states populated in the decay of '4Eu have been
measured by Gottel et al. ' a,nd others. " In
studies of the decay of the various isomers of
'"Tb by Riedinger et al. ,"Sousa et al. ,

"and Vylov
et al."the P-vibrational and y-vibrational bands
have been extended up to the 6+ states a,nd an I',
%=7, 7 two-quasiparticle state with a half life of
68 nsec has been established. This state, at 2138
keV, primarily feeds both the ground-state band
and a K'=4' two-quasiparticle band in which the
levels had previously been established up to the 6'
state. In-beam y-ray investigations by Khoo
et al."and others" "have extended the ground-
state and P bands up to the 18' levels. The level
structure of '~Gd has also been studied via the
(d, d') reaction by Bloch et af."and the (d, t),
( He, &}, (&, t), and (3He, d) particle-transfer reac-
tions by Jolly and Waddington. "

In the present study, y-y directional correlation
measurements for several cascades in '~Gd were
carried out using radioactive sources of ' Tb, and

in-beam y-ray results for "4Gd were obtained
from excitation function, angular distribution, and
coincidence measurements using the (n, 2ny) reac-
tion. Several new levels are proposed, including
a 7' state in the y band of '54Gd, possible 7' and 8'
states in the E'=4' band based at 1646 keV, 7, 9",
and 11 states in the E'=0 band, and four high-
spin states which populate the I', K = 7, 7 state at
2138 keV. Band structure associated with the 7,
7 state is considered. We did not find any evidence
for a so-called "superband" which was suggested
by Khoo et aE."as possibly being responsible for
backbending in the P-vibrational band.

II. y -y DIRECTIONAL CORRELATION MEASUREMENTS

A. Procedure

Two sources of "4Tb were employed for the y-y
directional correlation measurements. One source
which was produced in the Notre Dame FN tandem
accelerator using the (P, 2n) reaction at 15 MeV
was used to study transitions from the decay of the
low-spin isomers, ~ 4Tb~ and"4Tb ~. The second
source was produced by the (&, Sx) reaction at 88
MeV with the cyclotron at Argonne National Labo-
ratory and was used to study cascades involving
transitions from the I', K=7, 7 isomeric state in' Gd which is populated in the decay of the high-
spin isomer '"Tb"2 (22.6 h).

Two Ge(Li) detectors (20 and 40 cm') were placed
5 em from the source, and a standard fast-slow
coincidence circuit with 2v = 100 nsec was utilized
together with a Nuclear Data 3300 multichannel
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analyzer. Timing single channel analyzers and
linear gates were used to decrease the signal rate
at the analog-to-digital converters (ABC's) in
order to minimize gain shift difficulties.

B. Results

For the first set of measurements using the
source which consisted primarily of the low-spin
isomers, a digital gate was set on the 123 keV
(2 -0 ) transition and data were accumulated with
the detectors at angles of 90', 135, 180', 225',
and 270'. Data from conjugate angles were
summed. Singles spectra were obtained at the be-
ginning of data acquisition at each ang~e and were
used to normalize the peak intensities for the de-
cay correction. The resulting A2 and A, values
are given in Table I. Corrections were made for
attenuation of the coefficients resulting from the
finite geometry of the system, ' the finite source
size, and hyperfine interactions due to the 1.17
nsec half-life of the 123 keg state. The hyperfine
attenuation factors g, and g4 were obtained by com-
paring the experimental A, value for the well known
1291 keV El transition (1 - 2') and the A4 value for
the 557 keV (0'"-2') E2 transition with the expected
theor etical values.

The results for the 1997-123 and 2064-123 keV

y-y correlations are both consistent with assign-
ments of 1', but not 2', for the 2120 and 2187 keV
levels. These were previously assigned by Sousa
et aE."as 1' or 2'. The experimental A, and A4
values for the 1997-123 keV 1'(D, Q)2'(Q)0' cascade
limit the values of the multipole admixture for the
1977 keV transition to 0.8- ~ - 1.35. For the 2064-
123 keV 1'(D, Q)2'(Q)0' cascade, the values ob-
tained for the multipole admixture of the 2064 keV
transition do not quite overlap; the 6 values ob-
tained from A, and A, are 1.50", ~", and 0.69", ,4,
respectively. The assignment of 1' for the 2187
keV state is consistent with the conclusions of
Jolly and Waddington". based on proton-transfer
data. They propose a K'=1' band based on this
state which they assign as the two-quasiproton
configuration 8'[413],——,"[411],).

The second set of angular correlation data was
obtained with the (o!,3n) source which contained an
appre|:iable amount of the high-spin isomer. Two
transitions of primary interest were those of 993
keV (7, 7- 8') and 1420 keV (7, 7- 6'). Gates
were digitally set on the 346 keV (6'-4;) and 427
keV (8;-6') transitions. Three sweeps were taken
at 45' intervals from 90' through 270', with addi-
tional angles of 112.5', 157.5', 202.5', and 247.5'
being added for the second sweep. The resulting
data were normalized and analyzed in the same

TABLE I. y-y directional correlation results for transitions between low-spin states in ' Gd
populated in the decays of ' Tbg ' Tbmi and high-spin states populated in the decay of ' Tbm2.

Cascade

transitions

E,-E, (keV)

Assign'eg spin

sequence

2

Present work

A4b

Theoretical coefficients

for assigned spin sequence

A2 A4

'"Tbg, "4Tbm,

557-123

1274-123

1291-123

1997-123

2064-123

0+(2)2+(2)0+

2 (1)2+(2)0+
1 (1)2+(2)0+

1+(1,2)2'(2) 0+

1+(1,2) 2+(2)0+

0.170 (28)
0.225 (25)

—0.248 (31)
0.462 (96)
0.569 {46)

1.13 (12)
0.081 (81)

-0,011 (99)
—0.46 {16)
—0.24 (12)

0.36

0.250
—0.250

1.14

0.0
0.0

"4Tbm,

427-346

1420-346

993-427

8+(2)6+(2)4+

7 {1)6+(2)4+

7-(1)8+(2)6+

0.134 (26) 0.009 (40)
—0.071 (30} —0.003 (44)
—0.043 (44) —0.099 (100)

0.102
—0.071
—0.102

0.009

0.0
0;0

'Corrected with g2=0.87 (5) obtained from the 1291 keV El transition in the 1 (l)2+(2)0+ cas-
cade.

Corrected with g4=0.72 (5) obtained from the 557 keV E2 transition in the 0+(2)2+(2)0+ cas-
cade.

'Average value of' coefficient A2 from Refs. 1, 5, 6, 7, 8 is A2 =0.223(2).
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manner as described previously and the&, and A4
coefficients are presented in Table I. The 2138
keV state has been previously established by
Riedinger ~etal. "as 7 on the basis of internal con-
version electron data for the 226 keV transition.
and y-ray branching data. For a spin sequence of
"I(D, Q)6(Q)4, the 1420-346 keV correlation data
are consistent with pure E1 (5 ~ 0.05) for the 1420
keV transition. The A., and A4 values for the 993-
427 keV angular correlation measurement have
large errors due to the composite nature of the
993 keV peak and no meaningful information can be
obtained from these data.

HI. IN-BEAM y-RAY EXPERIMENTS
I

A. Procedure

In the in-beam (n, 2ny) experiments, 24 MeV &

particles from the tandem accelerator were inci-
dent on isotopically enriched '"Sm targets (98.3%).
These targets wer e produced by r educing the Sm
oxide with La and then rolling the metal to a thick-
ness of 5-10 mg/cm'. The p-ray. data were ob-
tained with coaxial Ge(Li) detectors having volumes
of 40 and 55 cms [resolution =2.2 keV full width at
half maximum (FWHM) at 1332 keV]. y-rays were
assigned to "Gd on the basis of their excitation
functions and coincidence sequences.

Angular distribution data for "Qd were taken at
seven angles; 0, 24, 35, 45, 55, 66, and 90'.
Normalization of the spectra, at ea,ch angle to. the
same number of reactions was carried out by using
a fixed monitor Ge(Li) detector. Dead-time cor-
rections were performed using a pulser. Instru-
mental an1sotropy and relative efficiency measure-
ments were obtained with a radioa, ctive source
placed in the target chamber. Appreciable absorp-
tion of low energy p rays (~200 keV) occurs at 0'
because of the lead beam stop and this gives rise
to a large error on the intensities.

The angular distribution data for "Gd were ana-
lyzed using a technique which compared the experi-
mental data to the theoretical predictions based on
assumed spins, m-substate population alignment
parameters, and the multipole-mixing parameters

The above three parameters were then varied
in a systematic manner until a minimum value of
X' was obtained, thus establishing the three param-
eters. The errors on these parameters ean be de-
termined from confidence levels placed on X', fol-
lowing the method of Cline and Lesser. ~ Intensi-
ties obtained from the angular distribution data,
experimental values for the A., and A4 coefficients,
and the parameters determined from the X' analy-
sis are listed in Table II.

For all coincidence measurements, a, 40 cm3
Ge(Li) detector was positioned at 90' and a 55 cm~

Qe(LI) detector at =55'. The coincidence data for
~'4Qd were obta, ined with three 4096 channel ABC' s
interfaced to the computer and recorded using
computer codes in an on-line foreground/back-
ground system. One code records the data in a
three parameter [En, E~, time-to-amplitude-
converter (TAC)] event mode onto magnetic tape
and sorts spectra corresponding to preset gates,
which it stores on disk. About 150 gates were ana-
lyzed (including off-prompt TAC gates), and typi-
cal coincidence spectra for '"Gd are shown in Fig.
1. The top spectrum was obtained with the energy
gate set for the full energy range (50-1850 keV)
and the TAC windom set for the full time range
(800 nsec). It shows all peaks that are present in
the coincidence spectra. The middle and lomer
spectra are coincidence spectra (interference sub-
tracted) obtained with gates set on the photopeaks
of inter est arid the appropriate section of the tim-
ing curve ~

B. Results

The decay scheme for '~Gd determined from this
work is presented in tabular form in Table III.
Alternate placements are indicated with the letter
b and transitions that are composite in the singles
spectra are indicated by an asterisk. Several
levels having only one depopulating transition are
proposed, but these are based on coinc'. dence data, .
A level diagram showing the postulated band struc-
ture and other states in "Qd is shown in Fig. 2.
These levels are labeled as to the reaction or ac-
tivity by which they are populated.

The y-vibrational band. Levels in the y-vibra-
tional band at 996.3 (2+), 1127.9 (3'), and 1263.9
keV (4') have been thoroughly studied in the decay
of '"Eu. (Befs. 5-12). In studies of the decay of
.'"Tb, levels at 1432.5 and 1606.8 keV have been
proposed as the 5' and 6' members of this band
and the present work supports these assignments.
The two transitions from the 1432.5 keV level to
the 4' and 6' states have angular distributions that
are consistent with a spin assignment of 5. For the
1606.8 keV state, angular distribution data could be
obtained for only one transition (which feeds the
6' state) and these data were consistent with the
assignment of 6'. A newly proposed 7' state lo-
cated at 1810.3 keV is pla. ced on the basis of inter-
band transitions of 665.9 keV to the 8' state and
1092.5 keV to the 6' state observed in. coincidence
spectra, and an intraband transition of 378 keV
which feeds the 5', 2 state and is coincident with
the 5', 2- 4' transition. Angular distribution data
obtained for these three transitions are consistent
with the spin assignment of 7' as can be seen in
Flg. So

The energy spacings of successive spin members
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TABLE Il. Transition data, angular distribution coefhcients, and mixing ratios for '54Gd.

F.„
(keV)

Placement

Init. level

(keV)-

Final level

(keV)

Assumed spin

sequence

123.1

141.0
123(2„)

1912(6+4)

o(o+)

177O (S+4)

97.48 (74)

2.45(3)

0.100(17)
0.13(3)

—0.046 (24)

0.068(39)

2 0

6 5

0.00(97)
6 1+5.3

7 1+6,3

2.2-'2.2

3.1(3o)

2.8 (30)

161.9
166.0

2074(7+4)

2475

1912(6+4)

2309

2.12

0.79(2)

0.009(22)
-o.93(s)

2138(7-7) 2.31(4) -0.97{4)

0.004 (32)
0.16(6)

Q.oo6(s4}

5 6

7 6

7 8

9 8

8 7

1 88+0.59

—043 023

1 77+0,59

p 44+0.13

0 543 +0.100

0 394 ~.059

0.87 +03.80&0

1 3+3.0

1 3+3.0

1 7+3,0

0 30+3.00

0.280-o.28

180.8

226.0

2255(8+4)

2138{7 7)

2074(7+4)

1912(6+4)

248.0

265.8~

266.04

302.84

303.44

304 9

312.8
318.2
329.1

338.2

346.7

378.2

390.5

427.0

437.7

441.3

445.0

469.6

479.0

371(4+}

1911.7 (6+4)

2403.8

2440.6

2073.7

1911.7 (6+4)

123(2+)

i 64S.9(4'4)
2137.8(7 7)

2137.8(7 7)

1770.3 (5+4)

16O6.8(6+y}

1366(6+0') 1048 (4+0')

1770(5+4)

7i8(6,+)

1810(7+y)

1756(8+0')

1144(8 +)

2622 (12+0')

2194(10+0')

2482(11 0)

816(2+0')

2780

1912{6+4)

1433(5+y)

371 {4g+)

1 433 (5+y)

1366(6+0')

718(6g+}

2194(10+0')
1756(8+0')

2o4i(9-o)
371(4+)

2309

1433(5+2)

492.6

518.0

547.5

608.0

612.1

648.4

665.9

676.6

692.5

715.7

1637(10+)
1646(4+4)

2185 (12g+)

2215

1756(8+0')

1366(6+0')

1810(7+y)

i o48(4+o')

816(2+0')

1433(5+y)

1144(8g+)

1128(3+2)

i 637(1O,+)

1607(6+2)

i i44(8,+)

718(6+0)

» 44(8+0)

37i {4+),
i23{2„+)

718(6+)

756.2 1128(3+) 37i (4„+)

232. 1 1048(4+0') 816(2+0')

1.42(2)
2.41(2)

-o.2.s(3)
-o.is(2)

1.30(3)

139.36(81)
-0.8
-1.3
—1.2
—0.8
—0.4

0.60(2)
4.si (s)
0.90(10)
0.77(s)

100

1.34(2)

6.o8(s)
52.41 (27)

0.22(5)

0.26(1)

o.42(8}
O.33(2)

—0.17(22)

o.os(ls)
o.3o(1)
0.38(4)

0.35 (2)

0.32 (1).

3.39(S)
o.s6(4)
i.os(4)
0.88(6)
i.oi(4)

0.39(3)
0.55 (15)

—0.080(82)

0.35{13)
—0.39(8)

18.61 (10)

1.99{4)

4. io(s)
0.35 (6)
2.oi (7)

11.25 (8)

i.17(3)

8.01(7)
4.74(7}
2.35 (6)

0.33 (1)
—0.16(4)

0.38 (3)
—0,21(42)

0.040(82)

o.i4(i)
0.25 (6)

0.009(18)
0.11(28)

-o.oo9(49)

2.56 (6) —0.13{5)

o.oo i (43)
0.017(27)

—0.16(6)

—0.057 (18)

—0.11(11)
—0.091 (30)

0.20(17)
-o.o77(&6}
—0.19(4)
—0.099(25)
-o.o79(is)

—0.093 (46)
—0.12 (20)

o.2o(»)
—0.28 (15)

Q.067 (94)

—0.078 (16)
o. i 8(s)

—0.15(3)
—0.28 (53)
—0.20(» )
—0.084(19)

0.30(8)
—0.037 (24)

0.061 (36)
—0.020(60)

—0.001 (58)

7 6

4 2

4 2

6 4

5 ~5
6 —4

8 6

8 6

10 8

11 9

2 4

10 —8

4 3

8 —8

6 —6

7 8

4 4

2 2

5 6

3 —4

o-03 1 -o.o44

0017~049

p pp9+0. 022

0 004 +0.070

-o.oo4+„"
—0.009-o.o13

p p26+0, 048

o.oo(s)
-0.004( 1 1 )

0 022 +0.081

0.08+o 3

3.66+

—2.3 6 '5

or 0.26

0.00(22)

7 1+3,1

2 9-o.9o

-o.o2( )

0 10-+o.20

6 9+4.2

p i 6+0.22

or 21 +

2.8(3O)

3.1(30)
1 5+5.0

1 90 ~'5

1 9-os

3.35 34
2.16(10)

2 16~065

2.S4(i2)

0.04+o3.o04

as( )

3.i (31)
3.i(3i)
2.8s(4o)

1 56+3.50

0.080+2 80

2 10+22 iso

0 p7+1.40

2 4+5.0

4 4+10.0

2 2+6.0

2 2+6,0

2 0+4.0

2.0+40
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TABL1' ll. (Continued)

E

(keV) Init. level

(keV)

Placement

Final level

(keV)

a
7 A2 A4 Assumed spin

sequence

843.6
845.5

3153

2482(11 0)
2310(8 7)

1637(10'+)

1.32(5)
2.16(5)

-o.os(7)
-0.21(4)

0.30(8)
0.052 (43) 11 10 o.os(5)

or —0.017(35)

0 17+2,50

0 68+2.50

873.3

893.3

896.2

924. 1

956.4

996(2+y)

2787

1607(6+y)

1264(4+y)

2041(9 0)

1048(4+0')

1674(7 0)

123(z,')
1912{6+4)
718{6„)

371 (4+)

1144(8+)

123(z„')
718(e+)

3.73(4) —0.29(2)

5.88(5)
4.64(5)

—0,26(2)
—0.28(2)

2.54(6)

2.95 (9)

0.16(4)
—0.43 (6)

5.84 (10) —0, 17(3) —0.085 (39)

—0.14(3)

—0.004(20)

0,053{29)

—0.18(5)

0.049 (48)

6 6

4~4
9 8

7-8
4 2

5 6

7 6

3 1
+1.3

or &7

1 96+0,78

0.017(35)

or 0.00(4)
0.04(5)
—0 2+'
5 1+44

or 0.16(9)
-0.070 (71)

2 22+0.4

2.10(30)
1 96-o.'65

0 77+3.0

2.0(20)
1 02+20

60-o 6o

1 75+60

1 3+1.0

1 6+1.0

957.3
993.0
994.9

996.3

1005.0

1033.2

1039.2

1062.2

1092.5

1419.7

1421.3

z13S(7-7)
1366(6+0')

996(2+y)

1128(3+y)

1756(8+0')

1433(5+y)

1810(7+y)

2138(7 7)

2787

»44(s,+)

371(4„+)

o(o+)

123 (2„+)

718(6+)

371(4„+)

71S(6+)
71s{6+)

1366(6+0')

2.14(7)
1.S7(7)

3.49(8)
2.33(6)

8.76(7)

4.69(7)
4.52(8)

6.76(11)
5.17(9)
1.21(e)
2.93(6)

-o.lo(6)
0.049(78)

0.21(5)
0.19(5)

—0.11(2)
—0.31(3)

0.35 (4)
—O.34(3)
—0.61(4)

0.11(9)
0.066 (41)

0.003 (58)
0.003 (87)

O.041{56)
o.o4e(eo)

0.092 (20)

0.052 (37)
—0.002 (47)

o.zo(4)

0.26(3)
—0.02(11) '

-o.1 oo(52)

7 —6

6 4

2 0

3-. 2

8 6

5 4

7 6

0 04-+o'23

0.00(89)

6 0+1.1

—4.3+2 6

2 71 +0.46

2 5+4.0.

2.76-140

1 54+0.66

53 +0.40

2.6+4.0

1 73+0.65

1 89+0.80

'The errors quoted in parentheses represent statistical counting errors only and do not include other contributions such as the un-

certainty ()5%) in the relative efficiencies.

For Al = 1 sequences, the 5 value refers to a dipole-quadrupole mixture while for bl =2 sequences it refers to a possible

quadrupole-octupole mixture. The sign convention employed is that obtained using emission matrix elements.
'fT denotes the half-width of the magnetic-substate distribution for the level from which this transition proceeds.

For these transitions which are not directly resolved, the energies are deduced from the placement made on the basis of coin-

cidence data.

of the y band of '~Gd exhibit an odd-even stagger-
ing effect if hE/2I is plotted vs 2I2 as in Fig. 4.
This staggering indicates a deviation from the de-
pendence described by the expression

B=E,+Al(I+1)+BI2(I+1)'

If one carries out an energy fit using the 2' through
6' states and the equation

B= ED+A[I(I+ 1) -K2]+B[I(I+1) -If'2]

+C[I(I+1)-K']3

+( 1)I (I —1)I(I+1)(I+2)

xi[A,~+B,~(I(I+1)-IP)] (2)

including only one alternating term described by
the coefficient A4, the prediction for the 7' state
is 1797 keV, which is reasonably near the pro-
posed state at 1810.3 keV.

A weighted least-squares fit using Eq. (2) and the
energies of the 2' through 7' states yields the band
parameters given in Table IV. Uncertainties in the
energies of the levels in the y band have been as-
signed as follows; 0.2 keV for the 2' through 5'
states; and 0.5 keV for the 6' and 7' states. The
resulting B4 and C coefficients are small compared
to the A, and B coefficients, respectively. The A
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F&G. 1. y-y coincidence spectra obtained with the ~ Sm (e, 2n) Gd reaction at 24 MeV. The top spectrum shows all
peaks present in the coincidence spectra and was obtained with the energy gate set for 50-1850 keV and the TAC window
set for the full time range of 800 nsec. The middle spectrum shows prompt coincidences with the 248 keV (4+ 2+)
transition and the bottom spectrum shows radiation preceding the 68 nsec state at 2138 keV; these have been corrected
for interferences. Peaks marked with (D) are doublets.

coefficient for this band is 24.3 (1) keV which dif-
fers by only 12% from the value of 21.4 (1) keV
for the ground-state band. If one uses the coeffi-
cients determined from the 2' through 7' states in
the y band, the 8' state is predicted to be at 2392
keV but there is no experimental evidence for .such
a state.

K'=4' band at 2'645, 9 keV. The 4', 5', and 6'
levels in this &=4 band have been previously es-
tablished from decay studies of "~Tb (Refs. 13 and
14) and the bandhead has been assigned as a
L~'[411]+—,'[413j) state. Our coincidence data indi-
cate two possible candidates, at 2074 and 2117 keV,
for the 7+ member of this band. Since a 2117 keV
state is populated much more strongly than the
6', 4 level in the proton-transfer experiments, "

while the 2074 keV state is not observed, the 2074
keV state is the more probable candidate for the
7', 4 state of this band.

The 2074 keV state is based only on the observa-
tion of one weak coincident transition to the 6', 4
state, and the 2255 keV (8', 4) state is tentatively
placed on the basis of two weak depopulating coin-
cident transitions to the 7', 4 and 8' states in ad-
dition to three coincident transitions populating
the state. No angular distribution data couM be
obtained.

If one uses the energies of the 4', 5', and 6'
states and Eq. (1), the 7' and 3' states are pre-
dicted to be at 2066 and 2288 keV. If the energies
of the possible 7' and 8' states are included as
well, the band parameters shown in Table IV are
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TABLE Ill. Proposed decay scheme for ' 46d. Underlined transitions are placed with coin-
cidence experiments. Asterisks indicate that the transition is part of a doublet peak in the spec-
trum, while 't indicates it is part of a triplet peak. For those transitions which are not directly.

resolved, the energies are deduced from the placement made on the basis of coincidence data.
Transitions marked with a b have alternative placements in the decay scheme. The quantities in

brackets [ ] are relative intensities of depopulating photons obtained from angular distribution
measurements arbitrarily normalized to unity for the most intense transition from the initial state.

Level I,K Depopulating transitions (final level)

(keV)

Populating transitions (initial level)

{keV)

0 0+, 0

123.1 2+, 0 123.1 (g.s.)

123.1(123.1),815.5 (815.5),996.3 (996.3)
248.0(371.1), 692.5 (815.5), 873.3 ' (996.3),
924.1(1047.7),1005.0(1127.9),1140.8
(1263.9)
346.7 (717.8),445.0(815.5),676.6(1047.7)
756.2 (1127.9),893.3(1263.9), 994.9
(1365.9),1062.2(1432.5),1235.3 (1606.8),
1541.2 (1911.7)
427.0(1144.4),648,4'(1365.9),715.7
(1432.5),889.6(1606.8),956.4(1674.4),
1039.2 (1756.2),1092.5 {1810.3),1194.0
(1911.7),1419.7(2137.8)
232.1(1047.7)

371.1 4+, 0 248.0(123.1)

717.8 6+, 0 346.7 (371.1)

815.5 2+, 0' 445.0 [1.0] {371.1),692.5
[0.26] (123.1),815.5 (g.s.)
873.3 '(123.1),996.3 (g.s.)
232. 1 [0.16](815.5),676.6
[1.0] (371.1),924. 1 [0.32] (123.1)

996.3 2+, 2

1047 7 4+, 0'
649.5 '(1645.9)
318.2 (1365.9)

FIG. 2. Band structure in Gd. Levels are labeled as to method of observation: (a) yresent work; (b) decay of ~ Tb
(Ref. 14); (c) decay of Eu (Ref. 4); (d) (d, d') reaction (Ref. 20); (e) (d, t) reaction (Ref. 21); (f) (He, o.) reaction (Ref.
21); (g) (0, , t) reaction (Ref. 21); (h) ( He, d) reaction (Ref. 21); and (i) (0, , xn) reaction (Ref. 16).
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TABLE 111. (Continued)

Level Depopulating transitions (final level)

(keV)

Populating transitions (initial level)

(keV)

1127.9

1144.4

3+, 2

8+, 0

1263.9 4+, 2

1365.9 6+, 0'

1432.5 5+, 2

1606.8 6+, 2

1637.0 10+, 0

1645.9

1674.4

1756.2

4+, 4

(7-, 0)
8+, 0'

1770.3 5+, 4

1810.3

1911.7 6+, 4

2041.0 (9,0)
2073.7 (7+ 4)

2117.1

2137.8

2184.5

2193.8
2215.4

2245.8

2254.5

12+, 0

10+, 0'

(8+ 4)

2272.8

2309.5 (8-, 7)

2323.9

2403.8 (7+, 7)

2440.6

2474.8 (9-, 7)

2482.3 (11-,0)

756.2 [0.27] (371.1),1005.0

[1.0] (123.1)

427.0 (717,8)

893.3 (371.1),1140.8 (123.1)

318.2 [0.40] (1047.7),648.4 "[1,0]
(717.8),994.9[0.31](371.1)

715.7 [0.35] (717.8), 1062.2 [1.0]
(371.1)

889.6 (717.8),1235.3 (371.1)

492.6 (1144.4)

518.0(1127.9), 649.5 '(996.3)
956.4(717.8)

390.6 [1.0] (1365.9), 612.1 [0.33]

(1144.4), 1039,2 [0.74] (717.8)
124'.4*(1645.9), 338.2(1432.5),
506.4(1263.9), 642.3 (1127.9)
378.2 [0.26] (1432.5), 665.9[0.23]

(1144.4), 1092.5 [1.0] (717.8)

141.0[1.0] (1770.3), 265.8 "[0.34]

(1645.9), 304.9 '[0.15](1606.8), 479.0

[0.41](1432.5), 546.7 '(1365.9), 1194.0

(717.8), 1541.2 (371.1)

896.2 {1144.4)

161.9[1.0]{19117) 303 4 "[035]

(1770.3)
205.4(1911.7)

226.0[1.0] (1911.7), 993.0 [0.78]

(1144.4), 1419.7 [0.50] (717.8)

547.5 "(1637.0)
437.6(1756.2), 556.8 (1637.0)

459.5 {1756.2), 608.0(1606.8)

172. 1 '(2073.7)

180.8(2073.7), 886.5 (1365.9)

1110.0 ' (1144.4)

199.3 (2073.7), 635.0(1637.0)

172.0 '(2137.8), 943..0(1365.9)

412.8 (1911.7)

150.6(2254.5), 158.0(2245.8),
266.0 '(2137.8)

131.6(2309.5), 302.8 ' {2137.8)

166.0(2309.5), 219.6 (2254.5),
1109.0 '(1365.9)
441.3 [0.26] (2041.0), 845.5

[1.0] (1637.0)

518.0 (1645.9),642.3 (1770.3)

492.6 (1637.0),612.1 (1756.2),665.9
(1810.3),896.2 (2041.0),993.0(2137.8),
1110.0 '(2254. 5)

506.4 (1770.3)

390.6 (1756.2),546.7 '(1911.7),886.5

(2254.5),943.0(2309.5),1109.0 '(2474.8),
1421.3 (2786.6)

338.2 (1770.3),378.2 (1810.3),479.0

(1911.7)

304.9 "(1911.7),608.0 (2215.4), 1088.1

(2695.9)
547.5 '(2184.5), 556.8 (2193.8), 635.0

(2272.8), 846.5(2482.3)

124.4 "(1770.3), 265.8 '(1911.7)

437.6 (2193.8), 459.5 (2215.4)

141.0(1911.7), 303 4 '(2073.7)

886.5 (2695.9)

161.9(2073.7), 205.4(2117.1), 226.0

{2137.8), 412.8(2323.9), 756.2 (2669.4)

873.3 '{2786.6)

441.3 (2482.3), 695.5 (2735.4)

172.1 '(2245.8), 180.8(2254.5), 199.3

(2272.8),707.5 (2779.9)

172.0 '(2309.5), 266.0 '(2403.8), 302.8 "
(2440.6)

427.8 ' (2621.6)

158.0 (2403.8)

150.6,(2403.8), 219.6(2474.8), 414.9

(2669.4), 525.4(2779.9)

131.6 (2440.6), 166.0(2474.8), 469.9

(2779.9), 843.6(3153.2)

712.4 (3153.2)

221.0(2695.9), 246.2(2721.0), 260.6

(2735..4), 314.2 (2786.6)
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TABLE III. (Contf nued)

Level Depopulating transitions (final level)

(keV)

Populating transitions (imtial-46~
( eV)

2621.6

2669.4

2695.9

2721.0

2735.4

2779.9

2786.6

3153.2

12+, 0' 427.8 (2193.8)
414.9(2254.5), 756.2 (1911.7)

221.0(2474.8), 886.5 (1810.3)
1088,1(1606.8)
246.2 (2474.8)
260.6(2474.8), 695.5 (2041.0)

469.9(2309.5), 525.4(2254.5),
707.5 (2073.7)

314.2(2474.8), 873.3 '(1911.7),
1421.3 (1365.9)
712.4(2440.6), 843.6(2309.5)

obtained from a least-squares fit to Eq. (2). The
plot of LE/2I ys 2P is presented in Fig. 4 and
shows no odd-even staggering effect.

The inertial parameter A =12.9 keV is consider-
ably different from the value of =21 keV for the
ground-state band, 'implying a much larger moment
of inertia for the two-quasiparticle state. The ex-
pected difference can be estimated by using the A.

values obtained from bands in '"Eu (Ref. 23) built
on the &'[411]~and —,"[413]~states, assuming that
A =5 /28 and that 8 for an odd-A nucleus is ap-
proximately equal to the sum of 8 for the even-
even core and 68, the increase in 8 due to ihe
single quasiparticle. Knowing the &@t4»» and

~@f4yy)~ values, the moment of inertia for the two-
quasiparticle state can then be estimated from
core+&@&4»7p+~8f4$$)p Using '"Sm as the core,
one obtains a value of A -=I'/28„~= 11 keV, in rea-
sonable agreement with the experimental value of
=13 keV. This calculation ignores the interaction

between the two particles which would tend to make
8 smaller and 4 larger, but the additional blocking
effect might counteract this somewhat.

K'= 0" band at 1241.8 ke V. Three states at
1241.3 (1 ), 1251.7(3 ) keV, and 1364.2 keV (5 ) have
been previously assigned as members of a K'=0"
octupole-vibrational band on the basis of '~Eu de-
cay studies"' and the inelastic deuteron scattering
results of Bloch et al.' These levels were not
populated in the present work, but states having
possible assignments of 7, 9, and 11"are placed
at 1674.4, 2041.0, and 2482.3 keV, respectively,
on the basis of coincidence measurements and an-
gular distribution data. A partial decay scheme is
shown in Fig. 5. The 7" state is placed on the
basis of a single coincident transition of 956 keV
feeding the 6' state, and the angular distribution
data are consistent with the spin assignment of 7

and a pure dipole transition. The 9 and 11 states
are based on the observation of coincident transi-

TABLE IV. Band parameters for '5 Gd.

Band (K )

Band-head energy (keV)

Maximum I"'

0+~

0
6+

0+I

680.7
6+

2'~
996.3

7+

4+

1645.9
8+

2137.8

g (keV)

B (eV)
C (ev)

w, „(ev)
B,„(eV)

21.6(1)
-193.3(22)

2.0(1)

'Spin and parity of state of highest spin included in

B2& were included for the K =2y bapd and the A2~

12.1(1)
—45 ~ 5(21)

24.9(1)
—439.7 (26)

5.6(1)

24.3(1) 12.9(2)
—328.8 (44) —34.2 (69)

3.7(1) 0.2(1)
30.1(1) 0.1(1) ~10 3

0,8(1)
I

least-squares fit to Eq. (2). The alternating terms involving both A2& and

term only for the K =4 band,
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FIG. 3. Angular distribution data and typical g2 vs 6 plots for transitions from the proposed 7+ state in the y band of
"4Gd.

tions of 897 keV (9- 8 ) and 845 keV (11-10 ) and
a coincident transition of 441 keV between these
states. Angular distribution results for the inter-
band transitions are consistent with pure dipole
character and those for the intraband transition
with pure quadrupole.

An E vs I(I+1) plot of these proposed negative
parity states is shown in Fig. 5(b). Considering
this (and also Fig. 2) it can be seen that the spin
7, 9, and 11 states are likely members of the
E'=0 band based at 1241.3 keV. The behavior of
the E vs I(I+1) dependence is very similar to that
observed for the X'=0 bands in "'Er (Ref. 24) and

the N =90 nucleus '"Dy (Ref. 25). If the energies
of the spin 7, 9, and 11 states are fitted to Eq. (1),

an A value of 11.3 keV is obtained (B= -3.6 eV),
and the spin 5 state would subsequently be expected
at 1388 keV, as compared to the experimental val-
ue of 1364 keV.

It is of interest to note that the ratio B(E1;11
—10')/B(E2; 11 9 ) is 1.65 (13) && 10 'b ~. This is
consistent with values measured by Zolnowski
et a/. for the analogous state of K'=0" bands in
the transitional nuclei "2Gd and "6Er.

E'= 7 band at Z287.8 keV. The in-beam delayed
coincidence data indicated that transitions of 131,
165, 172, 246, 260, 266.0 (composite), and 303
(composite) keV preceded the isomeric state at
2137.8 keV (T,&, --68 nsec). This state has been
assigned previously as f~'[651&]—

—.
", [505&])„."The
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FIG. 4. Plots of EE/2I vs 2I~ for the y-vibrational
band and the E'~ =4+ band based at 1646 keV in ~54Gd.

partial decay scheme shown in Fig. 6 is based on
our prompt and delayed coincidence spectra and
also gn angular distribution data for the 165 and
172 keV transitions. The states at 2310 and 2475
keV are the most likely candidates for the 8 and
S" levels of a band based on the 2137.8 keV 7 state.
The angular distribution data are consistent only
with assignments of 6 or 8 for the 2310 keV state,
which then lead to assignments of 5", 7, or S for

FlG. 6. Partial. decay scheme involving transitions
which precede the 68 ns state at 2138 keV in ~~4Gd. All
transitions have been placed on the basis of coincidence

ata,

the 2475 keV state. The composite nature of the
"303"keV transition depopulating the 2441 keV
level precludes any spin-parity information for
that level, which in any case is a, less likely candi-
date (on the basis of energy arguments) for the 9
member of the '7 band. None of the proposed
states in the E'= 7" band nor the 2441 keV state
have been observed in the neutron transfer experi-
ments of Jolly and %addington 3'

The band parameters obtained from a fit to Eq.
(I) are shown in Table IV. TheA coefficient is
12.1 keV, a value which is comparable to that

2482
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F&G. 5. (a) Partial decay scheme showing the depopulation of the proposed 7, 9, and 11 states in the E~=O band.
{4)Plot of E vs I (I +1) for states in this band.
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found for the K'=4' band but significantly smaller
than the value of 21.4 keV for the ground-state
band. It is not practical to obtain an estimate for
the inertial parameter expected for a band based
on this two-neutron quasiparticle state as was done
for the K'= 4' band.

The only high-spin states in this region of the
excitation spectrum which are observed in both the
(n, 2ny) and the neutron-transfer experiments are
those at 2404 an& 2735 keV. The composite char-
acter of the 266 keV transition depopulating the
2404 keV state precludes any spin-parity informa-
tion from our experiments, but Jolly and Wadding-
ton have proposed a (7', 7) (a [521]+—", [505]]„as-
signment. The state at 2735 keV deexciting via a
260 keV transition to the 2475 keV state (tentative-
ly 9 ) has been assigned by Jolly and Waddington
as the 8 member of the strongly Cori& lis mixed

f—,'[413]+A»&,j~ configuration. They place the 7
and 6 states at 2570 and 2432 keV, respectively,
but we observe neither of these two states.

IV. DISCUSSION

A. Positive-parity bands

One motivation for undertaking this study of '~ad
was to search for the possible "superband" postu-

TABLE V. z2 parameters describing mixing of y-vibrational

and ground-state bands in '54Gd.

lated by Khoo et a/. "which would be expected to
intersect the P band at about spin 12. A plot of
E vs I(I+1) for levels in four positive-parity bands
is shown in Fig. 7, @nd no evidence for such an in-
tersecting band is seen.

Considerable odd-even staggering is observed
for the y band, as can be seen in Fig. 4. The
even-spin members are depressed in energy rela-
tive to the odd-spin members similar to the case
of the isotone ",',Dy (Ref. 25). This might indicate
that mixing of the y band with the ground-state
(g.s.) and P bands is -less than mixing with other
excited %= 0 bands lying above the y band.

An analysis of the mixing between the y and g.s.
bands was carried out in the customary manner, "
introducing the band-mixing parameter s,. There
were sufficient y-ray intensity data to.obtain s,
values associated with the 3+, 5', and 7' states of
the y band and these results are listed in Table V.
The weighted average of the z, values agrees with-
in errors with that obtained by previous investiga-
tors even though the invividual z, values do not
overlap within errors. It may be noted that El
Masri et a/."found that the various g2 values did
not agree in the case of "'Dy either. After carry-
ing out extensive analyses, they concluded that no

existiqg theoretical approaches could reproduce
the available data on the y-ray transition probabil-
ities in the decay of various members of the P and

y bands in '"Dy.

Level
energy
(keV)

z2 X 102

I K; lfKF
Present work

:i i f f
Other

4.0—

996.3

J 127.6

1263.9

1432.S

1606.8

1810.3

Weighted average for

odd-spin states

22 00
22 20
22 20
22 40
22 00
22 40
32 20
32 40
42 20
42 44
S2 40
S2 60
62 —40
62, 60
72 60
72 80

9.9(7)

7.8(6)

s.2(s)

6.3(3)

7 3(7) '

11.1(10)'

9.3(s) '

(.2(4) '

o.s4(s) '

4.2(12)

4.s(6) '

6.9(3)

3.0—

0
0)

2.0—
LU

0—
I

0
I I

loo 200
I (I+}}

I

300

'Taken from Ref. 2.

Taken from Ref. 14.

FEG. 7. Plots of E vs I (I +1) for four positive-parity
banda.
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FIG. 8. Comparison of negative-parity octupole vibrational states in 4Gd with the theoretical predictions of Neergard
and Vogel (Ref. 28) and Zolnowski and Kishimoto {Ref.32).

B. Negative-parity bands

Several different theoretical approaches have
been made in attempts to describe negative-parity
bands in this mass region. Tke mode1. of Neergard
and Vogel ' involved random'-phase approximation
(RPA) calculations of low-lying octupole states
incorporating an octupole-octupole force and Cor-,
iolis coupling between the lowest K'=0 to 3
bands. Considerable success has been attained in
predicting level energies and B(E3) values in dou-
bly even deformed nuclei. Voge12' has recently
extended the calculations to the higher-spin mem-
bers of these bands for several nuclei. He con-
siders two different approaches, one of which is a
model where two-quasiparticle states are coupled
to a rotating core. He found that above a critical
spin value the negative-parity states should be re-
garded as decoupled two-quasiparticle states. The
application of this model to '6'Er has been de-
scribed in detail by Janssens et al 24 but unfortun-
ately no calculations using this approach are avail-
able for ' Gd.

Zolnowski, Kishimoto and co-workers 3' have
carried out calculations for several nuclei using a
~odel where an octupole vibration is coupled to a
rotating quadrupole core [quadrupole-octupole

coupling (QOC)]. The one-phonon octupole energy
and the strength parameter K of the quadrupole-
octupole coupling are the only free parameters.
The interacting boson approximation (IBA) model
of Iachello and Arima" is a similar approach to
the problem and essentially differs from that of
Zolnowski et al. in the choice of H„„„and the fact
that it requires five parameters to describe the
splitting of the quadrupole-octupole multiplet
states.

A comparison between the available data for"Gd and the theoretical predictions of Neergard
and Vogel and Zolnowski et al. is shown in Fig.
8. The Su, value was 1.47 MeV for the QOC calcu-
late.ons; it can be seen that the predictions for the
first 7, 9, and 11 states from this calculation
are in reasonable agreement with our„experimental
results.
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