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The spectra of low-lying states of 35U have been studied using the reactioris 23 U(t, p) ~ U,
~~~U(d, d')2~5U, ~MU(d, p)23~U, 236U(d, t)23~U, anti ~'34U(n, y)235U. Using intensity ratios and an-
gular distributions from the charged-particle reactions, primary y-ray excitations, patterns
of y-ray deexcitations, and rotational-band systematics, 80% of the levels observed up to
1500 keV have been assigned to 23 individual rotational. bands. Some of the rotational bands
can be associated with expected single-particle excitations, but in many cases it is shown

that the single-particle strength is fragmented, giving rise to sevex'al "rotational bands with

similar properties. Mechanisms for this frmgmentation are discussed and the distribution
of single-particle strength over the states observed is examined and compared with theoret-
ical predictions. The neutron binding energy for 35U is determined to be 5297.6+'0..5 keV.

In recent years level spectra of deformed nu-
clei in the rare-earth region have been extensive-
ly investigated, ' and the Nilsson model' of single-
particle excitations has been found to describe
very well the low-energy structure of odd-A. nu-
clei in this region. How&ever, at excitation ener-
gies above about 1 MeV the Nilsson description
must be modified to include collective three-quasi-
particle excitations, '* 4 corresponding to the cou-
pling of a Nilsson single-particle state to a one-

phonon vibrational excitation of the core (a parti-
cle+phonon state}. In the rare-earth region the
lowest one-pbonon states. are usually of the quad-
rupole type, -occurring typically around 1 MeV.

In the actinide region one-phonon core excita-
tions of the octupole type also lie low in excita-
tion energy, and are expected to make the struc-
ture of odd-A. actinide nuclei complex at low ex-
citation energies. There are, for example, six
knovrn vibrational states in '34U below 1.5 MeV,
the lou&est being 8. K" =0 octupole state at 788
keV. '' Braid, Chasman, Erskine, - and Fried-



TABLE l. Uranium target isotopic compositions for the
charged-particle reaction experiments.

Target 238

233'
234
235
236

0.9796.: 6.0137 0.0007
0.997 0.003
0.0163 0.9325 0.0028

0.001 6.998

0.066

0.0544
0.000 05

man' (referred to hereafter as the Argonne group)
have reported results in the study of "'U using
the reactions '"U(d, P)23'U and "'U(d, f)'36U, and
their work demonstrates the complexity of the
level spectrum.

Much of the progress in the study of deformed
odd-A nuclei has been due to the use of charged-
particle nuclear reactions. These reactions have
advantages in certain respects over the study of
states by y-ray spectroscopy. Charged-pax ticle
reactions populate excited states directly, so that
the major uncertainty in level positions is related
to the experimental energy resolution. Higher
angular momentum transfers can be observed
than in (n, y) experiments so that states with a
wide range of spin and parity can be populated
in any given x'eaction. Finally the particular reac-
tion can be selected to populate specific compo-
nents of the states; for example, a (d, P) reaction
populates only single-particle components. On
the other hand the energy resolution is generally
poox'er in a charged-particle experiment than it
is in y spectroscopy. The combination of the tmo
techniques can be useful in the study of nuclear
structure.

The present work is an attempt to study the
character of states of "'U by the use of several
complementax y reactions. Targets are available
to populate "'U levels by the (d, P), (d, f), (t, P),
{d,d'), and (n, y) reactions. The (d, P) and {&,f)
reactions are expected to populate, respectively,
single-particle and single-hole components of
the states. Both of these reactions have been
studied by the Argonne group' at an incident deu-
teron energy of 11.97 MeV, which is below the
Coulomb barrier. In the present mork the inci-
dent deuteron energy mas 20 MeV, vrell above the
Coulomb barrier. The cross sections for higher
I transfers are enhanced, and the spectrum of
states populated is more complete than in the pxe-
vious Argonne data. The (t, p) and (d, d') reactions
are shown to preferentially populate states based
on the ground states of "'U and "'U, respectively.
The (n, y) reaction yields two distinct types of in-
formation; the high-energy transitions from the
—,
"capture state directly poyulate lorn-spin states,

w'hile the lom-energy transitions fill out the de-

tails of the decay scheme.
For a limited number of states, angular di.stri-

butions for the reaction '"U(d, p)'"U provide in-
formation on the l transfers involved in the popula-
tion. of particula, x' states. Additional information
from the (n, y) data and rotational energy system-
atics help to provide spin, parity, and excitation
energy information on most of the states in the
spectrum up to an energy of -1500 keV.

The primary goal of this work is to assign the
observed energy levels to various rotational bands
using the available experimental information and
to examine the may in which the laxge number of
lom-lying core excitations affect predictions of the
¹ilsson model. These effects will be discussed
in the framework of existing theories of particle
+phonon admixtures in the excited states of de-
formed odd-A nuclei.

II. EXPERIMENTAL METHOD

AND DATA

A. Charged-Particle Data

The deuteron and triton beams used for the
charged-particle experiments were obtained from
the Los Alamos Scientific Laboratory three-stage
electrostatic accelerator. The beam energy mas
20 MeV in all instances, and the beam current
varied between 0.5 and 1.0 p, A.

Targets used in the experiment mere uranium
oxide vacuum-evaporated onto 50-80-p, g/cm'
carbon backings. The target thicknesses varied
from 100-200 pg/cm' for the "«U and '~U tar-
gets to 800-1000 p, g/cm' for the "'U and "'U
targets. Isotopic compositions of the targets are
given in Table I.

The reaction products mere ana1yzed in a mag-
netic spectrograph based on the design of Elbek, '
using photographic plates on the focal curve as
detectors. The plates mex'e manuaQy scanned
and the number of tracks' per 0.15-mm strip along
a plate was recorded. The beam current mas
integl ated for each exposure by measuring the
charge coQected by a Faraday cup, with electron
emission suppressed magneticaQy. An elastic
scattering measurement mas taken before each
exposurey and U81ng previous measurements of
the elastic cross section (see Appendix), the prod-
uct of the target thickness and the solid angle of
the Spectrograph mas determined. The variation
of the solid. angle along the focal curve mas used
along with these two quantities to reduce the data
to cross sections. Errors in the cross sections
can be grouped into tmo, kinds, random and sys-
tematic. Systematic errors arise fxom the mea-
surement of the elastic cross section (see Appen-
dix), the. measurement of integrated charge for
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the short elastic exposures, and the acceptance
criteria used in the plate scanning. These errors
are estimated to px'oduce a total systematic error
of less than 10%. Other counting errors are as-
sumed to be random, and are of the order of 2/g.

The largest random error arises from the small
number of tracks obtained for many groups.

Because of the close spacing of particle groups
in the data, the location and magnitude of each
group was determined by a least-squares-fitting
procedure, assuming each particle group to have
a distribution in energy of a skewed Gaussian with
exponential tail. The energy of each group was
then determined from a calibration based on the
5.3042-MeV n group from a "OPo source. .

Data were obtained for four different reactions
populating states in "'U: '"U(d, P)23'U, at. 15, 20,
30, 35, 40, 45, 55, 70, and 105'; "'U(d, t)"'U, at
20, 30, 40, 50, 60, and 70'; "'U(t, P)"'U at 12,
20 and 30' and 23'U(d d')"'U at 60 and 90'. The
energy resolution for the (d, P) and (d, t) data
varied between 10 and 15 keV, while for the (t, P)
and (d, d') data it was approximately 20 keV,
owing to the thicker targets. Typical spectra for
the four reactions are shown in Pig. 1. Although
the errors in excitation energies obtained from
these data should be random errors of the order
of 2-3 keV, fox' energy resolutions of 10-15 keV,
systematic errors as large as 10 keV were found
in a comparison with known levels. We believe
that the contraction or expansion of the emulsions
during slightly different developing procedures
is the major cause of this error. In order to cor-
rect for the distortion of the energy scale two
groups in each spectrum were foxced to have the
correct excitation energies as determined in the

8. (n, y) Experiments

The y-ray spectrum following thermal-neutron
capture in "4U was obtained with the internal tar-
get facility at the Los Alamos Omega West Reac-
tor; a detailed description of this facility has been
published. ' In all the measurements to be de-
scribed in this section, use was made of an 18-
mg target of UO, containing 99.7%%uq

"'U and 0 3/o
"'U. Prom the thermal-neutron cross-section
values, "o, =0, =95+7 b for 234U and a~=577.1
+0.9 b for "'U, the ratio of fissions to "'U cap-
tures in the target is found to be 0.018.

2540(d p) 235U

I
I

I I
i I I

'

I I
I

I

Ee„=225 keV05-

Ed = 20 MeV
I

I
I

I / I f I
I

Ee„=508 kev

P=2

"4U(n, y) reaction. Nearly all the systematic
error has thus been removed, and the remaining
deviations are found to be in the range +2 keV.

Values of the I transfer were determined for
some of the states by comparison of the "'U(d, P)-
"'U angular distributions with calculations from
the distorted-wave Horn-approximation (DWBA)
code JULIE.' A few of the comparisons are shown

in Fig. 2. The extraction of / transfer is compli-
cated by the fact that many of the peaks seen in
Pig. 1 are complex and the cross section deter-
mination is uncertain, even though a least-squares
procedure was used. A more complete discussion
of the reliability of the process can be found in the
Appendix.

A summary of the energy levels populated in the
various reactions along with suggested l transfers
is presented in Table II. The errors quoted are
a combination of the 2-keV estimated systematic
errors and the statistical errors.
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FIG. 1. Typical spectra for the charged-particle re-
actions leading to states in '"U.

FIG. 2. Comparison of experimental angular distri-
butions with DWBA calculations for selected states popu-
lated in the reaction 234U(ff, p)23~U.
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"fABLE Q. Levels observed in the charged-particle reactions. Energies in keV are relative to ground state. Cross
sections (mb/sr) for a single angle are included. Parentheses indicate less certainty in /-value assignment.

0~
13

2.1
2.4

Q.128
0.319

2.1
22

0.214
0.379

Q
8

103
131
151
171
197

225
247
259
293

548
585
590
604

703

711
729
763
771

869
882

2.6
2.2
3.2
3.9
2.4
b
2.1
2.1
2 «2

3.9
5.7
2.6
2.2
2.5

3.4
3,2
2.8
2.9

2.2
3.2
2.2
4.2

2,5

2,4
2.9
3.0
3.1

3.1
2.9

2.4
3g3

2.9
2.0

0.007
0.047

0.023
0.063
0,136
0.004
0.014

0.230
0.029
0.013
0.020

0.010
0.010
0.017
0.091
0.043

0.021
0.004
0.077
0.027

0.006
0.125
0.003
0.001

0.143 (

0.034

0.032

0.002
0.004
0.052
0.035

0.024
0.031

0.050
0.059

0.016
0.027

606

635
658
675
692
702

797
804
821
828
844

2.1

3.2
2.2
2.4
2.2
3.0
b
2.0
2.0
3.2
4.1

3.6
3.9
2.6
2.0
2.0

2.1
2.7

3.4
2.0

3,0
2.4
4.3

2.2

3.0
2.8
2,4
2.1
2.2

2.1
3.4

4.1

2.0
2,0
2.0
2.0
2.1

0.044

0.028
0.047
0.184
0.028
0.004

0.216
0.093
0.008
0.017
0.011

0.051
0.103
0.054
0.133
0.537

0.024
0.080

0.023
0.279

0.034
0.004
0.003

0.001

0.117
1.814
0.051
0.010
0.693

0.010
0.137

0.074

0.249
0.012
0.091

3.0

4.Q

(4)

2.0
2.1
4.6
2.1
2.7

0.063
0.023

0.009
0.034
0.019

921
945

2.2
2.2

0.032
0.055
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TABLE II (Continued)

970
983

991
1002
1080
1088
1049

118Q
1185
1150
11V8

4.1
2.1

3.4
2.2
2.4
2.1
2.1
2.2
5.4

2.1
2.5
3.3
2.3
2.6
2.0

2,4
2.3
2.1
2.8
2.3

—(40')
dO'

d(d

0.003
0.008

0.040
0.046
0.005
0.040
0.029

0.011
0.014

0.012
0.010

0.030
0.035
0.015
0.024

0.093
0.072
0.064
0.056
0.042

Z(d, t)

993
1000

1035
1052

1073
1095

112S

1243

2.1
2.8

—(40 )
do"

dGO

0.002

0.505
0.269

1.16

0.128
0.038

0.335

0.017

0.009

O.Q12

s(t, p)

3.2

E(d, d') QE

4.2

1273
1287
1297

1314
1321
1342
1852

1364
1372
1385
1395
1403

1474
1482
1495
1511
1524

1528
1543
155S

b
2.6
2.5

2+3
2.4
2,1
2.4
2.0
2.1
2.5
2.2
2.1

2.0
2.1
2 1
2.9
2.9

2.7
2.0
5.1
3.4
2.3
2.0
2.1
3.5

,0.248
0.072
0.105

Q.182
0 103
0.019
0.029

0.125
0.101
0.047
0.088
0.19V

0.039
Q.121
0.032
O.Q34

0.034

0.034
0.038
0.013
0.021
0.080

0.030
0.027
0.013

1266
1274

1363

1400

1429
1439
1458

1528
1539

2.0
2.0

2,8
2,4
2.7
2.2
2.6

3.0

2.2

2.3
2.8
3.2

2.2
2.8

2.1

0.014
0.024
0.044
0.009
0.022

0.025

0.015

0.052

0.005

0.003

0.019

0.106
0.018

0.015
0.004

~ Even though measured energies are the same, the (d, p) and (d, t) reactions populate the T+ state, while the (d, d')
reaction populates the P state.

"These levels are the additional calibration points for the different-spectra.
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GAMMA-RAY ENERGY {keV)

5000 5400

FIQ. 3. Spectrum of high-energy y rays from the reaction U(n, y) 3 U. The strong 3C peak is from neutron cap-
ture in the graphite target hoMer.

Three experimental arrangements were used
to measure three separate energy intervals of
the spectrum. The high-energy portion of the
spectrum (3500 to 5300 keV, Fig. 3) was obtained
with a 6-cm' Ge(Li) detector placed inside a large
optically divided NaI annulus. By requiring the
pulses from the central Ge(Li) detector to be in
coincidence with pulses from each half of the
annulus corresponding to the annihilation quantum
energy, the background is reduced substantially
and only double-escape peaks appear in the spec-
trum. Energies and intensities of the unknown

high-energy y rays were determined with respect
to transitions having well-known energies and
partial capture cross sections in the capture y-
ray spectrum of"¹This calibration spectrum
was produced with a small weighed sample of
melamine.

In the 250-1500-keV energy region (Fig. 4) the
annulus was operated in anticoincidence with a
26-cm' Ge(Li) detector to reduce that part of the
background originating from escaping Compton
scattered quanta. The lowest energy portion of
the spectrum, 12 to 250 keV, was obtained with

I05
'
ANNIH.

I04—

UJ

z
x
Ct:
LIJ
CL

I- IO~—
+o200 I

400
I

600 800

IO
I I

IOOO

I

I 200

GAMMA-RAY ENERGY {keV)

1400

FIQ. 4. Spectrum of low-energy y rays from the reaction 34U(n, y) U. The strong SC peak at 1261.75 keV is from
capture in the graphite target. holder; the broad peak at -480 keV is from ~ B(n, o.) ~Li due to a small amount of boron
impurity in the holder.



a small, high-resolution Ge(Li) detector, with
no surrounding annulus, placed in the external
y-ray beam. Energy calibration of both the lom-

energy segments was done with a series of radio-
active standards. Intensities in millibarns of
partial capture cross section were determined
relative to the capture cross section of Au leading
to the mell-known 411-keV transition in "Hg.

Thermal-neutron capture by the even-even nu-

cleus "'U leads to a —,
"compound state in "'U

which will generally deexcite by electric or mag-
netic dipole radiation to lower states with J "= ~'
or ~'. Thus the stronger transitions in the high-
energy capture y-ray spectrum shown in Fig. 3
correspond to the excitation of such low-lying
levels 1Q U. The tl ansltlons observed 1n the
high- and lom-energy regions are given in Tables
III and IV, respectively.

Through the identification of y-ray cascades
involving strong tx ansitions the neutron binding
energy for "'U was determined to be 5297.6+0.5
keV.

III. ASSIGNMENTS

The same basic method for assigning levels to
rotational bands was used for all of the data. The
underlying assumption for all assignments is that
the excitation energies of members of the same

rotational band are given by"

The higher-order terms in [j(j+ 1)]" have been
neglected because their effect is small for the
angular momenta involved here. The expression
contains only the diagonal Coriolis terms, hom-

ever, and the off-diagonal terms may have sig-
nificant effects on the energy spacings in cases
where two bands with K differing by 1 lie close
toegther in energy. Another difficulty is the ex-
perimental errors of the excitation energies,
which are about ~2 keV for the charged-particle
data. This mould not be a sevexe problem if the
level density mere lom, but as the level density
increases, the probability increases of uncor-
related sets of levels agreeing with the calculated
rotational spacings within the errors involved.
Additional information is clearly needed. In the
present work this additional information comes
from several sources. In some cases / values
have been extracted from the "'U(d, p) angular
distributions, and these l values must support
the assumed spin and parity of the state in ques-
tion. The high-energy (I, y) transitions are also
important. The high-energy transitions originate
from a ~" capture state, and, if dipole radiation
is assumed to be the dominant deexcitation mech-

TABLE IQ. High-energy y rays from ~34U(n, y)~3~U corresponding to excitations up to 1.5 MeV in ~3~U.

E Eexz dEex I
y

dI
y

Number (keV) (keV) (keV) (y/10 n) (y/10 n) Number (keV) (ke V) (keV) (y/103n) (y/103n)

6
7
8
9

10

11
12
13
14
15

5297.9
5284.6
5245.9
4904.4
4658.2

4639.1
4593.9
4536.8
4527.8
4519.3

4492.3
4432.6
4405.6
4305.2
4295.0

—0.3 0.6
13.0 0.5
51.6 0.3

393.1 1.0
639.4 1.0
658.5 0.8
703.7 0.3
V 60.8 0.3
769.8 0.3
777.7 1.0
805.3 0.3
865.0 0.3
892.0 0.3
992 4 0.3

1002.6 0.3

0.18
0,33
0.78
0.20
0.18

0.27
7.7
1.1
8.9
0.37

0.90
0.68
1.0
0.21
3.7

0.06
0.09
0.18
0.10
0.06

0.08
1.6
0.3
1.8
0.12

0.20
0.16
0.2
0.05
0.8

26
27
28
29
30

31
32
33
34
35

4191.6
4168.0
4155.1
4112.2
4103.4

4071.0
4031.9
4024.7
4000.5
3995.4

3981.2
3939.0
3915.1
3909.1
3893.1

1106.0 1.1
1129.6 0.3
1142.5 0.3
1185„4 0.4
1194.2 0.3
1226.6 0.6
1265.7 0.6
1272.9 0.4
1297.1 0.4
1302.2 0.5
1316.4 1.3-
1358.6 0.3
1382.5 0.3
1388.5 0.4
1404.5 0.5

0.18
3,7
9.5
0.90
5.8

0.46
1.1
3.1
1.6
1.6
0.19
2.1
5.5
2.1
1.0

0.10
0.7
2.0
0.20
1.2
0.13
0.3
0.7
0.4
0.4
0.11
0.5
1.1
0.5
0.3

16
17
18
19
20

4288.8
4262.4
4223.9
4214.7
4197.9

1008.8
1035.2
1073.7
1082.9
1099.7

1.0
0,3
0.5
0.7
0.5

1.0
1.5
1.0
0.33
0.46

0.4
0.4
0.2
0.10
0.13

3884.7
3858.2
3848.6
3834.8
3813.7
3809.5
3802.0

1412.9 0.3
1439.4 0.5
1449.0 0.3
1462.8 0.4
1483.9 0.9
1488.1 0.9
1495.6 1.2

6,4
1.1
3.1
1.2
0.93
0.78
0.37

1.3
0.3
O.V
0.3
0.25
0.27
0.15
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TABLE IV. y-ray spectrum up to 1.5 MeV from thermal-neutron capture by

Number
Ey

(keV)
dEy
(keV)

dIy
(q/10'n) Number

Ey
(keV)

dEy
(keV) (q/10'n)

dI
(y/la n)

23.45
29.86
30.90
38.72
42.14

0.05
0.05
0.10
0.06
0.05

0.04
0.02
0.01
0.01
0.03

0.015
0.01
0.005
0.005
0.01

51
52
53
54
55

376.35
378.83
380.01
392.95
399.29

0.09
0.16
0.08
0.09
0.11

0.35
0.10
1.9
2.3
0.15

0.07
0.05
0.4
0.5
0.06

6
7
8
9

10

11
12
13
14
15

46.16
47.60
51.67
53.51
54.06

77.61
89.90

116.25
119.38
121.95

0.05
0.05
0.05
0.15
0.06

0.05
0.05
0.04
0.06
0.06

0.02
0.03
0.03
0.01
0.01

0.16
0.02
0.26
0.01
0.03

0.005
0.01
0.01
0.005
0.005

0.04
0.01
0.05
0.005
0..01

56
57
58
59
60

61
62
63
64
65

412.31
413.58
422.53
445.83
454.56

478.11
491.14
495.92
504.8
517.0

0.12
0.09
0.11
0.13
0.20

0.11
0.11
0.30
0.1
0.3

0.24
0.90
0.15
0.21
0.09

0.42
0.39
0.05
0.32
0.06

0.08
0.20
0.07
0.04
0.04

0.08
0.07
0.02
0.08
0.02

16
17
18
19
20

123.23
124.97
129.26
132.18
140.71

0.06
0.28
0.03
0.05
0.13

0.02
0.005
3.3
0.02
0.01

0.01
0.005
0.7
0.01
0.005

66
67
68
69
70

558.3
564.1
582.6
586.4
595.8

0.1
0.2
0.1
0.1
0.2

0.12
0.05
0.30
0.20
0.20

0.03
0.02
0.06
0.04
0.05

21
22
23
24
25

141.64
142.18
146.65
148.14
159.15

0.09
0.08
0.07
0.13
0.14

0.02
0.02
0.02
0.01
0.02

0.007
0.007
0.005
0.005
0.01

71
72
73
74
75

599.2
602.4
608.4
612.6
615.2

0.1
0.8
0.2
0.1
0.4

0.52
0.05
0.13
0.35
0.12

0.11
0.02
0.03
0.07
0.05

26
27
28
29
30

31
32
33
34
35

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

161.39
167.13
171.56
172.56
174.96

181.51
182.76
184.03
195.67
197.02

203.45
212,42
218.48
229.05
263.71

316.27
320.51
323.54
332.65
341.34

344.83
367.15
371.10
373.74
374.94

0.05
0.09
0.10
0.08
0.12

0.14
0.13
0.11
0.06
0.08

0.06
0.11
0.07
0.13
0.07

0.08
0.17
0.12
0.08
0.08

0.10
0.17
0.16-
0.16
0.08

0.12
0.03
0.03
0.04
0.03

0.02
0.01
0.02
0.10
0.05

0.55
0.04
0.05
0.05
0.20

0.28
0.03
0.14
0.41
0.35

0.35
0.11
0.08
0.07
1.1

0.003
0.01
0.01
0.02
0.01

0.01
0.005
0.01
0.03
0.02

0.10
0.02
0.02
0.03
0.005

0.06
0.01
0.05
0.10
0.08

0.08

0.04
0.04
0.04
0.2

76
77
78
79
80

81
82
83
84
85

86
87
88
89
90

91
92
93
94
95

96
97
98
99

100

616.9
618.4
621.8
624.7
627.4

633.1
637.8
640.4
642.6
646.0

64 9.5
651.9
654.4
658.9
664.4

670.7
680.0
685.9
691.0
694.0

698.3
700.3
703.7
714.4
718.2

0.2
0.1
0.7
0.1
1.1

0.1
0.1
0.2
0.5
0.1

0.3
0.1
0.3
0.1
0.2

0.4
0.2
0.1
0.1
0.2

0.3
0.3
0.1
0.1
0.1

0.46
0.72
0.04
0.87
0.02

1.9
3.4
0.23
0.07
1.3

0.20
1.2
0.14
0.87
0.64

0.18
0.14
0.50
0.28
0.24

0.15
0.21
0.68
0.45
0.56

0.11
0.16
0.02
0.18
0.02

0.4
0.7
0.06
0.03
0.3

0.05
0.3
0.04
0.19
0.15

0.08
0.03
0.10
0.06
0.05

0.04
0.05
0.14
0.10
0.11
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TABLE IV (Continued)

Number (keV)
dEy

(keV)
Iy

(~/1O'n)
dI

(y/102n} Number
Ey

(keV)
dEy
(keV)

Iy
(q/10'n)

dIy
(y/102 n)

101
102
103
104
105

724.3
728.2
733.5
735.7
741.7

0.4
0.2
0.6
0.1
0.3

0.04
0.12
0.04
0.31
0.08

'0.02
0.03
0.02
0.07
0.02

151
152
153
154
155

955.6
962.2
965.3
968.4
969.9

0.2
0.3
0.3
0.2
0.2

0.50
0.07
0.10
0.38
0.23

0.10
0.02
0.03
0.08
0.06

106
107
108
109-
110

111
112
113
114
115

116
117
118
119
120

121
122
123
124
125

126
127
128
129
130

131
132
133
134
135

136
137
138
139
140

141
142
143
144
145

146
147
148
149
J.50

747.9
750.8
756.6
760.g
762.9

766.7
769.7
775.9
779.4
784.0

787.0
792.5
799.0
803.4
805.5

808.4
813.5
821.3
823.6
828.9

832.3
840.3
843.7
847.1
849.9

852.4
856.7
863.8
878.7
886.0

889.5
892.3
894.6
901.1
905.0

911.8
916.2
918.2
927.8
931.1

938.9
941.2
944.9
949.2
950.9

0.1
0.3
0.1
0.2
0.3

0.2
0.1
0.2
0.1
0.5

0.1
0.2
0.2
p 4
P.2

0.3
0.1
0.2
0.2
0.1

0.1
0.2
0.1
0.2
0.3

0.2
0.3
0.2
0.2
0.5

0.2
0.2
0.5
0.3
0.2

0.2
0.4
0.3
0.2
0.3

0.8
0.7
0.4
0.2
0.2

1,1
0.10
0.21
0,13
0.10

0.19
1.8
0.11
0.20
0.06

0.39
0.26
0.20
0.11
0.33

0.14
0.55
0.12
0.08
0.17

0.19
0.17
0.57
0.08
0.08

0.26
0.06
0.14
0.20
0.02

0.26
0.12
0.04
0.06
0.12

0.10
0.05
0.10
0.12
0.05

0.07
0.08
0.12
0.67
0.70

0.2
0.02
0.04
0.03
0.03

0.04
0 4
0.02
0.04
0.02

0.08
0.05
0.04
0.03
0.07

0.04
0.11
0.03
0.02
0.04

0.04
0.04
0.11
0.02
0.02

0.05
0.02
0.04
0.04
0.01

0.05
0.03
0.02
0.02
0.03

0.03
0.02
0.03
0.03
0.02

0.04
0.04
0.04
0.14
0.15

156
157
158
159
160

161
162
163
164
165

166
167
168
169
170

171
172
173
174
175

176
177
178
179
180

181
182
183
184
185

186
187
188
189
190

191
192
193
194
195

196
197
198
199
200

977.2
978.9
981.2
983.2
987.0

990.2
992.8
995.4

1000.0
1002.2

1005.8
1009.2
1015.g
1019.8
1024.7

1028.1
1032.7
1045.0
1047.5
1057.3

1060.1
1072.6
1078.2
1083.1
1085.8

1090.9
1095.6
1099.0
1102.9
1104.8

1111.4
1115.6
1117.7
1124.4
1142.2

1145.0
1149.9
1153.2
1157.0
1161.8

I

1164.8
1167.7
1170.6
1173.0
1177.0

0.3
0.7
0.5
0.3
0.2

0.2
0.2
0.2
0.6
0.2

0.5
0.3
0.2
0.2
0.6

0.9
0.2
0.2
0,2
0.2

0.3
0.2
0.6
0.4
0.2

0.2
0.2
0.3
0.7
0.4

0.3
0.3
0.5
0.3
0.2

0.3
9.5
0.5
0.3
0.7

0.3
0.5
1.1
0.2
0.8

0.17
0.10
0.12
0.1p
0.37

0.61
0.27
0.23
0.04
0.34

0.04
0.10
0.25
0.18
0.06

0.02
0.15
0.33
0.26
0.17

0.10
0.29
0.07
0.05
0.13

0.14
0.18
0.10
0.03
0.06

0.07
0.07
0.05
0.07
0.58

0.08
0.03
0.04
0.09
0.04

0.16
0.08
0.03
0.21
0.07

0.05
0.03
0.03
0.03
0.08

0.12
0.06
0.05
0.02
0.08

I

0.02
0.03
0.05
0.04
0.02

0.02
0.03
0.07
0.06
0.04

0.03
0.06
0.02
0.02
0.03

0.03
0.04
0.03
0.02
0.02

0.02
0.02
0.02
0.02
0.12

0.02
0.02
0.02
0.03
0.02

0.04
0.03
0.02
0.05
0.03
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TABLE IV (Contznued)

Iy
(y/10'n}

201
202
203
204
2Q5

206
207
208
209
210

211
212
213
214
215

1182.9 0.5
1185.5 0.2
1190.2 0.6
1194.2 0.2
1197.5 0.3
1202.5 Q,3
12,Q6.0 0,8
1210.5 0.7
1213.0 0.5
1220.6 0.2
1224.4 0.3
1226.6 0.5
1229.9 0.8
1233.1 0,2
1238.1 0.6

0.05
0.27
0.03
0.24
0.10

0.09
0.04
0.04
0.06
0.20

0.18
0.14
0.05
0.35
0.05

0.02
0.06
0.01
0.05
0.03

0.03
0.02
0.02
0.02
0.04

0.05
0.04
0.02
0.07
0.02

246
247
248
249
250

1331.4
1333.9
1337.1
1344.5
1349.7

1354.4
1357.9
1364.1
1367.1
1369.3

1372.0
1377.4
1382.5
1386.9
1391.3

0.3
0.5
0.2
0.3
0.5
0.3
0.2
0.7
0.6
0.5
1.0
0.4
0.2
0.4
0.3

0.17
0.10
0.25
0.11
0.07

0.19
0.42
0.06
0.12
0.18

0.08
0.09
0.40
0.11
0.28

0.04
0.03
0.05
0.03
0.02

0.04
0.09
0.03
0.04
0.05

0.03
0.03
0.08
0.03
0.06

216
217
218
219
220

221
222
223
224
225

226
227
228
229
230

231
232'
23'3

234
235

1245.4
1246.4
1252.4
1256.0
1265.4

1269.0
1272+3
1279.8
1283.6
1286.1

1289.8
1293.6
1296.7
13Q1.3
1304.8

1308.1
1318.2
1319.6
1324.3
1328.8

0.3
0.3
0.3
0.3
0.2
0.2
0.5
0.2
0.2
0.7
0 4
0.2
0.2
0.2
0.3
0.2
0.3
0 4
0,3
0.9

0.14
0.23
0.14
0.05
0.17

0.18
0.08
Q.Q8

0.25
0.04

0.05
0.47
0.19
0.28
0.09

0.28
0.11
0.13
0.09
0.05

0.07
0.08
0.04
0.02
0.04

0.04
0.02
0.02
0.05
0.01

0.02
0.10
0.04
0.06
0.03

0.06
0.04
0.04
0.03
0.02

256
257
258
259
260
261

262
263
264
265
266
267

268
269
270
271
272
273

1449.0
1450.9
1461.6
1464.3
1468.3
1470.4

1473.1
1477.9
1480.8
1484.3
1493.7
1496.2

0.4
0.4
0.3
0 3
0.5
0.8
0.8
0.3
0.7
0.7
0.4
0.5

1393.9 0.7
1397.2 0.7
1399.9 0.3
1412.7 0.2
1416.9 0.6
1422.9 0.4
1425.6 Q.3
1428.0 0.5
1435.9 0.3
1438.3 0.2
1442.9 0.4

0.10
0.10
0.23
0.24
0.05

0.08
0.19
0.06
0.09
0.16
0.04

0.13
0.07
0.16
0.18
0.08
0.04

0.03
. 0.18
0.05
0.06
0.09
0.08

0.03
0.04
0.06
0.05
0.02

0.03
0.05
0.02
0.03
0.04
0.02

0.04
0.03
0.04
0.04
0.03
0.02

0.02
0.04
0.02
0.02
0.03
0.03

anism, populate preferentially states of J = ~ or
Thus high-energy. y rays are a great aid in

locating band heads for K =-,' and —,
' bands. A third

class of information used for the location of rota-
tional bands comes from the reaction "'U(t, P).
In the present w'ork it is found that in addition to
the target ground-state configuration the (t, p)
reaction preferentially excites states whose decay
properties indicate that they bear a close relation-
ship to the target ground-state configuration. The
single-particle or single-hole states that are
strongly excited in the (d, P) and (d, f) reactions
are not excited measurably by the (t, P) reaction.

Using the tools described above, as many as

possible of the levels observed in the charged-
particle reactions are assigned to rotational bands.
The major inputs to the initial assignments are
the rotational level spacings, the measured l
values where available, and the primary (n, y)
results. Then the assignments are further
checked by sorting out the low-energy (n, y) re:-
sults and requiring that the observed lines con-
nect levels with reasonable spin changes.

The (d, P) and (d, f) angular distributions have
been used to extract occupation probabilities
(U' and V') for each band and spectroscopic
strengths (the experimental equivalent of the
¹lsson expansion coefficients) for members of
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CD 00 00
tff O 0 0 0

CD
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L 00

0 0 0 0 0
each band. These calculations use the following
relations':

dG

d
—(d, p) =3A'U'CI, (0),

—(d, t) = 6.67A'V'4, (e),
dc
de (2)
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0
CD

O v-l

0 0

CD
CO 00
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0 0

where A' is the experimental spectroscopic
strength and the angular distributions 4, (8) are
calculated with the code' JULIE using parameters
determined from elastic scattering as described
in the Apyendix. If it is assumed that the occu-
yation probabilities do not depend strongly on
the mass of the target nucleus then the relation:
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can be used and O', V', andA' determined for
cases where a level is observed by both (d, P) and

(d, t) reactions. A further check on the rotational-
band assignments is obtained from the require-
ment that U' and V' must be the same for all
members of a given band.

The details of the assignments will be presented
in the remainder of this section. Because of the
bulk of data involved, each rotational band will
be treated separately, with the relevant informa-
tion presented in Table V and in Figs. 5-11. As
has been implied above, the confidence which can
be placed in a particular band assignment depends
on the amount of supporting evidence. The level
of confidence has been indicated in Table V by the
superscript a, b, or c on the band assignment,
with a representing firm assignments, b probable
assignments, and c reasonable possibilities.

The population of levels in particular bands by
(d, p), (d, t), (t, p), (d, d'), and (n, y) reactions is
indicated in the appropriate figure. A key for
coding of the various excitation modes for each
level in Figs. 5-11 is given in Fig. 5. In addition,
many of the low-lying levels of "'U have also been
observed in radioactive decay, "Coulomb excita-
tion, "and ('He, Ii) reactions. " Many of the (d, P)
and (d, t) excitations were also identified by the
Argonne group, ' and in general the agreement is
good. The y-ray deexcitation of levels of a partic-
ular band is also indicated in Figs. 5-11.

The measured values of U and V and the mea, -
sured spectroscopic strengths (A') are given in
Table V. If the relative values of A' suggest that
a particular Nilsson assignment is called for,
two sets of ¹ilsson coefficients (C') are included
for comparison. The first set is always from the
-Rost" coupled-channel calculation in a Woods-
Saxon well; the second set is from a ¹ilsson har-
monic-oscillator calculation by Udagawa. " A
deformation of P =0.25 is assumed in both cases.



The well parameters for the Woods-Saxon calcula-
tion are those used by Rost to fit the levels in
209Pb Ia

A. g f743]

The —,
' [743] band (Fig. 5) was previously known

to be the ground-state rotational band of '"U."
The ~ member lies only 80 eV below a —,

" state,
and is predicted to have a vanishingly small spec-
tx'oscoplc stx'ength. Tlllls the y state is Ilot ob-
served in the (d, P) or (d, t) reactions. The —,

'
member of the band is also predicted to have a
very small spectroscopic strength, and although
a few scattered tracks were found at the correct
excitation energy in the (d, p) and (d, t) data, no
measurement of the spectroscopic strength could
be reliably made. The excitation energy of this

state is known accurately, since its y decay
was observed. The ~& member is unresolved
from the —", member of the vs [622] band. The

member of the band is clearly observed in the
(d, p) and (d, t), and probably in the (d, d') reac-

Level observed in (1,p) reaction

Level observed in (d, t) reaction

Level observed in (t,p) reaction

z Level observed in (d,d') reaction

Primary y in (n, y) reaction
JK

y placed more than once

z Level observations tentative

293

247 ,l5/2

225.47 (e )',

II/2

9/2

l 97'

l71.4l (5)',
9/2l 50.64

l29.26(3)' "

I 03 l l/2

el.65 (5), 7/2

9/2
— Sl.7S(5)' " + 5/2'

46.l6(5)

i3.OI (4)~ "'I +3/2
{)etII M l/2+

7/2 [743) I/2 [63II 3/2 [622)

FlG. 5. States identified in the TI [74SI, )+[631], and

7+ [622j bands. Low-energy y-ray deexcitations which
were observed are indicated. Parentheses enclose prob-
able errors in the last digit for the positions in keV of
levels for which y-ray deexcitations were observed.
Probable errors in the excitations of other states are
indicated in Table I.

tions; it is also observed in the ('He, n) reac-
t'o

B. q'f631)

The band head of the —,"[631]band (Fig. 5) lies
at 80 eV." Members of the band up to the ~+
state are observed in the (d, P) and (d, t) reactions.
This band has been previously observed, both in
the o. decay" of "'Pu and the work of the Argonne
group. ' Deexcitation of the ~9 member was not
obsex'ved 111 tile (B, p) expel'1111811t because the ex-
pected transitions were obscured by the U Kn,
x-ray line and a contaminating Au Kn, x-ray line.

C. 2 f622]

The —,
"member of the ~3 [622] band (Fig. 5)

cannot be separated in the present work from the
member of the ~7 [743] band. The value of A'

given in the table may therefore be somewhat too
large due to the inclusion of the unresolved ~T3

state. This effect is not serious because the cross
section'for the —", state should be much larger
than that for the '-,' state. The assignment is in
agreement with previous work. '

D. —,-f633]

The —,"[633]band (Fig. 6) is the ground-state
band of "'U. It should therefore be strongly pop-
ulated in the reaction "'U(t, p)'"U, and the —,

"
l3/2+692',

II/2+606.

I I/2+ 55I.2( I),

-- ----9/2+
507.7(I);

49 1.9(I) 7/2+
7/Z~

585~
9/2+532;

474.26(I2);

5/2+4Z6.57(5).
9/2+

393.02(4);"'

7/2+

4I2.3(lz);

367.I 0(6);

332.73(4)' i5/2+ 5/z+

225.47 9/2+

I7I,4l
l50.64
I29.26

9/2+

7/2+
l~ 6 8 5/2+

SI.63
51.73
46.I6
I 3.0 I

QQQ ll «n

5/2+ [633]

9/2+
3/2
I/2+

3/2+ [63I]
7/Z+

7/2+ [624]

FIG 6 Stat- d-tifiedi the 25 [6331 ~2'f631j
&~+f.624j, and the 2+ at 507.7-keV bands. For further de-
tails refer to the legend for Fig. 5.
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state is the strongest excitation observed in the
(f, P) spectrum. The (d, P) and (d, f) reactions
indicate that the single-particle strength of the
band is a factor of 2 lower than predicted.

All members of the $'[631] band (Fig. 6) have
been observed up to the ~" state. The & member
is populated by a weak direct transition in the
'"U{n, 7) reaction and the decay of the first three
members is observed. This band had previously
been observed through the ~9 member in the e
decay of "'Pu." The band contains only one third
of its predicted single-particle strength. It should
be noted, however, that the measured'' for the
~~+ state is anomalously small. The factor of
approximately 20 which would be required to
bring the measured'' into better relative agree-
ment with theory is far larger than any expected
experimental error.

F. — [624/

The experimental evidence for the T [624] band
(Fig. 6) is somewhat scanty, since the v9 member
is believed to be obscured by the TQ', T [631] state.
The. three y rays which depopulate the 491.9-keV
state suggest that its spin is ~7. The relative spec-
troscopic strengths of the 27 and +2' members
wouM then be in reasonable agreement with the
Nilsson predictions, although the measured sin-
gle-particle strength is some five times smaller
than predicted for the $'[624] band.

G. s at 507.7keV

Since the bandhead of the —,
"band at 50V.V keV

(Fig. 6) is populated in the reaction "'U(t, p)'"U,
it is likely to be composed partly of a particle-
plus-phonon state based on the —,"[633]band. This
interpretation is supported by the observed decay
of both the —,

"and —,
"members to members of the

—,"[633]band. The 50V.V-keV state has a mea-
sured I„=2 angular distribution in the (d, p) reac-
tion and is observed to decay to —,

' and & states
in the (n, 7 ) reaction supporting the assignment
of +

H. — [752]

Stephens eI; gl. '4 have observed through Coulomb
excitation a band beginning at 633 keV to which
they propose an assignment of —, [V52] (Fig. V).
The '-,' member has been observed in the ('He, n)
reaction. " Almost no information is available
from the charged-particle reactions of the present
work although a state at VVV keV, corresponding
i.n energy to the ~- member, '4 may be excited in
the (d, f) reaction, but it is degenerate in energy
with the -' member of the band we propose in Sec.
J. The predicted spectroscopic strength lies pre-
dominantly in the '2' member. The observed de-
cay is primarily to members of the ground-state
band.

I. q at 637.8keV

72l

67].O(l)

633.I ( I )

9/2
7oo.6(3)-

664.5 (I)

5/2
637 8(l) r

7/2
7I I

677.4(2)
5/2

653.8(2)
64O.5(2);+

3/2

7/2+

5/2+

3/2
I/2+

887 r

82l v

778

725 r
7O3.9(l);
673.5(7),~659.O(l);

II/2

l3/2"

9/2

3/2

Stephens e] gl. '4 have suggested that the band ob-
served in Coulomb-excitation experiments begin-
ning at 63V.6 keV (Fig. V) is the K —2 y vibration
based on the ground state. Our (d, p) spectra show
a state at 639+2 keV with angular distribution
characteristic of /„=1, in agreement with the pro-
posed & bandhead assignment. %e observe y de-
cay to members of the ground-state band which is
also consistent with the previous assignment.

474.26
332.73 5/2'

o 'llu

5/2 [752]

Bl.63

5I.73
9/2

I 3.0]
7/2- O.O8

3/2 I/2+

1 t 'I t 5/2+

3/2. +
I/2+

I/2 [50l]

I/2- [77O]

FIG. 7. States identified in the $ [752], && at 557,8-
keV, 2+ at 640.5-keV, and $ [501]+-,' [770] bands. For
fo.rther details refer to the legend for Fig. 5.

J. —, at640.5keV

Since the band head of this —,
"band (Fig. V) is

populated in the reaction "U(t,P) "U„ it may be
in part a 2' phonon state built on the —,"[633]band.
The state seen at 639 keV with I„=1 in the (d, p)
reaction is assigned to the $ band (see Sec. III
above) and obscures the —,

"state assigned to this
band. Unfortunately, two other levels in this band
are also obscured in the (d,p) and (d, f) reactions
by other states at 659 and 675 keV. The band ap-
pears to decay primarily to the —,"[631]band and
may contain part of its strength.
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K. z fS01]+q [770]

The —', band presented in Fig. 7 can best be ex-
plained as a mixture of the —', [501] and of the

[770] Nilsson states. The decoupling parameter
(+2.34) is an anomalous one, since for the —,

' [501]
+-', [770] mixture a negative decoupling parameter
is expected. However, attempts to group the -',

and, states with levels other than those in Fig.
7 results in an unacceptable value for h'/2I. This
extreme value could be obtained as a result of
strong Coriolis coupling with other bands, but this
has been shown to be very improbable in a Corio-
lis calculation by Bunker. " It is possible that a
significant particle+ phonon admixture in the band
could explain the decoupling parameter, "be-
cause of interference terms involving the -', [501]
+-,' [770] band and the —,"[631]band.

The spins and parities of the 659.0- and 703.8-
keV states are assigned on firm grounds. Both
have measured l„=1 angular momenta. The 659.0-
keV state decays to states of spin -', and &, while
the 703.9-keV state is not only populated by a di-
rect transition, but decays to states of spin —'„
and -', . All of these considerations confirm the as-
signed spina and parities of these two states.

The spectroscopic strengths support a -', [770]
+ —', [501]assignment. The —,

' [501]band has a

strong —, component, with decreasing strength in
states of higher spin. The -', [VVO] band has al-
most no strength in the low-spin states, but has
its strength in the z and '-,' states. The standard
Nilsson ca1culation does not have terms in the
Hamiltonian which will include contributions from
two different oscillator shells. In the Host calcu-
lations, "however, this problem never arises,
and the "AN =2" mixing calculation is straightfor-
ward. Since the results are very sensitive to the
deformation used, Table V includes Host calcula-
tions for two values of P differing by b.P = 0.005.
The calculation for P = 0.240 resembles the experi-
mental results. The extreme sensitivity to P is
probably unphysical, since "zero-point oscilla-
tions" in P are expected.

The & and '-,' members of this band should have
been observed in the ('He, o.') results. " The state
observed at 884~4 keV has the appropriate energy
and intensity to be the '-,' member. The state ob-
served at 1090+5 keV has an intensity and prob-
able / value consistent with the '-,' member of this
band, but its position is considerably removed
from the value of 1036 keV predicted by the h'/2I
and decoupling parameter values given in Table V.

L. 2 Band at 760.9 keV

827~

805.4(1),'+
769.8(l) g$

760.9( I)

426.57

393.02

171.40

129.26

961

912

871.3(3)

843.7(i)
7/2+

5/2+

3/2+
I/2+

5/2+

1 3/2+

9/2+

943~

921
7/2+

892.1(1)~+
+ 878.7(2)

3/2+

673.5

7/2

5/2

3/2
I/2

5/2

7/2+

5/2+

The —,
'' band at 760.9 keV (Fig. 8) is interesting

in that U' is approximately equal to V'. It is
probably a mixture of particle and hole states
through phonon interactions. It is difficult to as-
sociate this band with any of the Nilsson configura-
tions. The —,

' state is weakly populated by a di-
rect E2 transition from the capture state. The
suggested —', and &' states are also populated by
high-energy transitions. The observed decay
modes of the —,", &', and —,

"states confirm their
spin assignments.

M. z Band at 843.7 keV

The parity of the —,
"band at 843.7 keV (Fig. 8) is

not wel1 determined. The angular distribution for
the 843.7 state allows either E„=1 or 2. Table V
contains values of A' for both parities.

81.63 7/2+ N. 2 Band at 878.7 keV

51.73 5/2+

13.01
0.08

I/2+ I/2

3/2+
I/2+

FIG. 8. States identified in the ~&+ at 760.9-, f+ at
843.7-, and &~ at 878.7-keV bands. For further details
refer to the legend for Fig. 5.

The existence of the -', band at 878.7 keV (Fig.
8) is suggested by a high-energy transition to the
892.1-keV state, and by the measured l„=3 for the
943-keV state. The band head decays by an ob-
served 878.7-keV y, although a branching transi-
tion to the —', member of the —,

' [631]band is not
seen.
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O. & Band at 970.0 keV

The "'U(d, d')'"U reaction populates the band
head of a -,

"band at 970.0 keV (Fig. 9) and it may
therefore be part octupole vibration based on the
-,
' [743] ground-state band. The relative spectro-
scopic strengths resemble those of the -,"[624]
band and thus the band may contain a large part
of the -,"[624] strength. The band head spin and

d onf'gu ati l a s'gn e t i als s gg st-
ed by the observed y decay of the state.

P. z Band at 992.7 keV

The -', ' band at 992.7 keV (Fig. 9) is a possible
candidate fol' a [640] RssiglllIlellt; 1't cRllllo't be slII1-
ply the —', '[640] band, however, since the occupa-
tion probabilities indicate that some particle
strength has been mixed into what should be al-
most a pure hole state (Vs=1). The —,

' state is
populated by a wreak E2 transition in the high-en-
ergy (n, y) spectrum, in addition to the states as-
signed as p and p

Q. & Band at 1072.9keV

The —,
' band at 1072.9 keV (Fig. 9) presents an-

other case of anomalous values for U' and V'.
The small spectroscopic strength of the band im-

plies a predominantly particle + phonon character.
The —,

' and 2' states are populated by primary
transitions in the (n, y) reaction.

R. & Band at 1116.2 keV

The reaction aaaU(f, P) "U populates the band
head of a —,

"band at 1116.2 keV (Fig. 10). It may,
therefore contain a component generated by the
coupling of a 0' phonon to the —,"[633]band. The
band decays to members of the ground state and
the —, [622] band as well as to the —,

"level of the
—,"[633]band.

The band presented in Fig. 10 is believed to have
the -', [761] assignment, even though the measured
spectroscopic strength of the -,' state is too large.
The measured spectroscopic strength for the en-
tire band suggests that it is a reasonably pure
single-particle state. The suggested assignment
is supported by measured /„=1 angular momentum
transfers for the —', and 2 states. The -', state
is populated by a primary transition in the (n, y)
reaction. The '-,'- member at 1364 keV may have
been observed in the ('He, a) experiments. " In

7/2+
1364 II/2

1422

1372

9/2+

7/2+

1103

1030

9700(1)'r

Il/2+

1057.2(2)

9/2+ 1035.1(2),R4

1002,3(2)~

(3)r

7/2+

3/2+

I/2+

1126~

1099.1(3)~

1072.9(2),

843.7

3/2+

I/2+

12]2~

1157 3(3)r

1116,2(2)

7/2+

'5/2+

13I4r 9/2

1233

1202.5(2)~~
~

1194.3(2)r

5/2

3/2
I/2

474.26

1258 7/2

1321.2(2

1296.9(2)

1272.6(4)~

3/2+

7/2+

491.92
474.26

426.57
7/2+

+ 393.02

5/2+.

3/2+

332.73

426.57

5/2+

5/2+

367.10 171.4] 7/2+

129.26 5/2+ 129.26 5/2+

51.73

13.0] 11

0.08

I/2+

5/2+ 51.73
46.16

13.01

QQ8 u lI

Q~
5I2+

9/2

7/2
I/2- j761]

l'

I/2+ t620]

5/2+

3/2+
I/2+

FIG. 9. States identified in the ~2+ at 970.0-, ~&+ at
922.7-, and ~~+ at 1072.9-keV bands. For further details
refer to the legend for Fig. 5.

FIG. 10. States identified in the P at 1116.2-keV,
$ [761], and )+[620] bands. For further details refer
to the legend for Fig. 5.



this ease, both Rost and Nilsson calculations pre-
dict only modest strength in the ~sa member and
this state would not be expected to be as predomi-
nant in the ('He, o.) results as other ~& states.

T. & Sandat1242. 7keV

U. ~ [620)

The measured spectroscopic strength of the
a'[620] band (Fig. 10) is about 70%%uo of the predict-
ed strength, suggesting that it is a fairly pure
Nilsson state. The value of A' for the -,"member
is much smaller than predicted. The high-energy
(n, y) transition to the —,

"and —,
' states, and the

suggested E„=2 angular momentum txansfer are
consistent with the assignment.

f528,
f542'

ll/2

l559
9/2

1524' 9/2

f43fi

f352~

l483.6(3)~

f438.6(2)~9/2
14I2'8(2}r

C

5/2
f455
1433

3/2
f396 5(3}h
I382.4(2) y

7/2
5/2

l287.8(3}

I242.7(3)r w3/2 769.8 3/2

67l. 0

633.l

474.26

5/2

7/2

I 29.26 5/2

8f.63

SI,73

l3.0l
0.08

3/2

7/2

5/2

p 3/2
l/2

l/2 [750]

FIG. 11. States identified in the $ at 1242.7-keV,
)+[622], and $ [750] bands. For further details refer to
the 1ege11d fox F1g. 5.

The reaction '"U(d, d')'"U populates the band
head of a —,

' band (Fig. 11)at 1242..V keV, which
suggests some admixture of (K —2) y vibration on
the -', [743] band. The band has a fairly large
amount of single-particle strength, and could con-
tain part of the —,

'
[V52] band, although the value

of A' for the & member is considerably smaller
than the calculated value. The ~ member of this
band couM be included in the strong IVSV-keV ex-
citation observed in the ('He, n) reaction. "

About 75%% of the predicted strength is observed
to be contained in the -', [V50] band (Fig. 11),
which suggests that it is a fairly pure single-par-
ticle state. The assignment is supported by the
high-energy (n, y) transition populating the -',

state, and. the suggested angular momentum trans-
fer of E„=I for the —,

' state. The '-,' member of
this band may be included in the strong ('He, n}
excitation" at IVSV keV.

W. — f622]

From the measured spectroscopic strength one
must conclude that the —,"[622]band (Fig. 11)con-
tains a large particle-plus-phonon admixture. The
&' level is excited by a primary transition in the
(I, y) reaction and a weak E2 transition feeds the
—,
"level. Deexcitation proceeds to a variety of
lower-lying levels with about three quarters of
the intensity going to members of the —,

"[661]and
—,
"[631]bands.

IV. INTERPRETATION OF RESULTS

The proposed level scheme based on the assign-
ments of the previous section is summarized in
Fig. I2. This level scheme contains 23 rotational
bands, and I00 states up to I600 keV in excitation
energy. The actual level scheme of '"U must,
nevertheless, be far more complex than the one
presented 11el'e, FO1 example» the1e are 2V pl1-
mary (n, y) transitions observed to states (pre-
sumed to be mainly Z =-', or —,') below 1600 keV that
are not included in the proposed level scheme.
However, most of the observed single-particle
strength [as measured in the (d, p) and (d, t) reac-
tion] is included in the proposed scheme. Thus,
an interpretation involving the distribution of sin-
gle-particle strength is appropriate. Caution
must be used in such an attempt, however, be-
cause of the high level density. In spite of the evi-
dence supporting assigninents made in the present
work, some of these assignments are open to
question. Therefore, an attempt will be made to
present an interpretation of the level scheme
which draws on simple considerations in order to
explain the general features of the data.

Some 1nslgI1t 1nto the distribution of s1ngle-par-
ticle strength ean be gained by examining the Nils-
son predictions. " Figure IS shows the predicted
excitation energies" of the ¹ilsson states in "'U,
corrected for pairing, plotted against the predict-
ed values" of O'. For comparison, Fig. 13 in-
cludes the known vibrational bands of "4U.5' Of
first interest are two pairs of states connected by
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E
(kev)
l500—

Uno earned
(d, p)

(d,t) (n,y)
L
FL

L

dashed lines. Here are two cases of states with
the same spin and parity, but quite different val-
ues of U' which would have similar excitation en-
ergies. Soloviev"' has suggested that phonon mix-
ing into single-particle states should cause these
states to mix, producing states with anomalous
values of U . The mixing of the ~" states might be
sizable, since they lie close to the energieS of the
core excitations. It is also clear from Fig. 13
that particle + phonon mixing may be extensi:ve,
since almost all spins and parities ean be obtained
in numerous ways by coupling a single-particle
state to a phonon.

The excitation energies and values of U2 for the
band heads assigned in the present work are shown
in Fig. 14. There are several bands with anoma-
lous values of U', the most common being &' and
—,
"bands. Furthermore, the greatest anomalies
occur at excitation energies corresponding to
those of the core excitations. Since this ls the
prediction of the particle + phonon mixing theory, 20

it seems reasonable that the anomalous values of
U' can be used to identify the relative admixtures
of specific single-particle states.

In a qualitative sense an anomalous value of U2

has an obvious meaning. If only two ¹ilsson
states of a given K' are expected, one with U'
=—I and the other with U2 = 0, then an observed
state of the same E~ and U' =0.5 should contain
roughly equal admixtures of the two Nilsson states.
More quantitatively, the value of U' for a mixed
band might be written:

U =Qaquq jQai,

where the a, are the contributions from the indi-
vidual ¹ilsson states, and the u,

' are the occupa-
tion probabilities for the unmixed ¹lsson states.
Thus, if only two Nilsson states are mixed, the
amplitude of each component ean be determined
from the experimental value of U' and the experi-
menta1 single-particle strength assuming theoret-
ical values for u, '.

This method is used below to attempt to qualita-
tively determine the strength of various expected
single-particle components in the observed bands
for '"U. In addition to the assumption that a
mixed band has a U' equal to the weighted average
of its single-particle components the analysis
presented below relies heavily on the corxect iden-
tification of the major single-particle states
which contribute strength to a particular observed
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FIG. 12. Final level scheme for 235U. Band heads of
the va, rious bands shown in Figs. 5-11 are shown and
appropriate asymptotic quantum numbers are indicated.
Individual unassigned levels from the (d,p), (d, t), and
(n, y) reactions are shown.

00
I
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OA IOO+

FIG. 13. Predicted band-head energies for ¹ilsson
states in 235U vs U2. Band-head energies for known phon-
on states 1n U are 1ncluded at the 11ght,
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rotational band. The model assumes that if two
single-particle states (1 and 2) contribute to a
particular observed state, the relative contribu-
tion from each state (f, and f, where f, +f, =1) can
be obtained from the experimental U' value and
then the fraction of the strength from a particular
single-particle state i is given by

I600

I400 -—

I200--

I000—

~ 5/2
~ I/2

~ I/2

3/2

I/2

I/2

3/2 00--
I/2
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z.'
w 800—
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O
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I/2
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200—

0

0.0 0.2 Q4
U2

0.6 0.8 I.Q

FIG. 14. Experimentally determined band-head ener-
gies vs experimental values of U~. Spin assignments are
indicated. The BCS calculation of U is shown for com-
parison.

where the A,.' are the measured spectroscopic am-
plitudes for the states in the observed band. For
many of the observed bands the sum of the single-
particle strength is considerably less than 1, in-
dicating the presence of multi-quasiparticle com-
ponents that are not excited in single-nucleon-
transfer reactions. These multiquasiparticle
components are assumed to arise primarily from
admixtures of low-lying single-phonon excitations.
The gross assumptions of the simple model de-
scribed above are similar to a more detailed the-
oretical model recently presented by Gareev et

al. ,
"and a comparison with their theoretical mix-

ing calculations for '"U is presented below where
appropriate.

A. E"=& Bands

The single-particle strength of the -', band at
80 eV is probably due to the -', [631]Nilsson state
exclusively. The measured single-particle
strength is then 83/o —,

' [631]. The measured value
U' =O.V6 is consistent with this conclusion. The

band at 640.4 keV has a measured U' = 0.8i,
which, within experimental error, is the value
expected for the —,''[631] state. It is thus reason-
able to assume that the 640.4-keV band is a sec-
ond component of the —,''[631] state, containing ap-
proximately 10%%uo of the —', '[631] strength. The
—,''[631] strength is almost completely exhausted
by these two bands.

It is unlikely that the —,
"bands at 992.8 or 10V2.V

keV contain significant —,"[631]strength. Both of
these bands have anomalous values of U': 0.33
and 0.41, respectively. It is reasonable to assume
that the single-particle strength of both bands is
a mixture of —,"[640] strength and —', [620] strength.
If the "unperturbed" values of U' for the —,

' [640]
and —,"[620]bands are assumed to be 0.04 and 0.98,
respectively, (see Fig. 13), then the measured
values of U' and the measured single-particle
strengths can be obtained by assuming the 992.8-
keV band to be 40%%uo

—', '[640] plus 17'%%uo
—', '[620], and

the 1072.7-keV band to be 20%%uo —,"[640]plus 11/o
—,"[620]. The —,

"band at 1272.6 keV has a mea-
sured U' of 0.93. The relative spectroscopic
strengths of the members of the band indicate that
the band is predominantly —,"[620]. The predicted
value of U' for the —,"[620]band is approximately
0.9V, which agrees with the measured value to
within experimental error. If.the band-mixing
concept is correct, however, a very small admix-
ture of —,"[640] strength might be expected. The
results of the experiment can be reproduced by
assuming the 1272.6-keV band to be 68% —,"[620]
plus 3/o —', '[640], although the —,"[640]admixture is
not strictly required. The weak —,

"band at V60.9
keV also has an anomalous value of U'=0.46.
This value could be obtained by mixing a small
—,"[640]strength with a small strength from either
or both the -', '[620] and the —,"[631]bands. If the
&'[620] component is assumed to be 4%% then the
experimental U' gives a mixture 8'%%uo —,"[631], 15%%uc

-', '[640], and 4%%up —,"[620].
The scheme presented above for the single-par-

ticle mixtures in the —,
"bands accounts for a total

of 101/o of the —,"[631], 100%%uo of the -', '[640], and

63%%uo of the -', '[620] bands, which appears very rea-
sonable. The estimated 20%%uo uncertainty in ex-
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tl Rct1ng absolute spectroscopic infox'matlon from
the data leads to a similar uncertainty in these
mixing coefficients.

This scheme appears quabtatively consistent
w'ith the calculation of Gareev et al. ,

~ who px'edict
a relatively pure —,"[631]band and two bands at
1030 and 1170 keV which contain mixtures of
—,"[640]and —,"[620]strength.

In addition, the 23'U(t, p)'"U data indicate that
the -', ' band at 640.4 keV contains some particle
+ phonon strength based on the ~"[633] band .The
phonon excitation involved must be a 2+ phonon,
and it is reasonable to assume that the 2' phonon
is the y vibration.

Three K" = ~" bands have been assigned in the
present work. The ~" band at 393.0 keV contains
34% of the —,"[631]strength. The value of U' for
this band is higher than the BCS prediction, but
this dlscrepRQcy ls Qot considered to be signifi-
cant. The K =-,"band at 843.7 keV is probably a
positive-parity band. The relative speetroseopic
factors indicate that it may be a component of
the —,"[622]band, containing 35/o of the ~"[622]
strength. The —,

"band at 1412.8 keV also resem-
bles the —,"[622] state, and would contain 16% of
its strength. The experimental values U' = 0.95
for both bands are identical. This value is con-
sistent with the value of U' predicted for the
.2 [622] band. The calculations of Gareev et al.20

predict a portion of the —,"[622]band at 1290 keV.

C. E =2 Bands

The —,
"bands might be expected to contain ad-

mixtures of both tlie p [622] aild 2 [633] ¹lssoil
bands (see Fig. 13). The three lowest-lying bands
do not seem to require sich mixing. The —,

"band
at 129.26 keV can simply be interpreted as 67%
of the —,"[622]band, and its I/' of 0.80 is consis-
tent with this. The single-particle strength of the
—,
"band at 332.72 keV is probaMy 42% -'[633].
The measured value of U' is 0.31, which is higher
than would be expected from the BCS theory, but
not significantly so. The &' band at 50V.V keV has
a measured U' of 0.81, almost identical to that of
the 129.26-keV band. The single-particle strength
of the 50V.V-keV band is therefore assumed to
have predominantly (about 17%) —,"[622] strength
The —,

"band at 1116.2 keV has a measured U' of
0.62. This is assumed to be a mixed —,

"band with
the one quasiparticle strength being 14% —,

"[622]
and 10% —,"[633].

The reaction '"U(t, p)'"U populates the band
heads of the 507.7- and 1116.2-keV bands. Both
of these must then contain some component in

which the —,"[633]state is coupled to a 0' phonon.
For the 50V.V-keV band, the 0+ phonon is probably
the P vibration. In the case of the 1116.2 keV
state the nature of the phonon involved is not clear
although it could, of course, be the P vibxation.
There is, however, a second 0' state in "4U at
1044 keV. This state may be in part the pairing
vibration, and may be the 0' phonon responsible
for the 1116.2-keV band in ~35U.

0. E =z Bands

Two &" bands have been assigned in the present
woxk, and they both resemble components of the
I"[624] ¹lsson state. With this interpretation
the 491.9-keV band contains 13% of the ~"[624]
strength, and the 970.0-keV band contains approx-
imately 90/0 of the -,"[624] strength. The ~"[613]
band, predicted to lie at about 1120 keV, has not
been located in the present work. It should, how-
ever, have relative cross sections which are quite
different from those of the 970.0-keV band.

The data from the reaction '"U(d, d')'3'U indi-
cate that the 9VO.O-keV band also contains a com-
ponent in which the 0 octupole phonon is coupled
to the -,

' [V43] ground state.

E. E =& Bands

Four K' =-,' bands have been assigned in the
present work. The band at 659.0 keV has a pre-
dominantly hole charactex', with a U' of 0.09. The
suggested interpretation of this band is that it is
a mixture of the Nilsson —,

' [501]and —,
' [770] states,

arising from the so-called "AN=2 mixing. " On
the basis of the Rost calculation for P =0.240
the single-particle strength of the band is 90%
(-,' [501]+—,

'
[VVO]). This must be considered an

estimate, since thexe are many unknown factors
1D the AN = 2 mixing problems. The cRlculRtloDS
of Gareev et a/. 20 yieM two states with mixtures of
the —,

' [501]and —,
' [770] orbitals at energies of 430

and 760 keV.
The othex three K' = 2 bands have a predomi-

nantly particle character. The one-quasipartiele
strength of the bands is undoubtedly due to the
—', [V50] and —,

' [V61] ¹ilsson states. The two bands
at 1194.3 and 1382.4 keV are separated by only
188 keV, and couM involve some mixing of the two
Nilsson states. There is no clear evidence for
this in the data. The relative spectroscopic
strengths suggest that the 1194.3-keV band is V8%
-', [V61], and the 1382.4-keV band is 75%%uo —,

' [750].
The agreement with the Host or Nilsson predic-
tions-is not very good; the suggested assignments
are primarily based on the strong -,

' and &
states for the -', [V61] band, and the strong z
state for the —,

' [V50] band. The nature of the —',
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band at 878.7 keV is uncertain. If the band were
predominantly —', [761], the spectroscopic strength
of the & state should be much greater than that
observed. Thus, the band may be predominantly
—', [750]. Unfortunately, the -,

' member was not
observed, so that a —,

' [750] assignment is also
rather uncertain. Moreover, if the band does
contain -', [750] strength, then two components of
the —', [750] band would bracket a strong component
of the —', [761]band. While this is certainly not
impossible, one might expect band mixing to be
significant in the circumstances. Since there is
little evidence available for a discussion of mix-
ing in this case, the 878.7-keV band must be con-
sidered unexplained.

F. )( =2 Bands

The predominantly K —2 y vibration built on the
ground-state band at 637.8 keV proposed by Ste-

phens et a/. '4 is in agreement with the experimen-
tal results presented here. The -', band at 1242.7
keV is a reasonable candidate for the -,

' [752] band,
containing 84%%uo of the —, [752] single-particle
strength. The band head is also populated in the
reaction sssU(d, d')'"U. This implies that the band
is in part the (K —2) y vibration based on the

& [743] ground-state band. There is no clear evi-
dence for other —,

' bands in the present work, al-
though it must be remembered that the parity of
the —,

'
band at 843.7 keV is uncertain. The a [761]

band is predicted to be a hole state in '"U, but
was not observed. The predicted spectroscopic
strength for this band is concentrated in the '-,'
member, and it would be difficult to find such a
band in the (d, p) or (d, t) reactions.

G. E =z and 2 Bands

Evidence for the -', [752] band at 633.1 keV has

TABLE VJ. Suggested character of rotational bands of 3 U. The estimated percent contributions from specific single-
particle bands are determined as described in the text. The possible contributions from coupling of single-particle
states to single-phonon p [Q(2, 0)], y [Q(2, 2)], and octupole [Q(3, 0)] vibrations are indicated.

Band-head
energy
(keV) Suggested character

0.0
0.08

129.26

332.7

393.0

491.9

507.7

633.1

640.4

659.0

760.9

843.7

878.7

970.0

992.8

1072.7

1116.2

1194.3

1242.3

1382.5

1412.8

11+

2

7'
g+
2

2

2

2+
2

2

39.
2

1+
2

x+
2

L+
2

2

100% 2 [743]

82% 2+[631]

67% ~2+ [622]

42% )+[633]

34% &2 [631]

13% )+[624]

17% (+[622].

~2 [752]

10% )+[631];

90% (2 [501]

12% ~i+ [641]

35% )+[622]

? $ [750];

90% $+ [624]

40% $+ [640];

20% 2+[640]'

14% 2+[622]

78% ~2 [761]

64% $ [752];

68% T [620];

75% &2 [750]

16% &2+[622]

~+[633]+Q(2, 0)

.. &-[761]

[743] +Q(3, 0)

17%%up g~ [620].

11% ~ [620]

10% /[633]; /+[633] +E =0 phonon

$ [743]+q(2, 0)

3% ~+ [640]

/+[633]+Q(2, 2)

+$ [770])

15% 2+[640]a 6% 2+[620]
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been found in the '64U(n, y)'"U data. This assign-
ment agrees with that of Stephens. '4 The band is
not populated in the (d, p) or (d, f) reactions, which
is consistent with the extremely small spectro-
scopic strengths predicted for the low-spin mem-
bers. Thus, no information is available as to the
strength, of the single-particle character of the
band.

The ~7 [743] band is the ground-state band of
"'U, and was observed to be an essentially pure
single-particle band.

V. SUMMARY

A summary of the considerations in the previous
section is given in Table VI. It should be stressed
that this is only a semiquantitative interpretation
of the experimental results. It does, however,
present a coherent picture of the distribution of
single-particle strength. If one accepts the gen-
eral basis of this interpretation as being reason-
able, the results can be compared with the Nils-
son model's prediction of band-head energies. "
In order to do this, a "center of gravity" must be
estimated for the components of each Nilsson
state. If all components were located, then such
an estimate could be obtained from:

E/ =pa, /E;/ga;,

where a, ~
is the strength of a particular single-

particle state, j, in the experimentally observed
band, i, with band-head energy E,. Even though
in some cases in the present work not all compo-
nents have been observed, a qualitative estimate
may still indicate trends. Figure 15 shows a com-
parison of ¹ilsson predictions of experimental
single-particle strength, with estimates of the

"centers of gravity'" included where applicable.
It is interesting to see that the estimated experi-
mental center of gravity of —,"[631]strength lies
at 124 keV, in rough agreement with ¹ilsson's
prediction, even though the major component of
—,"[63l]strength is essentially degenerate with the
ground state.

The level structure of "'U is clearly affected by
vibrational admixtures. These admixtures frag-
ment the states predicted by the Nilsson model.
It seems, however, that a reasonable picture of
the distribution of single-particle strength can be
obtained. The anomalous values of U' observed
are a great aid in this interpretation, and a more
accurate treatment of these anomalies might be
a valuable tool for future work. The use of sever-
al reactions in this investigation has proved essen-
tial, since for extensive analysis there are many
uncertainties involved in the data obtained from
any one reaction. A comprehensive view of the
level structure seems to be necessary in order to
realistically approach the problem of band mixing
in actinide nuclei.
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APPENDIX

DWBA Calculations for the Direct-Reaction
Calculations and Their Use

I/2+ [631] I/2'[640]

I
0---------'-~

I/2+ [620]
-K =I/2'

3/2' [631] 3/2+[622] 5/2+ [622]

K =3/2+

' '5/2'[633]

K = 5/2+

7/2 [624] 7/2 [613] I/2 [501]+I/2 [770]
gl/2 [750]

I/2 [761]

3/2 [752]

K =7/2 K = I/2 K =3/2

I.
0 500 l000 I 500 500' l000 l 500 500 l000 1500

EXCITATION ENERGY {keV)

FIG. 15. Suggested distribution of single-particle
strength in 3 U summed over each rotational band. The
theoretical limit of 1 is shown. Predicted band-head en-
ergies are shown above the dashed lines, extracted
"center of gravity" below the dashed lines.

The purpose of this Appendix is to discuss the
DWBA calculations and the reliability of the
spectroscopic information obtained.

The DWBA code JULIE' was used in the calcu-
lations, with spin-orbit strengths set to zero
throughout. The standard prescription for calcu-
lating reaction amplitudes for reactions involving
spherical nuclei is to represent the relative wave
functions for the initial and final systems by elas-
tic scattering wave functions. In the case of a
deformed nucleus this approximation is not as
good, since the first excited state is usually a
rotational state at a low excitation energy which
is strongly coupled to the ground state. These
inelastic excitations should be included in a de-
scription of the initial and final systems, and
might be described by coupled-channel wave func-
tions. The code JULIE will only calculate optical-
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FIG. 16. Optical-model fits to elastic scattering mea-
surements.

model wave functions, and they must be adjusted
in some way to approximate the more realistic
coupled-channel calculation. These considerations
are discussed in detail by Elbek and Tjgm. ' In
the present work this was crudely done by fitting
the combined cross sections for the ground and
first excited states with the optical model. Angu-
lar distributions for the scattering of 20-MeV pro-
tons, deuterons, and tritons to the 0' and 2'
states of '~U were measured using the optical-
model code of Percy." The data and best-fit the-
oretical curves are shown in Fig. 16. The param-
eters of the fits are given in Table VH. The
Woods-Saxon well for the bound-state calculation
was described by the Host parameters for '"Pb,"
with the well depth adjusted to give the correct
binding energy. The fixed parameters were ~,
= 1.349 F and a = 0,70 F,

The zULIE calculations for the reaction '"U(d, p)-
"'U yielded angular distributions for different l
transfers which were easily distinguishable as can
be seen in Fig. 2. These calculations were used
to extract l transfers for some of the states ob-
served experimentally. Determining l values was

TABLE VII. Optical-model parameters.

&p~ +~ +g ~& &pl
Particle (MeV) (F) (F) (MeV) (MeV) (F) (F)

Proton 43.3 1.347 0.603 18.5 0 1.20 0.695

Deuteron 71.9 1.347 0.729 24.9 0 1.34 0.663

Triton 168.3 1.24 0.684 0 14.52 1.45 0.987

made difficult by the high density of states. A

least-squares-fitting code was used to resolve
close doublets, but the areas obtained were not
as accurate as the energies. There were also
many states for which the number of counts was
too low to allow l-value assignments.

Calculations for the reaction "'U(d, t)'"U did not
yield sufficiently distinctive angular distributions
for l-value determinations. The calculations gave
good fits to the data where l transfers were known,
however, and were used in order to extract spec-
troscopic information.

The accuracy of the spectroscopic quantities
(A', U', V') depends on the accuracy of the DWBA

calculations. Although there is some uncertainty
as to the absolute normalization of the calculation,
relative magnitudes for various l values should be
quite good. Errors in the absolute magnitudes of
the (d, p) and (d, t) calculations would thus be ex-
pected to produce a constant normalization error
for all of the spectroscopic strengths measured
in the present work. The most reasonable esti-
mate of this error comes from a comparison with
nuclear-structure theory.

Nuclear-structure theory states that for a pure
Nilsson state the sum of spectroscopic strengths
over all members of a band must equal i. Parti-
cle + phonon mixing calculations show that the
strength of a Nilsson state is fragmented, giving
rise to a general dilution of single-particle
strength in individual rotational bands. These
same calculations, however, indicate that the
ground-state rotational band usually rises from
a rather pure Nilsson band. The ground-state
band of "'U is the & [743] band, where unfortu-
nately several members are obscured. For the
members observed, the sum of experimental
spectroscopic strengths can be compared with
theory, and is seen in Table V to be 13/~ higher
than the Nilsson prediction, . which is within the
estimated experimental error. Moreover the val-
ues of U'=0. 56 and V'=0.44 extracted from the
data are consistent with the values expected for
the ground state. Thus, in the present results
there is no experimental evidence of errors in
the absolute magnitudes of the JULIE reaction am-
plitude calculations.
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Gamma-Ray Studies of the Decays of Kr, Rb, and Sr
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Measurements made with Ge(Li) detectors are reported for y-ray transition energies and
intensities observed following the p decay of the neutron-rich nuclei +Kr, +Rb, and +Sr.
These nuclides are members of the isobaric decay chain forA =92 beginning with @Kr, which
was obtained using the on-line isotope-separator system TRISTAN developed for the study of
gaseous fission-product activities. Level schemes have been constructed for 92Rb, +Sr, and
92Y with the aid of Ge(Li)-Ge(Li) coincidence results. Some of the energy levels found are
considered from a shell-model approach.

I. INTRODUCTION

This work is one of a series of studies' ' made
on neutron-rich gaseous fission products of "'U
with the TRISTAN on-line isotope-separator sys-
tem. ' The results reported here are based on
measurements of y transitions following the P de-
cay of ~Kr, Rb, and Sr. The y-ray transition
energies, relative intensities, and observed y-y
coincidences are reported, along with the level
schemes constructed from this information. The
deduced iogft values are used in conjunction with
relative photon transition probabilities as a par-
tiai basis for tentative level spin and parity assign-
ments. In many cases, these assignments are sug-

gestive of quasiparticle configurations appropriate
in this mass region from shell-model consider-
ations.

The general purpose behind a project such as
this is to fill in gaps in the comparison of nuclear
properties across the nuciidic chart System.atic
trends established previously have led to develop-
ments of nuclear models and the division of nuclei
into three groups on the basis of spherical, de-
formed, or intermediate characteristics. It is ex-
pected that the systematic collection of more evi-
dence for the properties of nuclei far from the line
ot p stability will lead to a deeper understanding
of the properties of the nuclear force. The inves-
tigation of level schemes following the p decay of


