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Spectroscopic properties of 23 odd nuclei within and around the actinide region have
been calculated according to a rotor plus quasipaiticle approximation where the quasipar-
ticle states have been extracted from self-consistent calculations discussed in a previous
paper. The phenomenological parameters are only six force parameters fitted once for all
to nuclear saturation properties, neutron and proton pairing gaps uniquely given by odd-
even mass differences, and experimental ground band energies of neighboring nuclei. Ex-
cluding thus any elusive ad hoc parameter adjustment, this approach has successfully
reproduced most of the experimentally confirmed rotational bands for both odd-neutron
(thorium, uranium, and plutonium) and odd-proton (actinium, protactinium, neptunium,
and americium) isotopes, assessing thus the validity of the whole approach and, in partic-
ular, the relevance of the self-consistent deformed mean fields yielded by the Skyrme SIII
effective force. Many bands previously assigned to be of a particle-vibration nature have
not been found in our calculations. Their nonrotational character is thus confirmed. Re-
duced transition probabilities and static moments for E2 and M 1 electromagnetic modes
have been evaluated. Calculated magnetic and electric quadrupole moments have been
shown to reproduce very well available data. Absolute intraband and interband E2 and
M 1 reduced transition probabilities have also been found in very good agreement with ex-

perimental results.

NUCLEAR STRUCTURE 23 heavy odd nuclei from Th, Ac to
'Am, 'Pu studied within rotor plus quasiparticle approximation.

Quasiparticle states issued from Hartree-Fock plus BCS calculations

using Skyrme SIII force. Nuclear spectra, E2 and M1 moments and
transition probabilities calculated.

I. INTRODUCTION

In an accompanying paper' (hereafter referred to
as I) the results of self-consistent calculations of
very heavy nuclei have been discussed. These cal-
culations have been performed within the Hartree-
Fock (HF) plus Bardeen-Cooper-Shrieffer (BCS)
approximation, using the Skyrme SIII phenomeno-
logical effective force. In the present paper we
would like to assess the validity of the HF mean
fields which have been obtained in I. For this pur-

pose we will compare theoretical and experimental
spectroscopic data for odd nuclei assuming that the
latter are adequately described within the rotor
plus one-quasiparticle (qp) approximation, where
the qp states are those stemming from our self-
consistent calculations. The model Hamiltonian as
well as the method for diagonalizing it, has been
described previously and discussed in the case of
transitional cadmium isotropes. Even though the
results of Ref. 4 were found in satisfactory agree-
ment with experimental data, it was a priori no-
ticed that the whale approach might suffer from
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the questionable adequacy of the rotor approxima-
tion for such soft nuclei. It is, therefore, particu-
larly interesting to investigate the accuracy of such
a model description in a situation where its basic
assumption is maximally fulfilled. This is why we
have undertaken an extensive study of odd actini-
um, thorium, protactinium, uranium, neptunium,
plutonium, and americium isotopes as specified on
Fig. 1. From eight even cores calculated in I, we
have computed the spectroscopic properties of 23
odd nuclei. We have also evaluated (in addition to
what was done for cadmium isotopes in Ref. 4),
M 1 and E2 static moments and reduced transition
probabilities. These quantities provide indeed
stringent tests of the detailed structure of the sin-

gle particle (sp) states obtained in our HF plus
BCS calculations.

This paper will be organized as follows. Section
II will be devoted to a brief survey of some calcula-
tional details in which after pointing out the physi-
cal assumptions pertaining to our approach, we
will shortly describe the computation of moments
and transition probabilities. The results which
have been obtained will be discussed in Secs. III
and IV for both odd N and odd Z isotopes. Final-
ly, some conclusions wi11 be drawn-in Sec. V.

II. GENERAL SURVEY OP OUR
CALCULATIONS

A. The model Hamlltonisn

In the framework of the rotor plus qp model, the
total Hamiltonian of an odd-A nucleus is given by:

H =H,„,+H... ,

where H;„, is an independent qp Hamiltonian
which is defined in terms of the HF plus BCS
solutions obtained for all the considermi even nu-

clei in their equilibrium deformation shape in I, to
which we refer for further details.

Assuming an axially symmetric core rotating
about an axis perpendicular to the symmetry axis
(R, =0 with usual notation) the collective kinetic
energy term H„, can be written as:

H„,= R = ( I 2Ijz)—

+ j — (j I++j+I ),

(2)

where W is the moment of inertia and R, I, and j
are the core, total, and qp angular momenta. In
order to introduce a variable moment of inertia in
H,«(i.e., such that W depends on R) has been sug-
gested to project the

~

aIMK ) basis states onto
eigenstates

~
PIMj R ) of the core and qp angular

momenta (to which we will refer from now on as
core basis states). In this case, the matrix elements
of H can be written:

(aIMK
I
H

I
a'IMK') = 4» 4~ g ~»

+ g A@» ~»A pj's, »' R (R + l)(&a»&a »'+Ua»&'a » )''I I
~(R) (3)

(4)

where @' », u», v» are the qp energy and pairing occupation factors of the considered (a,K) state, and
where the A factors are simply expansion coericlents of the standard unified basis states on core basis states

' 1/2

» ——(pIMJ'R
~
aIMK) =v 25ii,„,„(pjK ~

aK ) (jKR 0
I
IK) .

In Eq. (4) the last term is a Clebsch-Gordan coeffi-
cient and all the structural information on the qp
wave function is concentrated into the overlap fac-
tor (PjK

~
aK), whose numerical evaluation has

been discussed in Ref. 4. A definite advantage of
the consideration of such an H„, term lies in the
fact that its eigenvalues are simply the experimen-
tal ground state (g.s.) band energies. The introduc-

tion in Eq. (3) of the pairing factor has been dis-
cussed in Ref. 6.

After having diagonalized the energy matrix de-
fined by Eq. (3) we obtain approximate odd-A nu-
clear states which will be noted in what follows as

~
yIM ) = g C"»

~

aIMK ) .
NK
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We have retained in the actual calculations all

~

aIME) states corresponding to qp states whose
HF energies were lying in a band of 4 MeV above
and 4 MeV below the Fermi level. As a typical ex-

ample, this has led in U+1 qp calculations, to
the inclusion of 24 neutron and 18 proton qp states
in the diagonalization subspace. In fact the practi-
cal size of the energy matrix turned out to be re-
duced —roughly by a factor of 2—due to the con-
servation of the parity symmetry.

8. Discussion of the model assumptions

TABLE I. Comparison between experimental and
Inglis cranking values of the moment of inertia W for
the ~ rh and 2 U nuclei. The listed rotational parame-
ters W are equal to ~/h' and expressed in MeV
The experimental value is equal to 6/E +, where E + is

the experimental first 2+ excitation energy. The crank-
ing collective gyromagnetic ratio gz' and its rough ap-
proximation Z/A are also given. These results have
been extracted from Ref. 7.

Nucleus ~exp
cr Z/A

"Th
236U

78
102

113
132

0.245
0.250

0.391
0.390

First of all, it should be emphasized that our ap-
proach is consistent with a pure rotational core as-

sumption. The explicit coupling term between the
core and qp degrees of freedom is directly related
to the assumption of a rotorlike kinetic collective

energy as demonstrated in Eq. (2). As a conse-

quence of the latter we will be able to give some
support to previous assignments of bands as qp-
vibration coupling bands by not finding them in
our calculational results.

Merging experimental core g.s. band energies
with calculated qp energies could be thought of as
a somewhat inconsistent procedure. As a matter of
fact, this is most probably not so inconsistent.
Indeed as shown in I, a very good reproduction of
relevant core static nuclear properties (including
deformation properties) has been obtained with the
effective force in use. Moreover, as seen in Table I,
the moments of inertia calculated with the Inglis
cranking formula from our self-consistent solu-

tions are in reasonable agreement with experimen-
tal data. Indeed, as it was the case for other
modes, the absence of Thouless-Valatin self-

consistency contributions might account for the

systematically too low (by -25 —30%%uo) values of
calculated moments of inertia with respect to ex-
perimental ones.

For the sake of numerical feasibility, we have
imposed axial symmetry to our solutions. Whereas
this restriction may potentially constitute a definite
drawback in transitional nuclei (this is not always
so though, see, e.g., the case of light cadmium or
silver isotopes), it is a fairly reasonable assumption
for the well deformed actinide nuclei.

The parameters of our approach either have been
fitted in a completely different context or are de-

fined without any ambiguity, given the basic as-
sumptions of the model. These parameters are six
effective force parameters, the proton and the neu-

tron pairing gaps, and the values W(R) of the core
variable moment of inertia. Neither the pairing
gaps nor the moment of inertia values are subject
to any arbitrarily free choice since they are unique-

ly determined by odd-even binding energy difFer-

ences for the former, and by g.s. band energies of
the neighboring even nuclei for the latter. The
force parameters have been fitted once for all, with
respect to nuclear matter saturation properties or
equivalently with respect to binding energies and
charge radii of few magic nuclei, and of course
they have not been changed. It should also be not-
ed that we have also not enjoyed any freedom in
fixing arbitrarily the mean field deformation since
our qp states have been computed from the equili-
brium HF plus BCS solutions. In other words,
apart from an a priori choice of the self-consistent
symmetries (axial and parity symmetries) we have
been left with no choice at all for the P2, P4, . . .
values entering the calculations.

One should also mention that we have included
the full H„, term in our calculations. We have
therefore included the so-called one-body recoil
term j . In the same way we have taken into ac-
count the exact Coriolis term which can be refor-
mulated by saying that we have not used any at-
tenuation factor.

An important feature of our calculations lies in
the microscopic nature of the sp wave function
determination. Among other characteristic proper-
ties, it has often been noted (see, e.g., Table I in
Ref. 10) that they strongly mix basis states belong-

ing to different major shells (indeed significantly
more than in both modified harmonic oscillator or
Woods-Saxon wells). Incidentally, it may be no-
ticed that so-called hN =2 couplings are included
in a natural way in our self-consistent sp states. In
any case, it is interesting to notice the relative rich-
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ness in small basis state components. Whereas for
some quantities like energies or some intraband
electromagnetic transitions, etc., one does not need
more than a rough sketch of the sp wave func-
tions, there are indeed some spectroscopic quanti-
ties which require a far more detailed description.
As an example of the latter, we refer to the partic-
ular case of h —, neutron band states in Cd

11 107

studied in Ref. 4: While the yrast state energy se-
quence was found to be characteristic of a decou-
pled band, the corresponding wave functions were
indeed very poorly represented as pure decoupled

11
states (e.g., only 61% of j=—,, R =0 components
for the —, band head state). It should be noted,
however, that a correct reproduction of some inter-
band transitions, for instance, is not only con-
tingent upon the qp wave function structure but
also upon the Coriolis mixing rate. Since we do
not enjoy the freedom of adjustable qp energies, as
in purely phenomenological approaches, it may
happen for a given spin that a small error in the
difference between two such energies will result in
a sizable band mixing which would not be present
otherwise.

Finally, one may raise questions about the
motivation for undertaking a seemingly unequal

composition of sophisticated HF plus BCS calcula-
tions with the rather crude rotor plus qp approxi-
mation. Indeed, how crude the latter approxima-
tion is constitutes precisely the question we would
like to answer. However, in order not to complete-

ly blur the issue, we have found it necessary to in-

sert the best available qp states as well as to avoid

any phenomenological readjustment that would not
be under theoretical control.

C. E2 and M 1 reduced transition probabilities
and moments

The basic formulas and general methods to
evaluate E2 and M 1 spectroscopic properties of

the calculated eigenstates of H wi11 be recalled in
Appendix A. Appendix B presents some details
concerning their numerical evaluation.

The neutron efFective charge of the intrinsic E2
operator is taken equal to the proton charge. In
most cases the contribution of the intrinsic E2
operator to either the quadrupole moment or the
8 (E2) value will be negligible as compared to the
contribution of the core operator. This is of course
so only for intraband transitions or interband tran-
sitions between nuclear states having a sizable in-
trinsic state overlap.

For the evaluation of M 1 properties we have
taken the following gyromagnetic ratios:

gi
——0, 1 for n,p, respectively, (6)

+(g' —I)~ +g."~
cr cr cr

(8)

where the superscripts p and n refer to neutron and
proton distributions and the nonsuperscribed quan-
tities correspond to the total nucleonic distribution.
In Eq. (8) the quantity W~ (and similarly 8'") is
defined by:

g, =—3.82,5.58 for n,p, respectively .

It is well known (see, e.g., Ref. 11) that both
configuration mixing and meson exchange currents
lead to a renormalization of sp gyromagnetic fac-
tors gi and g, . In order to roughly sketch the pos-
sible inhuence of such renormalizations, we will

present below two sets of calculations of M 1 prop-
erties, one using free g, values and another using g,
values decreased by 40% (in all cases the free gi
values have been kept).

As for the core gyromagnetic ratio gz, one ob-
tains ' ' in the cranking model approximation

(upv~ —
u~vp ),=X "~' ~" I&mls Iv&&vlj+ lv&-+ , 5Kp1/24;1/2&1 -Is Iv&&vli+ IP&]

pv P+

where the sums run over proton sp states having a
positive third component E of the total angular
momentum ( 8', u, v being the corresponding qp
energies and pairing occupation factors). Now it

I

turns out that with the considered values [see Eq.
(7)] of g~ and g,

" the last two terms in Eq. (8) al-

most cancel each other, and, therefore, upon as-

suming the ratio of charge and matter moments of
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inertia to be approximated by the ratio of the norm
of the two corresponding densities, one usually
infers that

239 241
Am

237 . 2'3l 239 ', '240': 241
Pu

'
' fb: Pu

Z

95

g~ Z/A . (10) 233
Np

235
Np

237
Np

239
Np 93

In Ref. 7 the validity of the approximation (10) to

g~ has been numerically checked for many nuclei
and we reproduce in Table I the. results obtained
there for two actinide nuclei. In the present calcu-
lations we have consistently used the approximate
Z/A value for gz. However, we will discuss in
Sec. IV the practical influence of such a choice on
calculated M 1 properties.

III. EXCITATION ENERGY SPECTRA

Out of the HF plus BCS results of I concerning
15 even nuclei, we have selected those concerning
eight even thorium, uranium, and plutonium iso-
topes (see Fig. 1). From these we have had access
within our rotor plus qp approach to 11 odd-
neutron isotopes and to 12 odd-proton (i.e., actini-
um, protactinium, neptunium, and americium) iso-
topes. Nine out of these 23 odd isotopes have been

231 ..::RS2 '::.
.: 233 'gf~'. ''.

. 235:.'@g '::. . 237:::llama. ..:: '': 239u:v: u ~' u 92

231 233
pa

235 237
91

229:.:.f39: ':---: 231 ' 232: ' 233
T11

229
Ac

231
Ac 89

FIG. 1. Odd heavy nuclei studied in the present
work. In grey boxes we have figured the even-even
cores whose self-consistent solutions have been extracted
from the HF plus BCS calculations of I.

reached from both neighboring even-even cores al-
lowing us thus to estimate the uncertainties associ-
ated with the rather crude one-quasiparticle char-
acter of our intrinsic wave functions.

%e will start the presentation of our results by a
discussion of excitation energy spectra. ' On Fig.
2, we compare the variation with A of experimen-
tal' and calculated band heads for the studied
uranium isotopes. Only experimental data
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FIG. 2. Comparison of experimental energy band heads in 2" '2 U with those calculated in terms of one neu-
tron quasiparticle coupled to ' ' ' 'U cores.
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FIG. 3. Theoretical energy band heads in ' Th
and ' 'Pu calculated in terms of one neutron quasi-
particle coupled to 3 ' 3~Th and 23'~ Pu cores.

corresponding to a confirmed rotational band
structure have been considered. As for the theoret-
ical results, the band character has been ascertained
by the weak Coriolis mixing of

~
aIMK) basis

states resulting from our diagonalization (for this
matter and a discussion of the usual asymptotic
quantum number assignment see the discussion of
Table II below). For the five bands ( —, [631],

[631], —, [743], —, [622], and —, [501])whose

evolution is well known from U to U, our cal-
culations yield an excellent agreement with the ob-
served trends. In particular, the energy difference
between the —, [743] and —, [631]band heads

which has proven in previous theoretical works
to be very difficult to reproduce, is in the present
work well estimated.

On Fig. 3, we reproduce the theoretical evolution
of band heads for some thorium and plutonium
isotopes. These results are found strikingly similar
to what was found (see Fig. 2) for the same neu-
tron number in the uranium isotopes. As a partic-
ularly clear example, one may single out the level
sequence in Pu, ~Pu+1 qp compared with the
level sequence in U, U+1 qp. The four bands

experimentally known in ' ' 'Pu isotopes'
are correctly reproduced in our calculations. A
more detailed discussion of the 'Th and Th
isotopes will be found below.

Turning now to odd-proton isotopes, we present
on Fig. 4 a comparison between experimental band
heads in ' ' ' Np (Refs. 15—17 and 25) and
the results of our calculations using both uranium
and plutonium even cores. There are indeed some
uncertainties left in the experimental assignment of
some band heads, particularly for the lighter nep-
tunium isotopes. In this case, however, the agree-
ment between the calculated evolution and what is
experimentally known is excellent with the excep-
tion of the —, [642] band heads calculated from
uranium cores at a slightly too high energy, and
whose energies relative to the —, [523] are not
found as constant as they should. For the heaviest
isotopes, where a full comparison is possible, the
spectra obtained with plutonium cores reproduce
better experimental data than what has been ob-
tained with uranium cores.

A comparison of results concerning proton qp
states coupled to Th and Th cores with 'Pa
(Ref. 15) and Pa (Refs. 16, 26) experimental data
[to the best of our knowledge, no band assignment
is available in Ac (Ref. 16) and 'Pa (Ref. 15)]
is shown on Fig. 5. Apart from the —, [642] band

5 +

head which is calculated as noted above at too
high an energy, we fairly well reproduce known
low energy data. %e confirm, in particular, the as-
signment of —, [400] and —, [521] band heads.

For some selected isotopes we will now make a
detailed comparison of the full experimental spec-
tra with our calculated results. %'e wi11 start with
a study of 'Th data' ' ' compared on Fig. 6
with theoretical energies obtained in calculations
using both adjacent even cores. The six lowest
bands are reproduced within a few 100 keV. Three
bands ( ~ [501], —, [761],and 2 [501]) whose
"experimental" assignments were only tentative
have been confirmed. The —, [503] band proposed
recently at an excitation energy of -0.7 MeV is
found, but at a rather high energy ( -1.4 MeV
with the Th core}. The so-called "—, [640]"

7+ 5+
band for which only the sequence —, , —, , and

11 +
has been proposed from (d, t} experiments,

would correspond, if its assignment were true, to a
decoupling parameter a=—2. However, we have
not found in the right range of energy (i.e., around

1 +650 keV) any such —, band, but rather a band
7+

resulting from the coupling of the —, [624] and

[622] qp states (see the mixing coefficients in
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FIG. 4. Comparison of experimental energy band heads in 2'3 2" 2'7'2 'Np with those calculated in terms of one pro-
ton quasiparticle coupled to ~' '~ ' U and ~ s' Pu cores.
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FIG. 5. Comparison of experimental energy band
heads in ' Pa with those calculated in terms of one
proton quasiparticle coupled to ' ' Th cores.

Table II). We, therefore, suggest that the —, [640]
assignment might be not correct (see also the dis-
cussion of Fig. 7 below) and rather of a —, [624]
nature.

In Table II, we have listed for the 'Th calcula-
tions using both Th and Th cores: (i) the
main qp components for each band head state after

MeV

Coriolis mixing, and (ii) for each qp state the main
asymptotic number basis components. From in-
spection of this table (and Tables IV and VI) one
notices that sp states are in most cases far from be-
ing pure "asymptotic" states, as already found in
other nuclear regions (see, e.g., Tables V and VI of
Ref. 29) at all deformations including very large
ones (see, e.g., Table I of Ref. 10). The latter often
has the consequence that what is "experimentally"
known, as for instance a —, [752] state, 2 [501]
state, or a —, [761] state is, in fact, made of 25%
of the [532] state plus 24% of the [752] state, or
29% of the [701] state plus 24% of the [501] state,
or even 25% of the [741] state plus 15%%uo of the
[981] state plus only 10% of the [761] state. It is
also a remarkable fact that most of the considered
bands are of an almost pure qp character (no
Coriolis mixing). However, for some states one
may observe significant differences in the Coriolis
mixing rates when comparing the two theoretical
descriptions using one core or another. This is
particularly so for the —, [631] and —, [743]
states.

Experimental Th data' ' may be compared
with the ( Th+1 qp) part of Fig. 6. As sketched
on Fig. 7, out of the 17 known bands, nine have
been considered so far as being of a pure rotational
character. The latter is confirmed by our calcula-
tions which give most of them below 500 keV as
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experimentally observed. In particular, one finds
at the right energy the observed —, [624] band

which provides an indirect confirmation of the
validity of our discussion about the so-called„i+[640]"band in 'Th. There are eight experi-

mental bands left for only one theoretical band in
the considered energy range. However, the band
head state postulated to be of a ( —, [501]

3 ++0 ~ —, [631])nature, found at 925 keV, seems

to correspond to our —, [501] band head state cal-

culated at 1.24 MeV. It is also remarkable that the
seven remaining bands found experimentally in the
0.1 —1 MeV range do not have any counterpart in
our calculations, which provides an indirect but
striking confirmation of their nonrotational charac-
ter.

For the Th nucleus, only three bands

(—, [633], —, [631],and —, [631])are known ex-

perimentally. They are perfectly reproduced —see
Table III—for the two lowest bands, whereas the
third one is found slightly too high.

In U below 1.1 MeV, 17 bands have been pro-
posed out of which nine have been interpreted in
terms of qp plus rotor states' ' and six in terms
of qp-vibrator coupled states. ' On Fig. 8 it is seen
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TABLE III. Comparison between experimental and calculated energy levels of Th.
Theoretical results have been obtained by coupling one neutron qp to a Zh core. Energies
are given in keV. Nuclear states are identified by their spin and parity I, and bands to
which they belong in terms of the usual "experimental" K [Nn, A] assignment.

band

exp

—[633]

theor exp

2 [631]

theor exp

—,[631]

theor

J.+
2
3+
2
5+
2
7+
2
9+
2
ii+
2
]3+
2
]5+
2

0

43

163

327

100

165

333

(0.1

29

126

196

33

80

137

213

262

289

650

660

that we do reproduce the nine bands of the first
type ( —, [743], —, [631], —, [633], —, [622],

[631], —, [624], —, [752], —, [501], —, [734]).
In two cases, the proposed assignment as

[624] and —, [734] bands is confirmed by our
calculations. The absence in our results of six
bands is consistent with their previous assignment
as vibration coupling bands: 0 * —, [631]at 761

] +

keV, 0+ ~ —, [631] at 769 keV, 2+ ~ —, [743] at

638 keV, 2+ ~ —, [622] at 843 keV, 0+ ~ —, [622]
at 905 keV, and 2+ ~ —, [631]at 968 keV. Out of
the 17 known bands, there are two remaining ex-

periinental bands. ' ' One (at 806 keV) has been

tentatively assigned in Ref. 19 as a Coriolis mix-

ture of —, [501] and —, [741] qp states. We con-

firm it and suggest that the last experimental band
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TABLE V. Percentage of the major qp component in
two bands of U calculated within the U+1 qp ap-
proximation. As seen on Table IV, the major qp com-

ponent for the — [743] band states is a —
qp state

made of 52% of the [743] asymptotic basis state,
whereas a mixture of [631], [611],[431], [640],1+
etc, . . . — states constitutes the major qp component

of the — [631]band states.
1 +

[743] band [631] band

7

29—
2
11—
2
13—
2
15—
2
17—
2
19—
2
21—
2
23

2
25—
2
27—
2
29—
2

98%

95%

91%

88%

85%

82%

79%

77%

75%

73%

71%%uo

70%

1+
2
3+
2
5 +
2
7 +
2
9+
2
11 +
2
13 +
2
15+
2

100%

99.9%

99.7%

99.6%

99.2%

99.1%

98.7%

98.5%%uo

should correspond to the calculated band exhibit-
ing a roughly inverse mixing ratio of the two above
listed qp states. The first calculated band not con-
nected with any experimentally seen band structure
originates from a —, [503] qp state and has been

calculated at —1.2 —1.6 MeV (depending on the
choice of the core).

As mentioned in the discussion of Table II, the
calculated sp states are generally very much mixed
with respect to the basis states. This conclusion
holds in the case of U and U core sp states3+
(see Table IV). For instance, the so-called —, [631]
is in fact a mixture: 30%[631]+11%[431]+.. . .
Besides, the qp mixing is found very weak (with

the exceptions of the two —, bands discussed

above) as shown also in Table IV. By merely in-

specting the Coriolis mixing rates, one is able to
identify the members of a given band provided that
they are not perturbed too much by the rotation-
particle coupling term. This point is illustrated in1+
Table V for the typical examples of the —, [631]
and —, [743] bands in U.

In Np, there are five confirmed experimental'
bands, which are well reproduced by our calcula-
tions (see Fig. 9). However, the ground state band
ordering is rather poorly reproduced in the U
calculations which seems to be due to its strongly
mixed character (see Table VI). We confirm the3+
tentative assignments of two bands (—, [651] and

[633]). The first of these two bands is strongly
7 +

perturbed, when calculated with the U core solu-
tions with a band head energy, however, which is
estimated somewhat too low (by -0.7 MeV).
Another band has been tentatively assigned as a

1 + 1

[400] band. We do confirm its —, character but

we fail to confirm the asymptotic quantum number1+
labeling, since the —, [400] state constitutes only

4% (10%, respectively) of the major qp state com-
ponent coupled to the U ( Pu, respectively)
core. As already noted in the discussion of Fig. 4,
the band head locations are better reproduced in

Pu core calculations than in U core calcula-
tions.

So far all the results which have been discussed
have been obtained with a variable moment of iner-
tia W(R) deduced from the energy level sequence
in the ground state bands of adjacent even-even nu-
clei. We would like now to check how sensitive
the calculational results are with respect to this
choice. For this purpose we have repeated some of
the calculations with a constant moment of inertia
deduced from the first 2+ excitation energy.
Moreover, since we have at our disposal some
Inglis cranking values W„(see Table I) we have
also repeated the same calculations with these
cranking moments of inertia. In Table VII we

5 +
have compared for three bands ( —, [633] and

[631] in Th+. 1 qp, and —, [743] in 2ssU+1

qp) the energy level sequences calculated with Wz,
W(R), and W„. We observe for these rather pure
bands no significant differences between the three
sets of results. In cases where there exists some
significant amount of Coriolis mixing, the same
conclusion seems to hold not only for the energies
but for the qp content of the band states also, as
exemplified in Table VIII for the two lowest —,

bands found in the U+1 qp calculations. It is,
therefore, not surprising that when calculating a
whole nuclear spectrum with a constant moment of
inertia equal to W«, we get the same qualitative re-
sults as those obtained with W(R) as shown on
Fig. 10 for the U nucleus. This figure is indeed
very close to the corresponding Fig. 8 [using
W(R)]. In the W„calculations we reproduce
reasonably well the nine confirmed rotational
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FIG. 9. Same as Fig. 6 for the Np nucleus. Results corresponding to the 23SU and 240pu core are reported on the
left-hand or right-hand side of the experimental levels of each band.

bands which are known in this nucleus. The latter
is rather remarkable in view of the fact that in this
case we have only six force parameters and two
pairing gaps as phenomenological inputs.

IV. E2 AND M1 PROPERTIES

Experimental' ' ' ' magnetic dipole and electric
quadrupole moments obtained by several tech-
niques are compared in Tables IX and X with
theoretical values.

In order to investigate the influence of poorly
known polarization effects, two values of the spin
gyromagnetic ratio (g, =g,"' and 0.6 g,

'
) have

been considered. The calculated values are general-
ly in rather good agreement with experimental
data, indeed much more so for protons than for
neutrons as already found in other calculations.
Our results have also been compared with those
obtained in a somewhat more phenomenological
approach due to Chasman et al. ' In this reference
one may note, for instance, that a marked disagree-
ment between experimental and calculated magnet-
ic moment was obtained for the neutron —, [622]

and the proton —, [530j orbitals, whereas we

reproduce rather well the data for both states.
As for the electric quadrupole moments, our cal-

culational results also agree with experimental
results without any ad hoc effective charge adjust-
ment of the E2 operator. This is in fact not very
surprising, since the particle (intrinsic) contribution
is negligible, the core contribution plays the prom-
inent role and has been shown in I to be fairly well

represented in our HF plus BCS calculations.
A further step in the characterization of the

single-particle part of our wave functions consists
in studying the reduced E2 and M 1 transition pro-
babilities to which they lead. In this heavy nuclei
region, in contrast with the large wealth of experi-
mental results concerning energy levels, there are
rather few absolute transition probabilities available
from lifetime measurements or Coulomb excitation
experiments.

As seen in Table XI, absolute M1 and E2 intra-
band transitions measured in several nuclei' '

are fairly well described in our calculations. A
reproduction of transition probability ratios is rath-
er easy to obtain since they are (as often pointed
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TABLE VII. Comparison of energy level sequences
within given bands when calculated with three diA'erent

prescriptions for the moment of inertia [Wo, W(R), 4 „]
defined in the text. Energies are given in MeV. In the
three cases considered here the bands correspond to al-
most pure qp configurations.

Wp

—[633] in Th+1 qp

5+
2
7+
2
9+
2
11 +
2
13 +
2
15 +
2

0.01

0.05

0.11

0.19

0.27

0.37

0.01

0.05

0.10

0.17

0.24

0.33

0.02

0.07

0.15

0.24

0.35

0.49

Wp

—[631] in ' Th+1 qp

~{R)

3+
2
5+
2
7+
2
9+
2
11 +
2

0.04

0.09

0.15

0.24

0.03

0.08

0.14

0.21

0.05

0.11

0.20

0.31

Wp

—[743] in ' U+1 qp

J {R)

7

29—
2
11—
2
13—
2
15—
2

0.03

0.07

0.12

0.18

0.01

0.03

0.06

0.11

0.03

0.06

0.12

0.18

out) roughly fulfilling the Alaga rules. More im-
portant, therefore, is the agreement obtained here
for absolute intraband transitions (e.g., for the

[633], —, [631], —, [631]neutron and —, [530],
[642] proton bands}.

Interband transition measurements are very diN-
cult to perform. In Table XII we have compared
such calculated and experimental M 1 and E2 tran-
sition probabilities. ' ' In the 'Pa case we
present LAC =1 interband transition probability ra-

tios. These results show that without any attenua-
tion factor, the quality of our wave functions is
sufficient to guarantee a good agreement with the
corresponding data. The absolute bE =2 inter-
band transition probabilities of Table XII (between

[622] and —, [631] band states) constitute a far
more stringent test: for E2 transitions, we have
obtained about the right order of magnitude for
M1 transitions, whereas experimental retardation
factors relative to standard spherical single-particle
estimates ranged from 10 to 10, we have reduced
these factors to about 10.

In Tables XIII and XIV we have performed a
detailed comparison of theoretical and experimen-
tal' ' absolute E2 and relative M 1 reduced tran-

sition probabilities in the particular case of the well

documented U nucleus [incidentally, it may be
mentioned that absolute determinations of B(E2}
probabilities from Coulomb excitation experiments

are not always free from possible systematic er-

rors]. Intraband —, [743] E2 transitions, as well

as AC =1 interband transitions connecting the

[743] ground state band to the —, [752]
and —, [734] bands, are well reproduced by our

calculations (see Table XIII). In the lower part of
this table we provide a striking evidence of the3—
nonrotational character of the —, band (located at

638 keV above the ground state). A possible rotor
plus qp candidate might have been the —, [501]
band. %ith this assignment, however, it is impos-

sible to reproduce the rather high B(E2) value for
the (g.s. band ~—, band) transition. Thus our re3—
suits are consistent with the assignment of the —,

state as being of a vibration coupling state (namely

a —, [743]*2~+).
In Table XV we have shown, for two typical ex-

amples, the influence of our choice for the core
gyromagnetic factor g~. From these examples it
can be seen that the variation of magnetic proper-
ties due to a -30% change in gz (from Z/A to
the Inglis cranking formula value) is roughly of the

same order of magnitude as the variation due to
polarization effects on g, factors.

V. CONCLUSIONS

The rotor plus quasiparticle approximation is a
rather old one and within this framework many
results have been previously reported in heavy nu-
clei as well as in light nuclei (see, e.g., Refs. 17 and
40). However, all these approaches are purely
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TABLE VIII. Comparison of energy level sequences within strongly Coriolis coupled bands in U+1 qp calcula-
tions with three different prescriptions for the moment of inertia [W~ W(R), W„] defined in the text. Energies E are
given in keV. The bands result mostly from the coupling of two z qp states [A] and [B] specified by

[A]=19%[701)+18%[501]+15%[301]and [B]=21%[741]+11%[701]+11%[761]+9%[501].In the columns la-

beled [A] and [B]one reads the Coriolis mixing rates (percentage). For the —and —spins, the [A] and [B]qp states
are shared between three different nuclear states.

3—
2

1340

1775

Wp

[A]
79

19

[B]
21

74

E
1352

1775

~(~)
[A]
80
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75

E
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1771
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77
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69
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2

1378
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78

19
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74
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79
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75
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75
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24

69

9—
2

1429
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1933
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76
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67
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FIG. 10. Same as Fig. 8 when using, instead of the variable moment of inertia W(R), the Inglis cranking value W„
determined from HF plus BCS results in Ref. ' 7.



J. LIBERT, M. MEYER, AND P. QUENTIN

TABLE IX. Comparison between experimental and theoretical magnetic moments (expressed in nuclear magneton

JM&). In this table as in the following ones, experimental figures marked by an asterisk indicate that the value is con-
tingent upon another experimental moment. Our calculated values are displayed on two lines. For a nucleus whose nu-

cleon number is A, the upper and lower one corresponds to a (A + 1) core+ 1 qp [(A —1) core+ 1 qp, respectively] cal-
culation. The moment has been evaluated with g, =0.6g,"",whereas the figure given in parentheses corresponds to
g, =g, ' . In some cases we have also given the moments obtained in the phenomenological approach of Ref. 17.

Nucleus Spin

Usual

assignment Experimental Reference

This

work

Other

calculations'

229Th 5

2 [633]

0.46 +0.044

0.42 +0.10

0.35 +0.07

0.71(1.03) 0.43—0.59

233U 5

2 2 [633] 0.55

0.73

0.64

0.69(0.99)

0.47(0.44)

235U [743]

—0.35
—0.36

—0.43

—0.57(—1.26)

—0.77(—1.26)

—0.23

239pu

1

2

5

2

[631]

[622]

0.203+0.040

0.200

—1.25 +0.29

0.23(0.23)

0.22(0.23)

—0.39(—0.81)
—0.40(—0.82)

0.2 —0.23

241pu 5

2 [622]

—0.683+0.015*
—0.728+0.017*
—0.714+0.019

—0.39(—0.81)
—0.23——0.03

231pa 3

2 [530] 2.01 +0.02
2.26(3.24)

2.24(3.22)
0.76—0.78

233p 3

2 [530] 3.5 +0.8
2.27(2.52)

2.25(2.50)

237Np

5

2

5

2.

[642]

[523]

3.14 +0.04

3.3 +0.9
-2.9

1.95 +0.15

1.34 +0.12

1.68 +0.03*

3.23(3.89)

4.59(5.51)

1.46(0.82)

1.45(0.83)

2.50—2.51
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TABLE IX. (Continued. )

Nucleus Spin Usual

assignment

Experimental Reference This

work

Other

calculations'

239Np 5

2 [642] 2.03 +0.25
1.45(0.82)

1.45(0.82)

'Am 5

2 [523]
1.61 +0.03

1.59
1.45(0.82) 1.56—1.57

'Experimental data are extracted from Ref. 31.
Experimental data are extracted from Refs. 15 and 16.

TABLE X. Same as Table IX for quadrupole moments (expressed in barn). In particular
note that the lower and upper calculated moments correspond to (A —1) and (A +1) core

calculations.

Nucleus

Usual

assignment Experimental Reference

This

work

5

2 2 [633] 4.3 +0.9
-4.6

2.72

233U 5

2 [633]

3.5
4.2

7.9

3.5
2.5

235U

241pu

233p

7

2

5

2

3

2

[743]

[622]

[530]

4.55+0.09

4.1

4.9

5.6 +2.0

—3.0

4.6
4.2

4.0
—1.9
—1.8

237Np

'Am

5

2

5

2

5

2

[642]

[523]

(relative to

[642])

[523]

4.1 +0.7~

3.7 +0.8

1.0 +0.1

4.9

—1.2

3.7

1.06
0.97

4.0

'Experimental data extracted from Ref. 31.
Experimental data extracted from Refs. 15 and 16.
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TABLE XI. Comparison of experimental and calculated intraband E2 and M 1 reduced transition probabilities
[B(E2) are expressed in e2fm and B(M1) in p~ ]. We have also given 6 E2-M 1 mixing ratios, defined as

5 =T~(E2)/T~(M 1) (with usual notation).

B(E2;2~2)7 5
(2.70 +0.23) 10

(2.41 +0.22) 10

' Th+1 qp (2.44) 104

2
[633]'

—,[631]

231p

—[530]

B(E2; 2~2)9 5

B(E2; 2~2)9 7

B(M1;— —)
7 5

B(M1;— —)
9 7

6(—~—)
9 7

2 2

6(—~—)
11 9
2 2

6(—~—)
13 11

2 2

$(——+ —)
9 7

2 2

6(—~—)
11 9
2 2

B(E2;
2
~ 2). 7 3

(0.63 +0.10) 10

(2.27 +0.40) 10'

0.0134+0.0022

0.0185+0.0025

0.0228+0.0062

0.33 +0.05

0.25 +0.04

0.32 +0.04

0.17 +0.06

0.5 +0.2

0.027 +0.06

0.028 +0.04

(1.89 +0.12) 10

'"Th+1 qp

Eh+1 qp

' Th+1 qp

"Th+1 qp

Th+1 qp

Th+1 qp

' Th+1 qp

"Th+1 qp

Th+1 qp

' Th+1 qp
232U+ 1

(0.79)

(1.97)

0.0092

0.013

0.26

0.17

0.27

0.023

0.035

(1.87)

(2.40)

10'

104

104

10'

233U B(E2;
2
~ 2)

5 7 (0.5 +0.3) 10'

(1.2 +0.2) 10
234U + 1 qp (0.45) 10'

—,[633]' B(E2; 2~2)5 9 (0.238 +0.014) 105 234U+ 1 (0.89) 104

237Np

—[642]'

B(E2;— —)
5 7

B(E2;—, —, )
5 9

(0 45+ ) 10'

(0.24 +0.04) 10'

Pu+1 qp

238pu+ 1 qp

(0.55)

(0.21)

10'

10'

239p

—,[631]' B(E2;—,
1 5

(0.53 +0.03) 10'

(0.44 +0.03) 10

Pu+1 qp

Pu+1 qp

(0.73)

(0.74)

10

10'

'Experimental data are taken from Refs. 16, 32, and 33.
"Experimental data are taken from Ref. 34.
'Experimental data are taken from Ref. 35.
"Experimental data are taken from Ref. 36.



25 SELF-CONSISTENT DESCRIPTION OF HEAVY NUCLEI. II. . . .
TABLE XII. Same as Table XI for 5E =1 and ~=2 interband transitions. For the "'Pa data only relative

B(M 1) values are given.

ddt =1 transitions

231Pa

—[642]~—[651] B(M1; 2~2)5 3

B(M1;——+ —}
5 5

B(M1;— —)
5 7

B(M1' —~—)
7 5

'2 2

B(M1;—~—). 7 7

B(M1;— —)
7 9

1.0

0.059+0.005

0 43+0.04

1.0

0.17 +0.05

0 83+0.22

232U+ 1 qp

232U+ 1 qp
232U + 1 qp

232U+ 1 qp

232U+ 1 qp

232U+ 1 qp

1.0

0.025

0.42

1.0

0.478

0.257

~=2 transitions

239U

-[622]~-[631]
B(E2;—,~—,) 1.17+0.06 b U+1 qp 24

239Pu

—[622]~-[631]
B(M1;—~—)

5 7

5 5

5 3

B(E2;—~—)
5 7

B(E2; 2~2)5 5

B(E2;2 ~2)5 3

5 1

(1.36+0.08)10-4

(3.53+0.21)10 4

(2.29+0.14)10 4

0.64+0.32

1.00+0.65

1.27+0.27

2.15+0.13

238Pu+ 1 qp (11)10 4 240pu+ 1

c '"Pu+1 qp (37)10 ' Pu+1
c Pu+1 qp (25)10 Pu+1
c Pu+1 qp 18 Pu+1
c 'Pu+1 qp 3 Pu+1

pu+ 1 qp 0 09 ~pu+ 1

c "Pu+1 qp 0.89 2 Pu+1

qp (22)10 4

qp (25)10

qp (9)10 4

qp 12.5

qp 50

qp 2.37

qp 92

241Pu

—,[622]~—[631] B(E2; ~ )0.6S+0.08— — b Pu+1 qp

'Experimental data are taken from Ref. 34.
"Experimental data are taken from Ref. 37.
'Experimental data are taken from Ref. 38.

phenomenological and involve, in general, some
amaunt of ad hoc parametrization. Our approach
on the other hand, as discussed in subsection II B,
imphes only six effective force parameters (valid for
all nuclei and determined from other nuclear prop-
erties) supplemented by pairing gaps, and moments
of inertia thus exluding any renormalization of the
Coriolis coupling term (as, e.g., in approaches us-

ing so-called attenuation factors). Our work which
undoubtedly constitutes an improvement on exist-
ing rotor plus qp calculations due in particular to
the quality of the qp states in use, is not, however,
free from the general drawbacks of the rotor plus

qp approximation. The latter, intimately cannect-
ed with an approximate projected HF treatment,
should only be justified in cases where the concept
of a perfectly rigid rotating core is valid. In this
respect, the present work should be considered only
as a first step towards a more comprehensive treat-
ment of the coupling between core and individual
particle degrees of freedom. Recent progresses ' in
the treatment of the even-even core collective low
energy dynamics will allow us in the near future to
improve the presently rather crude care wave func-
tions. Moreover, as pointed out by many authors,
an independent particle approximation is rather



J. LIBERT, M. MEYER, AND P. QUENTIN

TABLE XIII. Comparison of experimental (Refs. 15, 39) and calculated 8 (E2) reduced transitions probabilities in
~3 U (expressed in e~fm ). All transitions originate from the ground state. Theoretical values are given for both core
calculations. The last lines correspond to calculations performed to check whether the "experimental"

( —, [743]*2~+)band nught be a —, [501]band. The answer is negative;

Usual

assignment

Final state spin

and parity Experimental 234U+ 1 236U+ 1

[743]

(g.s. band)

[752]

[734]

( ~ [743]*2~+)

or

[501]?

11—
2

5—
2
7

29—
2
11—
2

9—
2
11—
2

5—
2

7—
2

(7.4 +0.7)10"

(1.18+0.16)10

g. l +0.3)10'

(-2.3)10'

(1.3 +0.4)10'

(-0.46) 10

(1.9 +0.3)10'

(1.7 +0.4) 10'

(1 3+ )10

(0.5 +0.2)10

(-0.2) 10'

(4.0)10

(1.17)10

(3.2)10

(2.9)10'

(5.6)10

2.1

(4.2)103

(2.0)10

(0.8)10

0.17

0.19

(4.2)10

(1.1)104

(5.5)10

{5.4}10

(3.5)10

(1.2)102

{5.9}10'

(2.7)10'

(0.1)10-'

(0.1)10-'

0.22

ambiguous to use when one deals with two-body
operators other than the Hamiltonian for which it
has been built. This is the case for the square of

~ 2the particle total angular momentum j —see, e.g.,
a discussion of this point in Ref. 42. This is also
the case whenever a pairing residual interaction has
to be considered, as pointed out within the rotor
plus qp framework in Ref. 43. Another deficiency
of the whole approach is due to our one qp
description of odd nuclei wave functions. Project-
ing them on good particle number states before
Coriolis mixing or evaluating them through a
blocking approximation procedure (leading thus to
orthonormalization problems for the BCS cores)
would not be an easy numerical task and we have
therefore preferred at this point to provide an esti-
mate of theoretical "error bars" associated with it,
by evaluating as much as possible spectroscopic
properties from calculations using both adjacent
even cores. In this respect the present calculations
also constitute only a limited attempt which will
need to be (and will be) improved in the near fu-

ture.

As they now stand, however, our calculations
have clearly demonstrated the relevance of the de-
formed mean fields stemming from HF plus BCS
calculations using the Skyrme SIII effective force.
As was the case for extreme deformations (P-0.6)
as in fission isomers, ' or to a lesser extent for
weak deformations as in transitional nuclei, ' ' we
have shown here that our approach is able to
reproduce well low excitation energy spectroscopic
properties of deformed nuclei. There are well de-
fined exceptions to this: states which are known to
be of a coupled vibration-qp character. As expect-
ed, we have not found them in general, thus con-
firming their "experimental" characterization,
tion, moreover, in cases where a doubt was possible
the evaluation of some transition probabilities has
allowed us to draw unambiguous conclusions. It
should be noted incidentally that we have given
here complete theoretical spectra and not only
those states which might have an experimental
counterpart.

In view of the success we have met in reproduc-
ing both odd-neutron and odd-proton nuclear spec-
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TABLE XIV. Comparison of experimental (Refs. 15, 39) and calculated relative B(M 1) reduced transition probabili-

ties in 'U. Absolute theoretical B(M1) values are also given (in p~ ).

—, [752]~-[743]
7 7

2 2
7 9
2 2

9 7

2 2
9 9
2 2
9 11

2 2

11 9
2 2
11 11

2 2
11 13

2 2

-[734]~-,[743]

9 7

2 2
9 9
2 2
9 11

2 2

11 9
2 2
11 11

2 2
11 13

2 2

13 11

2 2
13 13

2 2

Experimental

(relative)

0.27+0.04

1.0

&0.1

0.32+0. 11

1.0

& 0.2

-0.3
1.0

1.0

0.48+0.09

-0.3

1.0

0.62+0. 13

1.0

0.8 +0.3

234U+ 1 p

(relative)

0.20

1.0

0.11

0.23

1.0

0.21

0.22.

1.0

1.0

0.23

0.018

1.0

0.35

0.07

1.0

0.82

236U+ 1

(relative)

0.27

1.0

10

1.0

0.015

1.25

1.0

1.0

0.10

0.13

1.0

0.07

0.39

1.0

0.048

234U + 1 qp

(absolute)

0.10

0.52

0.048

0.10

0.44

0.089

0.092

0.42

1.03

0.24

0.019

0.76

0.27

0.056

0.47

0.38

236U+ 1

(absolute)

0.25

0.94

0.00078

0.43

0.68

0.0070

0.56

0.44

0.88

0.092

0.12

0.66

0.051

0.26

0.60

0.029

troscopic properties, and in spite of obvious limita-
tions in its present stage, we think that our ap-
proach already has a reasonable predictive power
and may provide some guidance for the spectro-
scopic study of poorly documented nuclear species.
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APPENDIX A: E2,M 1 MOMENTS

AND REDUCED TRANSITION PROBABILITIES

For an electromagnetic operator Oz, the reduced
transition probability from a state

~

IiMi ) to a
state ~I2M2) is defined by:

8(0~;Ii~I2)= g ~
(I2M2 ~Oq ~IiMi) I

PM2

and the corresponding electromagnetic moment by

M(O~, I)=(II
~
00

~

II),
where the multipole operators 0& are composed of
a collective (core) part and of an intrinsic part.

In what follows we will restrict our study to the
electric quadrupole (E2) and the magnetic dipole
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TABLE XV. Dependence of magnetic properties in ' Th+ 1 qp and 3 U+ 1 qp calculations with respect to the

value of g& and g, in use. Magnetic moments are expressed in p& and B(M 1) reduced transition probabilities in pz .

Usual

assignment Core
gg ——Z/A

free
gs

gg ——Z/A
free

cranking
gz

free
gs

cranktng
gR

0.6

in 229T
5/2+

7+ 5+8(M1;—~— )

in 'Pa

B(M1;— — )
9+ 7+

in 'Pa

p, +in 'Np

8(M1;— —+ — )

in . 235U

8(M1;—~— )

235U

9 — 11—8(M 1;— —+—)

235U

—[633]

—,[530]

intraband

—,[633]

intraband

—,[633]
—[642]

—,[523]

—,[743]

interband

—[734]~—[743]

interband

—,[734]~—,[743]

interband

—,[734]~—[743]

" rh

'"rh

" rh

'"rh
236U

236U

236U

236U

236U

236U

1.03

3.22

(0.26)10

(0.38)10

5.51

0.83

1.26

1.18

0.122

0.156

0.71

2.24

(0.92)10-'

(1.30)10

4.59

1.45

—0.57

0.88

0.092

0.116

0.94

3.15

(0.01)10

(0.01)10

1.71

0.74

—1.08

0.69

0.070

0.091

0.62

0.86

(0.12)10

(0.17)10

1.31

2.21

—0.61

0.46

0.048

0.062

(M 1) operators. The former is defined by

0„(core)=e(r Y„)„„,
A

0„(intrinsic)= g er; Y„(r;),

eA
g p0„(core)=] 3

4m

where e is the proton charge and (r Y& )«„, is the
expectation value for the proton core distribution
of the one body operator p' Y .

The M1 operator Oz now is defined by
1/2

1/2
3 equi

4m 2Mc

G„' =(gt g& )t„+(g,—g~ )s„—
Each eigenstate

~ yIM ) of the Hamiltonian H is
expressed through Eq. (5) in terms of standard uni-

fied model basis states:
' 1/2

( 8; i
o.IME ) =

16

0& (intrinsic) =
1/2

3 equi

2M ""+""'
4m 2Mc

&& [&Mac(~ )
I
«)

where M is the average nucleonic mass, g~, g„and
gI are the core, spin, and orbital gyromagnetic ra-

tios, and R&, s&, and I& are the p components of
the core, intrinsic spin, and orbital angular mo-
menta.

One may rewrite the total M 1 operator

+(—)'+ &M «(~) I«)l.

To evaluate moments and reduced transition
probabilities associated with a multipole operator

0& we must compute (y2I2M2
~ 0„~y~I~M~ ) ma-

trix elements, and thence in the qp basis
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(azIqMqKq
~ 0„~a~I~M~K~ ) matrix elements.

Practically, apart from the I& term in the 0&
operator defined abave which is easily handled in
the laboratory frame, the remaining part of 0&, as
well as the full 0& operator, being defined in terms

of sp wave functions, should be transformed into
the intrinsic frame. Transforming the tensors 0&
into the latter and using well known rotation ma-
trix properties, one gets finally for the 0& matrix
elements:

(apI/M/Kg
~ Op ~

a]I/M/K] )

(2I ) + 1) (2I~+ 1) x Ig I)

—MP P M1
( )

2 2

IP 1, I1
[(aqKz /0„[a&K&)+(—)

' ' (azKz [0 [a,K, )]

Ig A, I1
+ ( —)

' '
K K [&a2K210v I

a1K1 )+( ) (a2K210"-.
I
aiKi &1—EP V —E1

Now using the time-reversal properties of
~

aK ) states and O„operators, namely

~

aK) = a'
~
aK), g

~

aK) =( —)'
~

aK)

and

g'0, 8'+ =ci ( —)"+"0

[with c~ =(—) for EA, operators and c~ ——( —)
+' for MA, operators], one may rewrite in a more compact

form these matrix elements.

A. 8 (E2) reduced transition probabilities

B(E2;y)I)~ypI~)= g F(y)I)M), ypIpMp)
M1M2

I1 2 IP
+ Op(core) g C KC x+2Iz+1( —)

'

aE

2

where Op (core) defined above is given in terms of the HF plus BCS core charge quadrupole moment Qp
calculated in I as

Op(core) =eQp
5

16~

In the preceding the quantity F is defined as

Ig 2 I1
F(y)I(M(, ypIgMp) = (2I)+ 1)' (2Ip+ 1)' ( )

2 2 1 1

~1 ~2
Ca&K& Ca&K& (~atK& ua&K Ua E U~ E )

1 1 2 2
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I —K I2 2 I1
(a2K2

l o», (intrinsic)
l
a,K, )

2 2 1 1 2 1

I2 2 I1
+ K 2 K 5», +»,2(o2K2

l
O2(lntrinslc)

I2 2 I1
5», «,5», le (a2K2

l 0l (intrinsic)
l
alKl )

where u and U are the usual pairing occupation factors, Cj« are the Coriolis mixing factors of Eq. (5), and

l
aK ) and

l
aK ) are the sp wave functions of the HF state defined by the quantum number set (aK) and s

its time-reversal conjugate.

B. 8 (M 1) reduced transition probabilities

~ YlII ~3 2I2) O'N g ( IMlM2 + M)M2
M1M2

where p& is the nuclear magneton and the quantities A and 8 are defined as follows:
'I

A ' ' ' ' = (2Il+1)'I (2I2+1)'
1 2

I2
—M2 M2 —M1 M1

I2 1 I1
CaK, ( —)

' ' g c ',K, K, K, K, K, &rr2K21GK, K, llrlKl)-
a2K2

I2 1 I1
+ 4, ,»p», , ln( —) ~

1
~ ~o'2K2

I Gl
l lrlKl)—

2 2

and

y1I1,y2I2
~M&M2 —gR SI&,I2 g Ca»Ca»

aK
L

X ~M1,M2M1 +~M1,M2+ 1

1/2
(Il +M l )(Il

—M2)
~M1,M2 —1

1/2
(Il —Ml )(Il +M2)

2

C. Quadrupole moment

Usually, the quadrupole moment Q of a nuclear
state having a total spin I is defined in terms of the
quantity M(E2, I) by:

' 1/2
I 16lr ~(E2,I)

5 e

For a Coriolis mixed state
l
yI ) one then obtains

for the quadrupole moment

1/2

Qr = F(yII, yII)
5

, 3K'—I(I +1)
(I+1)(2I+3)
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D. Magnetic moment

The usual definition of the magnetic moment of
a nuclear state having a total spin I, in terms of
the quantity M(M 1,I) is

' 1/2

p = M(M1, I) .
3

n, nr A)—:
~
n, n np)

(b,+) ' (b+) (b+) P
=(—)P ' P (000),

V n, ! Qn ! Qnp!
(B2)

where
~

000) is the vacuum and with

n~ =(n j +A)/2,

For a Coriolis state
~
yI ) one then obtains for the

magnetic moment

P =PN(~rr +&rr 'yr yI yI yI yI

APPENDIX B: NUMERICAL CALCULATION
OF INTRINSIC E2 AND M 1 MATRIX ELEMENTS

np=(n, —A)n .

From usual relations between. b+, b; and x;, 8„
operators as

z = (b,++b, ),1

2'

(B3)

(84)

In this appendix, we will give some details on
the calculation of matrix elements of one-body
operators 0 between Hartree-Fock states

~

aE).
Since we are concerned with E2 and M 1 elec-
tromagnetic properties, the operators 0 to be con-
sidered are s„s+,x, y, z, 8„,B~, B„and some
combinations of the latter. Hartree-Fock states are
expanded on axially symmetrical harmonic oscilla-
tor basis states

~
n, nr AX). For such states, which

are eigenstates of the s and s, operators, the ma-
trix elements of the spin operators are trivial. The
computation of matrix elements in the

~
n, nr A)

basis of operators acting only on space variables is
greatly facilitated by noting that upon making a
canonical transformation on b», b~+(b», b~) creation
(annihilation) operators, one may view such basis
states as eigenstates of new quanta number opera-
tors n =b+b and n~ ——b~b& given by

b+ = (b„~i' ),1

2

(B1)

b+p = (b„i'), -—+ 1

2

in terms of the corresponding quantum number n~
and np, the basis state

~
n, n&A) may be written

2
(b,+ —b, ),

where c, is the inverse of the harmonic oscillator
length (c,=+mao, /A'), one gets using Eq. (B2)

x= (b~4bp~b -~bp),
2cy

gb+
y = ( bP ~b— bp), —

2cj

a„= '( b+ b+, yb—.~b—p),x 2 cx

(B5)

a„= '(b+ b+pyb. b, )—, —
2

(with cz Qmcoj/fi). ——
For M 1 properties one needs, apart from spin

operator matrix elements, the matrix elements of
the l+, l, and l, operators. The latter are easily
expressed in terms of b, b+ operators from Eqs.
(B4) and (B5).

For E2 properties, one has to fake into account
the r Y& operators whose expressions in terms of
x, y, and z are mell known, and which are thus
easily. calculated through Eqs. (B4) and (B5).
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