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ABSTRACT. From recent neutron capture gamma-ray measurements, experi
mental data for states involving quaslpartlcle-vibrational admixtures 
in 2 2 7 R a , 2 3 1 T h , 2 3 3 T h , 2 3 5 U , " 7 U , and 2 3 9 U have been compared with 
theoretical calculations by Soloviev's group. This analysis shows the 
experimental level structure is more complex than that, calculated. In 
the levels of 2 ^ B k , four Gallagher-Moszkowskl pairs are observed. The 
moment of inertia for each band with antlparallel alignment of odd-
nucleon momenta is systematically larger than for its parallel-aligned 
mate. 
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A general review of nuclear structure of the odd-mass nuclei In the 
«ctinide region has been published by Chasman et al. (197?). The results 
of neutron capture gamma-ray spectroscopic measurements In actlnide nuclei 
have been summarized by von Egidy (1979a). The intent of this paper is to 
reviev recent neutron capture spectroscopic measurements, mostly those 
published since the 1978 conference at Brookhaven National Laboratory, and, 
for selected actinlde nuclei, to make detailed comparisons between experi
mental level structures and model calculations, especially those that 
address the question of mixed quaBiparticle-vibratlonal excitations. 

Th: recently-published results of neutron capture gamma-ray and con
version-electron measurements involve the study of excited levels in both 
odd-neutron nuclei, 2- 7Ra (von Egidv 1981), 2 3 l T h (White 1979), 2 3 3 T h 
(Jeuch 1979), 2 3 5 ,J (Almeida 1979), " 7 U (von Egidy 1979b), 2 % (Bower 
1978), and " 9 C m (Hoff 1981a), and odd-odd nuclei, 2 3 2 P a (Hoff 1981b), 
2 3 8 N p (Ionescu 1979), 2 4 4 A m (Hoff 1981d), and 25t>Bk (Hoff 1981e). For all 
of these nuclei, secondary gamma rays have been measured at the ILL by use 
of the GAMS spectrometers. For most, conversion electron data have also 
been taken with the BILL spectrometer at Grenoble; exceptions are 2 2 7 R a 
and 2* 9Cm. A particularly important set of studies are those of levelB in 
- 3 1Th, 2 3 3 T h , 2 3 5 U , and " 9 U ; these odd-neutron nuclei are closely related 
with neutron number varying in a narrow range, N * 141 to 147. What sets 
this group of measurements apart is that primary gamma-ray transitions 
from average resonance capture have been measured at Brookhav.n National 
Laboratory for each. These results, combined with the GAME and BILL data, 
provide an essentially complete measurement of the low-spin levels, I* • 
1/2", 3/2", 1/2+, 3/2 +, and 5/2 +, in these nuclei (Caisten 1980). 

The 2 2 7 R a paper (von Egidy 1981) presents a detailed level scheme of 
this nucleus for the first time. Rotational bands built on se.-en different 
quasiparticle excitations were observed. Two levels, tentatively assigned 
as [770!], are the first experimental observation of this configuration. 
The decoupling constant for the [6314] band is positive, a - +0.6, a con
tinuation of the trend with decreasing A; theoretical calculations suggest 
a negative value for the decoupling constant, as found experimentally at 
higher mass numbers. Possible bands with octupole vibrational mixing have 
been assigned in 2- , 7Rs; these are reviewed later in our discussion of 
octupole vibrations. 

In the 2 3 7 U investigation (von Egidy 1979b), members of rotational 
bands assigned to six Nilsson states have been identified. A K' • l/2 + 

band is observed at 847 kcV. For this, persuasive arguments can be made 
for a configuration assignment of {[622t]-2+} + [620+]. The experimental 
evidence Includes strong population by the (d,p) reaction and rotational 
parameters similar to those found for this configuration in neighboring 
nuclei. The 687-keV spacing between this band and its [6221'] base state 
is the same as found in 2 3 5 U and 2 3 9 U . A second K u - l/2 + band at 906 
keV has been assigned {[631+]+0+J character, based largely upon its excit
ation above the base state and rotational parameters. The energy of this 
configuration fits very well in a series of observations that include 2 " u 
and 2-"U; for these latter measurements, the experimentally-observed E0 
components of the depopulating transitions are indicative of K 1 1 - 0 + 

vibrational admixtures. Several unexpected levels have been observed in 
2 3 7 U below 800 keV. Of these, two K 1 » 1/2" bandB are proposed to include 
octupole vibrations based upon the [631+] and [622+] states. 
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In the 2* 9Cm study (Hoff 1981a), new quaBiparticle bands aisigned 
were [622+], 530 keV, [7521], 773 keV, and 1501+], 917 keV. Each of these 
appears experimentally at energies much below those calculated. Much of 
this energy decrease appears to be due to mixing of the quaalpartlcle state 
with vibrational components. A definitive measure of these admixtures will 
require conversion electron d a t a . It Is Interesting that the [5014] state, 
a hole configuration In all of the actlnlde nuclei and one with strongly 
upsloping energy In a Nilsson diagram, has been observed at excitation 
energies below 1 MeV In fifteen nuclei, from 2 2 7 R a (N - 139) to 2* 5Cm (N • 
153). 

Collective excitations in the form of quadrupole and octupole vibra
tions have been well-studied experimentally in even-even actinlde nuclei. 
Levels corresponding to slngle-phonon excitation of quadrupole vibrations 
with }C • 0 + and 2 + and of octupole vibrations with K 1 • 0" have been 
assigned in many of the even-even thorium, uranium, plutonium, and curium 
nuclei. The energies of these vibrational levels are shown in Figs. 1, 2, 
and 3 for selected thorium and uranium nuclei. In odd-mass actinido nuc
lei, one finds vibrational excitations that Involve collective excitation 
of the even-even core and that are coupled to the various Intrinsic states 
of the odd nucleon. An odd-mass nucleus exhibits three district forms of 
excitation: a) quasiparticle excitations of the odd-nucleon, b) vibra
tional excitations built upon various quasiparticle cr.cltatior.a, and c) 
rotational bands built upon both quasiparticle and vibrational excitations. 
It Is necessary to consider interactions between these forms of excitation. 
Tnus, the nonrotatlonal excitations of an odd-mass nucleus can be described 
in terms of a mixture of quasiparticle and vibrational states. We will 
review the experimental data for excited levels in 2 ^ T h , and 
2-"u for Information regarding these admixtures; some information on this 
question has been presented in an earlier publication (von Egldy 1979c). 

In previous experimental studies, vibrational states In odd-mass 
actinides were determined by means of Coulomb excitation studies (K11 • 2 + 

vibrations coupled to the ground state quasiparticle configuration), by 
means of the (d,d') reaction (K^ • 0" vibrations coupled to the g.s. 
quasiparticle configuration), by means of the (p,t) reaction (K" • 0 + vib
rations), and certain decay scheme studies (K* • 2 + vibrations). Chasman 
et al. (1977) list 19 vibrational state assignments in odd-neutron actlnide 
nuclei, including four in 2 3^U. In the (n,v) experiments being discussed 
in this paper, the presence of quadrupole and octupole vibrational admix
tures is deduced from experimental information on the internal conversion 
coefficients of de-exciting transitions and the predominant de-excltatlon 
patrs for various levels. 

Recent (n,y) investigations have produced evidence for appreciable 
EO strength in transitions de-excitlng levels in 2 3 1 T h , 2 ^ T h , 2 3 5 U , and 
239u. These transitions have conversion coefficients that are markedly 
larger (as much as 5 to 10 times) than theoretical Ml (or E2 or El) coef
ficients. This EO strength Is ascribed to the presence a K 1 7 - 0 + vibra
tional admixture in the wave function of the upper state. This phonon 
excitation Is coupled to the single-particle state most predominant In the 
wave function of the lower level. In an analogous way, the observation of 
Intense E2 transitions de-exciting bands to predominantly single-particle 
states Is a manifestation of a quadrupole, K" « 2 + , vibrational admixture 
in the wave function of the parent level. 
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Another type of vibrational admixture, octupole vibrations with K 1 " 
0", has been identified in the levels of these odd-mass nuclei. Octupole 
states in even-even nuclei have been characterized by large BE3 matrix 
elements between the ground state and vibrational level• Although the 
corresponding BE3 matrix elements should have large vslues In odd-mass 
nuclei, It Is usually likely that the more rapid El transitions will be 
predominant in the transitions between a state containing octupole phonon-
quasipartlcle coupling and Its corresponding base state. This third type 
of de-excltation which Identifies the vibrational admixtures In the parent 
state is more difficult to distinguish unequivocally in secondary gamma 
transitions following neutron capture than either of the first two. 
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phonon vibrations. 
Of those transitions in 2 3 1T'n, 2 3 3 T h , 2 3 5 U , and 2 3 9 U that exhibit 

distinct EO strength, the majority are interpreted as de-excitation modes 
of levels involving K11 • 0 + vibrational components coupled to just two low-
lying single-parttele states, [6314] and f622+J. The pattern of observa
tion has been to find EO strength in transitions depopulating the I • 1/2 
and 3/2 (and sometimes 5/2) levels of the {[631+]+0+} configuration and in 
transitions depopulating the 1 - 5/2 level of the {[622+J+0+) configura
tion. The selectivity of the (n,y) reaction with even-even targets limits 
these observations to levels with I « 7/2. Excluding 2 3 1 T h from this dis
cussion for the moment, the energy spacings for these vibrational configu
rations above the corresponding single particle states range from ~700 keV 
in 2 3 3 T h to -1060 keV In 2 3"o. These energies compare favorably with the 
energies of the first-excited (H" states in neighboring even-even nuclei, 
as shown in Fig. 1. A clear trend of decreasing excitation energy with 
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decreasing neutron number Is seen. In 2^ 1Th, we find the {[631+]-(0+) con
figuration exists with observable strength in three K u « 1/2+ binds at 
6B7, 793. and 821 keV. This is in distinct contrast to the situation in 
233 Th, 

"5(1, and 239u where only one state with these characteristics has 
been found for each nucleus. 
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Fig. 2. Experimental levels in 2 3 0 T h - 2 3 9 U : K* - 2 + phonon vibrations. 

Experimental data for vibrational states with admixtures of K 1 * 2 + 

phonons coupled to quasipartlcle configurations are given In Fig. 2. The 
observed trend of energy spacing for the first excited K7r • 2 + level In 
even-even nuclei is that of decreasing energy with decreasing neutron 
number, as for the K" • 0 + levels. The quasipartic'le states involved in 
gamma-vibratlonal coupling in the odd-mass nuclei are three, [6311], 
[622+], and [743+]. The energies of gamma vibrational states range from 
575 to 970 keV above the base states. A 638-keV level in 2 3 5 U , already 
assigned vibrational character in studies of Coulomb excitation and the 
(d,d') reaction, is observed to decay predominantly via an E2 transition 
to the [743+] configuration, confirming the previous configuration assign
ment, {[743+J-2+}. There appears to be no very clear trend of energy spac
ing of gamma-vibrational states with mass number for the nuclei Bhown in 
Fig. 2, 

Octupole vibrational states with K71 « 0" phonons are summarized in 
Fig. 3. For the even-even nuclei, energies of the I 1 • 1" levels of the 
K 1 • 0" octupole bands are shown. This state occurs at rather low energies 
in these nucleij for the even-even nuclei in Fig. 3, the l" • 1" level lies 
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Fig. 3. Experimental levels in 2 2 8 T h - 2 3 9 U : K* - 0" phonon vibrations 

lower than either the first K1, • 0 + excited state or the first K71 - 2 + 

state. The smallest energy spacings for K 1 • 0" vibrational admixtures are 
observed in the level scheme of 2 2'Ra. ^ octupole state built on the 
[631+] configuration is observed in all of the odd-neutron nuclei shown in 
the figure. The 446-keV level in 2 3 5 U has been identified In an earlier 
srudy of the (d,d'> reaction as having a {[7A3+J+0"} configuration. No 
clear evidence has been found yet for states with octupole vibrational 
admixtures in 23lTh. 

A number of theoretical calculations of vibrational state energies in 
even-even actinide nuclei have been reported (Ragnarsson 1976, Griffin 
1971). The results of Soloviev (1976) are shown as dashed lines in Figs. 
1-3. The agreement between experiment and theory 1B generally good; the 
average deviation is approximately 50 keV. For odd-mass nuclei, we can 
compare the experimental data with the calculational results of the 
Soloviev group (Gareev 1971, Ivanova 1975, Komov 1971)j these are the only 
published calculations of quasipartlcle-phonon coupled states in odd-mass 
thorium and uranium nuclei of which we arc aware. 

For these calculations, the interaction of quasi particles with quad-
rupole and octupole phonons in deformed odd-mass nuclides was considered 
in the framework of the method of approximate second quantization. Fairing 
and Dultlpole-multipole interactions have been included. As an assumption 
for the basic model, the phonons of the odd nucleus A + 1 have been assumed 
to be Identical to tho phonons of the even-even nucleus A. The quaitparti-
cle and phonon operators were treated as fully-determined entities. The 
values for multipole-oultipole interaction constants were taken from stud
ies of even-even nuclei. Thus, there were no free parameters in this 
analysis of odd-A nuclei. A number of modifications to these basic assump
tions were mad-; to improve the model; these included a) an approximate 
treatment of the blocking effect improved the description of energies; b) 



- 7 -

rather than introducing the phonons of an even-even nucleus explicitly, 
the Interaction between the quasiparticles with a certain nultlpolarity 
was considered; c) the quasipartlcle-phonon interaction in the nuclear 
ground state was included• 

In comparing the experimental bandhead energies in 
239„ 

with the cal
culations of Komov et al. (1971), energies of most of the predominantly 
single-particle states show reasonably good correspondence, e.g. [622+], 
[631+], [624+], and [631+]. The [743+] configuration occurs at 293 keV, 
approximately 200 keV above the calculated energy. Two quaslparticle 
states, [752+] and [633+], predicted to occur at 430 and 600 keV, respec
tively, have not been identified experimentally. 

The two rotational bands in 
239(j t n a t : a y , o v experimental evid-

" " """"", ence for quadrupole vibrations, 
'" E T - ^ 7 ,' :"lr,,' "l' '' K11 - 0+, are found at 1062 KeV, 

{[622+HO+], at 1155 keV, {[631+] 
+0 +}. The calculations indicate 

in collective state with these con-
figurations at energies very 
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?~-*~ '"'•' "r' Good agreement between ex
periment and calculation is found 
also for the states with gamma 
vibrational admixtures. The 
first K" • 1/2+ state above the 
133 keV [631+] configuration is 
found experimentally at 687 keV 
and has been assigned a mixture 
of [620+] and {[622+]-2+) con
figurations on the basis of 
values of rotational parameters, 
population of the 1/2 and 3/2 
levels in the (d,p) reaction, and 

'" ,™;;^ E2 transitions to the [622+] 
0L« "' ground state. Calculations sug-

""'""' gest a l/2 + state Bhould occur at 
920 keV with nearly equal amounts 

Fig. 4. Experimental and theoretical of the aforementioned configura-
level structure in tlons in the wave function. 

Three Y? - 3/2 + bands have been identified experimentally in 2 3 9 U at 726, 
853, and 965 keV. The band at 853 keV has been assigned the [622+] con
figuration on the basis of its population in the (d,p) reaction. The 
other two bands both exhibit E2 strength in decay to the [631+] band at 
133 keV, indicative of the {[63l+]-2+} configuration. Other properties 
of the 726-keV band, rotational parameters and absence of population in 
the (d,p) reaction, are consistent with a [631+] quasiparticle state, as 
well. The experimental observation of these three bands is predicted in 
the calculations (Komov 1971) where the first three K 1 • 3/2* bands are 
found to have the following properties: 810 keV, [631+] 53Z, {[631+J-2+} 
17Z; 980 keV, [622+] 52*. {[624+H+J 38Z; and 1270 keV, {[743+J-2"} 532, 
f[631+]-2+} 4531. The only octupole stste in 239JJ, observed experimentally 
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at 815 keV and assigned a {[631+j+O") configuration, correlates well with 
a theoretical level at 700 keV that is calculated to be largely collective, 
71X {[tai+l-KT}. 

While for 235(j a n (i 2 3 3 ^ we will not make a detailed comparison between 
theory and experiment, it is clear that many of the experimental features 
are not predicted by the calculations. The two K11 • 0* vibrational bands 
that have been observed in both of these nuc lei, {I631+1+0+) and 
{[622+]+0+} (see Fig. 1), generally do not appear In the calculations of 
vibrational admixtures for 2 3 5 U and 2^^Th. An exception is a K' • l/2 + 

band at 1030 keV in 2 3 5 U with the configuration. {[622t]-2+l 37X and 
{[631+]+0+} 22%. The corresponding experimental bands appear separately 
with the K71 « 0 + vibrational state at 769 keV and the K71 - 2 + vibrational 
state at 844 keV. Other vibrational configurations identified in 2 3 5 U 
such as {[743+]-2+] at 638 keV and [[631+1+0"} at 761 keV have energies 
that correspond to theoretical bands with the appropriate value of K71. On 
the other hand, the calculated configurations include very little of the 
observed vibrational admixture (<52). In ^ T h , the correspondence between 
the three observed bar.ds with K7 1 » 2 + vibrational admixtures (Fig. 2) and 
calculated level structure is generally poor. The most significant calcu
lated band with gamma vibrational character, one st 1080 keV which is 
almost entirely collective, 95X {[63l+]-2+J, has its experimental counter
part at 815 keV; since the transitions de-exciting the experimental band 
are Ml + E2 mixtures with appreciable amounts of Ml multipolarity, the 
collectivity of this band may be somewhat less than thut of the calcula
tion. 

In interpreting the results from our experimental study of "ljh level 
structure (White 1979), we have made configuration assignments by comparing 
experimental level energies, spins, and parities with the model calcula
tions of Ivanova e_t a_l. (1975). Of the rotational bands below 630 keV, 
good agreement between theory and experiment (£E < 80 keV) is found for 
many of the bandhaad energies. The largest discrepancy is the observation 
of the [622+] bandhead at 470 keV below its predicted energy (see Fig. 5). 
The evidence for the existence of levels in this rotational band is quite 
satisfactory and includes population of levels at 317, 380, and 449 keV by 
the (d,p) reaction. 

We have already mentioned the three K71 = l/2 + bands at 687, 793, and 
821 keV which have some component of {[631+] + 0 +} in their wave func
tions. For 231xh, the calculations predict just one K71 • l/2 + state at 
610 keV that is above the [631+] band (at 247 keV) and below 1020 keV. 
This state is reported to consist of quasipartlcle components, [640+] 50%, 
[631+] 5X, [620+] IX, [651+] IX, and a vibiational component, {[640+J+O+} 
30%. Since no mention is made of the fraction of {[63l+]+0+} configuration 
in this state, we can assume it is less than 13%. 

Since these observed K 7 7 - l/2 + bands (and a fourth at 1056 keV) are 
not predicted by the calculations, it is of interest to consider the nature 
of these states. In order to derive the proportion of EO strength for the 
transitions leading to the [631+] band, each transition will be assumed to 
consist of an M1+E0 mixture, neglecting any E2 component. On this basis, 
the transitions depopulating the 687-keV band contain 10-20% E0 admixture; 
for i:he 793-keV band, the EO admixture is 50£; and for the 820-keV band, 
the EO admixture is 402. All but one of these new l/2 +, 3/2 + levels decay 
to the ground-state level, [633+]. The presence of a {[633+]-2+} configu
ration is indicated by E2 strength observed in the transitions from these 
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Fig. 5. Experimental and theoretical 
level structure in ^ljh. 

levels to the quasiparticle base 
state; the 687-keV level exhibits 
the greatest amount of E2 
strength. In an analogous way, 
another configuration involving 
quasiparticle-phonon coupling, 
i[631*]-2 +} t is expected to mix 
into these Y? - 1/2+ bands. Al
though transitions were detected 
that feed levels of the [631+] 
band at 221 keV from each l/2 + 

band, only one shows measurable 
E2 mixing; the remainder appear 
to be relatively p..re Ml trans
itions. There seems to be little 
evidence that this gamma vibra
tional state is important in the 
wave functions of these bands. 
Features that are characteristic 
of a [640+] state can be founi 
to some extent in each band; 
perhaps the 793-keV band has the 
greatest amount of [640+] char
acter on the basis of decay to 
the [631+] band and observable 
peaks in the (d,t) spectrum that 
can be assigned to 1 • 5/2 and 
9/2 band members. 

Although it is evident that considerable mixing occurs in the wave 
functions, the predominant nature of each state can be assigned. The 793-
and 820-keV bands exhibit the greatest amount of {[631+]+0+} mixing. The 
687-keV band exhibits the greatest amount of {[633+]-2+j character. The 
{[631+]-2+} configuration is not especially strong in any of these bands. 
The best evidence for assignment of the [640+] conflgurat-ion is for the 
793-keV band. 

The model calculations of Ivanova e_t al. (1975) for 231xh do not pre
dict mixing of appreciable {[631+]+0+] character into three l/2 + rotational 
bands, nor do they suggest appreciable contributions from a {[6334-]—2+} 
vibrationally-coupled state (s«e Fig, 5). The experimental .-.idence sug
gests both of these configurations exist to some degree in ai.1 three bands. 
The states in 231xh calculated to have the greatest beta-vibrational adaix-
tures are at 880 and 950 keV with 73% {[631+1+0+} and 763! {[752+J+O+J, 
respectively. Transitions with EO strength that would denote levels with 
these configurations have not been assigned in our experimental study. 

Our analysis suggests the level structures that have been observed 
experimentally in 239y> 235;- 233fj)j a m j 231fh a r e m o r e c o m p i e x than those 
calculated, a conclusion a, ated by Ivanova et al. (1975). Some of the 
reasons for this advanced by these authors are that (a) the softness of 
nuclei with respect to deformation may lead to changes in the equilibrium 
deformations for excited states as compared with the ground states and 
these changes may have a particular effect on certain configurations, and 
(b) calculations have shown that the quasiparticle plus two phonon compon
ents, neglected in the reported calculations, nay be important in the wave 
functions of states above 0.5 HeV. 
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As an example of an investigation of an odd-odd nucleus, we will re
port on our measurement of the gamma rays and conversion electrons emitted 
following neutron capture in M'lY. targets with the GAMS, BILL, and three-
crystal pair spectrometers at Grenoble. Also, we have measured the proton 
spectrum from the ^'Bk(d,p)^0Bk reaction by use of QDDD spectrometer at 
the Princeton AVF cyclotron. The data from these measurements have been 
combined with those from earlier studies of 2 5 * E B alpha decay (MeHarris 
1966, Ahmad 1973) to produce a more detailed level scheme for "Og^, i n 

the alpha decay work, only about 30 gamma-ray transitions were observed, 
whereas we have observed 600 gamma-ray transitions and have determined 
multipolarity assignments for 40% of these. Although the interpretation 
of our experimental data is not complete, we have identified 23 excited 
levels in 2 5 0 B k , half of which were already known (see Fig. 6). We have 
measured level energies with greater precision than before and can assign 
spin and parity values for the levels based upon experimental evidence and 
model-independent arguments. 
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Fig. 6. Experimental level scheme for 250 B[ < i 

The experimentally-observed bandhead energies can be compared with 
predicted values derived from a simple linear addition of excitation ener
gies observed in neighboring odd-mass nuclei. Values for the Gallagher-
Moszkowski splitting of each configuraLional pair were obtained fraa theo
retical calculations (Piepenbring 1978). We have made definite configura
tion assignments to nine rotational bands whose bandhead energies range 
from 0 to 316 keV. The agreement between experiment and simple model pre
dictions is excellent. If we exclude the K 1 - 0 + band at 215 keV, the 
remaining eight experimental bandhead energies show average deviation from 
predicted values of +11 keV. The 7/2[633] p - 7/2[613]n configuration is 
predicted zo occur at 107 keV while we observe it experimentally with E 0 • 
191 keV. 

New information in the level scheme of Fig. 6 includes a necessarily 
different interpretation of experimental data that places the 7/2(633]. -
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l/2[620]n bandhead at 115,4 k*V (as compared with 131.9 keV before) und 
defines a new level at 148.6 keV aa the I » 4 aeabar of that rotational 
band. A new rotational band la defined by two new levels at 1*6.5 arM 
180.0 keV; it Is assigned the configuration, 3/2[521]p - 7/2(613] n. tfc. 
have extended the ground-state rotational band by adding I • 4 and S aen-
bera at 80.3 and 137.3 l.eV, reapectively. tt> have extended the rotational 
band at 103.8 keV by adding 1 - 3 and 4 neabert at 157.4 « nd 203,6 k:iV, 
respectively. A new rotational band is defined by two new levels at 316.5 
and 369.6 keV; it is assigned the configuration, 7/2(633] p 4 3/2(622].. 
We assign a new level at 215.9 keV to the I • 0 aeaber of the V2[633] p -
7/2[613] n rotational >ind. 

Since the level energies of 
2S0 B k 

are known with much gre. ter preci
sion than before, the ^xperlnentally-Dieasured notnent of inertia fcr each 
rotational band can be compared with a calculated oonent which is derived 
by adding tc the moment of inertia of the even-even cove an lncreatiital 
increase for each ci the odd nuelaona, aa determined from experlaentfl 
data for edd-mass nuclei. In Fig. 7a, the experimental data aie plotted 
In the form of a value for the rotational paranoter derived from each 
level spacing versus l 2. The calculated rotational parameters are shown 
as dashed lines. Agreement betvaen e\perimer.t and calculation is good. 
The datf, shown are for combinations involving 3/2[521] p, l/2(620] n, and 
7/2[613] n configurations. Experimental data for these same configurations 
In certain odd-mass nuclei are shown in the upper part of Fig. 7a. 
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Fig. 7. Rotational parameters for single-particle configurations In 
and associated odd-mass nuclei. 

Corresponding data for a different proton state, 7/2[633], are shown 
in Fig. 7b. Again, there is good agreement between experiment and calcu
lation. Since the 7/2(633] proton state exhibits a low value for the 
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rotational parameter in 2* 9Bk, configurations in 2 5 0 B k involving this pro
ton state can be identified by a similar low value (A - 4.1-4.5 keV). 
This is in distinct contrast to the configurations involving the 3/2(521] 
proton state. Here, the larger value of the rotational parameter, -6.2 
keV, when combined in various configurations with the odd neutron orbitals, 
results in rotational parameters for odd-odd configurations In " O j ^ with 
rotational parameters in the range, A - 5.3-5.8 keV. Thus, it is possible 
to make a straightforward experimental determination of the proton state 
in all low-lying rotational bands in 2 5 0 8 k . The 3/2[521) and 7/2(633] 
proton orbitals ore very close in energy in the Bk isotopes; the next high
er proton Btates are 5/2[642] and 1/2(400] which also lie close in energy 
at about 330-340 keV above the first two states. Rotational bands with 
an odd proton in these latter states have not been Identified in yet. 

From the results presented in Figs. 7a and 7b, we see what appears to 
be a systematic difference in rotational parameters between two configura
tions involving the same states for the odd nucleons. The rotational band 
with antiparallel alignment of the odd nucleons1 angular momenta has a 
larger moment of inertia than for the corresponding band with parallel 
alignment. This observation holds true for the four pa' s of configura
tions shown in Fig. 7. The general expectation has be..n that the moments 
of inertia should be the same for each of two configurations with identical 
odd nucleon states. Interactions such as the Coriolis force can affect the 
values for rotational parameters as already mentioned in our discussion of 
the 7/'.[633] proton state. Nevertheless, the effect we are considering 
appears quite clearly in Fig. 7a where the fingle-particle states Involved 
are known not to exhibit appreciable Coriolis mixing. In other studies of 
odd-odd nuclei, e.g. our investigation of 2 , 8 N p levels (Hoff 1981c), we 
have net sein differences in rotational parameter values for bands that 
ere configuration pairs. Thus, it is not cli.fr whether this is a general 
phenomenon or just peculiar to the level scheme. 

Among the configurations assigned to levels in 2 5 (^Bk are four 
Gallagher-Moszkowski pairs. The energy splitting between these pairs of 
rotational bands Is determined by the strength of the p-n residual inter
action. We compare experimental and theory in Table 1. The theoretical 
calculations were made assuming a <5 force with a scale factor of unity for 
the residual interaction (Piepenbring 1978). If a scale factor of 0.75 is 
applied, the experimental results for the first three configuration pairs 
in Table 1 would be more consistent with theory. The greatest discrepancy 
appears for the 7/2[633]p-7/2[613]n configuration. It is the antiparallel, 
K - 0, rotational band whose characteristics are most uncertain and which 
deserves further experimental study. The last entry in Table 1, the Newby 
shift, is defined as the energy offset between even-spin and odd-spin 
members of a K • 0 rotational band. 

Table 1. Experimental and calculated Gallagher-Meszkowski splittings in 
256 B k. 

Proton Neutron GH splitting (keV) 
configuration configuration Exp. C a l c . E x p . / C a l c T 

3/2(521] l/2[620] 110 174 0.53 
3/2[521] 7/2(6131 66 91 0.72 
7/2E633] 1/2[620] 85 91 0.93 
7/2(633] 7/2 [613] 126 71 1.79 

Newby shift -32 -88 0.36 

http://cli.fr


- 13 -

REFERENCES 

Ahuad I Diamond H HiIs ted J Lerner J and Sjoblom R 1973 Nucl. Phys. A208 
287. 

Almeida J von Egldy T Van Assche P Borner H Davidson W Schreckenbach K and 
Namenson A 1979 Nucl. Phyi. A315 71. 

Bbrner H Koch H Seyfarth H von Egldy T Maope Vi Plnston J Schreckenbach K 
and Heck D 1978 Z. Physik A286 31. 

Casten R Warner D Stelts M and Davidson W 1980 Phys. Rev. L«tt. 45 1077. 
Chasman R Ahmad 1 Friedman A and Ersklne J 1977 Rev. Mod. Phys. 49 833. 
Gareev F Ivanova S Malov L and Solovlev V 1971 Nucl. Phys. A171 13*. 
Griffin R Jackson A and Volkov A 1971 Phys. Lett. 36B 281. 
Hoff R Davidson W Warner D BBmer H and von Egldy T 1981a Phys. Rev. C 

(submitted for publ.). 
Hoff R Lougheed R White D Barreau G Borner H Schreckenbach K Warner D and 
von Egidy T 1981b (to DE published). 

Hoff R Ruhter W Mann L landtuD J Dupzyk R Drlssi S Kern J Strassnann W 
Bbrner H Barreau G and Schreckenbach K 1981c Proc. 4th Intl. Symp. 
Neutron Capture Gamma Ray Spectroscopy (contributed paper, this con
ference). 

Hoff R Loughee.1 R White D Barreau G Bbrner H Schreckenbach K Warner D and 
von Egldy T 1981d (to be published). 

Hoff R Lougheed R Lanier R White D Bbrner H Davidson W Schreckenbach K 
Warner D von Egidy T Kouzes R Nauiaann R and Dewberry R 198le (to be 
published). 

Xonescu V Kern J Casten R Kane W Ahmad I Ereklne J Friedman A Katorl K 
1979 Nucl. Phys. A313 283. 

Ivanova S Komov A Malov L and Soloviev V 1975 IKV. Akad. Nauk SSSR Ser. 
Fiz. 39 1631. 

Jeuch P von Egidy T Schreckcnbach K Merape W Bb'mer H Davidson W Plnston J 
and Roussille R 1979 Uucl. Phys. A317 363. 

Komov A Malov L and Soloviev V 1971 Izv. Akad. Nauk SSSR Ser. Fiz. 33 1550. 
McHarrls W Stephens F Asaro F and Perlman I 1966 Phys. Rev. 1 M 1031. 
Piepenbring R and Bolsson J 1978 private communication. 
RagnarBson 1 and Broglla R 1976 Nu:l. Phys. A263 315. 
Solovtev V 1976 Theory of Complex Nuclei (Oxford: Pergamon Press) pp 350-

368. 
von Egidy T Barreau ii Borner H Davidson W LaryBz J Warner D Van Assche P 

Nybi! K Thorsteinsen T Levheiden G Flynn E CizewBki J Sheline R Decnan D 
Burke D Sletten G Kaffrell N Kurcewicz W Bjornstad T and Nyman G 1981 
Nucl. Phys. (in press), 

von Egidy T 1979a Proc. 3rd Intl. Symp. Neutron Capture Gamma-Ray Spec
troscopy (New York: Plenum Press) pp 37-58. 

von Egidy T Cizeuski J McCullagh C Malik S Stelts M Chrlen R Breitig D 
Casten R Kane W and Smith G 1979b Phys. Rev. C20 944. 

von Egidy T Almeida J Barreau G BSrner H Davidson W Hoff R Jeuch P 
Schreckenbach K Warner D and White D 1979c Phys. Lett. 81B 281. 

White D Barreau G Bbrner H Davidson W Hoff R Jeuch P Kane W Schreckenbach K 
von Egidy T and Warner D 197? Proc. 3rd Intl. Syop. Neutron Capture 
Gamma-Ray Spectroscopy (New York: Plenum Press) pp 802-4. 


