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I. INTRODUCTION 

Experimental investigations 11 - 71 of the one- and two-nucleon 
transfer reactions for many nuclei provide information on few
quasiparticle strength distributions. The most important infor
mation has been obtained on the fragmentation of deep-hole 
states 141. 

In recent years a good deal of attention has been paid to 
the calculation of the few-quasiparticle state strength distri
bution /7,8/ within the quasiparticle-phonon nuclear model 191 

(QPM).Values of the neutron and radiative strength functi
ons110·111, the giant resonance widths/11. 121 are determined by 
the few-quasiparticle state fragmentation (distribution of 
strength). 

Spectroscopic factors of high-lying states have been measured 
recently in the reactions 61 Ni(d,p)62 Ni and 207Pb(3He,aFPb 
in refs /13,3/ , respectively. Most of theoretical calculations"14·17 I 
are devoted to the energies and spectroscopic factors of the 
low-lying states only. Our calculations 181 and the comparison 
with experimental data for some Sn, Te and Cd isotopes show that 
within the QPM one can correctly describe the two-quasiparticle 
strengtn Glstrioution. 

The aim of this paper is to calculate the two-quasiparticle 
strength distribution in 62 Ni and 206 Pb for a wide energy region 
a1·d to compare with experimental data. 

2. BASIC FORMULAE AND NUMERICAL DETAILS 

The QPM Hamiltonian includes the average field as the Saxon
Woods potential for protons and neutrons, the pairing interac
tion and the effective residual multipole and spin-multipole 
forces. The model Hamiltonian in terms of the creation and 
annihilation operators of quasiparticles and phonons is given 
in refs,/9.12/, 

The excited state wave functions of doubly even spherical 
nuclei are 

'" + _A1i:t, + + 
T 11 (JM) .. IIRi(Jv)QJM_+ I P_x-\Jv)[QA i QA - ]JM!'I' , 

I I A i .A i "2 1 2 lilt 1 ~ 1 2 0 1 t•2 2 
(I) 

where '1' 0 is the phonon vacuum wave function, Q~i 
non creation operator. The secular equation for the 
of energies ~~~ and equations for coefficients R and 

is the pho
eigenvalues 
P are 

given in refs. 18•9•121. 
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The two-quasiparticle component lj 1 j 2 l in the state 

Q\
1
i'PO with spin J=.\, in the RPA is determined by ....1..11/Jn. 1~ 

Ji /9/ 2 ltl2 
Here 1/1 i

1
j 

2 
is phonon amplitude , j 1,j 2 are quantum numbers 

of single-particle states. The one-phonon states are fragmented 
provided the quasiparticle-phonon interaction is taken into 
account. The two-quasiparticle component li 1i 21 with spin J 
of the state v, described by the wave function (I) is /8/: 

J' 
<I>.· (J;TJ )=.!_1 I R

1
(Jv)l/l. 

1 
i2 (2) 

J1J2 v 2 i J1J2 

Now we get the spectroscopic factors of one-nucleon trans
fer reactions on odd-A target nuclei. The wave function of an 
odd-A target nucleus is taken in the form 

'II (j m ) = C. a + 'II 
v 0 0 0 J0v 0 JOmO 0 

(3) 

neglecting the quasiparticle plus one- and two-phonon terms. 
The wave function of final states with spin Jr is taken in the 
form of (7). The spectroscopic factors of the nucleon transfer 
on a subshell j have the following form: 

for the reaction of type (dp) 

SJ. UoJr; TJ v>- CJ~ v u2<l>J·J· (Jr; TJ ), 
0 0 J 0 v 

for the reaction of type (dt) 

8 i OoJr ; TJ~~)=C~o~~o vf <l>JJ
0
<Jr ; TJ)· 

where uj , v. are the Bogolubov transformation 
The tolllowing expressions are often used: 

(4) 

(5) 

coefficients. 

(6) 

(7) 

It is more practical and convenient to use the strength func
tions for (4)-(7) at high excitation energies. Following ref.191 

we introduce the strength function 

I <l>J . (J; TJ )p(TJ-11 ), 
II 1J 2 V II 

(8) 

Using the R-coefficient analytical properties one can obtain an 
expression for <l>J

1
i 

2
(J; 71) (see refs.'8•9 / ) • The energy 

2 

l 
interval ~ determines the way of presentation of results of 
the calculation. In the limit ~~ 0 p is transformed to the 
o -function, so the calculation results are represented for 
individual states. In the calculations for low-lying states 
in 62Ni and 206pb the parameter ~ is small ( ~=0.05-0. I MeV). 
To calculate the lh 1112 subshell fragmentation we use ~= 
=o.s MeV. 

For the numerical calculations we use the same parameters 
of the QPM and resudial interaction constants as in refs /8,18,1~/ 
So we have no free parameters in present calculations. 

3. RESULTS OF CALCULATION 

The fragmentation of two-quasiparticle states is caused, 
first, by the interaction between quasiparticles, which leads 
to the formation of one-phonon states, and second~ by the quasi
particle-phonon interaction, which couples the one- and two
phonon states. The influence of each of these factors on the 
fragmentation of two-quasiparticle states is demonstrated in 
fig. I, Figure I shows the spectroscopic factors S[ (j 0Jr ; TJ 

11
) 

for two-quasiparticle states l2p312 tg 912 ! in 82Ni with 
J" =3-, calculated in RPA and using the wave function (I). The 

main part of the two-quasiparticle strength is distributed over 
three RPA roots in the energy interval from 6 to 8 MeV. It is 
seen from fig. I that the quasiparticle-phonon interaction en-
chances the fragmentation of the state 121>" '" 111:" '" L The 
strength of this state is redistributed in uthe ~~~rgy interval 
from 4 to 9.5 MeV. Our investigations show that the quasipar
ticle-phonon interaction influences greatly the fragmentation of 
two-quasiparticle states in 6 2Ni. The RPA calculation with the 

wave function (I) gives similar 
s~ results for low-lying states of 
J 206Pb. For the excitations with 
~ energies higher than 4 MeV in 

208Pb the quasiparticle-phonon 
interaction is important. 

3 

2 

a tO 

~ Spectroscopic factors 
"1ijOoJr; 71 11 ) for the 
12Jl:vzlg91~onfiguration with Jr 
=T in 62Ni; the dashed line is 
the RPA calculation; the solid 
line is the calculation with 
the wave function (1). 
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:iT + 

J ·~ 

{\' 

~~-.-+----.,........J.J..~~!Jhll,t .... L 

2 4 a I • I ~ I I II 4 6 I to 
{l"i.l~V 

r~5.Z. ~p~~~~v~~vpi~ f~~tv~~ -& t~~ ~~~t~~ t=~~:f~= ~u 
the subshells with j" =1/2- , 3/2- , 5/2- , 5/2+ , 9/2 + 
in 62Ni : a) experimental data from ref./13/,b) experi
mental data from ref.120~ c) the QPM calculation~. 

Let us discuss the two-1uasiparticle strength distribution 
in 62Ni. Experimental data 1 3•201 for the spectroscopic factors 
S~ of the neutron transfer on different subshells j in 62Ni 
add our calculations are drawn in fi1,.2. Spins of final states 
Jf have not been determined in ref,/ I and the spectroscopic 
factors Sj are presented for all possible spins Jr of each qua
siparticle state. New data on the 1g912 and 2d512 strength 
distribution for excitations below 8.5 MeV have been obtained 
in ref.1131. It is seen from fig.2 that the values of spectro
scopic factors obtained in ref/ 13/ and ref /20/ differ conside
rably. The absolute spectroscopic factors can be extracted from 
experiment to only about 25-30% in the best cases. On the whole 
the experimental data and our calculations provide a similar 
picture of the fragmentation of two-quasiparticle states in 
62Ni. The QPM describes correctly the enhancement of the frag
mentation with increasing energy excitation. Our calculations 
predict two groups of the lg912 states. The first group of 

Table I 

Integral characteristics of two-quasiparticle states in 62Ni 

Ej, MeV Gj 
nlj 

Exp. Calc. Exp. Calc. 

2P1/2 2.52 2.7 1.14 1 • .32 

1f5/2 ,3.14 2.8 4.44 ,3 • .3 

1g9/2 4.7.3 5.2(6.,3) 9.7 6.1(8.2) 

2d5/2 6.72 6.2(7.2) 2.26 2 • .3(.3.2) 

strong lg912 states has excitation energies equal to (4-6) MeV. 
The second group of weak levels is located at excitation ener
gies of (8-10) MeV. There is a similar picture for the 2d 512 
strength distribution. 

The integral characteristics of the two-quasiparticle 
~L.J..euoLu u.t.::H ... L ..i..UuL.i.uu~ iu 52Ni are snown in c.ao1e 1. 1nese are 
the centroid energies 

-
Ej "' I,. 71vSJ(j oJr; 11v)/ ~ SJ:'(joJr; 11 ) 

v~uE vEuE v 

and the sum of spectroscopic factors Oj in the energy interval 
.6.E. Th~se characteri~tics are given for the experimentally /13/ 
1nvest1gated energy 1nterval 6.E =(D-8.2) MeV. Being calculated 
~~r. the excitation energies up_ to the neutron binding energy of 

NI B0 =10. 6 MeV, values of EJ· and 0· for lg and 2d 
• • J 9/2 5/2 

subshells are shown 1n the brackets 1n table I. The experimental 
data and our calculations show that about (50-60)% of the 
2d5/2 strength is pushed to the continuum. On the whole the 
QPM describes correctly the integral characteristics of the 
two-quasiparticle strength distributions in 62Ni. 

The experimental data for spectroscopic factors of the 
207Pb 3 ) 206 Pb · · · d · ( He,a react1on 1n a w1 e energy 1nterval have 

been obtained in ref. 131. The DWBA analysis 13/ of cross sections 
allows one to identify quantum numbers of the neutron hole sub
shells. This identification is not unique. So the experimental 
two-quasiparticle strength distribution for excitation energies 
higher than 4.3 MeV in 206Pb is now known qualitatively. 
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Table 2 

Energies and spectroscopic factors S j (j OJ f ; 71 v> 
for low-lying states in 206 Pb 

2v , MeV · S} (;~ lu' ~JI) 
nlj J1T ref.) ref.21 ref.22 f Exp. Calc. Calc. 

(~e,oO 
-1' 

(d,t) (p,d) 

4+ 1.684 1.9 0.22 0.17 0.16 
4+ 1.998 2.2 0.2 0.14 0.2) 

2(~ 4+ 2.928 2.9 ).02 .3.45 .3-97 2.9 
2 .3+ .3.122 ).0 2.60 2.69 .3-.37 2.6 

4+ ).519 ).9 0.2.3 0.21 0.16 

7- 2.200 1.8 4.25 5-5 7.05 6.4 

til~ 6- 2.)84 2.1 ).60 5.0 6.47 5-4 
7-;.... 2.865 ).0 0.2 0.)2 0.24 

IL-
4+ 4.008 ).9 1.85 4-.3 ).7 

•'1..:1~ 5-i- 4.116 4.0 2.55 5.00 4.8 

The low-lying states in 20~b are investigated in detail. The 
experimental values of energies and spectroscopic fa~tors ob-
tained in the ( 3He, a)/3/ , (d,t )/21/, and (p, d) 1 221 

reactions are given in table 2. The results of our ealculation 
with the wave function (I) are shown in table 2 also. As can 
be seen from this table the absolute values of spectroscopic 
factors obtained in these experimental papers differ conside
rably. The calculated energies for the low-lying states in 
206Pb are in good agreement with experimental data. Our calcula
tions describe correctly changes of spectroscopic factors in 
magnitude for different levels. For the levels having large 
values of spectroscopic factors S~ our results are similar to 
other theoretical calculations 11 t 16 ~ Our results and experimen
tal data for the values of Gj /(2j+l) which characterize the 
exhaustion of the sum rule limit, are shown in table 3. As can 
be seen, to a few per cent accuracy the total sum rule strength 
for 2r712 , 1i 1312 , lh912 states with excitation energies 
below 4.2 MeV has been observed in the 207Pb(p,d)2°6 Pb 
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Table 3 

Sum-rule limit exhaustion for low-lying states in 
206

Pb 

nlj 
G,i /{2l+i) 

(~He, rx) ~ (p,d) Calc. 
~datl 

2f7/2 0.78 0.77 0.99 0.76 

111.3/2 0.58 0.75 0.98 0.86 

1~/2 0.44 0.93 0.85 

Table 4 

Two-quasiparticle strength distributions in 
206

Pb 

nlj .1 E, lleV 
~A£ s;.l 

Exp. Calc. 

6.27 6.2 
.2..:.22 L..l 
6.82(85~) 7.5(94~) 

1113/2 
0-4 • .33 
4. 33-7.4 

8.05 12.5 
2.8 ~ 
10.85(7~) 1 ).2(94~) 

0-4.33 
1~/2 4-3.3-7-4 

4-4 8.5 
.!.:.§ hi 
6.2(62~) 9.7(97~) 

7-4-7.9 
7.9-8.68 

1h11/2 
8.68-9.29 
9.29-10.59 

0.69 0.83 
1.1 4.56 
0.9 2.02 
.:w2. 0.96 
4.04(34~) a. 37 (70'.1) 
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reaction. The (3 He,a) 
e~haustion than the (p,d) 
(d,t) data. 

data show a much lower sum-rule limit 
one. Our results are similar to the 

The two quasiparticle strength distributions for high-lying 
states are known from thQ (3He,a) reaction, only. The results 
of our calculations and experimental data 131 are given in tab
le 4. The sum-rule exhaustion for states from the energy inter
val ~E is shown in brackets. The results of our calculations 
are in a qualitative agreement with experimental data of ref.13( 

Let us discuss the I 3p 112 lhJ 1121 state strength dis-
tribution in2° 6Pb.The calculate strength functions for spectro-
scopic factors Sj (j0Jr ; 71 ) for states with J~ =5+, 6+ are 
shown in fig.3. The summed strength function is shown in fig.3, 
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Fig.3. Strength functions for spectroscopic fa.ctors Sj(j0Jr ;71) 
for the l3p 11~h 1112 ! configuration; the dashed curve 
1.s Sj(j0Jf ; 77 ) for Jr"=6+, the dotted curve is S~(j 0Jr; 77 ) 
for Jr" =5+1 the solid curve is Sr(r/) = I S~(j 0Jr; 71) • J 

J f J 

too. The residual excitation energy spectrum from the 
207 Pb( 3 He, a ) 2°6 Pb react ion in the energy interval ( 7 · 4-
10.6) MeV exhibits an asymmetric bump with clear additional 
fine structure13~This bump is due to the fragmentation of the 
l3p lh 1 I configuration including the deeply-bound 

1/2 11 l? • h . bl 4 hole state lh 1112 . The spectroscop1.c factors s own l.n ta ~ 
were obtained for the fine structure states. The observed f1.ne 
structure strength is about 35% of the total lh 1112 strength. 
The calculated integral th 11( 2 strength is twice tha~ from 
the experimental one. Pract1.cally, the measured exper1.mentally 
lh 1112 strength is a lower bound for the total stren~th. _A 
similar situation takes place for the lhtl/2 strength dl.strl.bu
tion in207pb About 45% of the sum-rule limit is exhausted by 
the fine str~cture levels 131. However, the analysis 151 of the 
spectroscopic strength localized in the whole bump gives the 
value 71%. This is in good agreement with our results 1191 and 
those of paper 123•241. 

The calculated value of the energy centroid for the lh 1112 
shell in206pb is equal to 8.6 MeV. The experimental one equals 
8.9 MeV. The width f'· of the lh 1112 bump is difficult to defi
ne as the ordinary Bieit-Winger spreading width. An estimate 
of the FWHM is f'.- 4 MeV in 206Pb (see refs. 13•4/ ) • Our 
calculation give~ the value f'j =2 MeV. At present the fragmen-

. · 208Pb( 6H J!06pb · tat1on of deep hole states 1n the a , er 1s 
being investigated at Orsay151, Our calculations can b7 used 
for the experimental investigation of this fragmentat1on. 

4. CONCLUSION 

The calculations and comparison with experimental data show 
that within the QPM one can correctly describe the fragmenta
tion of two-quasiparticle states in doubly even spherical nuclei. 
The quasiparticle-phonon interaction influences greatly the 
fragmentation of two-quasiparticle states at intermediate and 
high excitation energies. 

The authors are grateful to Prof. V.G.Soloviev for useful 
discussions. 

REFERENCES 

I. Sakai M., Kubo K.I. Nucl.Phys., 1972, AI85, p. 217. 
2. Crowley G.M. et al. Phys.Rev., 1980, C22, p. 316; 1981, C23, 

p. 589. 
3. Guillot J. et al. Phys.Rev., 1980, C21, p. 879. 
4. Gales S. Nucl.Phys., 1981, A354, p. 193. 
5. Gales S. Preprint IPNO Ph. 81-05, Orsay, 1981. 
6. Nakagawa T. et al. Nucl.Phys., 1982, A376, p. 513. 

9 



7. Soloviev V.G., Stoyanov Ch., Vdovin A.I. Nucl.Phys., 1980, 
A342, p. 261. 

8. Soloviev V.G., Stoyanova 0., Voronov V.V. Nucl.Phys., 1981, 
A370, p. 13. 

9. Soloviev V.G. Partic~es and Nucleus, 1978, 9, p. 580; 
Nucleonika, 1978, 23, p. 1149. 

10. Voronov V.V., Soloviev V.G., Stoyanova 0. Yad.Fiz., 1980, 
31, p. 327. 

II. Soloviev V.G., Stoyanov Ch., Voronov V.V. Nucl.Phys., 1978, 
A304, p. 503. 

12. Soloviev V.G., Stoyanov Ch., Vdovin A.I. Nucl.Phys., 1977, 
A288, p. 376. 

13. Karban 0. et al. Nucl.Phys., 1981, A266, p. 68. 
14. Koops J.E., Glaudemans P.W.M. Z.Phys., 1977, A280, p. 181. 
15. McGrory J.B., Kuo T.T.S. Nucl.Phys., 1975, A247, p. 283. 
16. Vary J., Ginocchio J.N. Nucl.Phys., 1971, AJ66, p. 479. 
17. Artamonov S.A., Isakov V.I. Preprint LINP, N420, Leningrad, 

19~8. 

18. Ponomarev V.Yu. et al. Nucl.Phys. 1979, A323, p. 446. 
19. Voronov V.V., Chan Zuy Khuong, Izv.Akad.Nauk SSSR, serf.fiz., 

1981, 45, p. 1909. 
20. Halbert M.L. Nucl.Data Sheets, 1979, 26, p. 5. 
21. Willis J.E. et al. Nucl.Phys., 1981, A362, p. 8. 
22. Lanford W.A., Crawley G.M. Phys.Rev., 1974, C9, p. 646. 
23. Nguen Van Giai. In: Proc. Int.Symp. on Highly Excited 

States in Nuclear Reactions: Osaka, 1980, ~. 682. 
24. Bortignin P.F., Broglia R.A. Nucl.Phys., 1981, A371, p. 405. 

10 

Received by Publishing Department 
on July 2 1982. 

WILL YOU FILL BLANK SPACES IN YOUR LIBRARY? 

You can receive by post the books listed below. Prices · in US $, 

including the packing and registered postage 

013-11807 Proceedings of the III International Meeting 
on Proportional and Drift Chambers. Oubna, 1978. 14.00 

Proceedings of the VI All-Union Conference on 
Charged Particle Accelerators. Dubna, 1978. 
2 volumes. 

01,2-12450 Proceedings of the XII International School on 
High Energy Physics for Young Scientists. 
Bulgaria, Primorsko, 1978. 

o-12965 The Proceedings of the International School on 
the Problems of Charged Particle Accelerators 
for Young Scientists. Minsk, 1979. 

011-80-13 The Proceedings of the International Conference 
on Systems and Techniques of Analytical Comput
ing and Their Applications in Theoretical 
Physics. Dubna, 1979. 

04-80-271 The Proceedings of the International Symposium 
on Few Particle Problems in Nuclear Physics. 
Oubna, 1979. 

04-80-385 The Proceedings of the International School on 
Nuclear Structure. Alushta, 1980. 

04-80-572 

02-81-543 

010,11-81-622 

Proceedings of the VII All-Union Conference on 
Charged Particle Accelerators. Oubna, 1980. 
.t voJ.umes. 

N.N.Kolesnikov et al. "The Energies and 
Half-Lives for the a - and fi-Oecays of 
Transfermium Elements• 

Proceedings of the VI International Conference 
on the Problems of Quantum Field Theory. 
Alushta, 1981 
Proceedings of the International Meeting on 
Problema of Mathematical Simulation in Nuclear 
Physics Researches. Dubna, 1980 

01,2-81-728 Proceedings of the VI International Seminar 

25.00 

18.00 

8.00 

8.00 

8.50 

10.00 

25.00 

10.00 

9.50 

9.00 

on High Energy Physics Problems. Dubna, 1981. 9.50 

017-81-758 Proceedings of the II International Symposium 
on Selected Problems in Statistical Mechanics. 
Dubna, 1981. 

01,2-82-27 Proceedings of the International Symposium 
on Polarization Phenomena in High Energy 
Physics. Dubna, 1981. 

Orders for the above-mentioned books can be sent at the address: 
Publishing nepartment, JINR 

Head Post Office, P.O.Box 79 101000 Moscow, USSR 

15.50 

9.00 



SUBJECT CATEGORIES 

OF THE JINR PUBLICATIONS 

Index Subject 

1. High energy experimental physics 

2. High energy theoretical physics 
3. Low energy experimental physics 
4. Low energy theoretical physics 
5. Mathematics 
f. Nurlc=-r cncrtrncrnnv =-nti r=-tiinrhM'Iictrv ··-- --· -r--- ----r.., .., 

7. Heavy ion physics 
8. Cryogenics 
9. Accelerators 

10. Automatization of data processing 
11. Computing mathematics and technique 
12. Chemistry 
13. Experimental techniques and methods 
14. Solid state physics. Liquids 
15. Experimental physics of nuclear reactions 

at low energies 
16. Health physics. Shieldings 
17. Theory of condenced matter 
18. Applied researches 
19. Biophysics 

BopoHoB B.B., lliypasnes M.n. E4-82-512 
PacnpeAenemie CH.Jlbl ABYXKBa3H'laCTH'lHbiX COCTOHHliH B 6 2Ni 
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q,parMeHTai.J;HH ABYXKBa3H'laCTH'lHbiX COCTOHHliH B 62Ni H 206 Pb 
B mHpOKOH o6naCTH 3Hepi'HH B030~eHHH. llpOBeAeHO cpaBHeHHe 
pe3ynbTaToB pacqeTOB c 3KcnepHMeHTanbHbiMH AaHHbiMH AnH cneKTpo
cKonuqecKHX tilaKTOpOB peaKI.J;HH OAHOHYKflOHHbiX IlepeAa'l. 

Pa6oTa BbiilOnHeHa B ITa6opaTOPHH TeopeTH'leCKOH .PH3HKH arum. 

Voronov V.V., Zhuravlev I.P. 6 
Two-Quasiparticle Strength Distributions in 2

Ni and 
E4-82-512 

206pb 

The fragmentation of two-quasiparticle states in 62Ni and 
206 pb is calculated within the quasiparticle-phonon nuclear 
model. Experimental data for the one-nucleon transfer reac
tion spectroscopic factors and theoretical results are compa
red. 

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