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At present the one-nucleon transfer reactions are а powerful 
tool for studying а high-lying part of the spectrurn of odd-A 
spherical nuclei. The resonance-like structures caused Ьу the 
excitation of deep-lying hole states have been observed and 
studied in detail in the neutron pick-up reactions / I/. The stu
dy of proton hole states has been undertaken in the proton pick
up reaction 121. А new irnportant step has been recent·ly rnade 
towards the use of the one-nucleon transfer reactions for the 
study of high-lying nuclear excitations. А new type of the re
sonance-like structure has been observed while studying the pro-

. . . < t ) d < 3 н d ) . I45E . d 209 в· ton str1pp1ng react1ons а , an е, 1n u an 1 

at the excitation ener~ies Е х :::: 5 "" 12 MeV 13•41. The analysis of 
triton and deuteron angular distributions and other reasonings 
led the experirnenters to the conclusion that these structures 
are due to the excitation of high-lying single-proton states 
with large rnornenta. The spins and parities of excited levels 
were presurnaЬly deterrnined, and sorne quantitative data on the 
distribution of single-particle strength have been obtained. 

The data on the strength distribution of deep-lying hole sta
tes have been successfully described within the quasiparticle
phonon nuclear rnodel of Soloviev (QPM) / 5/ . The results of cal
culation within this rnodel are in good agreernent with the expe
rirnental data of various groups. In the present note using the 
QPM we investigate the strength distribution of high-lying sing-
1 . I45E d 2О9в· d . . h h e-proton states 1n u an 1 an cornpare 1t w1t t е ex-
perirnental data. 

Т?е QPM forrnalisrn has been systernatically expounded in pa
per~ 51. We shall list the basic assumptions of the QPM as appli-
ed to spherical odd-A nuclei 16•71 : · 

1) The model Harniltonian includes а phenornenological average 
field of protons and neutrons as the Saxon-Woods potential, the 
rnonopole pairing forces with constant rnatrix elements in the 
particle-particle channel, the separaЬle multipole and spin
rnultipole forces with the isoscalar and isovector cornponents in 
the particle-hole channel. In the present paper the radial de
pendence of forces is chosen in .the form of дU/дr 1 х дU/дr 2 , 
where U is the central part of the Saxon-Woods potential. 

2) At the first step the phonon excitations of а douЬly even 
core are calculated within the RPA. At the same tirne the Harnil
tonian parameters are deterrnined frorn the data on low-lying 
excitations and gi ant resonances. 
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3) The i nterac tion of an odd quasi part ic le with the phonon 
exc itations of the core in the second quant i zation representa
tion ha s the form 

н qph= л~ .!. Г(j 1 j 2 Лi)\(Q~pi+ (-)Л•11 Qл ~ 11 i )B(j 1 j 2Л- 11 ) + h.cl , 
J 11 2 . 

i2 +m2 
B(jlj2Л-p)= ! (-) < j1rn1j2 rn2 IЛ-p)at1m1aj2-m2' 

m1~ 

( 1) 

where Q~i and Qл11 iare the phonon c rea tion and annihilation аре- . 
rators wtth rnornentum Л, its projection р and nurnber i ; ajm and 
ajm are the quasiparticle cr eation and annih i lation operators 
with the shell quantum numbers nlj (denoted Ьу one index j ) and 
the projection of the total rnomenturn rn. The quanti ty Г(j 1 j2Лi), 
the expression for which can Ье found in refs. / 6 , 71, determines 
the strength of the qu'asiparticle-phonon in t eraction. lt depends 
on the structure of phonons and matrix elernents of t he effective 
forces and contains no special parameters. In th is paper we 
have taken into account the interaction of an odd quasiparticle 
with one- and two-phonon excitations of the core . The wave func
tion of t he v --th excited s tate of the odd-A nucleus with spin 
and parity J" has the form 

.., ( l + Лi ) [ + + . т JM)= с 1 а 1м+ ! D. (Jv a
1
.mQ' .) + 

v v J "Р• JM (2) 

Л 1 i 1 Л2i2 I . 
[ + [ + + 

+ I ! F. а · Q Л · Q Л " i 1rм ]JM 1 'Р.о 
J J m 1 Р 1 11 2 r2 2 1 

(Ч'о is the ground state wave function of а douЫy even nucleus) . 
As it is seen from (2), in the approxirnation when the cornrnutator 
[ajm•Q~i] =О, only the fo llowing matrix elements of the in
teraction operator: < Ч'0 a 1 м1Hqphl [aj~ QApi 1 1м Ч'0 > and 

< Уо [aj1m1 Qлp)Jм 1H qph l[aj2 m 2[ Qtlll 1i 1QA2112i2]Iм1 ]J м'~'о > dif-
fer from zero. Ju'st these matrix elements have been taken into 
consideration in the ca~culations. The analysis of some cor
rections to this approximation can Ье found in papers i B/ . Their 
inf luence on the distribution of the one-quasiparticle compo
nent С Jv at intermed iate and high excita tion energies is insig
nificant. 

The number of states (2) at the exc itation energies 5+1 2 MeV 
is very large . So, taking into considerat i on all single-particle 
bound and quasibound (with width Г « Enlj ) states of an odd 
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particle and all one- and two-phonon core excitations with an 
energy lower than 15 MeV produced Ьу the phonons with spins 
and pari ties Л17 = 1 ± + 7 ±, up to an energy of Ех= 15 MeVone can 
observe 200-500 "quasiparticle plus phonon" and (25 +40). '1о3 
"quasiparticle plus twoлphonons" states (depending on the spin 
J ). The coeffici ents Dj 1 ( J v ) of the wave function (2) are 
the solutions of а homogeneous system of equations of the cor
responding rank (200 +500). The coefficients in this system of 
equations are nonlinear functions of the state (2) energy ТJ J · 
Hence, it is seen the calculation of the energy and structuie 
of states (2) is а very cumbersome task from the computational 
point of view. 

А more simple and profound is the calculation of the strength 
function С2 (Ех) which describes а change of an averaged value 
of the one-quasiparticle component in the wave function (2) as 
а function of the excitation energy Е ~9 1 

2 
С Jv 

! -· 
v (Ex-ТJJv)2+fi2/ 4 

2 С (Ех)=.А_ 
277 

(3) 

The advantages of such an approach, the methods for calculating 
the strength function and the criteria of choosing the parame
ter fi are discus sed in detail in papers 17•10 •11 ( rn this paper we 
used the value of !\ = О. 5 HeV. 

Prior to the discussion of the results of calculation, we 
present the experimental quantitative data on the distribution 
of the singl e-proton strength 131. The resonance structures ob
served in the reaction cross sections were approximated Ьу the 
Gauss curves. Two peaks were distinguished in 145Eu. In the first, 
more narrow peak with the parameters Emaxl= 5.92 MeV, Г 1 = 
= 1.23.:!:_0. 15 HeV 97 % of the lh 9; 2 subshell strength is concen-

. trated (or 7 5% of the lh 9; 2 strength and 19% of the 2f 7 ; 2 
strength). In the broad peak with the parameters Emax2 =7.63 MeV, 
Г2 = 4 .0.:!:_0.45 HeV 94 % of the 1i 13/2 strength is concentrated. 
These structures are superimposed on а consideraЫe background, 
the size and form of which were determined empirically. 

An expected degree of conformity of the theory with the expe
riment can Ье concluded from the analysis of the theoretical 
single-particle scheme. The single-proton states of 145Eu, which 
lie above the Ferrni level are shown in fig.1. This single-pro
ton levels are calculated in the Saxon-Woods potential with the 
parameters, given in tаЫе 1, Ьу using the REШIEL program / 12 /, 
The form of the Coulomb s~gle-particle potential was assumed to 
Ье the same as for а uniformly charged sphere of the radius 
R_ с= 1. 2А l /З fm .. All . the states above the level 2d 3; 2 are qua
stbound, but thetr wtdths are very small, especially for the 
states with large f (Г < 1 eV). The states 2! 7; 2 , 1hgj2 andliiЗ/2 
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Ех MeV Fig.1 . Single-proton states 
of 145Eu and 20%i, lying 
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above the Fermi level ( 2d's/2 
. I4s E d lh . 209 8 . ) 1n . u an 9 ; 2 .1n 1 • 

Parameters· of the Saxon-Woods 
potential are given in taЬle 1. 

are Ьу 1.;.2 ИеV higher than the 
maxima of the corresponding "ex
perimental " Gaussians . Thre e 
more states l i e in the same re
gion. An average d i stance bet
ween proton quasibound levels 
i s not large , of about 1 MeV. 
Therefore, one can expect а con
sideraЬle overlapping of their 
strength distributions due to the 
spreading. 

The strength funct ions (3) of 
the suЪshell's 2f7 / 2 , lh 9; 2 and 
lil з /2 in the excitation energy 
interval 1 < Е х < 12 MeV a re shown 

in fig.2. ТаЬlе 2 presents some general characteristics of the 
distribution~) : the centroids Ё х• the second moments и and the 
per cent of exhaus tion of the subshell strength in the interval 
АЕ х studied. Due to the interaction with complex configura
tions the single-proton strength turned out to Ье spread in 
а wide interval АЕ х. As is seen from taЬle 2 about 90% of 
the subshell strength is exhausted up to an energy of 12 .,. 14 MeV 
and the remaining 10% are at higher Ex.The di s tribution maxima 
lowered Ьу 1-1.5 HeV with respect to the position of one-quasi
particle states; a s а result the maxima of the 2f7; 2 and lh 9; 2 
strength functions tш;ned out to Ье near maximum of the "narrow" 
Gaus sian. 
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ТаЬlе 

Parameter s of the Saxon-Woods pot ential for the proton 
systems in 145 Eu and 209Bi 

А 

141 

209 

z 

59 

83 

V0 , MeV 

57 .7 

60.3 

ro, f m 

1.24 

1. 24 

а ,f m-1 

1.587 

1. 587 

Vso • ИеV 

11. 2 

10 .1 

.. 

"j' 

> 
Q) 

L 

цd 
NuL0,2 

0.1 

0,2 

0,1 

0,1 

3 5 7 

2f7/2 

1 i13/2 

Fig.2. Strength functions of the 
single-proton states 2f 7/ 2 , lh 9/ 2 
and 1il3/ 2 of 145 Eu. 

The strength functions of va
rious subshells differ noticeab
ly from each other. Nevertheless, 
the values of the second moment и 
of the three distributions are 
close. The values of Ё х and и o.f 
the liiЗ/2 subshell strength 
function are close to the corres
pqnding values of Е max2 and и2 = 
= О. 426 Г2 of the "broad" Gaus
s ian. The values of и of the 
2f7 / 2 and lh9 /2 subshell strength 
distributions exceed four times 
t he values of (Тl = о. 426 гl of ' 
the "narrow" Gaussian. It is seen 
from fig.2 that а consideraЬle 
part of the 2f 7 ; 2 and 1Ь 9;2 state 
strength is concentrated 1n rather 
narrow intervals АЕх near the 
distribution maxima. The values 
of и calculated for these inter
val s (they are also shown in 
taЬle 2) are much closer to the 
value of u1 = 0.524~0.063 MeV. 
Only 50% of the state strength 
is concentrated in these inter
vals АЕ х• 

f 
However, it should Ье emphasi

zed that the form of theoretical 
distributions of the single-par-

9E (MeV)ticle strength is complicated 
х and it cannot Ье approximated Ьу 

the Gauss curves with а satisfac-
tory accuracy . Therefore, а quan

titative comparison of the values of Ех and и from taЬle 2 
with the corresponding parameters of the exper imental Gaussians 
is unreasonaЬle . Al so, it i s to Ье ment ioned t hat the strength 
dis t r i but i ons of various subshells, a s we have expected, ov~r
lap strongl y . Thi s makes it difficul t to ex tract .unambiguous ly 
t he corresponding spec t ro scopic f actors from the experimental 
cro ss sec t ions. 
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ТаЬlе 2 

Characteristics of strength distributions of sing1e-
h . · ь 1 · · 1 · 145Е d 209 в· proton 1g - y1ng states 1n nuc е1 u an 1 

. 
c2 s , % Nuc1eus nlj ~Е х. MeV Ё, HeV а, MeV 

х 

0+12 5.64 2.25 86 
2f7/ 2 

3.3+6.8 5.06 0.96 51 

145Е 
• u 0+14 7.83 2.03 91 

1h9/ 2 

5.9+8.5 7.09 о. 71 47 

li!З /2 0+14 7.81 2.28 88 
1 

1 

1 

1 

209Bi 
1i 11 / 2 0.~2.5 8.37 1. 78 90 1 

1 

lj 15/ 2 0+12.5 7. 1 2.33 86 
1 

The experimenta1 data on the fragmentation of high-1ying pro
ton states of 20~i are more uncertain than of 145 Eu and have 
а pre1iminary nature 141. In this case the experimenters a1so used 
approximation of the cross sectidns Ьу the Gaussians, the para
meters of which were: Emaxl = 7.2+0.2 HeV, П = 0.63+0,2 MeV; 
Emax2 = 8. 7+0.5 MeV and 12 = 5.J+O.I MeV. It was not definite-
1y conc1uded the strength of which sing1e-partic1e state was 
concentrated in each peak. Host probaЬly, they are mixed and 
15% of the strength of one . of the subshe1ls 1i 1 J/2 and 1j 15 / 2 is 
concentrated in the narrow peak and almost the whole strength 
is concentrated in the broad peak. 

А fragment of the sing1e-proton scheme of 209 Bi, given in 
fig.l (the parameters of the Saxon-Woods potentia1 are given 
in taЬle 1), shows that the number of narrow quasibound states 
in this nuc1eus is 1arger than in 145Eu. The states li 1 1; 2 and 
lj1 5; 2 with the state 2g 9; 2 form an iso1ated group lying Ьу 
2-3 MeV from other she11s with much 1ess values of f. Therefore, 
while extracting the ЧII;2 and lj 15/2 strengths from the experi
mental cross sections, one shou1d take into account the contri
bution of the 2g9; 2 subshe11. 

The ca1cu1ations show (see fig.3) that the 1i 11 ; 2 and 1j 15 ; 2 
subshe11s are fragmented as strongly as the states in 145Eu. the 
va1ues of the second moments и (see taЬle 2) of а11 the states 
are c1ose to 2 MeV (а= 2.0+0.3 MeV). The va1ue of a(lill / 2) 
is on the 1ower bound of this interva1. The values of a(liii/2) 
and а (lj 15/2) are c1ose to а2 "' 0.426 Г2 = 2.26+0.43 MeV of 
6 

-1 

> LО.З 1 i 11/2 

Fig.3. Strength function of the 
proton states 1i 11 ; 2 and 1j 15; 2 
of 209Вi. 

<lJ 
:L 
х 

~ l n 1 \ the broad bump • . The maximum of 
NU 0.2 1\ the lj 15; 2 strength function 

and the 1оса1 maximum of the 
liii/2 strength function 1ie 
in the region of the "narrow" 
experimenta1 Gaussian. In the 

0.1 / U \ interva1 ~Е х = Г1 symmetric wi th 
respect to Е т ах1• 11% of the 
strengt.h of each of the two sub
she11s is exhausted, that is in 
agreement with the above4mentio
ned experimenta1 estimates. 

From the comparison of the 
experimenta1 data on the fra~-

1j15/: mentation of high-1ling sing1e-
0.2 f1 2 proton states in 

14 
Eu and 2°9вi 

with the theoretica1 ca1cu1a
tion we can conc1ude about their 
цua1itative agreement. The po
sition of centroids of the theo-

0.1 .. / ""'" retica1 and experimenta1 distri
butions coincide with an accura
cy of -1 MeV. The second moments 
of distributrons are in satis
factory agreement with the expe
rimenta1 ones in 209 Bi and for 

3 5 7 9 Ех MeV the 1i 13/2 state in 145 Eu • The 
.divergences we shou1d 1ike to 

mention are: а more strong fragmentation of the 1h9/2 subshell 
than in the experiment (?); 90% of the 2(7/2 subshel1 strength 
ins tead of 20% in the experiment is observed in the excitation 
energy studied in 145Eu. It is necessary to ana1yse the experi
mental data in 209 Bi once more in order to extract the 2g9/2 

subshell contribution. 
The agreement of the theoretica1 and experimenta1 data con

firms that the parameters of the sing1e-particle potential we 
have used are correct. These parameters have been repeatedly 
used in other ca1culations, too. It is more significant that 
а good description of the experimenta1 data on the fragmentation 
of proton-hole states in 20711 has been obtained using these pa
rameters 113/,i,e., of the data on the states of the major pюoton 
shell 50< Z ~82. 
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We intend to continue the study of the fragmentation of 
single-proton s~ates, in particular, of the contribution to the 
proton stripping cross section of other quasibound subshells 
and of the states in 91 Nb the experiments for which are planned. 

The authors are grateful to Professor V.G.Soloviev for the 
interest in this work and to Doctor S.Gales for the supply with 
the experimental material and consultations. 
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Высоколежащие протонные состояния сферических ядер 

В рамках квазичастично-фононной модели ядра рассчитана 

фрагментация высоколежащих протонных одночастичных состояний 

в 145Eu и 209 Bi. Результаты расчетов сравниваются с данными, 
полученными в реакциях срыва протона Г44sm (а, t ) 145Eu и 
208 РЬ (а , t ) 209 Bi . 

Работа выполнена в Лаборатории теоретической физики ОИЯИ. 
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High-Lying Single-Proton States in Spherical Nuclei 

The fragmentation of high-lying single-proton states 
in 145Eu and 209 Bi is calculated within the quasiparticle
phonon nuclear model. The results of calcul.ation are coщpared 
with the data for the proton stripping reactions 144Sm(a,t)14~u 
and 208 РЬ (а ,t) 209вi. · 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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