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In r ecent years n good deal of attention has been paid to 

the otudy uf the frah!llentation of Dimple nucll:!ar excitationD 

at inter mediule and high excitation ener gieD , The effective 

tool iur the exJerimcntal i nve:;tl.E;ation of the one- quasipar-

ticJ.e ota te frav:a~n iation in oaC:- maas nuclei j s the one- nucleon 

trwwfer reuctio~as . There are numerous experimental data on the 

!'ragmenta iion of the single-particle s ta tea at low excitation 

energy both in the deformed e.nd the spherical nuclei in the 

literature . But the data 0 11 the fragmentation of sinele- particle 

states a t in t ermediate and high excitation energies are rather 

poor . The attemps have been mude to get the information on the 

neutron otrength functions in the deformed nuclei/1/. In odd

r.;ass spherical :mclei side by side with the data on the neutron 

strength functions , the ilU'ormation on the fraBJ!lentation of 

deeply- bowtd hole states has emerged . The first experiments 

on the deeply-bowtd hole state excitation have been rerformed 

in Llte early Dcven ties/2/. At preoent time several expcrimen tal 

croup:> c~trry out the study of the deeply-bound hole stateo 

with the ret>ctiona (p,d) , (d,t) , ()lle , d) and (d , JHe/2- 121 . 

The theoretical investigation of the deep- lying hole 

states haa been I•erforr:;ed in rers/13-161 . Ref/14/ is devoted 

to the calculation of the distribution of the deep- lying hole 

stote otreugth in light nuclei. In other papers the f r agmen

t&tion uf tile neutron deeply-bouna hole e tntee has been studied 

in titt isotoJ,NJ . However , the theoretical calculations have 

predicted o stronger concentration of the hole strength than 

it l.os been observed in the exrerimcnt o. Accord1ng to the res ults 



of ref . / 15/ in the range of lg~L -peak about 75% of the total 

ig1L -strength is exhausted. The calculations performed 

within the quasiparticle-phonon nuclear model have given the 

value of 45- 49%1161. 

The fragmentation of the one- quasiparticle states in odd

mass nuclei is caused by the coupling with a great number of 

states of more complex structure and mainly with collective 

s t ates . At the same time the wave functions of excited stateo 

used in refs . / 14- 161 have been rather simple. The authors of 

refs . / 14• 15/ have directly taken into account the coupling 

of the hole \rlth the quadrupole and octupole vibrations onl y. 

The coupling with noncollective states has been taken into 

account by spreading the fragments in a semi- statistical way. 

In ref . / 161, in which the interaction of the deep- lying hole 

state with a large number of one- phonon excitat ions of a doubly

even core have been taken int o account , the model wave function 

includes one--quasiparticle and "quasiparticle + one phonon" com

ponents only . 

Recently , in the framework of the quasiparticle- phonon 

nuclear model/17/ the numerical method has been suggested/1S , 19/ 

for solving the model equations in the case when the model wave 

function includes a large number of components of the "quasi

particle + phonon" - and "quasiparticle plus two phonons"- type. 

The phonon basis consists of a large number of phonons with 
\.. + + + different momenta and parities A =1- ,2- , • • • 1- • Among the 

phonon excitations there are the states corresponding to the 

giant resonances . The calculations of ref. / 201 have demonstra

ted an important role of "quasiparticle + two phonons" compo-

2 

nents at high excitation energy and in the nuclei with a strong 

quasiparticle- phonon coupling . 

It the present paper the spreading of deeply bound hole 

states in 57Ni , 115- 119sn , 123Te and l4JPm is investigated in 

the frame,·,o:;-k of the quasiparticle-phonon model. The model wave 

function of the excited state of odd-mass spherical nucleus has 

the following form : 

ljf (:r H) -= L_,.rv /a~ + L 1/'r h ) !.x_/: •. o,..~~ .l H ~-
".;· I ( 1 ) 

) "'·'·"'· '• r. + ro" a+ 1 1 j;;, 
+ L ~r (.Tv) L ~, .. l. l .A • .,,.. :A...f-• '• 'f'N ' 'Jtl Tc 

In formula ( 1) ct.+ , Q~,.. are t he quasiparticle and phonon cre-
J"' '". 

ation operators , respectively; ~ is the ground state wave fun-

ction of a doubly-even core. The derivation of equations for 
>.~ 

the energy z,.. of the state (1) and the coefficients c
1

., , Dj 
~, A,..1:1 

and Fjl , and the description of the above-mentioned numeri

cal method for solving them have been given in refs . / 18-21 1. 

We describe the one-quasiparticle strength distribution 

in terms of the strength function/221. The definition of the 

strength function is the following: 

J 6 ; ---=c __ ;--;:;---:-;~ ;-
l?yJ = -<17 L r-Z) + 6ft 

v 
( 2) 

:/. 

The function L7ryJ describes the change of the one-quasipar-

ticle components squared which is averaged over the energy in

terval ~ Ll as a function of excitation energy y . The value 

of L1 is equal to 0.2 MeV in 57Ju and 0.5 MeV in all other 

nuclei . The j ustification of the choice and the physical sense 
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of the parameter ~ have been discussed in refs . / 15,16,19/. 

The other model parameters have been given in refs./19, 23/ . 

Much information is gained on the excitations of the deeply

bound hole states in spherical nuclei in the one-nucleon transfer 

reactions. The data concern mainly the integral characteristics 

of the peaks observed in the reaction cross sections, however 

there are numerous disagreements between different results. 

This is partly due to the uncertainties which arise in the 

DWBA analysis of the data at the excitation energies Ex<= 5+1 0 

MeV. Ac it is shown in rer./9/ the contribution of multistep 

processes is not very lar&e at maximum of distribution of the 

single- particle component , but may cause the 50-100% errors in 

the spectroscopic factor in the high-energy tail of distri

bution. Therefore, the comparison of integral characteristics 

of the experimental and theoretical strength distributions of 

the hole states will be qualitative one. 

In what follows we use the integral characteristics of 

strength distributions of the. hole states, which are very often 

cited ln the experimental papers. These are the centroid of 

distribution Ex in the interval E1 ~Ex~ E2 and the spreading 

width r¥ . Their definitions are ~ 
e 
··: J.. If l ( -L l. 

E~ = ; ) c {;/) '1 d~ MeV ) ( rj,) = N C(rf) 1t E)) JJI ~lev 
E, ~ E, 

l 

N = J C.~.(lj) J1/ 
E. 

Be:Jides we use the integral spectroscopic factor £ = 
= (2j •f)OlN, which is calculated in the excitation energy Jin

J 
:erva! ~-; 1 ~Ex:!: E2 • 

4 

Fig. 1. 

t 21' l ~v-• C21, 1MeV1 

0.6 1~ al Q& w.., Ill 

57 .. , 

06 12 tMeV 

0.4 

0.2 

flole¥ 

Fragmentation of the neutron hole states in 57Ni . 

a) The (f1f.z. - state strength functions; 

b) the 1 aJ1.~. - state strength function; 

c) the 1 dsA - state strength function; 

d) the 1 P~.t -state strength function. 

The arrows show the positions of the corresponding one

quasiparticle levels . 

The strength distribution of the neutron hole states is 

thoroughly studied in 57Ni in refs. 8 •12 >. A detailed information 

on the fragmentation of the lfr.~- and ld.Jf.t neutron hole 

states in 57Ni has been obtained by the ()He, c:J.. ) reaction in 
12) T Tt + ref. • 14 states with J u7/2- and 18 states with J .. J/2 

are detected at the excitation energy up to 8 »eV. The strength 

functions of the 1frL and 1d>h states are shown in 

fig. la , b .The excitation spectrum in 57 Ni has been divided into 

the zones, and for each zone the theoretical and experimental 

values of E, • r~ and SJ have been calculated . The results 

are shown in table 1. The comparison of the experimental and 
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theoretical values of E. , ,~v and SJ shows that the model 

gives a correct description of the integral characteristics 

l'l of the 1f.lfl and 1d3/.z. strength distribution . It has been 

~ • shown in ref. 12 ) t hat the full i tY and f d Jj4. strength is 
;:$ !-< N 0 <"\ <"\ '<t f). 

~ g 1 N "' "" ~ ~ exhausted up to the excitation energy E ~ 13 loleV . This is in 
1-< ~ 0 0 0 0 0 X 

-:;; L_ --;;; -+> agreement with our results. In rer./121 spin 5/2 has been attri-
·rl 
1'j :s:. • (X) \0 lt\ ,--
.<: 

1 
,.... "; N <; 

1 
buted to all the otaies with the energy Ex> 8, 3 MeV , corres-

-+> e~~ o o o o n 
~ ponding to the transferred momentum t. =2 . However, our results 
Cll • 

t ~ .,., N o ,.... ,.... 'S indicate that more than 20% of the 1d3'/ -strength is concen-
co ...... G> • • • • • ..1. 

<Hr-z -~ !i"' ,.... N ,.... ,.... 
0 tratedintheinterval8. 5<E<9.7MeV. 

0<1"\ ~ X 

:z: .!:1 • ,.... * ::: :;. There are no detailed data for the fraglllentation of the 
•rl • • .... • I J I 5 
-:;; _, Cll "" o ,.... ,.... kui and · p~ hole states in 7Ni. Figs . 1 c , d show the 
~ ~ ~ ~ 
~ ~ ._: strength f unctions of the fdst, and ip.11 states . The energy 
-+> 0 t- ~ ~ ~ N ~ ~ 
0 Cll I • • • • 1 ld 
~ -g ;; "' """ "' r- ~ of the tp31._ state is larger than tha t of the s;J. state, and 
d d . ~ JT 
{i .. jUJ Qi , ..,. co "" "' the densi t y of states with =3/2- at the energy Ex"- 1(3 lleV 

~ :s:: f"\ a) - c-
'41 -+- ~ 1 ,..; ..,. ~ r.: 1 exceeds the density of states w1 th J 1 ::; 5/2+ at B > 12 JJeV . 
o- X 

j However , t he fck, state is fragment e d much stronger than the 
Cll Dl I N /.L 
M QJ J-.4 ,--

g "'.; : ,... ~p3,- sta te . The region of location of t he JDain part of the 
.<: ... .... .0 Q) ,,. 

... "' 0 0 k J J ..- .,., co ~ "' 1cin- s t rength is 6- 7 IIIeY, wherea.a of t he ' I pJ/;- strength 
'g~ ~*·~ ,.... I />. :o. 
d _g ~ "'.; -a 4 MeV, The reas on is that the 1J $/.. - quasi particl e interacts 

.... ~ ~ 4.1 
~ § z "' > much stronger wi th the phonona than the ip-1'/. - quasiparticl e. 

r-i k J. 
:; ~ ~ ~ ~ N "' C: Up to the exci t a t ion energy E =1.3 MeV, 60% of t he fdn-
d Cll " C'"\ '<t m c- CO ~ X /'-
CIIS:: UJ:> I I I I I I 
~ Cll ~ ~ ~ ~ ~ ~ N "' stre ngt h is experiment ally de t ec ted ve rsus 63~ gi ven by c alcu-
k .<: 0 ("\ """ ~ r- co /12/ j 
~ -+> lat ions. According to ref . , the PjA - s t rength is not 
>< .... 
~ 0 dete cte d below the energy Ex•15 MeV, and this i s in a greement 

Cll -:-=:..., I "' I .. I with our calculations . The f r agmentat i on of the 1p~,h.- state 

~~ I 5 ~ ...g>' JDay change s trongly allowing for t he influence of the singl e

parti cl e conti nuum,which i s significant in the nuclei with 

A< 60 at Ex r: 20 MeV, In all o ther cas es which we inves t igate 
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in present paper the influence of the single-particle continuum 

on the st~ength f unction can be neglected 1 241 . 

Most of the experimental papers are devoted t o the study 

of the fragmentation of hole states in the odd mass tin iso

topes/2-91, A peak with the width N 1 MeV is observed in the 

111-1 21 sn i sotopes in the reactions (p,d), (d,t) and ( 3He, ~) 

at the excitation energies Ex=5+6 MeV. This peak is interpreted 

as a res ult of excitation of the /3~~- neutron hole s t a t e. 

According to refs,/2,5,7/1~ of the total strength of the 2p9~ 

and 2p:yJ. neutron hole states is concentrated in the region 

of the { g~ - peak. The {~'h. -peak is clearly seen in the light 

Sn isotopes; with increasing A it spreads and its amplitude 

diminishes . The maximal value of the 1~~ -strength (62)" has 

been obtained/9/ in the ()He , <J.. ) reaction in the 111 Sn isotope . 

In this reaction from 46" to 4~ of the state strength has been 

found in the11 3-11 9sn isotopes/4/, A lesser part of the 13,/1.. -
~IMeV' 1 

Q.4 
ol 

0.2 

o.a 

0.4 
bl 

02 

04 

0.2 
cl 

F1g.2 . Fragmentation of the 19o/£neut
ron hole state in the tin iso
topes· a) 115sn · b) ll7sn· 

1 • ' ' 

• 

c) 19sn. The arrows show the 

position of the one-quasipar

ticle states ff}9j,_• 

strength (15%17/ , 25j3 . 'J/) hao been extracted in the (p,d) 

and (d , t) reactions. 'l'l•is is due to the mechanism of the ( 3He , ot ) 

reaction in which ti1e truJlsi tions with e. low transfer momen twn 

are suppressed El!ltl the trt'lllSi Lions With e =4 are more clearly 

seen . In ref./ 41 the eneq~y spectrum of d. -particles from the 

reaction Asn()Hc,'.)( )A-1sn hao been fitted by tv10 Gausoians 

in the energy region Ex { 11 L:ev. The first Gaussian coincides 

with the peak obaerve d in all experiments, and the second de

scribes another peak having the centroid 1.5 MeV higher than 

the first one and a considerably larger width (FVIJ-{M '=' 2+) MeV) . 

The second peak exnaust;~ 20- 3~~ of the total fgl' .. - strength . 

\ie have ctdcula ted the strength function of the lg'h. 
neutron hole state with the wave function (1) in three tin 

isotopes 11 5• 11 7 •11 9sn (see figs . 2a , b , c) . Let us discuss , 

at first , the general characterictics of the strength function . 
L 

The function C (11) has two pronounced maxima. in all three 

isotopes . The first maximum is at the energy 1) ~ 5 . 5 MeV 

and its energy alowly increusea with increasing A. This peak 

has been obse rved in many experimental papers . The second 

peak is sufficiently smaller than the first one and has a 

higher energy by 1. 5-2 A'1eV. lt should be noted that two peaks 

in the ig3/J. -strenp,ti• distribution have been obtained in 

the previous calculationa/15 •161 . It the present calculationa 

the second maximwn of the rune tion Cth/1 is much pronounced 

than in ret / 16/ und exhauato the larger part of the single

hole strength . This LJ due to the influence of the components 

of "quasiparticle + tuo phonons"- type and to the difference 

in the values of the J.urnn.eters of the eft·ective separable 
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quadrupole and octupole forces . The first peak in 11 5• 117sn 

is rather narrow whereas in 119Sn it considerably broadens 
t 

and the maximum value of the function C (,) decreases. As it 

has been shown in ref,/20/ this is mainly due to the coupling 

of the hole state with the low-lying octupole resonance of 

t he even-mass core. 

The experimental and theoretical values of Ex, rt and 

sj for the ~~4 - strength distribution in different inter-

vals ~ Ex are given in table 2. The experimental data are from 

ref./9/, where a detailed investigation of the distribution 

of ~g9;... -strength in 111 •115• 11 9Sn has been perfonned in 

the region of the first peak. On the whole, our results are 

in good agreement with the data of this paper, especially 

in 115sn. However, in 119sn we obtain a considerably higher 

concetration of the ~3s;,_ -strength in the region of the 

first maximum. Tha data on the second peak are availabl e only 

in ref,/4/, But they a;e difficult to compare with, since 

only the Gaussian parameters of the ~ - particle spectrum 

are known. In our calculations the distance between the peaks 

is larger than i .n the experiment. The distance between the 

Gaussian maxima in ref./4/ is 1.3-1.6 MeV whereas its theore

tical value is 1.5-2.0 MeV. The value of the spectroscopic 

factors Sj for the second peak is close to the experimental 

one (Sja2+3 in different isotopes). However, while in ref./4/ 

the Sj-value for the second peak decreases with increasing A, 

in our calculations it increases . 

The fragmentation of the ~~S/.t -state becomes stronger 

owing to the interaction with the configurations •quasipar-

II 
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ticle plus two phonons". The r atio of the spect~oscopic 

factors s< 2> ano s< 1>, calculated with the wave function (1) 
• + + . 

and the wave function without , o::/.. 0 Q. components respecti-

vely, for the interval A Ex~2 . 5 MeV including the first peak 

of the lj* - strength distribution is ~ual to 0 . 90 in 
11 5sn, 0.88 in 11 7sn and 0 . 82 in 119sn . 

The first data on the excitation of the 18~/1. neutron 

hole state in the tellurium isotopes have been obtained in 

ref{111. A broad (FWHY = ) . 8 MeV) asymmetric peak has been 

observed in the ()He, o( ) reaction on 124Te at the energy 

Ex~ 6.1 MeV; the width of the same peak in 129Te is larger 

(PWHM=4.5 MeV) . The broadening of the peak in comparison with 

the tin isotopes is due to a higher excitation energy of the 

one- quasiparticle neutron state (8~ and a stronger quasi

particle-phonon interaction . The main qualitative features 

of the experimental 13'1 .. -strength distribution in 123Te 

are reproduced in our calculations (fig. 3) . The strength 
! 

function C (~) has two approximately equal peaks . These two 

peaks in 123Te can be compared with two peaks in the tin iso

topes, but in 123Te the second peak exhausts a larger part of the 

18,/L -strength than the first one. The values of Ex and 

pv for both the peaks are given in table ), About 77% of 

the 18o/l. -strength is concentrated in the energy interval 

~Ex~ 4 MeV. As has been demonstrated in ref . /l9/, the role 
~ + + 

of the components ~ Q Q in tellurium isotopes is larger 

than in tin . The ratio s< 2 >/s( l) calculated for the interval 

6 Ex=2 MeV including the first peak of t he strength function 

is equal to 0 . 72 . 
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C
2
(7l MeV 123Te 

0.4 

0,2 

1 3 5 7 9 ~MeV 

Fig. J . The s trength function of the neutron hole f9~~ 
state i .n 123Te . The arrow shows t he position of the 

one-quas iparticle level lg~~ . 

C21~ I Mev·' 143Pm 

0.6 l II 1ggh 

0.1. 

0.2 

1 3 5 7 ~MeV 

Fig. 4. The strength function of the proton hole fgyh -state 

in 143Pm. The arrow shows the position of the one

quasiparticl e level f 3 '!,_, • 

14 

The excitation of the deep-lying proton hole states in 

heavy spherical nuclei has been studi ed in ref . / 101. In the 

reaction (d, )He) on 144sm the f~,1 .. - proton hole state of 
143Pm has been excited. The excitation energy is about 5 MeV. 

The coupling of the 18o/L - hole with the phonons of the semi-

magic nucleus 144Sm (which is the core in this case) is weak. 

Due to these reasons the fragmentation of the ·18y.(. - proton 

state should be weak. Fig. 4 shows the calculated {8;,-,_ -

strength distribution . Table ) gives the theoretical and expe

rimental values of Ex' r~ and sj . Though the energy interval 

ll Ex in which the ~8~ ... - strength i s exhausted , is not 

presented in r ef . / 10/ there i s an agreement between the the

oretical and experimental resul ts . A weak fragmentation of the 

18'f.L- state is shown both by experiment and theory . The frag

mentation of the 13~.:- proton state has also been investiga

ted in ref . / 10/ and the authors have assumed that a part of 

the ~~"f.l - strength is in the regi on of the ~%. -peak . 
Though our results show a stronger fragmentation of the state 

than experiment, its full strength is exhaust ed a t 

the excitation energy below 4 MeV , and this state should not 

contribute to the erose section at the energy Ex>5 MeV. It 

should be noted, that i n rer./ 10/ t he value of the spectro

scopic factor of the 13 1/.z.. - ot a te is overestimated . It coin

cides with the value of S j '"U following from t he s!,el l model 

f or j =7/2 . However, t he Sj -vnlue should be less owing to the 

effect of t he pairing corre la t ions and quasipart icle-phonon 

interaction . J:o'or instance, au:ruming t hat the ~8lf,~. - sta te 

is purely one- quasipar ticle S .=(2 +1 )v2j . The value of v~ 
J J J 
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is equal to 0 . 77 at our parameters of the superconducting 

pairing forces , and consequently Sj ;E 6 . 2 which is closer 

to our result Sj•5 . 2. 

In this paper we have presented the results of the study 

of the fragmentation of hole states in the spherical odd-mass 

nuclei within the quasiparticle- phonon nuclear model. We have 

taken into account the interaction of the hole states wi th 

many states of the type "quasiparticle plus phonon" and "quasi

particle plus two phonons". The calculations have shown that 

the interaction with t he "quasparticle plus t wo phonons" 

states is important for the description of the hole strength 

distribution. 

The comparison of the theoretical and experimental da ta 

has shown that the quasiparticle- phonon model describes cor

rectly the centroids , spreading widths and spectroscopic fac

tors of the hole strength distribution in the spherical nuclei . 

However, for the accurate description of the low- lying er.cita

tiona of odd- mass spherical nuclei one should carefully take 

into account the influence of the Pauli principle and other 

high order effects . 

The use of t he wave function (1) for the calculation 

of the structure of odd-mass nuclei at the excitation energy 

Ex~ 5+10 MeV rises new possibilities . In particular, Yle can 

calcul ate the fragmentation of the "quasiparticle plus phonon" 

states, since this fragmentation is mainly determined by the 

interaction with the one- quasiparticle and "quasiparticle plus 

two phonons" states . This allows one to approach the pr oblems 

of micr oscopic calculati on of t he radiative strengt h functions 

16 

in odd-mass nucl ei and the probabil itiea of excitat ion of 

three-quas iparticle components i n the many-nucleon transfer 

reactions. 
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