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1, INTRODUCTION

Studies of high-lying excitations of odd-A nuclei in a vari-
ety of one-nucleon transfer reactions which were started more
than ten years ago, have raised our understanding of nuclear
structure to a great extent. New types of resonance-like struc=
tures at energies 4-20 MeV have heen observed’/"?/. The experi~
ments with polarized beams have made unambiguous spin assign-
ment of these structures possible. The comparison of the expe-
rimental data with the theoretical predictions helps us to
check the parameters of the nuclear average potential and to
understand the mechanism of damping of the high-lying single-
particle and single-hole modes.

A bulk of experimental data on the resonance-like structures
in odd=A nuclei has been obtained on the tarpet nucleus 0%,
Both neutron and proton pick-up and stripping experiments were
performed on this target. From these data one can extract an
information about neutron and proton single-particle states
well above and below the Fermi surface. Moreover, as the damping
nf single-particle modes in an odd-A nucleus is due to their
interaction with phonon excitations of a doubly-even core, one
can investigate the isotopic dependence of the damping by stu-
dying the strength distributions of neutron and proton subshells
with the same quantum numbers in odd-N and odd-Z nuclei having
mutual core.

In this paper we study the fragmentation of high-lying single-
particle and single-hole states in odd-A nuclei neighbouring the
neutron closed-shell nucleus "9Zr (9INb, B9y and 91Z:). Note,
the main part of the experimental papers has been devoted to
the neutron deep-hole states in the B%Zr nucleus /3% | However,
the results of the corresponding theoretical calculations and
detailed comparison between theory and experiment have been pub—
lished in ref.’%, and we shall not discuss these states here.
There are only preliminary experimental data about the neutron
and proton single-particle states excited in (¥He,d) and (a,
3He)-reactions on 902z /2 Up to now the information about the
strengrh distributions of different subshells are absent. It
seems £o us that the corresponding theoretical results will be
useful for the experimentalists.
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2. MODEL PARAMETERS

Our calculations are performed within quasi-particle-phonon | % = N
mdal SQPH} The OQPM has been used for such calculations alrea- | - Z [+1]
To calculate the fragmentation of the single-particle : L 52 ThQQ
aud 51ngle-hﬂle gtates we take into account its interactiom THE
with one- and two-phonons excitations of the core. The structu- T 1h1'|,.ﬁ2 N /2
re of phonons is calculated in the RPA. The nuclear Hamiltonian
consists of the phenomenological neutron and proton average po-— W ——— d:;,;:,_.
tentials of the Saxon-Woods type, pairing BCS-forces and sepa-— BSLQ 2H
rable effective forces in the particle-hole channel. The para- 0 \Tg 72
meters of the Saxon-Woods potentials are given in table 1. T4 55
The fragments of the proton and neutron single-particle schemes 2d5&
are shown in figs, 1, 2, respectively. The form factor of 1h
effective separable forces f(r) has a form f(r)-dy/dr, where "2
U is central part of the Saxon-Woods potential. The parameters g A ok 20'3&
of the effective forces have been determined from the experimen— | = Jg.?é
tal data on the low-lying states and giant resonances of the : 351 &
core ( 0 7r), Note, the pairing correlations in the proton sys— M%
tem of ®0%r are 1anrtant and we take them into account in a Zdﬁﬁ
traditional way/1%, As in earlier papers/5-% we use the : -8 - 'Zp% R
strength function method. The weight function of the Lorentz ' 2p
type has the width parameter A= 0.5 MeV. 3
b3
115,.5 19935
| = " 2
3. PROTON DEEP-HOLE STATES : /5
1fs,
First we discuss the results of calculations for the proton 1@2 Il=-2p2
hole states which have already been studied experimentally /11+12/ 16 35
The strength functions of the ”?!2 and 28§,,,-subshells are : = -16.
displayed in fig.3. The centroid energies E, and the second
moments o of the strength distributions are gwen in table 2. ; 25, A ﬁ?ﬂ"z
20, 1d34 -20_
Table ‘1
Fig.1. Part of the proton sing- Fig.2. Part of t ing-
The parameters of the Saxon-Woods. potential le-particle scheme iEt.hn Par.il_jg lzﬁpartizie 2‘:11222 I{li:::ergzriinq
| meters of the Saxon-Woods po- meters of the Saxon-Woods po-
tential iven i i i i :
3 g v, MeV s oy Vo, MeV ential are given in table 1). tential are given in tahle 1).
There is no sense to show the 1fg/; -strength function, be-
Neutrons 44.7 -1.29 1.613 9.23 cause the excitation energy of the 1fs;;-subshell is nnt’}n.gh
and the main part of its strength is concentrated in the lowest
Protons 56.9 1.24 1.587 9.62 state 5/27. The experimental and calculated Eharatterlstlcs
- : of the B/2[. state are the following: E.= 1.75 MeV, c’s =g,9 1V
. or 7.871%% theory E,= 1.52 MeV, C’8 = 4.9, It is difficult
3




Fig.3. The strength functicns

:&"; of the proton deep-hole sub-
> shells 1if,,, and 28,,, in ¥y,
¥ Arrows polnt out the energles
L of the one-guasiparticle sta-
O tes LI and 2a

/2 1727
02
01 to compare theory and experi-

ment in that case becaunse both

state spectroscopic factor are
larger than maximal possible
251{: wvalue of J‘_.t. (6). The 1fg,, -
subshell is weakly fragmented,
94% of its strength is exhaus-
ted up to Ey= 4.5 MeV.
i There are.twopronounced pe-
: : . aks in the (d, *He) spectrum
b8 10 12 ExMeV geasured in a maximum of £ =3
angular distributions /11,
Their energies and strengths are given in table 3. The assign-
ment to the 6.8 MeV-peak (J" = 7/27) is unambiguous; for the
5.0 MeV — peak only transferred momentum [ = 3 is determined.
The theoretical strength function of the 1f;,,-subshell also
has two strong peaks. One can see these peaks more clearly in
fig.4 (upper part), where the 1f,,,-strength function is shown
for A= 0.2 MeV. The energies of the peaks agree with the expe-’
rimental ones rather well. So, there is no 1f., —strength at the
energies E,> 4.5 MeV, we conclude that in both the peaks only
the 1f,,,-strength is concentrated. But the theoretical spectro-
scopic factor of the first peak is twice as large as the experi-
mental one. However, we should like to point out that € Scrp for
the large interval 3.3 < E, < 11.3 MeV exceeds the maximal pos-

sible value, which equals 8. Moreover, it is impossible to deter-—

mine the experimental width of the peaks from the data of
ref./1/ exactly enough and the theoretical intervals AE,,
which we use in the calculatiom of stnl(table 3), correspond
to the experimental widths only roughly.

The theoretical and experimental values of the spin-orbit
splitting of the proton 1f-shell are close to each other
(AeB, (10),, = 5.3 MeV, Ael (1f),,, = 5.1 MeV). So the relati-
we positions of the centroid energy of the single—particle
strength distributions in the QFM depend on the single-particle
scheme only, this fact means that our parameters of the Saxon-
Woods potential are good enough. The parameters are taken from
ref. /14 It ig interesting that the parawmeters for the meutron
potential from ref. /1% cannot explain the spin-orbit splitting

+

experimental values of the 5/2/-
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Table 2
The theoretical characteristice of the strength distributions
EF the deep-hole and high-lying single-particle states in 827,
Nb and ?'Zr. The centroid energy E,, the second moments ¢ and
the exhaustion of the whole spectroscopic strength (in %) for
different energy intervals AE .,

rlT AB_, MeV Ex, MeV G, MaV 5
1f7,, 0 -13.5 6.7 g 94%
Proton 4.6 =T.6 T | 0.93 £5%
deep-hole 3.5=18,5 10,3 g 32%
states 2835  5.5-11.5 8.9 1.63 63%
5.5-8.5 T3 0.90 25%
8.5-11.5 9.9 .11 8%
High-lying 0 -~ 14.0 B.55 2549 95%
slogle-pro- 1gg,; 4.0-8.1 6.3 0.89 59%
tan states Bal1=11,0 DT 1.58 26%
Myyp 0 - 14,0 9.4 2.51 89%
2fh,5 2.5-13.5 2.1 TuT6 93%
High-lying Te2=9.7 8.45 0.75 55%

ingla- -

Wl : :5“* 112/5 5.5-18.5 12.1 2.19 5%
el 9.4~13.9 11.5 1.22 54%
?-5'1615 12-6 1.50 Ejﬁ
Thg s 10.7-13.5 11.9 1.41 51%

11/ Table 3
The experimental and thecretical characteristics of the
proton ”'L" s—Strength :

Experiment Theory
AE,, tev B, mev % AE, Mev E ") wev %
e 5-{: G-E 0‘45 516 1!5
- 6.8 2:1 1.0 6.8 = |
3.3-11.3 - 9.2 3.3=-11.0 - 6.8

*E_- the energy of the peak;the theoretical intervals
(the fourth column of the table)are symmetric with respect to E_.
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Fig.4. The strength functions of the proton hole sub-
shell 11.'”2 in 9% and the neutron hole subshells in
897r ({see /5/,also). The averaging parameter A=0.2 MeV.

of the neutron If -shell. Its experimental wvalue is 7 MeV, i.e.,
2 MeV larger than the experimental Af (1f).We do not know
any theoretical neutron single-particle scheme which is calcula-
ted by the Hartree—Fock method or in some phenomenclogical ave-—
rage potential having so large ﬂw:uflfj.'Tn the neutron scheme
which we use in this paper (see fig.2 and table ]}'ﬂuzﬂilr] =

= 4.5 MeV. We use the parameters from ref.”!% and our value of
Vi, is larger by 25% than that of ref./1%/, 5o, we conclude
that there is marked difference between experimental spin-orbit
splittings of the proton and neutron 1f-shells and theory can—
not explain this difference.

The proton 28,,,-subshell is more deeply bound than the 1f;,
subshell and is fragmented much stronger. The main part of its
strength concentrates in two energy intervals which are clearly
seen in fig.3. The corresponding centroid energies and second mo—
ments are given in table 3. The 2/3 of the whole 28;,,~strength
is exhausted in the energy range 5.5<E, < 11.5 MeV, But accor—
ding to the experimental data the main part of it is at much

6
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higher excitation energy 13 <E, < 17.5 MeV. This is slightly
surprising, so we have satisfactory agreement between theory
and experiment for the 1f;;s - and 1f;,5 —subshells. However,
there are a few other examples of a disagreement between theo—
retical and experimental energies of the very deeply bound ho-
le states: the neutron 1f,,,-subshell in ''®8n/8/ and 892,

A1 g 15/ . the proton ld=/s -subshell in 5?ED.T|'IG reasons for this
disagreement may be quite different: firstly, it is wvery dif-
ficult to extract the subshell strength from the experimental
spectra at such a high excitation energy; secondly, we have

no "perfect" parameters for our phenomenclogical average poten—
tial and so on. But may be the reason is more fundamental, e.g.,
the dependence of the average potential on the excitation energy.

4, SINGLE-PROTON STATES

Up to now the strength distributions of only a few single-
proton subshells in !#°Eu and 2°%Bi nuclei have been measu-
red/?:18/, The experimental data agree with our calculations
satisfactorily /%, Due to the known selectivity of the (a,t) -
and {sHa,d}-prDCEESEs for large momentum transfers the excita-
tion of high-spin single proton states is enhanced. So, we
calculate the strength distributions of the 1g;,o- and 1lh),, -
subshells in?! Nb only (fig.1).
The corresponding strength func-—
tions are displayed in fig.5.
The lg.,;—-strength is concentra-
ted in two well-separated ener-
gy ranges having the widths
equal to 2-3 MeV. The differen-—
ce of their centroid energies
is equal to 3.5 MeV. The 1hj, . ,~
strength is distributed over a
very wide energy range AE, -
~ 9 MeV, The strength distribu-
tions of the two subshells are
overlapped, but the lower peak
of the 1g.,,,-strength distribu-

C (ExIMeV’
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1h1y} Fig.5. The strength function of
the high-lying single-ptoton
states lg? , and 1h L in %lyp,
Arrows point out the energiles

. ; of the one-quasiparticle sta-
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tioms 18 so strong that one can hope to observe it in the expe—
rimental spectra.

5. SINGLE-NEUTRON STATES

As one can see in fig.2 there are three single~neutron sub-
shells with a small escape-width in the excitation ENETrgy range
6 < E; <15 MeV of *'Zr nucleus. The strength functions of these
three states - 1n, 2 s a9 and 2f,,, - are shown in fig.6
and the corresponding values of E..0 and C’8are given in tab-
le 2, The orbital angular momentum of the 2f, ;5 —subshell is
§maller than those of the two other subshells. Nevertheless,
it seems to be possible to extract 2, /o —contribution from the
experimental cross-section, so the 2f;,5 —state is placed rela-
tively far from the other sub-
shells and is fragmented not so
strongly, therefore its strength
distribution is overlapped with
other distributions weakly. No-
te, the strength functions of
the 11']3-1;2— and 1ihy,, ~subshells
are quite different though the-
s8¢ subshells are placed close
to each other in the single
particle scheme (fig.2). The
reason is two-fold. Firstly,
the maximal interaction matrix
elements of the liIE:"? -state
are larger by 30%Z than those
of the 1hg;2“state. Secondly,

2C [EMey!

0.2

021 the density of the complex sta-
tes with J"=13/2% {5 markedly
01 higEer than the density of the
LS 9/2 —states at the excitation
energy studied.
03]
02}

Fig.6. The strength functions
of the high-lying single-neutron
states H?_."'? ) Iila-.fi and -“19

in ?'Zr, Arrows point out the

i epnergies of the one-guasipar-
ticle states 2:[”2 ' hl&.ﬂ'?

6 8 10 12 ExMeV od b
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6. THE FRAGMENTATION OF THE FROTON
AND NEUTRONW 1f.,, -SUBSHELLS

As we have mentioned in the Introduction the comparison of
the strength distributions of the proton and neutron subshells
with the same quantum numbers of] in odd-A nuclei having mutual
doubly=-even core is usefyl in studyving of the isotopic effects
in the damping.

It is possible to make some qualitative predictions within
the QPM for these effects in odd-A nuclei with the semimagic core
(as, e.g., "0Zr or Sn-isotopes). By writing the matrix element

-of the guasiparticle-phononm interaction as Tlejz,hi]. we have

the following.expression for it/7.10/:

<jp NI [[i,>
vy _ :
where u,, v. are the Bogolubov coefficients, '51;’“ is the norma-
lizing Factor in the one-phonon wave function. There are two
of them for the phonon with momentum A and number i - one for
the proton two-quasiparticle components of the phonon wave func-
tion ang the other for the neutron ones. Therefore, the coeffi-
cient E}i has an isotopic index r=p,n and single-particle
quantum numbers j; and j; have the same isotopic index as ﬁfl.
As a rule YM £?§p"'~i and the coupling stremgth of proton quasi-
particles with the phonon Ai differs from the coupling strength
of the neutron quasiparticles with the same phonon. Only in the
case when one of the two constants of the A-pole force - isosca-
lar or isovector - ig equal to zero these normalizing coeffici-
ents are equal to each other. But for the lowest one-phonon
states in semimagic doubly-even nuclei the values of ',t_lnﬁl and
YM differ strongly. The smaller value has the coefficient which
corresponds to the magic system of nucleons (or system without
pairing correlations). For example, in our case, the values
of YM and f‘_lp,-}"-i of the first Fibratiﬂnal 2t-gtate in 0% (A,i =
= 2,1) are the following: Y2' = 20,6 Mev-2,9 21 = 40,2 Mev-2,
Taeuy HP“ >'3n21 .Therefore, the values of I ”‘F,-"E is «Ai)in the
nucleus 3°Y are smaller than those in the nucleus B Zr .The
other factor which decreases the matrix elements I'(1f /2 Jg » Ad)
in #%Y is the superfluid factor lﬁl ws -ﬁl ﬁz | « Thi= factor

[(jy iy 1A1) = (o -v v ), (1)

1 s I g

is equal to unity in the system without pairing and is smaller
than unity when pairing exists. Due to these effects the frag-
mn%gtian of the if;;5 -subshell in #9%r should be stronger than
Lo X

The stremgth functions of the proton and neutrom 1, ;4 —sub-
ghells are shown in fig.4. The second moment o, of the neutron
strength distribution is larger than ¢, of the proton one

9



[o; = 2,44 MeV, ¢, = 2.13 MeV). The energy range in which the
2/3 of the 1f.,,-strength is exhausted is also larger for the
neutron subshell than for the proton one. Im the first case
AE = 4.7 MoV (5.2 < E, < 9,9 MoV, o, = 1,04 MeV) and in the
gecond case AE,= 3 MeV (4.6 < B, < 7.6 MeV, o = 0,93 MeV).

Unfortunately, experimental strength distribution detailed
enough to check our predictions are not available, We can make
only rough comparison of the two strength functions. So, our
calculations apree with the experimental data on the proton
s, —strength, we can suggest that the experimental and theo—
retical strength functions are closed to each other in the first
approximation. On the other hand, from the comparison of the
theoretical and eﬁperimental distributions of the neutron
H?fz-strengthfdﬁ one can see that experimental fragmentation
of the neutron If,,,-state is much stronger than the theoreti-
cal ones. For example, the experimental second moment is equal
to 3.8 MeV and the high-energy tail of the distribution extends
up to E,=20 MeV. Therefore, it seems to us that the experi-
mental data support the theoretical predictions, )

The isotopic effect should exist in other odd-A nuclei with
semimagic doubly-even core, e.g., in the odd isotopes of Sn
and 8b. But in these nuclei the proton states should be frag-
mented stronger than the neutron ones.

The authors are indebted to Prof. V.G.Soloviev and Dr.S5.Ga-
les for the consultations.
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