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ODD NEUTRON HOLE N = 81 NUCLEI IN THE INTERMEDIATE
COUPLING UNIFIED MODEL

By D. CHLEBOWSKA
Institute of Nuclear Research, Warsaw*
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The intermediate coupling unified model is applied to the odd neutron hole N = 81
nuclei **3Gd, *3Sm, **'Nd, '**Ce and '*’Ba. In the calculations all the single-neutron hole
states of the major shell 50-82 are coupled to the N' = 82 core excitations up to three phonons.
The spectra of the levels with the spins up to 19/2 are in agreement with the experiment if
the first 4* states in the neighbouring N = 82 nuclei are approximated by two-phonon states.

1. Introduction

In the unified model the single particle or the single hole motion of extra-core nucleons
(holes) are coupled to the collective motion of the even-even core. When the interaction
is not too strong we are dealing with the intermediate coupling. The intermediate coupl-
ing model is applicable to the nuclei in the region not far from closed shells. In this model
the individual particle motion is coupled to the vibrational motion of the spherical core.

The first discussion of this model was given by Bohr and Mottelson in 1953 [1]. From
this moment the intermediate coupling scheme has been applied by many people to differ-
ent nuclei. This method is still interesting because more and more experimental material
is available.

In the present paper the intermediate coupling unified model is applied to the odd
neutron hole nuclei *43Gdg,, 143Smg,, '41Ndgo, '35Cess and '3 ]Bass. The energies of the
one-phonon and two-phonon states are taken to be equal to the excitation energies of
the lowest 2t and 4+ levels, respectively, in the neighbouring doubly even N = 82 nuclei.

The low-spin states of the N = 81 nuclei in the harmonic model have been treated
in the paper [2]. The energies and spectroscopic factors of the low spin states calculated
by us are similar to those of the paper [2]. The position of the high spin odd-parity states
strongly depends on the two-phonon state energy, and is improved if the anharmonic
correction is introduced.
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2. Short review of the formalism of the intermediate coupling model

In the unified model the shell structure and nuclear deformation interplay with each
other. The motion of nucleons in a nucleus is described in terms of independent particle
and collective degrees of freedom. The Hamiltonian describing this motion has the form

H = HP+H5(d2u)+Hint(“2w x), )]

where H,, is the shell-model Hamiltonian of the individual particle, H, describes the
nuclear surface. For the quadrupole oscillations H is given by

H(x,,) = Y Bz]dzuiz +3 sz“zplz}- )

The coordinates a,, correspond to the quadrupole deformation of the nuclear surface,
B, is the mass parameter and C, denotes the nuclear rigidity. The frequency of the surface
oscillations is given by

C:

w = .
B,

3)

The coupling term H,,, represents the interaction of the particle (hole) with the nuclear
deformation and has the form

Hint = $ k(r) Z aZnYZu(Bs ‘P) (4)

to the first order in «,,. Here 7, 6 and ¢ are the polar coordinates of the particle. The
coefficient k(r) is connected with the change of the potential at the boundary. It is given
by [3]

ov(r)

k) =r——. 5)

For a sharp nuclear boundary the expectation value of k(r) is
(nllk(r) W'y = VoRRu(Ro)Rwi(Ro)- ©)

For binding energies in the region 5-10 MeV it is of the order of 40 MeV [1].
In the intermediate coupling treatment, the representation of the uncoupled motion
is usually employed. The wave function may be written as

v =3 s NR; IM) Cj, NR; IMly), M
J
where N denotes the number of phonons, R is the angular momentum of the phonons
I is the total angular momentum, and M is its z component.
The expression for the matrix elements of the interaction Hamiltonian H,,, in the
representation of the uncoupled motion has been derived in detail in [4]. It may be written
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in the form

{lj, NR; IM|H,,|l'j’, N'R"; IM)

= 1 ¢hao(= 1) K112 Qi+ 1) 2 + 1) VR +1) (2 +1) (1200]10)

R, R 2 j’ l, ‘%’ o/’ !
X {j 7 I}{l i 2} (NRBIN'R"> +{N'R'|[bINR}), ®)

where b is the annihilation operator of phonons. The dimensionless parameter
¢ = k V52nhoC, ©

characterizes the strength of the interaction. The intermediate coupling corresponds to
the value of £ of the order of 1-4. The approximate value of the coefficient ¢ can be de-
termined from the reduced transition probability B(E2, 2+ — 0%), providing the rigidity
C, for harmonic vibrations is given by

c ho 3 sea?) 10)
S S S ——— (L .
27 3B(E2, 27 — 0F)\4n “¢70 (

Usually £ is treated as parameter. The other parameters are: individual particle energies
¢; and phonon energies iw. The energies and wave functions of a nucleus are obtained by
diagonalization of the total Hamiltonian (1) in the representation (7). If the wave functions
are known the spectroscopic factors defined as

Sy = 1Kl 00; j{¥>22j+1) (11)

can be calculated and compared with the experimental values obtained in pick-up re-
actions. The spectroscopic factor is a measure of the admixture of the single particle state j
coupled to the zero phonon state in the total wave function.

3. Calculations and results

In the calculations all the single-hole states in the major sheli 50-82 are taken into
account. These states are: 2d,,, 35,2, 1814, 2ds;,, and 1g,,,. The single neutron hole
energy spacing As;,, = E(sy;;) —E(ds;3), Ahyyyp = E(hyy2) —E(ds;2) and  coupling
strength ¢ are treated as parameters. The energy spacings Ads,, = E(ds;;) —E(ds.,) and
Ag7;2 = E(g7,2) —E(ds);) are taken from the experiment [5]. The one-phonon and two-
-phonon energies are assumed to be equal to the 2+ and 4+ energies, respectively, in the
neighbouring N = 82 nuclei. The values of the single neutron hole energies, phonon
energies and coupling strength used in our calculations are shown in Table I. The best
fit is obtained for the same values of ¢ and 4h,,, as in paper [2], also the values of the
parameter 4s,,, are close to those in [2].

The results of the calculations are shown in Figs 1-5. The spectra of the everi-parity
low spin states have similar features as those for the harmonic vibrations [2]. In compar-
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TABLE 1
Single neutron hole energies, one-, two-, three-phonon energics and & used in the calculations
145Gd 14SSm 141Nd 139Ce 137Ba

Asy2 0.00 0.22 0.35 0.48 0.38
Ahyyja 0.39 0.39 0.41 044 054
Ads;» 1.52 1.52 1.47 1.72 1.71
Aga)2 2.12 2.12 2.20 2.90 2.93

El 1.5795 1.6590 1.5760 1.5967 14350
E2 2.6580 2.1906 2.1010 2.0834 1.8990
E3 3.9870 3.2859 3.1520 3.1251 2.8480
& 1.5 1.5 1.5 1.5 1.0

1) )
ison with exper1ment [5], [6] the positions of the lowest 3/2*, 1/2+, 11/2-, 5/2*, 7/2%,
2) (3) 2)
5/2%, 52% and 7/2% states are well reproduced In all considered nuclei the ground

state has spin and parity 3/2* and is almost the pure |2d;}, 00,3/2+) state. The first ex-
cited state is the 1/2* state with energy smaller then 0.5 MeV. It is mainly formed by the
13575, 00,1/2+) state. The second 1/2+ level appears in the energy interval 1.5-2.0 MeV
and has, as the main component the 12d;}, 12,1/2+) single-hole state. The lowest three
5/2+ levels lying in the interval 1.0-2.5 MeV are built mainly from the uncoupled states
12d5,3, 00,5/2%), |2d§,§, 12,5/2+> and 5331/2, 12,5/2+>. The lowest two 7/2* levels lying in
the intervals 1.0-1.5 MeV and 2.0-2.5 MeV are built mainly from the components
1233, 12,7/2+> and |2d3)3, 22,7/2*), respectively. The first experimental 7/2+ state con-
tains more of the state {1g3;, 00,7/2*) than the theoretical one. In the calculations the
7/2* levels with a great admixture of the |1g7;3, 00,7/2+> components appears at about
3.0 MeV for !3°Ce and '37Ba.

The odd-parity high spin states 11/2-, 13/2-, 15/2-, 17/2- and 19/2- are formed by
the single-neutron hole 14,,,, state coupled to the core vibrations. In this case the core
excitations up to three phonons are taken into account. The experimental data for these
states are taken from papers [7] and [8]. The high .spin odd parity states are built from
the 1h,,,, single neutron hole state coupled mainly to the zero phonon state for 11/2-
levels, to one phonon for the 13/2-, 15/2~ doublets and to two-phonon state for the 15/2-,
17/2-, 19/2- triplets. The parity of the levels with spins 13/2, 15/2, 17/2 and 19/2 has not
been determined in the experiment. However, since their energies and spins correspond
to the energies and spins of the theoretical levels formed by the 14,,,, state coupled to
the quadrupole vibrations, one can suppose that they really have the odd parity. In com-
parison with the experiment the order of the spin is correct. The calculated splitting of the
levels in the doublets 13/2-, 15/2- and in the triplets 15/2-, 17/2-, 19/2~ is smaller then the
experimental one by the factor about 0.5. The lowering of the levels 13/2-, ... 19/2- in
the model with anharmonic correction is caused by the low energy of the 4* levels in the
N = 82 nuclei. In the case of harmonic oscillations the theoretical triplets 15/2-, 17/2-,
19/2- lie much higher then the experimental ones.
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Figs 1 — 5. Theoretical spectra of the excited levels are compared with the experimental data which are
taken from the paper [5], a) — [6], [7]. Calculated spectroscopic factors smaller than 0.1 are not given
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In conclusion one can say that for the considered N = 81 nuclei the intermediate
coupling model with anharmonic correction gives quite good agreement with the experi-
ment for the states with the low spin and even parity as well as for the odd parity states
up to spin 19/2.

REFERENCES

[1]1 A. Bohr, B. R. Mottelson, Dan. Mat. Fys. Medd. 27, no 16 (1953).

[2] K. Heyde, J. Brussard, Z. Phys. 259, 15 (1973).

[3]1 L. Sips, Intern. Course on Nucl. Theory, Trieste (1971).

{41 D. C. Choudhury, Dan. Mat. Fys. Medd. 28, no 4 (1954).

{51 R. K. Jolly, E. Kashy, Phys. Rev. C4, 887, 1398 (1971).

[6] D. B. Beery, W. H. Kelly, W. C. McHarris, Phys. Rev. 188, 1875 (1969).
[71 A. Kerek, J. Kownacki, Nucl. Phys. A206, 245 (1973).

[81 J. Kownacki, J. Ludziejewski, Z. Sujkowski,- H. Arnold, H. Ryde, Nucl. Phys. A236,
125 (1974),



