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Possible existence of backbending in actinide nuclei
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The possibilities for the backbending effect to occur in actinide nuclei are studied using
the pairing-self-consistent independent quasiparticle method. The Hamiltonian used is that
of the deformed Woods-Saxon potential plus monopole pairing term. The results of the
calculations explain why there is no backbending in most actinide nuclei and simultaneous-
ly suggest that in some light neutron deficient nuclei around **Th and ?’Ra a backbending

effect may occur.

NUCLEAR STRUCTURE Collective structure in levels (including ro-
tational bands); collective models.

Considerable progress in understanding the
behavior of the high-spin excitations in atomic nu-
clei was achieved during the last decade. In partic-
ular, the mechanism of nucleonic angular momen-
tum alignment! has been rather well understood in
terms of the independent quasiparticle model*~¢
[see also the early Hartree-Fock-Bogoliubov (HFB)
cranking model calculations’~!%]. In a nucleus that
rotates very fast a substantial rearrangement in
structure may occur which may lead to a crossing
of the ground-state band with another one of a dif-
ferent alignment of angular momentum. A sharp
crossing between bands of two different angular
momentum alignments leads to the appearance of
the multivalued behavior in nuclear moment of in-
ertia J and other quantities versus angular velocity
. This effect is referred to as backbending. It is
known to occur in the yrast spectra of many nuclei
in the rare earth region. Here, the high-j and low-Q
orbitals, such as the lowest members of the 1i;,,
neutron, or 1h,;,, proton orbitals play an essential
role owing to the strong Coriolis interaction [cf. Eq.
(1)]. In the actinide nuclei, however, no backbend-
ing effect has been reported until now. Several ex-
periments were performed recently in this region;
they were based mainly on the multiple Coulomb
excitation. Rotational states with angular momen-
tum ranging up to 1~ 307 have been observed.!!—1°
In some of these nuclei an angular momentum
alignment effect has been analyzed.>®!'*1® Howev-
er, no pronounced backbending has ever been seen
in this region. At first this may seem surprising
since there exist 1 higher-j orbitals in the single
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particle spectra of these nuclei: the 1j;5,, and
li13,, multiplets for neutrons and protons, respec-
tively. The lack of backbending in any of the ac-
tinide nuclei studied so far may, however, be ex-
plained by a strong interaction between the ground
state band and the excited bands, as discussed in
more detail below.

The aim of the present paper is to demonstrate
that in a few actinide nuclei a sharp band crossing
may nevertheless lead to a pronounced backbending
effect. At the same time our calculations show no
backbending for most of the actinide nuclei, in
agreement with existing experimental data. An ex-
planation is attempted for the nonexistence of back-
bending as the most common feature in this region.

We first calculated the nuclear equilibrium defor-
mations using the Strutinsky method.!” We adopt-
ed the realization of the method proposed by Bol-
sterli et al.'® The single particle energies were gen-
erated using the optimized parametrization'® of the
Woods-Saxon potential; the corresponding para-
metrization of pairing was taken from Ref. 20. The
results of the calculations are illustrated in Fig. 1
which represents the quadrupole and hexadecapole
equilibrium deformations. It is a very important
element of the analysis to use the proper estimates
for the equilibrium deformations, since the relative
positions of the high-j orbitals may vary signifi-
cantly with the deformation. This is illustrated in
Figs. 2 and 3 where the Woods-Saxon single particle
levels are plotted as functions of the quadrupole S,
and hexadecapole 3, deformations; in fact, both 3,
and B, are varied in such a way as to follow, on the
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FIG. 1. Quadrupole and hexadecapole deformations of
actinide nuclei calculated by making use of the Strutinsky
method.

average, the arc in the (3,, B.) plane of Fig. 1.
Comparing the results given in Figs. 1—3 one
learns that most of the calculated equilibrium de-
formations correspond to B,~(0.20—0.25) and to
positive B, values. One can see from Fig. 2 that
near their Fermi energies nuclei with N > 142 do
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FIG. 2. Woods-Saxon neutron single particle levels
calculated for B, and B, deformations varying along the
average path of Fig. 1. The symbols near the levels speci-
fy nuclei whose valence neutrons reside in the indicated
orbitals.
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FIG. 3. The same as in Fig. 2 but for protons.

not have any high-j orbitals other than those with
Q>

Let us now recapitulate the conditions for the oc-
currence of the pronounced backbending effect. We
first need a large difference in angular momentum
alignment between two crossing bands, the Stock-
holm band and the ground band. This is certainly
the case if we deal with the low-Q members of the
high-j orbitals as follows from the explicit expres-
sion for the matrix element of the Coriolis force

GQlj+ i+ =[i+D—-Q+D]"2.
(1)

However, there exists a second necessary condition
requiring that the interaction V between the two
bands is weak enough so that a sharp band crossing
results. This interaction is known to be an oscillat-
ing function of the shell filling.?! We are now ready
to present explicitly the differences in the backbend-
ing behavior between the two regions (rare earth
and actinide). According to the analysis by
Bengtsson and Frauendorf? (see also Refs. 5 and 6),
the backbending takes place only if the interaction
| V| is weak enough. More precisely, it should not
exceed roughly j2/(4J) if the functions i, J, etc., are
to remain multivalued in the model of Ref. 2. Now,
although the angular momentum contribution j is
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of the same order of magnitude in both the regions,
the moments of inertial J for the actinides are ap-
proximately twice as large as those in the rare earth
nuclei. This makes the backbending much less
probable for these heavy nuclei, especially at inter-
mediate values of () where the minima in the curve
of | V| versus shell filling (see Ref. 21) occur as the
very narrow dips. It seems, therefore, quite likely
that in the vicinity of the j = and Q=+ orbit
the backbending effect may be absent in the actinide
region although it is still possible in the rare earth
nuclei. A similar conclusion has also been drawn
by Bengtsson.’ Thus a pronounced backbending
can only occur in nuclei with the Fermi energy
close to the energy of the high-j orbital and the
smallest possible (1, i.e., with ﬂ=% or at most, %
Figure 1 suggests that this may be the case for a
few light neutron-deficient nuclei with relatively
small quadrupole equilibrium deformation and thus
also relatively small moments of inertia. The re-
sults illustrated in Figs. 2 and 3 indicate that the
best candidates in this respect are **22**Th and
222Ra which, in addition to having small equilibri-
um deformations, have also particularly active
high-j orbitals [1j}5/50=1/2) and 1j1s/x0=3/2) neu-
tron and also 1li3,5q-1,2) proton levels] close to
the Fermi energy.

The above simple qualitative arguments are con-
firmed by the quantitative HFB cranking model
calculation results. In Figure 4 a comparison is
given between moments of inertia of 2*’Np, which is
representative for well-deformed actinide nuclei,
and those of the “exotic” 2**Th, for which a partic-
ularly strong double backbending is predicted. It is
worth emphasizing that the method applied here is
exactly the same as the one successfully applied to
the description of the band crossing in the rare
earth nuclei (e.g., in '°°Yb, Ref. 22, in 166168170y,
Ref. 23, or in '°Er, Ref. 24). In fact, our calcula-
tion extends over a wider region of nuclei including,
e.g., some isotopes of Th and U. The results which
fully confirm our general conclusion are not given
here and will be a subject of the forthcoming publi-
cation.

In summary, the presented calculation based on
the HFB cranking method gives for the first time a
direct explanation for the lack of the backbending
effect in the yrast spectra for most of the nuclei in
the actinide region. At the same time we set the va-
lidity limits for this general conclusion by providing
the important exceptional cases. The results do
predict a rather pronounced backbending effect for
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FIG. 4. The relatively-smooth J vs w? dependence in
Z"Np which is characteristic for well-deformed nuclei in
the actinide region (left-hand side) is compared to the
pronounced double S-shape dependence of J vs w? of
24Th [J =1/w(I)]. Note that for spin values which are
not too high J (1) of **Th is significantly smaller than the
corresponding values for 2’Np. For comparison the ex-
perimental data taken from Ref. 13 is also given.

a few light neutron-deficient nuclei around ***Th
and ???Ra, and possibly for only very few of the
neighboring nuclei (for which, however, no detailed
calculations have yet been performed). It may be
difficult to verify these predictions experimentally
owing to the relatively low fission barriers (the cal-
culated value of the barrier height is ~5 MeV at
I =0 for ?*Th) and a small interaction between the
crossing bands, but such an endeavor would be of
particular importance for a deeper understanding of
the alignment effect in nuclei.

After this paper was completed we learned about
the work of Diebel and Mosel*® who apply the HFB
cranking method based on the Nilsson model to
several nuclei in the actinide region. These authors
obtain a much weaker interaction | ¥ | and, conse-
quently, a stronger and more rapid alignment as
compared to our calculations which are based on
the Woods-Saxon potential. This effect can be re-
lated to the systematic differences between the
slopes of the single particle Routhians generated by
the Nilsson and the Woods-Saxon potentials®® and
can be traced back to the presence of the L? term in
the Nilsson potential.

The authors are indebted to their colleagues A.
Majhofer and J. Skalski for their help in calculating
the equilibrium deformations. This work was sup-
ported in part by the Polish-American Maria
Skfodowska Fund, Grant No. P-F7F037P.
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