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Coulomb excitation experiments have been performed on 2' U targets with 370 and 450 MeV Kr
projectiles. The deduced experimental level scheme exhibits 11 band structures developed up to high

spins. A rotor-plus-quasiparticle microscopic approach, free of any ad hoc parameter adjustment,
has been applied to this nucleus yielding a very good reproduction of band-head energies, moments

of inertia, multipole moments, and transition probabilities, which assesses the relevance of the

underlying Hartree-Fock plus BCS mean field description.

I. INTRODUCTION

Coulomb excitation induced by heavy ions is a very
powerful tool for studying collective band structures relat-
ed to the ground state of a given nucleus. Recently, such
experiments using very heavy projectiles such as Kr,
~osPb, Th, and U have been performed in even-even
actinide isotopes (for a reference list see, for example,
Refs. 1—3). These experiments show that high spin states
of the ground band are especially well excited but, in addi-
tion, they reveal very nicely collective vibrational spectra
as quadrupole and octupole degrees of freedom.

A detailed understanding of rotational spectra at high
angular momentum has been established in rare-earth iso-

topes where the i "
, neutron e—xcitations are responsible for

strong irregularities in the spectra due to the large
Coriolis forces associated with high-j particles. Similar
conditions do exist in the actinides where both i —", proton
and j—", neutron orbitals lie close to the Fermi surface.

In odd-A nuclei, Coulomb excitation is, in addition, an
efficient tool for exciting rotational bands based on quasi-
particle states coupled by Coriolis mixing to the ground-
state configuration.

The U nucleus indeed appeared as a particularly
good candidate to study in detail the nuclear structure at
high spin, with its ground state —, [743],belonging to the

j—', subshell, well separated in energy from the other
negative-parity subshells. This feature has suggested the
prment study of 235U by Coulomb excitation using k~p
ton ions and performing high-statistics y-y coincidence
measurements.

From the previous experiments performed in U using
Coulomb excitation with lighter projectiles such as He,
' 0, and Ar, it appeared, as expected, that the —, [743]

ground band was predominantly excited. In addition, a
few members of other rotational bands were observed with
significant intensities. Therefore it appeared that
Coulomb excitation induced by projectiles heavier than

Ar could deliver much new information on 3 U. The
recent experiments with SPb projectiles indeed yield in-
formations up to very high spin (

—", ) in the ground
band 56

The aim of the present work is the detailed experimen-
tal study of the rotational sidebands and the theoretical
description of their properties within a rotor plus quasi-
particle approach.

In Sec. II the experimental procedure is briefly
described and the bulk of the results is given. We discuss
the data and present the deduced level scheme in Sec. III,
while in Sec. IV the theoretical interpretation of the whole
scheme is proposed within the framework of a rotor plus
quasiparticle approach using Hartree-Fock plus BCS
single-particle states.

II. EXPERIMENTAL PROCEDURES AND RESULTS

In the present experiment, multiple Coulomb excitation
of 2i5U has been studied by means of high-resolution
gamma-ray spectroscopy. A 0.1 mm metallic foil with
80% isotopic enrichment in mass 235, 10% in mass 234,
and 10% in mass 238 has been bombarded with the Kr
beam of the ALICE cyclotron of the Institut de Physique
Nucleaire at Orsay. Two bombarding energies were used:
370 MeV, i.e., well below the Coulomb barrier, and 4SO
MeV, closer to the barrier but still with negligible contri-
bution from reaction and fission production.

The measuring setup shown in Fig. 1 consisted of two
large Ge-Li detectors located on both sides of the target,
at 3 cm distance, and at 90' with respect to the beam axis.

34



COULOMB EXCITATION STUDY OF U: ASSESSMENT OF. . .

III. THE LEVEL SCHEME

FIG. 1. Experimental setup to study Coulomb excitation of
"U with ~Kr projectiles. The annular particle detector was

protected against x rays and electrons by a thin gold foil. It
detected scattered krypton projectiles in an angle of 133'—147'
with respect to the beam axis. The two y counters, y1 and y2,
were located at 90' on either side of the incident beam.

A 40 mm diam annular detector (a boron implanted sil-
icon diode) detected the krypton ions scattered between
133' and 147' with respect to the beam. The data mea-
sured were the two direct y spectra (yi and y2), the scat-
tered particle spectrum, the particle-y and yi-yi coin-
cidences, and the corresponding time spectra.

In the singles spectra, the ratio of the intensities of the

y lines for the two bombarding energies was used to make
a crude classification of the spin heights of the levels into
low, medium, and high values.

With krypton projectiles, the stopping time of the
recoiling nucleus in the material of the target is of the or-
der of the lifetime of the highest excited states. In the ac-
tinides, typical values of the lifetimes of the yrast states
with spin -20fi are of the order of the picosecond, so that
the Doppler effect is negligible, except for the last excited
states. Nevertheless, the geometry of the two Ge-Li detec-
tors positioned at +90' to the beam axis allows observa-
tion of those y transitions where the emitting nucleus is
still in flight. The line observed is then broadened but not
notably Doppler shifted. The backward geometry of the
particle detector was chosen so as to favor, in particle-y
coincidence measurements, the detection of the y transi-
tions associated with the highest spin states.

Figure 2 shows a singles spectrum, while Fig. 3 shows a
y spectrum gated by the backscattered particles. The
comparison of these spectra exhibits clearly the interest of
particle-gamma coincidences which lower considerably
the background and strengthen the y rays of the ground
band which cascade from the highest spin states popu-
lated in the multiple Coulomb excitation.

High-statistics y-y coincidence measurements have
been performed at 450 MeV incident energy. The data
recorded sequentially event by event on magnetic tapes
were analyzed off line with a program allowing a repre-
sentation in 2 channel two-dimensional matrices. To il-
lustrate these measurements, a total projection of the y-y
coincidence spectra is shown in Fig. 4.

The summary of the information on energies, intensi-
ties, and assignments is given in Table I. In this study
about 400 transitions could be assigned, most of them ob-
served in the coincidence spectra.

The level scheme proposed in the present work has been
established on the basis of the results presented in Table I,
also using energy sum rules and the analysis of feeding
and deexcitation properties of the states. The informa-
tions on the well-established low-spin part of some of the
bands have been used. The experiments including mul-

tipolarity measurements ' provide especially important
grounds for the analysis.

In this section we present the various bands observed.
Besides the ground-state band, the other negative-parity
and positive-parity bands are successively given. In order
to show how the bands are related, a diagram is given for
each of them, presenting the feeding and the deexcitation
of each state. In a way, this procedure gives a kind of
model-independent level scheme, exhibits the main con-
nections between the bands, and emphasizes the configu-
ration mixings and the presence of vibrational modes. At
the end of this section, a summary of the observed rota-
tional bands is given. To make the following description
of the states as clear as possible, we shall label the bands

by the usual Nilsson quantum numbers of the main com-
ponent of the states, as will be justified in Sec. IV.

A. The negative parity bands

Besides the ground state —', [743] band, mainly excited
in this Coulomb excitation experiment, other negative par-
ity bands were also identified and associated with either
quasiparticle configurations issued from the j—", subshell,

or vibrational modes built on the ground configuration.

1. The ground state t -~ 743
~

band

The ground-state rotational band, based on the
[743j state, is predominantly excited in our experi-

ments. In the most complete measurements prior to this
work, states up to spin I = —, at 805 keV have been ob-

served. In our measurements, ' states up to spin
I =—", at 2830 keV have been Coulomb excited and
their assignment results from the y-y coincidences. The
I+1~I transitions are observed up to the —", state (see

Fig. 5). The energy level spacing appears to be rather reg-
ular, and characteristics such as the moment of inertia
and the Coriolis coupling effects will be discussed in the
next section.

This set of precise results has been used as a basis in the
analysis of the more recent measurements of high-spin
states in the U ground band, undertaken at the
Gesellschaft fiir Schweren Ionen UNILAC accelerator at
Darmstadt, with Pb ions. ' As also observed in these
experiments, we notice a pronounced intensity jump (see

Fig. 3) between the —, ~—', and the —, ~—, y
transitions. This is due to a change in the branching ra-
tios between the M =2 and 1 transitions above the —,

21

level: the energy of the M 1 (bJ =1) transitions exceeds
then the E conversion threshold„so that an increasing in-

tensity is going through these highly converted M1 tran-
sitions, diminishing the branching ratio of M' =2 against
hI = 1 transitions.
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FIG. 2. Singles y spectra observed in Coulomb excitation of 'U with krypton beam at 470 MeV. In case of complex lines, the in-
dicated energy is the one of the main component. The lines marked by a star are attributed to impurities ( U, U, and radioactivi-
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FIG. 3. Gamma spectrum observed in coincidence with the scattered particles. The reaction conditions are the same as in Fig. 2.

2. The ~ [752] band

This rotational band, based on the 632.9 keV level, has
been observed in Ref. 4 up to the —", state. The value
K= —, has been assigned according to the deexcitation
properties (dominant M 1 type transitions) of the states to
the ground band. This K value is also supported by (n, y),
transfer, and (d,d') reaction measurements. '"'

In the present experiment the sequence of the lowest
states is in good agreement with the previous proposed
scheme. Similarly, we have observed that these states
deexcite mainly to the ground band. Moreover, our y-y
coincidence data show several groups of transitions con-
necting this band to other ones, allowing us to extend
knowledge of this band up to the —", state. Indeed, as
shown in Fig. 6, each level of this band also decays to the
states of the —,

' [631], —, [624], and —, [631] bands.
Furthermore, the band is populated by deexcitations of
states of other bands lying higher in energy, i.e., —', [734],

[761], —', I
-', [743], 2& I, and —", I

-', [743],2„+}
bands, all related to the j—", shell. %'e observe also intra-
band b,I =1 and 2 transitions. The spin assignments of
the successive states of this —,

' [752] band have been
determined from the lowest state, —', , at 632.9 keV up to

the highest observed state, —", , at 1490 keV, using all
these sets of intraband and interband transitions in a self-
consistent way.

The level spacing in this band appears to be less regular
as compared to the ground-state band.

3. The z [734] band

A E = —, rotational band, based on a state at 822 keV
with two excited levels at 886 and 961 keV, was previous-
ly proposed according to the M 1 multipolarity of the
transitions decaying to the ground band. This assignment
was also confirmed through (d,d') experiments. ' '

In the present measurements, this band has been identi-
fied again and extended up to the —", state. This set of
levels has been obtained essentially through the y-y coin-
cidence data. The two intraband cascades, 138.4, 190.8,
241.1 keV and 159.7, 205.4, 244.3 keV, have been identi-
fied. The band has a strong decay to the ground and the

[752] bands and a weaker deexcitation to the

[
—, [743], 2& ], —,

' [624], and —, [631] bands. A
strong population of the states arises from the —', [761]
band and a weaker one from the —, [ —, [743],2&j
band. The partial level scheme related to the I%' = —,

band is shown in Fig. 7. This band clearly has its strong-
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FIG. 4. (Continued).

est connections with bands which are based on j—", orbital

components.

4. The z I[761]+[741])band

Three levels —at 1039, 1061, and 1098 keV—were ob-
served in previous experiments without precise assign-
ment. In our Coulomb excitation experiment, these
levels have been found to be the three first members of a
rotational band which is developed up to the —", state at
1647 keV, on the basis of its deexcitation paths toward
eight bands (see Fig. 8). The strongest decay goes to the
bands related to the j—", orbitals: —, [743], —, [752],

[734], —', I
—', [743],2r+ I. However, no decay has

been observed to the z I —, [743],2& J band. One also
observes deexcitations to the low K positive-parity bands
( —,

' [631], —,
' [631] —,

' [622], and —,
' [633], but none

was found to the —', [624] band. These decay properties
allow us to propose K =—, for this band. Moreover, its
strong population by Coulomb excitation, even saith a

band head as high in energy as 1039.3 keV, and its deexci-
tation properties to the states related to the j—, orbital
strongly suggest the —,

' [761] assignment for this band.
However, as discussed in Sec. IV, this pure assignment is
not supported by the predictions of the rotor plus quasi-
particle calculations which predict a mixture of both

[761]and —,
' [741) configurations.

One may remark that this band is strongly perturbed,
much more than the —,

' [752] band. This fact supports
also the proposed interpretation of this —, band, which is
expected to be strongly coupled with both —, [770] and

[750] bands, well known for their large negative
decoupling parameter.

5. The ~ I z [749],2„+]band

From their Coulomb excitation measurements,
Stephens et a/. have proposed three levels, at 638, 665,
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TABLE I. Transitions observed in 'U. Energy, intensity, and assignment of the transitions are
given in the three first columns. For complex y lines the total intensity is given. In the last column, A

stands for transitions observed previously, C for transitions observed in y-y coincidence spectra in the
present work, and L for the lowest intensity components within a complex line. Natural target radioac-
tivity and background are indicated by PR (partly radioactive} and MR (mostly radioactive).

Energy
(keV}

38.0+0.5
46.20+0.07
49.4+0.5

56.85+0.10

63.5+0.5

65.4+0.5
67.63+0.07

68. 1%0.5
72.8+0.1

74.88+0.07

78.36+0.07
79.5+0.5
80.S+0.5

81.89+0.10
85. 15+0.12
85.7+0.5

87.5 +0.5
88.8+0.5

89.7+0.1

90.1JO.S
102.020.5

iO3. O~O.S
1

103.1+0.1 I

Relative
intensity

570+30

Assignment
Initial
level

670.9
46.2

720.3
103.1
777.3

701.0
885.8

1126.3
170.7
701.0
850.2
923.3

960.5
608.0

249. 1

750.4
474. 1

413.2

690.2
1045.S
1107.2
454.5
7S0.4
805.9

720.3
1214.7
1186.5

338.8
115S.3
471.3
661.2

793.8

103.1
1495.0

Final
level

632.9
0

670.9
46.2

720.3

637.8
821.8

1060.6
103.1
632.9
777.3
850.2

885.8
533.2

170.7
670.9
393.5
332.8

608.0
960.5

1021.7
369.0
664.5
720.2

632.9
1126.3
1097.7

249. 1

1065.2
369.0
559.4

690.2

0
1392.1

Comments

A

C
A, C
C

C
A, C
C
C, PR
C

C, PR
C

A, C

C
C

238U(4+ 2+ }
A, C, PR
C

104.9+0.5 t

105.5+0.1 .
106.5+0.5

108.7+0.5
109.9+0.5
115.5+O.S
116.2+0.5
117.5 +0.5

151.0
559.4
805.9
881.5

1151.2
777.3
533.4

885.8
359.0
197.0
129.3
750.4

46.2
454.5
701.0
777.3

1045.S
670.9
426.7

777.3
249. 1

81.8
13.0

632.9

C, L
C
C
C
C
C
C
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Energy
(keV)

119.3%0.5

120.7+0.1 .

122. 120.2 I,

122.3+0.5 *

123.7+0.5

124.4+0.1

125.2+0.5
127.9+0.5

129.2+0.1

129.8+0.5
131.3+0.5

132.5 %0.5
133.9+0.1

135.0+0.5
138.3+0.5

139.9+0.1

141.1%0.1

142.4+0.5

143.6+0.1

144.4+0.5

146.0%0.5
146. 1 +0.1

147.5 +0.5

150.2+0.5

Relative
intensity

130+10

100+10

11+4

TABLE I. ( Continued).

Assignment
Initial
level

290.5
171.4
532.4
671.1

1307.0

1045.5
413.2

1373.3
294.6
170.7

1045.5
171.4

1456.8
687.3

1235.2
1149.5
129.3

1151.2
568.0

1329.4
850.2
881.5

1456.8

720.3
805.0

1155.3
608.0
805.9
960.5

1456.8
944.9
290.5

1031.5
1063.2

1392.1
1186.5

750.4
509.8
587.8

1250.0
923.3

1250.9
920.8
294.6
225.4
369.0

1065.2
1473.5
616.4

1635.7
249.1

923.3
485.0
953.4

682.7

Final
level

171.4
51.7

413.2
550.4

1186.5

923.3
290.5

1250.0
170.7
46.2

920.8
46.2

1329.4
559.4

1107.2
1021.7

0
1021.7
438.6

1200.6
720.3
750.4

1325.8

587.8
671.1

1021.7
474. 1

670.9
821.8

1318.5
805.0
151.0
891.8
923.3

12S0.9
1045.5

608.0
367.0
445.7

1107.2
780.0

1107.2
777.3
151.0
81.8

225.4
920.8

1329.4
471.3

1490.2
103.1
777.3
338.8
805.9

532.4

Comments

C, A, L
C,L
C,L
A, C, PR
C

C,PR
C,L
C„L
C,L
A, C
C
C,L
C,L
C,L

C,L
C, A

C
C
C
C,L
C
C

C,L
A, C
C

C, L
C,L
C,L
C
C
C
C

C, L
C,L
C, L
C,L
C, PR
C
C
C
C, A

C
C
C
C

C,L
A, C
C
C,L
C
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Energy
(keV)

151.1+0.1
»1.7+0.5 I

152.7+0.1

154.2+0.5
155.0+0.5
155.5+0.1

157.0+0.1

160.1 +0.2

161.2+0.3

161.9+0.5

163.4%0.1

164.OJ0.5

165.8%0.1

167.5 +0.5
168.0+0.1

169.4+0.5

170.4+0.3
172.0+0.5

172.9+0.5
174.8+0.2

175.8+0.5
t

176.3+0.1 i

179.4+0.5

Relative
intensity

480% 30

780%40

7k2

30+10

TABLE I. (Continued).

Assignment
Initial
level

821.8
1647.0
1459.8

825.2
687.3

1390.5
1100.4

1647.0
1257.5
1392.1
690.2

454.5
1045.5
953.4

332.8
881.5
670.9

1459.8
359.0
616.4

1635.7

532.4
454.5

1151.2

987.2
1495.0
1126.0
885.8

850.2
338.8
701.0

1155.3
1214.7
891.9

920.8
171.4

1021.7
1063.2
1490.2
369.0
722.0
682.7

1325.8
587.8

1473.5
953.4
661.1

1325.8
1490.2

1065.2
225.4

Final
level

670.9
1495.0
1307.2

671.1

532.4
1235.2
944.9

1490.2
1100.4
1235.2
533.2

294.6
885.8
793.8

171.4
720.3
509.8

1297.7
197.0
454.5

1473.5

369.0
290.5
987.2

821.8
1329.4
960.5
720,3

682.7
170.7
533.2
987.2

1045.5
722.0

750.4
0

850.2
891.8

1318.5
197.0
550.4
509.8

1151.2
413.2

1297.7
777.3
485.0

1149.5
1314.2

885.8
46.2

Comments

C
C,L
C,
mainly
234U( 6+ 4+ )

C
C,L
C
C

C
C

C, A

C
C
C,L
C,L
C,L
C,L

C, MR
C,L
C, L

C,L
C,L
C
C

C, L
A, C
C, L
C
C,L
C

C
C
C
C
C
C
C
C,L
C
C
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Energy
{keV)

Relative
intensity

TABLE I. {Continued).

Assignment
Initial
level

Final
level Comments

180.8+0.5
181.5+0.5

183.5+0.5

184.9+0.5

185.7+0.5 .

187.3+0.5

189.5+0.1
'

190.5%0.5 .

191.7+0.5

193.0+0.5
194.9+0.1 '

i9S.S~O.S I

196.4+0.3

197.6J0.5

199.5 +0.5

200.9%0.2

202.0+0.1

203.3+0.2

205.3+0.1

206. 5+0.5
209.0+0.5

44+5
70+10

73%10

70+20

770+40

3+],

6+3

55+4

7+3
90+ 10

471.3
987.2

1063.2

960.5
1065.2
1107.2

1250.9
801.0

1318.5
793.8

1250.9

874.5
1250.0
1646.8
413.2

438.6
1390.5
911.7
777.3
485.0

1297.7
559.4
664.5

1151.2

881.5
780.0

1214.7
1155.3
367.0

1107.2
1045.5

1149.5
1329.4

682.7
805.9

1024.7
1307.0

920.8

559.4

891.8
1155.3

1235.2
874.5
332.8

1250.9
690.2

661.2
568.0

290.5
805.9
881.5

777.3
881.5
923.3

106S.2
616.4

1133.0
608.0

1065.2

687.3
1063.2
1459.8
225.4

249.1

1200.6
722.0
587.8
294.6

1107.2
369.0
474. 1

960.5

690.2
587.8

1021.7
960.5
171.4
911.7
850.2

953.4
1133.0

485.0
608.0

825.2
1107.2

720.2

359.0

690.2
953.4

1031.5
671.1
129.3

1045.5
485.0

454.5
359.0

C,L
C,L
C,MR
C
C

C
C
C
C

A, C
C

C
C,L
C,L
C,L
C,L
C,L

C
C, PR
C, A, L
C,L
C,L

C,
mainly

U{8+ 6+)

C
C, PR

C
C
C, A

C, PR
C
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Energy
(keV)

210.0+0.51
210.6+0.1,

211.1+0.5
211.7+0.2

213.2+0.5

215.6+0.5

217.1+0.5
219.8+0.5
221.320.2)
222.OJ0.5,

224. 1%0.5

225.7%0.5

226.9%0.5
228.2+0.2

228. 8J0.5

230.9+0.1

232.520.1)
232.5+0.5 ',

234.5+0.4

235.7+0.5
236.9+0.5

237.8+0.5

238.5+0.1

239.4+0.5

240. 3+0.5

241. 1 +0.3,

Relative
intensity

380+30

-1
4+2

17+1

30+2

TABLE I. (Continued).

Assignment
Initial
level

987.2
1235.2

637.8
550.4
780.0
874.5

1063.2
1235.2

1065.2
509.8
885.8

1107.2

750.4
920.8

1456.8
1329.4
1473.5
1373.3

1373.3
1473.5
1459.8
225.4
793.8

1186.5

701.0
1021.7
1151.2
1250.0
911.7
587.8

891.8
671.1

1155.3
687.3
923.3

1647.0
1297.7
793.8

690.2
1392.1
987.2
722.0

664.5
1149.5
1031.5
1060.6
533.2

1473.5
608.0
632.9

960.5
1126.3
1392.1

Final
level

777.3
1024.7

426.7
338.8
568.0
661.1
850.2

1021.7

850.2
294.6
670.9
891.8

533.2
701.0

1235.2
1107.2
1250.9
1151.2

1149.5
1250.0
1235.2

0
568.0
960.5

474. 1

793.8
923.3

1021.7
682.7
359.0

661.1

438.6
923.3
454.5
690.2

1412.0
1063.2
559.4

454.5
1155.3
750.4
485.0

426.7
911.7
793.8
821.8
294.6

1235.2
369.0
393.5

720.3
885.8

1151.2

Comments

C
C, part.
238U( 8+ 6+ )

C,L
A, C
C
C, L
C,I
C,L

C
C
C, PR
C,L
C,L
C,L

C
C
C
C, A

C
C

C
C
C
C,L
C,L

C
A, C
C,L
C,L
C,L

C,PR
C

C,L
C,L
C,L
C, PR
C
C
A, C,L
C,L

C,L
C,L
C
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TABLE I. ( Continued).

Relative
intensity

Initial
level

Assignment
Final
level Comments

241.8%0.2

z4z. 7+0.51

243.4+0.2
244. 3+0.1

245.7+0.5

246.9+0.2
248. 8+0.5

250.2%0.3

1390.5
1133.0
923.3

850.2
413.2
532.4

1021.7
801.0

533.2
1635.7
1495.0

670.9
777.3

1126.3
1024.7
290.5

1635.7
471.3
720.3

616.4
608.0
687.3
474. 1

920.8
801.0

1149.5
891.8
682.7

608.0
171.4
290.5
780.0
559.4

290.5
1392.1
1250.9

426.7
533.2
881.5
780.0
46,2

1390.5
225.4
474. 1

369.0
359.0
438.6
225.4

670.9
550.4

C
C
C, part.
234U( 10+ 8+ )

C
C
C
C
C, A

C„L
C,L
C,L

C, PR
C
C
A, G

254. 5+0.1'

255.3+0.5

257.0%0.5

257.8+0.2

280%20

210+10

805.0
1214.7
426.7

1647.0
1490.2

1647.0
825.2

1390.5

550.4
960.5
171.4

1392.1
1235.2

1390.5
568.0

1133.0

A, C
C
A, L
C,L
C, L

C,L
C,L
C, mainly
"'U( 10+ 8+)

259.3+0.5
261.3+0.5
262. 1 +0.3

1149.5
1065.2
1214.7
1063.2
1325.8
1635.7

891.8
805.9
953.4
801.0

1063.2
1373.2

263.1+0.2
264.2 +0.3
265. 5+0.5 ]
266.0+0.2

267.2%0.3

953.4
393.5
881.5
632.9

1373.3
369.0

1297.7
953.4
987.2
777.3

690.2
129.3
616.4
367.0

1107.2
103.1

1031.5
687.3
720.3
509.8

C
A, C
C,L
C
C
C, A

C
C
C
C
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268.2%0.4
269.7+0.2

270.9+0.5 l

271.4+0.4,

272. 8+0.5 ~

273.8+0.2 ~

274. 5+0.5
275.3+0.3
276.7+0.5

277.6+0.2

279.2+0.2

280.3+0.5
283.6+0.3

285.6+0.3
287.5 %0.5

289.2+0.5

291.8+0.5
293.9+0.3

295.4+0.1
'

296.6+0.5

297.9+0.5
300.0+0.1

300.6%0.1

Relative
intensity

—I
11+3

3+1
9+4

10+2

SR2
10+2

TABLE I. (Continued).

Assignment
Initial
level

1045.5
1063.2
682.7

953.4
664.5

1473,5
1297.7
805.9
944.9
881.5
805.9
720.3

1149.5
750.4
474. 1

1126.3

616.4
960.5

1412.0
750.4

1325.8
454.5
413.2

1063.2
1390.5
532.4

1307.0
1065.2
1318.5
701.0

1314.2
1200.6

1097.7
1325.8
881.9

1495.0

1100.4
911.7
780.0

1250.0
805.9

88S.8
471.3

1151.2

Final
level

777.3
793.8
413.2

682.7
393.5

1200.6
1024.7
533.2
671.1
608.0
532.4
445.7
874.5
474. 1

197.0
850.2

338.8
682.7

1133.0
471.3

1045.5
170.7
129.3
780.0

1107.2
249.1

1021.7
777.3

1031.5
413.2

1024.7

80S.9
1031.7
587.8

1200.6

805.0
616.4
485.0
953.4
509.8

587.8
171.4
850.2

Comments

C,L
C,L
C,L
C
C
C
C,L
C
C
C
C

C
C
C

C
C

C
C
C, part.
'"U(12+ 10+)

304.0+0.5 ~

305.0+0.3,

471.3
1325.8
1456.8
1126.3
1186.5
1155.3
750.4

170.7
1021.7
1151.2
821.8
881.9
850.2
445.7
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Energy
(keV)

306.7+0.5

309.0+0.5
310.1+0.2

311.6%0.2

312.7%0.1
316.6%0.1

318.0+0.5
320.2%0.5

321.3%0.1

322.3+0.5 .
326.8J0.5
333.5+0.1

336.6+0.3 t

~~7.4~0.5
~

338.0+0.5 t

338.8+0.1

340.6+0.4
348.5+0.2

352.3+0.2

Relative
intensity

3+1
9%1

120%4
42+2

80+3

62%8

3+1
43+2

TABLE I. (Con«nuked}.

Assignment
Initial
level

1635.7
1456.8

780.0
1060.6
1459.8
1373.3
559.4
413.2

393.5
821.8

1257.5
445.7

1647.0
1126.3
1097.7
1635.7
367.0
661.1

1459.8
1214.7
1433.9
332.8

1186.5
1024.7
1250.0
1039.3
509.8

1250.9

1060.6
1606.0

1126.3
1373.3
687.3

1459.8
911.7

Final
level

1329.4
1149.5

471.3
750.4

1149.5
1063.2
249.1

103.1

81.8
509.8

944.9
129.3

1329,4
805.9
777.3

1314.2
46.2

338.8
1133,0
881.5

1100.4
0

850.2
687.3
911.7
701.0
171.4
911,7

720.3
1257.5

777.3
1024.7
338.8

1107.2
559.4

Comments

C
C, mainly

U(14+ 12+ )

C
C,L
C,L
C

C,L

C
C

C
C,L
L
C,L
C,L
C, part.
"'U(14+~12+ )

C
C, part.

U(16+ 14+ }

359.6+0.2
362.8+0.5
363.7+0.3
364.5+0.3
367. 1 +0.3

368.2+0.2

371.2+0.5
372.5+0.3

10+2
2+1
2+1
241
7+1

1060.6
1045.5
1024.7
1214.7
1392.1
367.0
413.2
616.4

1802.1
1039.3
701.0
471.3

1151.2
960.5

1325.8

701.0
682.7
661.1
850.2

1024.7
0

46.2
249.1

1433.9
670.9
332.8
103.1

780.0
587.8

C
C
C
C
C
A

C
C part.
'-~SU(16+~ 14+ )
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Energy
(keV)

Relative
intensity

TABLE I. (Continued).

Assignment
Initial
level

Final
level

375. 1+0.2

376.0+0.4
377.5+0.5 )

379.3+0.2
380.7+0.2

382. 1%0.3

383.3%0.5
387.8+0.2
389.7+0.5
392.7+0.4

393.5+0.4

395.7+0.4

399.4+0.2

401.5+0.5
402.4+0,3

406. 1+0.4

407.3+0.6
408.2+0.5
409.0+0.4

410.4+0.3
411.2+0.5

413.9+0.3

12+2

5+3
7+1

3
6+2

3+1
5+2

9+1

426.7

1155.3

1126.3
1097.7
911.7

1986.7
1186.5
509.8
393.5

533.4
1065.2

750.4
682.7

1060.6
682.7

1214.7
805.9
474. 1

393.5
953.4

1647.0
690.2

1060.6
1200,6

2201.5
445.7
987.2

1200.6

1039.3
1325.8

1063.2

1039.3
1126.3

891.8
1024.7
2395.6
1214.7
1186.5

881.5
1647.0
608.0

1133.0
920.8
780.0

1459.8
426.7
413.2

51.7

780.0

750.4
720.2
532.4

1606.0
805.9
129.3
13.0

151.0
682.7

367.0
294.6
670.9
290.5
821.8
413.2

81.8

0.1

559.4

1250.9
294.6
664.5
805.0

1802.1

46.2
587.8
801.0

637.8
923.3

661.1

632.9
720.3

485.0
616.4

1986.7
805.9
777.3

471.3
1235.2
197.0
722.0
509.8
369.0

1045.5
13.0
0

A, C,
part.

"U(18+~16+)

C

C
C,L
C
C
C
C
A, C

C
C
C

C
C,
part.
"'U(18+ 16+)
C
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Energy
(keV)

Relative
intensity

TABLE I. ( Continued}.

Assignment
Initial
level

Final
level Comments

415.5+0.3
4i6.6+O.3 t

417.5 %0.5
421.4+0.4

422. 6+0.3

425. 1 +0.3

426. 6+0.3

427. 8+0.3

429.2+0.4
433.3%0.5

t

434.8+0.3,

436.4+0.4
t

437. 1 %0.5
i

438.2%0.3

439.5+0.3
445. 7+0.2

446. 8+0.5
451.6+0.4
456.9+0.4

459.8+0.5

463.8+0.3

465.3+0.5
468. 5 +0.5
472.2+0.3

3

5+1

3+1

5+1

1307.0
587.8
587.8

1307,0
1214.7
780.0
953.4

474. 1

1060.6

1456.8
1126.3
1307.0
471.3

1097.7
911.7

2628
881.5
426.7

509.8
1149.5
1060.6

532.4
1097.7
1456.8
2830
793.8

874.5
1214.7
805.9

687.3
1459.8

1314.2
616.4
445.7

1390.5

1063.2
533.2
608.0
911.7
682.7

1024.7
1307.0

750.4
1097.7

1031.5
509.8

1024.7
953.4

1297.7

891.8
171.4
170.7
885.8
793.8
359.0
532.4

51.7
637.8

1031.5
701.0
881.5
46.2

670.9
485.0

2201.5
454.5

0.1

1031.5

81.8
722.0
632.9

103.1
664.5

1021.7
2395.6
359.0

438.6
777.3
369.0

249. 1

1021.7

874.5
170.7

0
944.9

616.5
81.8

151.0
454.5
225.4
568.0
850.2

290.5
637.8

568.0
46.2

559.4
485.0
825.2

C
C
C
C
A

part.
"'u(20+ 18+)

G,L
C

C
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Energy
(keV}

473.4+0.4
475.4+0.3
489.0+0.5
493.0+0.3

495.220.5
508.5 %0.5
509.5 +0.5

511.8JO.S

512.9+0.5

522.9%0.5
529.6+0.5
532.0+0.5
535.5+0.5
536.5+0.5
539.2+0.3

S40.S+0.4
545.0+0.5
550.6+0.6
552.9+0.3

555.8+0.2
557. 1+0.3

563.8+0.6

569.5+0.3
571.7+0.5
579.4+0.5 '

580.3+0.5.
583.2+0.5

584.6+0.S

586.2 +0.6

587.2+0.5
588.8+0.5

Relative
intensity

3X2
4+2
2+1
621

3+1

12+2
6+2
7+2
10+2

14+2
4+2

20+5

5+2
Si2

TABLE I. (Continued}.

Assignment
Initial
level

911.7
701.0

1314.2
1126.3
690.2

1297.7
1318.5
664.5

1063.2
637.8
509.8

1314.2

682.7
1235.2
1063.2

881.5
701.0
682.7
664.5

1021.7
690.2

1107.2
1200.6

1647.0
1490.2
1495.0
911.7
750.4
891.8

850.2
1107.2
805.9

1235.2
1097.7
923.3

720.3
701.0

1250.9
7S0.4
682.7
777.3

1133.0
1151.2
780.0

1021.7
664.5

923.3
1459.8

1060.6
1390.5
637.8
1024.7

1392.1
1250.0

Final
level

438.6
225.4
825.2
632.9
197.0
805.0
825.2
171.4

568.0
129.3

0
805.0

170.7
722.0
550.4

359.0
171.4
151.0
129.3
485.0
151.0
568.0
661.1

1107.2
944,9
944.9
359.0
197.0
338.8

294.6
550.4
249. 1

671.1

533.2
359.0

151.0
129.3
671.1

170.7
103.1
197.0
550.4
568.0
197.0
438.6

81.8

338.8
874.S

474.3
805.0
51.7
438.6

805.0
661.1

Comments

C
C
C

C
C
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TABLE I. ( Continued}.

S92.9+0.5
595.9+0.4
597.9+0.4

599.5+0.4

601.1+0.4

606.7+0.5

609. 1 +0.5

610.9%0.4
612.8+0.4

614.4+0.4
617.1 +0.4

618.3+0.4

619.2 +0.4

619.8+0.4

622. 3+0.6

t 23.5*O.5 t

624.7+0.2

626.4+0.2

630.4+0.4
632.9+0.2

635. 1+0.5
637.7+0.2
642. 6+0.5

645.8+0.3
647.2+0.3

R.elative
intensity

11X3
2825

28+3

16+2

3+1
22+2

16+2
49+4

15+5

7+3

103+6

16+2
130+20

23+2
180+10

7+1

10+2
24+ 3

Initial
level

1126.3
1155.3
1214.7
701.0

750.4
1149.5

850.2
1151.2
960.S

1045.S
1329.4
1214.7
1412.0
777,3

780.0
805.9

1065.2
1039.3
664.5

953.4
720.3

1307.0
911.7
664.5
987.2

670.9
701.0

632.9
1307.0

1107.2
960.5
793.5

1097.7
821.8
670.9
637.8

1063.2

777.3
1297.7

920.8
632.9
881.5

1200.6

805.9
637.8
891.8

1314.2

1039.3
750.4

1318.5

Assignment
Final
level

533.2
S59.4
616.4
103.1

151.0
550.4

249.1

550.4
359.0

438.6
722.0
608.0
805.0
170.7

170.7
197.0

454.5
426.7

51.7

338,8
103.1
690.2
294.6
46.2

369.0

51.7
81.8

13.0
687.3

485.0
338.8
170.7

474. 1

197.0
46.2
13.0

438.6

151.0
671 ~ 1

290.5
0

249. 1

568.0

170.7
0

249. 1

671.1

393.5
103.1
671.1

A, C

C
A, C

C,L
C
A, C
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TASI E I. (Continued).

Energy
(keV)

Relative
intensity

initial
level

Assignment
Final
level Comments

649.2+0.5
650. 1+0.3
651.6+0.5

654.8%0.3

655.5%0.5.
658.7+0.4

662.6%0.5
664.5+0.3 I

668.9+0.5

670.0%0.5,
670.9%0.3 I

674. 1+0.3

679.7+0.4
683.0+0.5
684.8+0.3,

685.9+0.5
693.0%0.5
700.6+0.3
702.6+0.3

704. 1+0.3

706.5+0.5
709. 1 +0.5
712.2+0.4
715.3%0.5

719.1 +0.4

11+2
6+2
18+2

50%4

16+3

6+2
15+5
12+3
28+3

21+3

-1
2+1
2%1
4+2

701.0
1200.6

821.8
1126.3
1456.8
664.6

1126.0
805.9
701.0

1456.8
953.4

1459.8
1329.4

911.7
1490.2
1325.8
1149.5
664.6

1107.2
750.4

1390.5
1473.5

1495.0
670.9
821.8

1097.7

720.3
777.3
923.3

850.2
1250.9
1235.2
1490.2
1097.7
881.5

1024.7
1031.5
1250.9
805.9

1373.3
1647.0

1063.2
750.4
953.4

1045.5
1325.8
1151.2
885.8

1186.5
1200.6

821.8
1390.5

51.7
550.4

170.7
474. 1

805.0
13.0

471.3
151.0
46.2

801.0
294.6
801.0
671.1

249.1

825.2
661.1
485.0

0

438.6
81,8

722.0
805.0

825.2
0

151.0
426.7

46.2
103.1
249.1

170.7
568.0
550.4
805.0
413.2
197.0

338.8
338.8
550.4
103.1
671.1
944.9

359.0
46.2

249. 1

338.8
616.4
438.6
170.7
471.3
485.0

103.1
671.1

C
C
A, C
C,L

C
C
C
C

C,L
A, C
C

A

A, C
C

C
C,L
C
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Energy
(keV)

724.4+0.4
726.7+0.3
728.2+0.4
730.2+0.5

734.4+0.3

737.5 %0.5

743.7%0.5
746.720.6

748.4+0.6
760.0%0.5

763.3%0.5
765.8%0.2
768. 1 +0.4

773.0+0.4

775.9+0.3

778.2+0.6

782.7+0.3

790.3+0.5
796.4+0.4

798.3+0.4
802.6+0.5
810.7+0.3
812.1R0.6

816.4+0.3

817.8+0.4

821.5+0.3

822. 5+0.6

839.6+0.5

849.8+0.4
855.3+0.6
857.9+0.6

Relative
intensity

2+1
3+1
2+1
5+1

5+1

6+2
10+2

3+1

6+2
49+4
12S2

10+5

22+2

12+2

7%2
10+2

8+2
42%4
30+3
11+2

23+3

32+5

25+3
9+2
20+4

TABLE $. (Continued).

Assignment
Initial
level

1063.2
1065.2
1060.6
1097.7
1297.7

885.8
1456.8
987.2

1459.8

1214.7
1297.7
1314.2

1307.0
805.9

1214.7

960.5
1250.9
1107.2
1318.5

1495.0
1021.7
1186.5

821.8
1325.8

1329.4
881.5

885.8
953.4

960.5
1045.5
1235.2

1459.8
1473.5
1149.5
1151.2
1250.9

987.2
1065.2
1155.3

920.8
1186.5

821.8
1647.0

1307.0
1373.3

885.8
1390.5

953.4
1214.7
960.5

Final
level

338.8
338.8
332.8
367.0
568.0

151.0
722.0
249.1

722.0

471.3
550.4
568.0

559.4
46.2

454.5

197.0
485.0
338.8
550.4

722.0
249.1

413.2

46.2
550.4

550.4
103.1

103.1
170.7

170.7
249.1

438.6

661.1
671.1
338.8
338.8
438.6

170.7
249. 1

338.8

103.1
369.0

0
825.2

485.0
550.4

46.2
550.4

103.1
359.0
103.1

Comments
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Energy
(keV)

SS9.9+0.6
874.7+0.2

876.0+0.5.
887. 1+0.4
888.5+0.5
894.3%0.5
901.8+0.6

906.0+0.5

909.9+0.6

911.1+0.6
920. 1+0.51

920.8+0,2
925.4%0.5
926.4%0.5
935.4+0.6
941.2+0.2
948.3+0.5
962.0+0.3
964.4%0.5
968.8+0.5

975.4%0.6

983.9+0.6
994.7+0.4

1000.9+0.3
1014.4+0.3
1015.6+0.5

1019.0+0.6
1023.2+0.5
1039.4+0.5
1044.0+0.6
1051.7%0.6
1057.0+0.6
1060.5+0.5
1076.7+0.4
1083.2+0.6
1097.5+0.5
1111.9+0.3
1120.9+0.4
1126.3+0.S
1140.5+0.6

Relative
intensity

17%2
9%2

3+2

12+3
170+10

11+1
12+2
5+1
37+3
9%2
18+2
5%2
11+2

8+3

38+2
6+1
6+1
73+7
16+3

7%3
8+3
15+5
9+3
6k2
6+3
13+2
9+2
4+1
10+3
9+2
13+2
6+3
13+2

TABLE I. (Continued).

Assignxnent
Initial
level

1107.2

1297.7
1045.5
920.8

1214.7
1325.8
1456.8
1065.2
1151.2
1126.3

14S6.8
1155.3

1459.8
1039.3

1250.0
1214.7
920.8

1647.0
1097,7
1373.3
987.2

1307.0
1065.2
1635.7
1097.7
1307.0

1647.0
1459.8
1126.3

1155.3
1097.7
1250.0
1060.6
1097,7
1186.5

1456.8
1126.3
1039.3
1214.7
1097.7
1307.0
1060.6
1325.8
1186.5
1097.7
1214.7
1459.8
1126.3
1186.5

Final
level

249. 1

438.6
170.7
46.2

338.8
438.6
568.0
170.7
249.1

225.4

550.4
249. 1

550.4
129.3

338.8
294.6

0
722.0
171.4
438.6
46.2

359.0
103.1
671.1
129.3
338.8

671.1
485.0
151.0

170.7
103.1
249. 1

46.2
81.8

170.7

438.6
103.1

0
170.7
46.2

249. 1

0
249. 1

103.1
0

103.1
338.8

0
46.2

Comments

and 701 keV, as members of the —', (E —2) y-vibrational
band based on the ground state. The arguments for such
an assignment were mainly based on comparisons of ex-
perimental estimations and theoretical calculations of rel-

ative 8(E2) for the excitation and deexcitation of the
three levels mentioned above. This interpretation was a1so
confirmed by further experiments. '"

In the present @cork, the rotationaI sequence in this
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47/2-

The 7/2 743 band

45/2-

TABLE II. Coriolis mixing in the ground state —, [743]
band: the standard basis element a

~

INIK ) is defined by the la-

bel K [N,N„A]of the intrinsic state a on which it is built.

Major weights are given in percent up to 95% of the state. For
each state I of this band, the upper (lower) line in the table cor-
responds to the U core ( U core) calculation. Experimental
value of the state energy is given on the centra1 line.

45/2- ~ 1r P395.6

59/2 ~r & l988.7

55/2- ~ 1r l808.0

5I/2- 1r s I257.5

ay

4l/2 1r & 226.5

57/2" ~ 1r l802. I

M/2" 1r ~~ I455.9
11
2

Energy

(MeV)

0.00

0.00
0.00

0.01

0.05

0.03

0.04

[743]
(%)

91

77

[752]
(%)

20

[734]
(%)

27/2-

l9/2- + 1r 458.8

/$p '~29/2-
944.9~5

25/2-

25/2 ~~
~~ 671.l -»s'

2l/2-

ll00.4

805.0

13
2

]5
2

0.10

0.06

0.07

0.17

0.11

0.11

91

70

23

I5/2-

II/2-
7/2-

l7/2-
249. I Se.'r

&e.& ly/2-
105. ( st.s

0 0 ~6. - —
l70.7
48.2

1r
" 558.8

1r 17
2

0.25

0.17

0.17

0.34

0.23

FIG. 5. The ground state z [743] band of ~3'U.

band has been proposed on the basis of the deexcitation
modes toward seven different bands (

—', [752], —, [743],
[631], —, [631], —, [622], -', [633], and —,

' [624]),
and the population of the states from the

[743], 2&+ I and —, I [761]+[741]]bands, lying
at higher energy. With this set of transitions connecting
the band to the others, and with the two intraband cas-
cades (63.2, 104.9, 147.5, 196.1, 241.0 keV and 85.8, 131.6,
181.3, 234.5 keV corresponding to the two different signa-
ture sequences), we may propose the rotational sequence
shown in Fig. 9 up to the —, state.

The predominant vibrational character of this band is
in agreement with the fact that the moment of inertia is
close to the ground band one (A /2J-5. 1 keV). However,
the similarity of the two bands is not complete. The ener-

gy spacings are roughly the same in both bands for the
negative signature sequence (for example, the —", —+ —',
transition energies are, respectively, 103.1 and 104.9 keV
in the g.s. b and in the —,

'
band; the —", ~—", ones are,

respectively, 146.1 and 147.5 keV). The situation is slight-

l~ different in the positive signature sequence where the
spacings have values of 124.4 and 131.6 keV,

and the —, ~—, spacings have values of 168.0 and

19
2

21
2

23
2

27
2

31
2

0.24

0 44

0.31

0.32

0.55

0.40

0.50

0.80

0.62

0.62

1.10

1.26

63

80

59

73

70

30

30

33

15

35

10



341728 E l3ETTENCOURT et a

e 5/2 (752) ban 1855.7

/2" I 490.2 l495.0

ISIS.d 3/2 I 529.4

21/2 I 255.2

I@92.1

1250.0

1135.0

1031.7

891.8

9/2 I 1072

I?/2 102I.7

4/2 925.5

5/2 50 2

I/2

824.2

777.3
sea.o

1045.4

9e0.5..... SJ-' l8

I 155,5

1085.2

987.2

920.8

90. 2

808.

435.2

h74, 1

42 8.7
II. 4

Jl

sz2'(san j

9/2
7/2"
5/2

720.3 722.
870.9
e32.9

549.0
P

294.8

e7I.I

550.a

esl.e

9/2 j754)

I I /2 I7/2 (743),2'I

I 97.0
141.0 170.7

IOS.IIk
5I.7 ~' ae.2

7/2 (743)Iie

2+, and

I/2 {651)

f this band wi th — [I
s

connections o

o t e number of transitions,
FIG. 6. The 2

of the very large num r o1 . Note that because o t erespectively. o e o t e
which are found in Ta e

9, and 15,[624], see Figs. 8, 9,
of the energiesyyithout mention o

nd — bands. In
the strong connections o eeaddition, t e, sugges

retation.

f m 1 1

[761]+ I
sible admixture o singdicates a possi e

tions.

nd state one ( —, 752],d to the groun
is ob-

io s losely related

and
[734], and —, I —, [

served to

gy p
very similar to t ose

B. The positive pa yrit bands

The —' [631]band2

'[743],2r+] band—6. The

987 keV, have been pre-Th two first states, at 921 and, n re-

h brio 1 h.-E2 transitions. T e vi r-is charac terized by
er of the band is s r

n observed in
aeter o

levels have also beenalues. These
In oui ou o

state at 16d has been excite up

eriments.
du to the —, sathis ban

V. As shown in Fig.ke
to the ground an

the first members of this
d nfirmed throug vi entified an con

see Ref. 7).
b d have been i e
ex rime rn lete set of references, see . ).

of"'P th 1 1 r ies up
b t

h dioactive decay
at 294.6 keV have e

t 825 k Vnd this band up to the —, s a eextend t is

ro if this band is
11).

rom our results if t is a
beco1o breally populated by Cou

strong feedmg
b intraband transitions[631] band states by mtra2



34 COULOMB EXCITATION STUDY OF U: ASSESSMENT OF. . .

TABLE III. Electric and magnetic multipole properties in the 2 [743] ground-state band. Experi-

mental data are extracted, respectively, from Refs. 7, 38, and 39. The footnote c data stem from muon-

ic x-ray fine structure studies. These data, concerning I~I+4I transition probabilities are used here,

by means of a suitable multiplication factor, for I+M'~I transitions. Calculated value on the upper
(lower) line of each part of the table corresponds to ~' U ( ~U) core calculations. Magnetic moments are
expressed in nuclear magnetons, p&, quadrupole moments in barns, and E2 reduced transition probabil-

itiesin e fm .

Experimental
value

Rotor-plus-qp
theoretical values

Electric quadrupole

moment of the

ground state

4.55%0.09'

4.1'

4.9b 4.6

Magnetic dipole

moment of the

ground state

Intraband E2 reduced

transition probability

8{E2, 2
~ 2 )

Intraband E2 reduced

transition probability

8{E2, q ~2)11 7

—0.35'
—0.36'

—0.43

(3.868+0.013)X 10'

(0.7927+0,013))( 10

—0.77

—0.57

4.0y 104

4.2g 104

1.17 && 104

1.10y10'

'Reference 38.
Reference 7.

'Reference 39.

tions to the ground band has been decisive for the identifi-

cation of its high-energy members through y-y coin-

cidences.

2. The ~ [631]band

Previous studies by a decay of Pu (see Refs. 15 and
16 and various reactions' ' led to the identification of
the first members of this band up to the —", state at 608
keV. The multipolarities of the transitions deexciting the
first three levels were also determined.

As is sho~n in Fig. 12, we observe this band up to the
state at 1412 keV. The band is strongly populated

from the —,
'

I —, [743],2& J and the —', I[761]+[741]I
bands, while the feeding from the —, [752] is weaker.
One observes a predominant decay of all the states of the
band by one or several y rays to those of the —, [631]
band. Only the higher states of the band decay to the
ground state band. A weaker decay is also observed to the

[622] band. The intraband cascades are relatively
strong. This band appears to be rather regular at low
spin, awhile, with increasing spin, some irregularity takes
place, reflecting a pronounced Coriolois mixing of the
states.

[622] band

This band has been observed up to the —", state at
661.1 keV. The first members (I ~ —", ) had been previ-
ously identified by several authors. "' The multipolari-
ty of a few transitions from the —,

' [633] and —,
'

~

631
~

bands to the band head at 129.3 keV has been measured as
M l. This band has been proposed as the —, [622] one,
using the information of its decay to the —,

' [631].' This
assignment has been also confirmed through (d,p), (d, t),
and ( He, He) or (t,p) reactions. "' '

In the partial level scheme presented in Fig. 13, one
may observe the feeding of this band from the —, [631],

[633], and —', [624] bands, and also from the

[ [761]+[741]I and y-vibrational —', and —, bands.
This band decays to both ground and —, [631]bands. It
is interesting to underline that it is connected to the

[631] band which would be in favor of a —,
' [622]

predominant configuration.

The ~ [633]band

This band has been developed up to the —", state at
874.5 keV. The lowest part of the band was already pro-
posed, up to the second —", , by different ap-
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The 3/2 I7/2(743), 2' band
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Same note as for Fig. 6.

proachM. II I3 15 17 The multipolaritim of the transitions
deexciting the band head at 332.8 keV to different bands
have been determined.

The proposed level sequence shown in Fig. 14 contra-
dicts a previous assignment of the —', level, which we

place at 413.2 keV. These assignments within the band
are based on the strong coincidences observed with the y
rays within the ground band up to the higher states. This
band also strongly feeds the —, [622] band and receives

+

an important flow from the —, 1 [761]+[741]I,
[743],2+ ], and —', [624] bands.

The states are populated by the —', [752], —, [734],
[743],2+ I, and —,

'
[ —, [743],2+ [ bands, while

they decay mainly to the —, [622], —,
' [633], and

[631] bands. One may notice that the decay of this
band to the ground band is weak. These features may

7+

be used qualitatively to rule out the octupole configura-
tion as the main component in this state. On the other
hand, the —, [624] retained as the main component in our

interpretation is well supported by our rotor-plus-
quasiparticle calculations described in Sec. IV.

Finally, the observed rotational bands are summarized
in Fig. 16.

5. The T~ [624] band

The first two or three states of this band were already
proposed, but their interpretation remains doubtful. ' '
In Ref. 14 the level at 509 keV was proposed as the —',
state of a —', [624] band, while in Ref. 13 the three levels

at "~4, 510, and 585 keV were interpretai as the first
members of an octupole band, —,

'
[

—', [743],0 I, based
on the ground state. More recently, spin and parity (—', )

of the 445.7 keV level have been determined through mul-
tipolarity measurements. Through Coriolis mixing cal-
culations, these authors concluded in favor of a mixing of

[
—', [743],0 I and —', +[624] configurations. From

the present measurements, this band, whose band head is
found at 445.7 keV, is observed up to the 1314 keV level,
as shown in Fig. 15.

IV. ROTOR-PLUS-QUASIPARTICLE APPROACH
OF THE U LEVEL SCHEME

The rotor-plus-quasiparticle model is a priori tailored
for well deformed nuclei. The actinide region is therefore
appropriate for such a model description. Under its crude
but transparent assumptions, it yields the main behavior
of these nuclei, as shown in a rotor-plus-quasiparticle ap-
proach using HF plus BCS single particle states' which
has been recently applied to different regions of nu-
clei. ' In Ref. 23 a brief description of the U level
scheme was included in a systematic study of heavy nu-
clei. In the present section such results are presented and
compared to the completed spectroscopic data of U in a
more detailed way.
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hundred keV). This band has been already identified as
[752], e.g., by Stephens et al. through its connections

with the ground-state band. These authors have measured
E2 reduced transition probabilities from the ground state.
Furthermore, relative M 1 interband reduced transition
probabilities to the ground-state band are also available.
As shown in Table IV, calculations of these data confirm
the identification of this band as based on the —,

' [752]
state. Both calculations yield a slightly more perturbed
character for this band, as observed experimentally (see
Sec. III A 2). This band, almost pure in its lowest states,
becomes strongly mixed (40—50% at —", , -80% at —, ),
mainly with the —,

' [743] and —,
' [734] bands, and more

weakly with the —', I[761]+[741]j band, which is in

agreement with the observed favored connections.

3. The z [734] band at 0.822 MeV

Both calculations yield this state within a compatible
range of energy. The band-head energy is especially well
reproduced in U core calculations (0.88 instead of 0.82
MeV). The experimentally known interband E2 and M 1

reduced transition probabilities have been reproduced in
our calculations (see Table V) in such a way as to confirm
the —, [734] assignment. Under this hypothesis, the
analysis of Coriolis mixin~ shows that this band is signifi-
cantly connected to the —, t[741]+[761]j band (in the

~34U core calculation) and even at very low spin to the
[752] band (in the sU core calculation). This is to be

compared with the previous given experimental observa-
tions concerning band connections.

4. The ~ bands

The experimental information about the —,
'

band heads
in this nucleus may be summed up as follows:

(a) A first band head is observed at 0.638 MeV. Its cor-
responding band is very well developed in our Coulomb
excitation measurements, and it has been proposed as be-
ing based on a vibrational state —, I[743],2& j. We do
not expect, of course, to reproduce it in our calculations.

(b) Another one has been observed at 0.806 MeV in
(n, ) ) experiments, but is not observed in our Coulomb
excitation measurements.

(c) The upper one is found at 1.039 MeV. Its associated
band is observed in our experiment up to I= —,

However, we obtain in both calculations only two quite
strongly mixed —, bands. The first one, mainly

I[501]+[701]j, appears at 0.94 MeV ( U core cal-
culation) and 1.35 MeV ( U core calculation). The
upper one, mainly —,

' I[761]+[741]j,appears, respec-
tively, in both calculations at 1.20 and 1.78 rneV. Mixing
ratios in these two calculated bands can be found in
Tables VI and VII.
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NEUTRON STATES

POSITIVE PARITY
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FIG. 17. Neutron single states around the Fermi level for the
HF plus BCS equilibrium state of 234U and 236U. Each state is
labeled by its major component on the deformed oscillator basis
E [N, X„A]with the usual notations.

Let us discuss the assignment of the lowest experimen-
tal —, band at 0.638 MeV.

(i) A —,
' ([761]+[741]J assignment for this band is

very improbable because it is calculated at an energy
which is far beyond the generally observed agreement of
our calculations with experiment.

(ii) A —, ([501]+[701]]assignment is also excluded
due to the values of B(E2) transition probabilities to the
ground-state band. As discussed in Ref. 23, such an as-
signment would lead to a factor of 100—1000 for the ex-
perimental versus calculated values.

(iii) Finally, this band does not correspond to any calcu-
lated state. This is consistent with the previous assign-
ment as a vibrational —, t

—', [743], 2& j structure. In
addition, the strong Coulomb excitation of this band also
favors this vibrational interpretation.

The second —', band head, found experimentally at
0.806 MeV, has alread~ been proposed as a Coriolis mix-
ing of states built on z [501] and —, [761]. Our corre-
sponding calculated band head —,', mainly

[[501]+[701]),lies close enough to this level to confirm
such an assignment.

This third experimental band starting at 1.039 MeV is
strongly perturbed. It would thus be well reproduced by
our calculated —, , mainly r [761]+[741]j. The latter is
indeed perturbed in our calculations, whereas the —,

'

mainly [[501]+[701]],band is not. This supports their
respective assignments even though the energy agreement
is rather poor especially in the 2 U core calculation.
Furthermore, as pointed out in Sec. III A4, the 1039 keV
band is strongly populated by Coulomb excitation, which
would support the —, t [761]+[741]]assignment, since
the —, [761] state and the —', [743] ground state stem
from the satne j—", subshell.

MeV
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FIG. 18. Comparison between calculated and measured rotational bands in U. Theoretical level sequences, given by U and
236U core calculations, are reported, for each band, on the left or right hand side of our corresponding experimental data. Rotational
bands not observed in our Coulomb excitation measurement have been excluded from this comparison.
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TABLE IV. Electric and relative magnetic reduced transition probabilities from or to levels of the
[752] band. Experimental data are extracted from Refs. 4 and 7. Calculated value on the upper

5

(lower) line of each part of the table corresponds to ' U ( U) core calculations. E2 reduced transition
probabilities are expressed in e fm .

8(E2)

Reduced transition probability

g.s. to z [
—', [752]}

g.s. to —', }
—', [752]}

z g.s. to 2 $ z [752]}

g.s. to —", [-', [752]}

Experimental

(2. 1+0.3)~ 10'

-2.3x10'

(1.3g0.4) g 10'

-0.46 y 10'

Calculated

3.2@10'

5.5 g 10'

2.9 F10'
5.4X 10'

5.6x 10'

3.5 x10'

2.1

1.2X 10

8(M 1)

relative

[752]} to T' g.s.

[752]} to —', g.s.

0.27+0.04

1.0

0.20

0.27

1.0

1.0

B{M1)
relative

[752]} to —,
'

g.s.

[
—', [752]} to —', g.s.

[752]} to ", g.s. —

g0. 1

0.32+0.11

1.0

0.11

10

0.23

0.64

1.0

1.0

8(M 1)

relative

'2'
l 2 [752]} «2 gs.

[ 2 [752]} to '2' g.s.

'2'
[ 2 [752]} to —", g.s.

-0.3

1.0

0.21

0.015

0.22

1.25

1.0

1.0

5. Vibrational z and other negati Ue parity bands

A —, band is observed at 0.921 MeV. Such an —,

rotational structure does not appear in our calculations
below 2.3 MeV. This absence is indeed in agreement with
the vibrational assignment —", I —, [743],2„+} previously
given. This vibrational character is moreover related to
some experimental remarks given in Sec. III.

In the same way, the vibrational band
[631],0 } at 0.761 MeV, ' not observed in our

experiment, does not correspond to any possible rotational
assignment in the present calcu1ations.

A —, I [701]+[501]}band head is calculated at 0.25
and 0.66 MeV in both calculations. This kind of band is
not favored in our Coulomb excitation experiment. How-

ever, such a band has been found in other experiments '
with a —, band head at 650 keV identified as a —, [501]
state. %'e thus confirm this assignment and note its
strongly perturbed energy sequence in full agreement with
the measured data. Furthermore, this perturbation is only
due to internal Coriolis coupling (decoupling factor phe-
nomena), thus excluding almost any band mixing.

Only one calculated band under 2 MeV does not corre-
spond up to now to a measured band. This concerns a

band built on the —, [503] intrinsic state and not
mixed in both calculations up to I = —,. The band head
is given in the U ( U) core description at 1.160 MeV
(1.590 MeV).

Some authors have suggested that the —,
' [770] single

particle state should play some role in the level scheme. It
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TABLE V. Same as Table IV for transitions from or to levels of the —, [734] band.

8(M 1)

relative

8(M1)
relative

8(M 1)

relative

Reduced transition probability

g.s. to —,
'

j —, [734]j

g.s. to —", j —,
' [734]j

[734] j to , —g.s.

—', j —,
' [734]j to —', g.s.

[734]j to —", g.s.

[734]j to —', g.s.

[734]j to —", g.s.

[734]j to —", g.s

'z'
j z [734]j to -'2—' g.s.

[734]j to —, g.s.

Experimental

(1.9+0.3)~ 10'

(1.7+0.4) ~ 10'

1.0

0.48+0.09

1.0

G. 62+0.13

1.0

0.8+0.3

Calculated

4.2 y 10'

5.9 y. 10-'

2.0x 10'

2.7~ 10-'

1.0
1.0

0.23

0.10

0.018
0.13

1.0

0.07

0.39

1.0

0.5

is worth noting that the corresponding band head does not
appear in our calculations under 2.5 MeV.

6. The 2 [631]band at 0.1 keV

We confirm the identification of this band, which
indeed appears in our calculations at a very low energy.
The two different core descriptions yield a very much per-
turbed energy sequence„as found experimentally. The

U core calculation describes it as a quasipure band,
whereas in the U core calculation, it is found to be
weakly mixed with the —,

' [631] and sometimes (at spins9+ f5+ 5 +
and —, ) strongly mixed with the lower —, band.

Its mixing with the —, [631] could be related to the ob-
served strong decay from this last band to the —,

' [631]+

band.

The 2 [631]band at 0.394 Me V

The assignment of this band is confirmed by our calcu-
lations, which predict it to be in a large but compatible
range of energy between 0.004 MeV U-core calculation)
and 0.580 MeV ( U-core calculation). This band is also
found to be a quasipure rotational band in the U core
calculation. In the U-core calculation it is weakly cou-
pled with the —,

' [631] and with the lowest —,
' band.

The latter calculation may explain the observed preferen-
tial connections of this band, as discussed in Secs. III 8 2.

8. The tao ~ bands at 0.129and 0.333 MeV

Our rotor-plus-quasiparticle calculation based on the
U core predicts a lower —, state at 0.13 MeV with the

[633] label and a higher one, —,
' [622], at 0.46 MeV.

On the opposite side, U core calculations give the as-
signments —' [622] for the lower one at 0.16 MeV and
5+ 2

[633] for the other at 0.82 MeV.
At first sight the experimental results and previous as-

signments seem to be in better agreement with the U-
core calculation. However, it could be noticed that this
latter calculation gives a rather poor agreement for the
higher —,

' band-head energy. On the other hand, the
U-core calculation also appears to be in reasonable

agreement with experiment. It is appropriate to analyze
in a more detailed way the mixing ratios in these calculat-
ed —, bands (see Tables VIII and IX). As already ob-

served in most of the bands, the U-core calculation
yields generally more mixed states. A [622] label has been
proposed for the lower —, band due to its connections to
the —,

' [631] and —, [631] bands. However, we do find
in our calculated —', [633] band ( U-core calculation)
that there is a significant —,

' [631] and —,
' [631] admix-

ture, which also goes along with the same experimental
feature. The two calculated bands for this U-core cal-
culation exhibit, anyway, a common mixing with the

[624] structure which could explain their favored in-

terconnections.
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TABLE VI. Same as Table II for Coriolis mixing in the z [501] band. For each level the upper

(lower) line corresponds to the U core ( U core) calculation. This calculated band is to be compared
to the experimental band head proposed (Ref. 8) at 0.806 MeV, which was not observed in our Coulomb
excitation measurements.

State I
Energy

(MeV)

[[501]
+ [701]]

{[761]
+ [741]] [750] [503] [752]

3
2

1.35

73

5
2

1.39

73

1.02

1.44

1.09

1.51

26

ll
2

13
2

1.16
1.58

1.24

1.68

65
77

30
18

15
2

1.77

37

14

l7
2 1.45

1.90

19
2 1.61 70

14

21
2 1.70

2.17

70

69

23
2

2.27 43 28 19

One has therefore to bear in mind some possible ambi-
guity on the assignment —', [622] and —', [633] of these
two bands. As a result, the present analysis is not able to
confirm or invalidate the previous assignments of these
bands, which are presented in Fig. 18 under their usual la-

5 +
bels (calculated —, bands are shown in order of appear-
ance, whatever their main components}. Some further
calculations of reduced transition probabilities might
answer this question.

firm the previous —', [624] assignment proposed in Ref.
4. Calculated bands exhibit Coriolis mixinp with the

[622] assignment (and also with the —, [633] one,
only in the U-core calculation). These mixing ratios are
coherent with the observed preferential decay of this band
to both —, bands. The U-core description seems there-
fore somewhat better. Of course, a possible vibrational

~ p +
corn. ponent of this —, band, suggested in Ref. 8, cannot
be excluded, until new information about experimental
transition probabilities is available.

9. The z [624] band at 0.446 MeV

Our calculations reproduce reasonably well such a band
(especially the U-core calculations). We therefore con-

10. Other positiue parity bands

Different other vibrational structures have been ob-
served in other experiments and identifilcations have been
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TABLE VII. Same as Table II for Coriolis mixing in the T [[761]+[741]]band. For each level,

the upper (lower) line corresponds to the U core ( U core) calculation. The experimental corre-

sponding band is proposed to be the 2 band starting at 1.038 MeV and strongly excited in our

Coulomb excitation measurements.

State I
Energy

(MeV}

[[761]
+ [741]]

f [501]
+[701]j [750] [734]

26

5
2 1.24

1.81

70

1.25

1.79

13

1.92 16 10

1.32

1.84 43

13
2 1.50

2.08 63 13 10

2.40

39

16

31

17
2

I
1.68

l1.72

2.31

24

26

57

5

15

19
2 1.53

2.95

17

17

21
2

23
2

1.93

2.59
2.67

3.30

30

51
43

19

11
7

18

17
45

33

20
5

29

proposed ' as follows: —,
'

[ —,
' [631],0~+ J at 0.769 MeV,

[622], 2r+$ at O.S43 MeV, —,
'

{—', [622], 0&+j at
0.905 MeV, and —,

'
I

—', [631],2r+ J at 0.96S MeV.
It is gratifying that none of these bands receives any

possible assignment in our calculations„which indirectly
confirms their nonrotational character, since all calculated
positive parity bands whose band heads are located below
2 MeV have been matched with an experimental band.

C. Moments of Inertia

In order to visualize in a clearer way the relative ener-
gies within each rotational band, it is convenient to ex-

tract the moment of inertia corresponding to a given
I+2~I transition. The variation of this quantity with
respect to I may be understood as a measure of the
Coriolis coupling of the considered band. Such results are
displayed in Fig. 19 (the moments of inertia are normal-
ized to the Io+1~IO transition, where Io is the band-
head spin).

It is clearly seen that our calculations somewhat overes-
timate the Coriolis coupling for the ground state band, as
already mentioned. The agreement is significantly better
for the other bands, such as, for instance, the —,

' [734],
[631], and —,

' [631] with the U core, or the
[752] with the U core.
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TABLE VIII. Same as Table II for Coriolis mixing in the lower calculated —, band. For each level

the upper {lower) line corresponds to the U core ( U core} calculation.

State I
S
2

Energy
(MeV)

0.13

[622] [633] [631] [624] [631]

9
2

0,25

48

13
2

15
2

0.27

0.32

0,33

0.40

0.42

0.49

80

83

51 31

10

10

17

0.50 13

19
2

21
2

0.59

0.71

0.71

0.83

30

22

TABLE IX. Same as Table II for Coriolis mixing in the upper calculated —, band, For each level

the upper (lower) line corresponds to the '~U core {~' U core) calculation.

State I
Energy
(MeV) [622] [633] [624] [631]

0.46

0.82

0.51

&95

11
2

13
2

1.01

0.74

1.10

&95

g95

&95

20
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TASI.E IX. (Continued).

State I
Energy
{MeV) [622] [633] [624] [631]

[7
2 0.95

1.31

19
2 1.08

1.43

61 24

21
2 1.21

V. CONCLUSIONS

For such a stiffly deformed nucleus, a unified model
description in the rotor-plus-quasiparticle approach

?/2-[743]

g~~k k~~4
expt

~HA
U+qp

0
5

I

25
1

35
1

O5 2I

FIG. 19. The normalized moment of inertia J/Jo in the

[743] ground state band as function of the spin. The mo-

ment of inertia of the experimental and the two calculated bands
has been determined under the pure rotor assumption without
coupling, E(I)=(R'/2J)[I(I +1)—Io(IO+ I)]. The normaliza-
tion of the moment of inertia Jo has been deduced from the
9 7 ~ ~T~T transit~on.

seemed a priori well suited. In view of the recent theoret-
ical progress concerning the microscopic evaluation of the
potential and kinetic energy part of the Bohr Hamiltoni-
an, it was timely to collect the most complete set of data
to provide the theory with a broad testing ground.

The experimental results extracted from the present
work represent the most complete set of rotational se-
quences established for odd-A uranium nuclei. With the
degree of development reached, the behavior of each band
is well reproduced.

Without any adjustable parameter the rotor-plus-
quasiparticle approach has been able to confir or identi-
fy eleven rotational bands resulting from the coupling of
quasiparticle and rotor degrees of freedom and to assess
the vibrational character for seven others. The quality of
the reproduction of band-head energies, moments of iner-
tia, multiple moments, and transition probabilities allows
us to conclude the relevance of the HF plus BCS wave
functions. Even though the whole approach is somewhat
crude in its collective dynamical assumptions, it appears
to provide a useful tool since it allows one to distinguish
the main band structures in such rather complicated
schemes. It provides also comparative grounds for fur-
ther theoretical developments as the explicit inclusion of
the gamma degree of freedom and a coupling of the quasi-
particle and quadrupole collective degrees of freedom, re-
laxing, then, the limitative assumption of a delta peaked
collective wave function.
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