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1 • INТRODUCТION 

Studie~ or Ьigh-lying exc:itations of od4-A nuclei in а vori
"tY of one-nucleon transfer reactions which were startec! more 
than ten year• ago, have raised оuт understanding of nuclear 
structure to а great extent. Nev types of r esonance-like struc
tures at energies 4-20 Не.V have been observed/1 •2/ . The cxperi
ments vitlt polarized bea&S have 114de unamblguous spin assign
llleПt of thesc structuтes possiЫc. The c0111parison of thc expe
rimenta1 data with the thoore.tical predictions helps us to 
check the parametero of the nuclear averaкe potential and to 
understand the mcchanis11 of daJIIf'inк of tlte high-lying single
pa·rcicle and single-hole modes. 

А lнalk of expcrimental da ta on thc resonallce-like st ructures 
Jn odd-A nuclei haa becn obtained on tlte target nucleus 90zr. 
8oth neutron and proton pick-up and stripping experiments were 
performed оп t his target. Prom thcse data one can extract on 
informatior1 about neutron and proton single-p4rticl~ statee 
Yell above and bc1ow thc fermi surface. Нотеоvеr, as thc damping 
nf sing1e-particlc modes in an odd-A nucleus is due to their 
internc:.tton with pl10non cxc:.i tati ons of 8 douЫy-even core, one 
c:an investigate the isotopic depe.ndence of the damping Ьу stu
dying the strength distribution$ of neutron and protonsubahclls 
wi t h tloe same quantum numbers in odd- N and odd-Z nuclei having 
nst·u:tl core. 

ln this pa!"'r ve study the frag11entation of higЬ-lying single
partic le and single-hote states i11 odd-A nuclci neighbouring the 
neutron ccl<>sed-shell nucleus 90zr (91Nb, R9 у and 91 Z,). Note, 
the .ain part of the experiмental papers has been dcvoted to 
the n~utron deep-hole statcs in the 89z, nueleus /~.4/ . llovever, 
the r~зu1ts of the corresponding theorctical calculations and 
detailed co!lparison bet~en theory and experi81n t ~ve been puь
lisbcd in rcf .1~ . and ve shall not discuss these states he re. 
Тherc are on1y preli11inary experimental d&ta about the neut r on 
and proton single-par-cicl" states excitcd in (3Не, d) and (о, 
3Ho)-reaetions on 90 Ь / t l • Up to nov th<> infoпoation aЬout th" 
• trength distributions of different subshe)ls are absent . lt 
s~eшs to us tbat the eorraoponding theoreti~al reзulte vill Ье 
useful for the experieen~alists. 
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2. НODEL PARAМEТERS 

Our calculations are performed vithin quasi-particl~-pbonon 
шod~l SQPМ). Тhе QРМ has been used for sucb calculations alrea
dy/S-O .То calculate tbe fragФentation of tbe sinale-particle 
and single-bo1e states we taka into account its interaction 
witb one- and two-pbonons excitations of the core. Тhе structu
re of phonons is calculated in tbe RPA: The nuclear Hamiltonian 
consists of the pbenomcnological neutron and proton average po
tentials of the Saxon-Woods type, pairing BCS-forces and sepa
raЬle effective forces in the particle-bole cbannel. Тhе para
~tars of the Saxon-Woods pot~ntials are given in taЬle 1. 
Тhе fragФents of the proton and neutron single-particle schemes 
are shown in figs. 1, 2, r~apectively. Тhе fon1 factor of 
effective separaЬle forcas t(r) has а form r(r). «JI dr, vbere 
U is c~ntral part of the Saxon-Woods potential. Тhа parameters 
of the eff~ctive forces bave been determined from the experimen
tal data on the low-lying states and giant resonances of the 
core ( 90 2'~). ' No t e , t he pairing correlati ons in tbe proton sys
tem of OOzr are important and we take theм into account in а 
traditional way/1°1. As in earlier papers/5-9/ ve use the 
strengtb function uetbod. Тhе veigbt function of the Lorentz 
type haa tbe vidtb paraaeter А • 0.5 КеV. 

З. PROТON DEBP-I!OLE STAТES 

First we discuss tbe results of calcul ations for tl1e proton 
hole states whicb bave already been studied exporimentally 1 1 1 ·1 2~ 
Тhе strength f unc.tions of the 1t 712 and 2 ! 112 -;subsbells are 
displayed in fig . З. Тhе centroid energi es Е, and tbe second 
moments q of the strength distributions are given in taЬle 2. 

Tal>le 1 

Тhе parameters of the Saxon- WOods . potential 

А • 91 V0 MeV '• fm а fm - 1 v1110 MeV 

-
Neutrona 44.7 • ' 1.29 1.613 9.23 -, • 
Protone 56.9 1.24 1.587 9.62 
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F1q.1. Part о{ t he proton s inq- Fiq .2. Part of thc neutron sinq-
l c-particle scheme (thc para- lc-part1clo &chcmc (the para-
metcrs of thc Saxon-Woods ро- mcters of the Saxon-WOOds ро-
tcntial. are qiven i n taЬle 1) . tential arc. qiven in taЬle 1). 

' 

There is no scnse to show the Its/ 2 -strength function , be
cause the excitation en~rgy of tbe ltst z-subshell is not higb 
and the cain part of ita strengtb is conc~ntrated in the lowest 
state 5/2- . Тhе cxperiuental and calculated characteristics 
of the 51'2j- state are the following: Е• • 1. 75 КеV, C2 S =8.9 / ll/ 
q r 7.811 ~1 ; tbeory Е8 • 1.52 lfeV, C2S • 4.9. It is difficult 
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Fig. 3. Тhе strength funct ions 
of the proton 4eep-hole suЬ
shells 1r 712 and 28 112 in R9 y . 
Arrows point out the enerq!es 
of thc one-quasiparticle sta
tes н712 and 28112 • 

to сошраrе tbeory and experi
ment. in that c.ase bec.a_use both 
experiшcntal values of tbe 5/2~
state spectroscopic factor are 
larger tban Фaximal possiЬle 
value of it (6). Тhе lf5; 2 -
subsbell is veakly fragmented, 
94% of its strength is exbaus
t ed up to EJ.· 4.5 меv . 

Тhere 4re~twopronounced pe
aks in the ( d, 3Не) s pec trum 

10 12 Ех MeV measured in а maxi ... m of t =3 
angular distributior>s 111/. 

Тheir energies and strengt bs are given in taЬle 3. Тhе assign
ment to the 6.8 MeV-peak (Ju = 7/2-) is un88Ьiguous ; for t he 
5. 0 неv - peak only transferred momentull t . 3 is detenained. 
Тhе tbeoretical s t rength funct ion of tbe lf7; 1-subsbell also 
has ~о atrong peaks. One can see tbese peaks more clearly in 
fig. 4 (upper part) , vhere t be 1r712-strength function is sbown 
for t. • О. 2 МеV. Тhе energi es of tbe peaks agree vith tbe ехре- · 
rimental ones rather velt . So , tbere is no H!i/t -strengtb at the 
energies Е,> 4. 5 меv , we c.onclude tbat in both the peaks only· 
the 1f712-strength is conc.entrat ed. But the theoretical spectro
scopic. fac.tor of the fir st peak is tvice ns large as the experi
mental ona. Howcver, ve sbould l i ke to point out that q2S••p for 
t he large interval 3. 3 s; Е, s; 11. 3 ИеV exc.eeds the maximal pos
siЬle value , which equals 8. Мor~over, i t is impossiЬle t o det~r
mine the experimcntal vid tb of t he peaks from the data of 
r ef ./11/ exactly enougb and t he tbeoretical intervals t\E • , 
which we use in the c.alculation of с2S1ь (taЬle 3), correspond 
to tbe experiшental vidths onl y r oughly. 

Тhс theoretical and experimental values of the spin-orЬit 
splitting of the proton 1r- sbell are close t o eac.h otber 
<&:.(1О 1ь • 5.3 НеV, &:.оо •• = 5.1 МеV). So the relati
ve positiona of the centroid ener&y of the single-particle 
strength distributions in the QРК depend on tha single-particle 
scheшe only, this fact means tbat our paraшeters of tbe Saxon
Woods potantial are good enough. Тhе parametera are taken froш 
ref . /1 4/ It is interesting tbat t be parameters for the neutron 
potential froш ref. / 14/ cannot explain the spin-orbit spl itting 
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ТаЫе 2 
Тh~ tbeorecical characteri stice of the strength distriЬution$ 
of the dee~hole and high-lyinq вin2le-particle states~in 89у. 
91 Nb and 9 Zr • · Тhе centroid enerqy Е • , the second moments /J and 
the exhaustion of the whole spectroecopic strength (in \) for 
dJ.fferent enerqy intervals t.E • • 

,.t.r t.Br, МеV ix , 1/eV 0" • М4V s 

1!7/2 о - 1). 5 6. 7 2. 13 94~ 
Proton 4. & -7 . б 6. 1 0.9) 65~ 

deep..Ьola 3. 5- 18.5 10. ) ) . 15 92~ 

atatea 281/2 5. 5-11 . 5 8 . 9 1.6) 6)~ 
5. 5-8.5 7 . ) 0.90 25% 
8. 5- 11.5 9·9 1.11 38~ 

1.! 

111gh-ly1ng о - 14. 0 8.55 2. 17 ~· 95~ 
,,.;:., 

e1D~le-pro- 1g712 4. 0-<\. 1 6. ) 0,89 . 59~ 
ton atetea 6.1-11 , 0 9.7 1. 58 26% 

l h11l2 о - 14. 0 9-4 2. 51 89~ 

n7/2 2.5- 13. 5 8. 1 1.7& 9~ 
HigЬ-lying 7.2-',3.7 8.45 0 .75 55~ 

e tngla-naut-1 11)/2 5.5-18. 5 12. 1 2.19 85~ ron etatea 
9

_
4
_

13
_
9 11 . 5 1. 22 54~ 

7. 5- 16. 5 12.6 1. 60 8)% 
11"9/2 10. 7- 13. 5 11.9 1.41 51% 

1_).5- 10. 5 14. 9 0. 95 24% 

. ТаЬlе 3 
Тhе experiment~l1111 and theorct1cQl character1stics of the 

Bxperiment 
proton 1r 712-strenqth 

Тheory 

А е,. , UeV В., •), lleV c2s • в,. . М. У Е • ) •v • c2s 

s.o 0. 8 0. 5 5.6 1. 8 

& .в 2. 1 1. 0 6.8 2. 1 

3. ) - 11.) - 9 . 2 ) . ) - 11 .0 - 6. 8 

• Е.- the energy of. the pealt;the theoretical intervals 
(the fourth coluшn о!' the taЬlo) are &yatllletric vith respect to Е •• 
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Fig. 4 . Тhе. strength fu'nctions of tblo PJ:Oton hQle suh
shell 1( I/ 2 in 89У аnд tl1e neui.::on hole suhshells in 
~9 Zr (see /5/ , also) . Th.e averagJ ng p<>rarneter !1=0.2 1'\eV. 

of tt1e'ir'neutron lf -st1el'l. Its expeтimental value is 7 MeV, i.e., 
2 MeV larger than the experimental !\<~о ~Н). We do not · know· 
snJ< theotetical neutron s i ngle-partie>le scheme which is calcul,a
ted Ьу th~ Hartree.-Fock method or in some phen0menologica1 ave
rage potential having so l arge 1\":•

0 
( 1 r). · 1n the neut;ron scheme 

which we use in this paper ' (see tig. ~ and taЬle l) •t.t:. (Н) = 
= 4.5 HeV. We use the parameters from ref./15/ , and our value of v:. is larger Ьу 25:t than 'that o.f ref./141. So~ we co.nclude 
that there is marked difference between experimental spin-orbit 
·splittingз of .the proton and 'neutron tr-shells and" theory can
not• explain this di Herence .• 

Тhе proton 2s112- subshell is more deeply bound than the н71 2 
sub~bell and is fragmented much stronger. The main part of its 
strength cщ:tcentrates in two energy intervals which are clearly 
·seeo. in fig. З. Тhе corresponding cent.roid energies a~d seC:ond mo
ment s are given in taЬle З. The 2/3 of the whole 2s 112-strength 
is exhausFed , i n the cene,gy ra'Y/e 5.5 :;Е, . :; 11.5 .МеV. J!ut accor
ding to th!' experimental data 21 t he main part of it is at much 

6 ~- " ,, 

l 

l 

higher excitatiOI} energy 13 _sE, .$ 17.5 lle-V. This is sligbtly 
suiprising, во we bave satisfac.to'ry agreement between theory 
and experiment for the lfs;2 - and 1t7/2 -subshells. However·, 
there are а few ·other examples of а disagreement between theo
retical and experimental energies of the very deeply bound ho
le states: the neut ron 1 t712 -subshell in 1 1&Sn/ 8/ a'nd 89 Zr, 
91 111o / S/, the p.roton 14512 - &ubsheil in 57Со. 'i'he reasons for this 
disagreetiИ\Ilt may Ье quite different: f.irstly, it is very dif
ficult t .o extract the subsheli strengtjl {ro.m the experiшental 
spectra at such а high excit ation energy; ~ second.ly ..,.. we have 
no "perfec.t't par,amet.ers for our phenomenological avet'age poten
tl.al an,d so on . But may Ье the reason is -more fundamental, е. g. • 
the dependenc,e of the aver_agc potential on_ t he excitation energy. 

4. SINCLE-PROТON STATES 

Up to now tlte ~t10enfth _d istributions '!f . only а few single
p~~ton subs~ells >n 14 Eu and 209si nucle> nave been ~easu-
red 1 2 • l6/ , Тhе experimental data ag(ee with o·ur calculations 
satis(actorily 191, Due to· the known selectivity of the (а. t) -
and (3He,jl) -processes for large momentum tra,nsfers the excita-. 
tion of higb-spin si.ngle proton state;s is enhance-d. So. we 
calculate the s·t'rength distributions of the 1.g7; 2 - a~d lh 11; 2 -

~ 
х 
!!! 
u 
03 

1. б 8 

19zr2 

subshclls in 91 Nb only (fig. 1). 
Тhе -CO"J::respondin~ stre.ngth (unc
tions arc displa yed in fig.S . 
Тhе lg.712-strength is :-con.centrЗ.
ted in t·wo we11- se_p.3:rated ener
gy ranges having the widths 
equal t o 2-З ИеV. Тhе differen
ce o f their centroid energies 
is equai .J o 3.5 !{eV. Тhе 1h1112 -
strengtll is di stributed over а 

'" very wid.e energy тange L\E, -
- 9 ' MeV. Тhе streng.th distribu
tions о~ the two s ubshells are 
overlapped, but the l owe r peak 
of the 1g712 -strength distribu-

Fig.S. The strength function of 
the high- lying singlc-proton 
st'\tes 1g712 and lh 1112 in 9\Nb. 
Ar.rows po~nt out the·-energies 

10 
Е М " of the one-quasiparticl e sta-

X eV tes lg712 and 11!1112. 
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'= ions is зо зtrong that one ca.n hope to obse.rve i t in tha expe
riшental зpectra. 

S. SlNCLE-NRUТRON StATES 

As one can see in f iи.2 there are tbree single-neutron sub
shells vitb а small escape-width in tbe excitation energy range 
6 ~ Е, s 15 MeV of 91Zr nucleus. Тhе strength functiona of these 
three states - 1ь 91~ , U ц;2 and _2r712 - are shovn in fig.б 
and tbe correspond1ng values of Е., и and с2 8 are gi ven i n tab
le 2. ТЬе orbital angular пюment:UIII of tbe 2t

712 
-subshell is 

smaller than those of the tvo orher subshella. Nevertheless, 
it seeiiiS to Ье possiЫe to extract 21712 - contribution f roa the 
exper imental cross-section, so the 2r712 - state is placed rela

tively far from the otber sub-

~ 
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shells and is f ragmented not so 
strongly, tberefore its strength 
distribution is overlapped witb 
other dietributions vaakly. No
te, the etrengtb funetione of 
the U 1ц:г and ~/! - aubshells 
are quite di.Цerent tbougb tbe
se aubsbells are placed close 
to еасЬ otber in tbe ai ogle 
particle scbeme (fig.2) . ТЬе 
reaeon is two-fold. Pirstly, 
tbe maximal interaetion matrix 
eleшents of tbe li 13; 2 - state 
are larger Ьу 30% than thoae 

0.1 

~f the ~12 -state. Secondly, 
tbe densicy of tbe c""'Plex sta
tes vitb J" • 13/2 + ia markedly 
bigber tban tbe denaity of the 
9/2-- states at the excitation 
energy atudied. 

0.3 

0.2 

0.1 

б 8 
1 

10 12 

1hg;2 

l'ic;. б. ТЬе strength functions 
of the Ьic;h-ly~q sinqla-neut~on 
>;tates 217; 2 , 1i1312 and 1Ь912 in 91 Zr. Arrows point out the 
enerc;ies of the one-quaaipar-

E МеV ticle states 217/ 2 ' ui3/Z 
х and U.,11 • 

б . ТНЕ FRAGМВNТATION OF ТНЕ PROTON 
AND NEUТRON Н712 -SUBSНELLS 

As we have atentioned in the lntroduction tbe COIII(>arison of 
tbe streogth distributions of the proton and neutron sub~bells 
vitb the sаше quantuш numhers ~ in odd-A nuclei baving mutual 
douЬly-even eore is useful in studying of the iaotopie effects 
in tbe datnP ing. 

I t is possiЫe to make some qualitative predictions within 
tbe QPM for these effects in odd-A nuclei vich the semimagic core 
(аз , e.g., 90Zt or Sn-isotopes). Ву vriti ng the matrix element 
of tbe quasiparticle-phonon interaction as Г(J 1 J1 ,ЛI) • we have 
the folloving. expression for it / 7,10/ : 

. . <J1 11'f( r J Yл ll.12 > 
Г(11 12 ,,\1) • ------ ( uj "J - vj Vj ) , ,, ( 1) 

...... 1 2 1 2 v "r 
wbere ul' v

1 
are the Bogolubov coefficients, ~,ЛI is tbe norma

lizing facto~ in the one-phonon wave fuQction. Тhere are tvo 
of tbem for tbe pbonon vi th IIIOIIIeOtUIII Л and nu..Ьer 1 - one for 
tbe proton two-quasipartiele cocponents of the pЬonon vave func
tion an4 tbe otber for tbe neutron ones. Тherefore, tbe eoeffi
cient ~J has an isotopic index , . p,n and single- particle 
quantum nu..Ьers J1 and J2 bave tbe sa.me isotopic index as 11;'1 • 
As а rule ~Л! "~/; and tbe coupling strength of proton. quasi
partielcs wi tb the phonon .\1 differs from tbe eoupling strength 
of tbe neutron quasiparticlee with tbe same phonon. Onl y in the 
case vhen one of the tvo conetants of tbe Л-роlе force - isosea
lar or i sovector - is equal to zero these normal izing coeffici
ents are equal to еасЬ otber. But for tbe lowest one- pbonon 
states in вeaoilll&gic douЫy-even nucle i tbe values of "S.лJ and 
~.\t differ strongly. ТЬе smaller value bas the coefficient vhich 
correspondв to tbe magic system of nucleons (or eystem ~tbout 
pair.ing eorrelations). For exalll(>le , in our сазе, t l1e values 
of ~.л; and ~РЛI of the first yibrational 2+-s tate in 90zr (Л, ! • 
= 2,1) are the following: 'JJ; • 20,6 Mev-2 ,~ 21 • 40,2 МеV-2, 
i . е., '11/ 1 > "4. 2! • Тherefore, the values of r( 1~/2 ji, Л!) in tbe 
nucleus 89У are S11181ler tban tbose in tbe nueleus 9 Zr .'Ihe 
otber faetor vhicb decreases tbe 1114trix eleшenta Г( lr 712 i 2 • Л!) 
in 89у is tbe super fluid factor 1 ui

1 
ui

2 
- v11 v12 1 • 'Iha factor 

is equal to unity in the systeш without pairing and is smallcr 
tban unity wben pairing. exists. Duc to tbese effects tbe frag
mentation of the Н712 -sub•hell in 8 9zr sbould Ье stronger tban 
in 89у. 

The strength functions of tbe proton and neutron 1r71 2 -sub
shells are shovn in fig.4. Тhе second moment v of tbe neutron 
strength distribut ion is larger tban "Р of t-he" proton one 
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(<7 • 2.44 НеV, " • 2.13 МеV). The energy range in which the 
2/J о! the lr712 -ttrength i s exhausted is аlзо larger for the 
neutron subshell thon {or the proton one . In the first case 
М:,• 4.7 МQV (5.2 S Е, 5 9.9 МеV, "• в 1.04 НеV) ond in tbe 
second case 1\Е, = 3 KeV (4. 6 ~ Е, s 7. 6 НеV, "Р • О. 93 НеV) . 

Un!ortunately, nxpcr imental strengtb distribution detail~d 
enough to check our predictions are not availaЬle. We can make 
only rougb coщparieon of tbe tvo strengt b functions. So , our 
calc ulations agree vith tbe experiaantal data on the proton 
1!712 -strength , ve can suggest that tbe experimental and theo
retica l strength (unc t ions ore closed to <~асЬ ot her in t1>e f irst 
approximation. On tbe ot ber hand , from t he comparison of the 
theoretical and experimental distributions of the neutron 
u712 -strength/<,S/ one can see tbat experimental fragц>entation 
of the neutron 1!71 2-state ie much st ronger than tbe t !teoreti
cal ones . For ех.ашрlе, tbe e.xperime.ntal .second DIOФent: is equa1 
to 3.8 КеV and the high-energy tai \ of the distr ibution exteods 
up to Е, = 20 ИеV. Ther.efore, it eeems t o us t .hat the experi
metltol data support t l>e t heoretica1 predictions. 

ТЬе isotopic effect should exist in otber odd-A nuclei vitb 
semimagic douЬly-even core , e.g., in the odd isotope s of Sn 
and Sь. But i~ these nuclei t he proton states should Ье f r ag
mented stronger t1~an the neutron one&. 

Тhе aut bors are indebted to Prof . V.C. Soloviev and Dr. S . Ca
tes for the co~sultations. 
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