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INTRODUCTION 

Тhе experimental study of the resonant photon scattering from 
nuclei in the lead region 11"41 has shown that the energy depen
dence of the cross-sections at excitation energies below the 
giant dipole resonance (GDR) differs from the Lorentz extrapola
tion of the GDR. The cross-section substructures also have been 
observed in some other spherical nuclei 1 11 • The investigation 
of such substructures and the influence of the GDR on radiative 
strength functions within the quasiparticle-phonon nuclear model 
(QРМ) has been made in 16,11. It was shown that the substructures 
in the photoabsorption cross sections are caused Ьу the low 
lying slightly-collective dipole states. The calculations of the 
photoabsorption cross-section in 208р\{7 / give 'а correct descrip
tion for the substructure at the energy near 7.3 MeV rather than 
for the local maximum of the cross-section at the energy 5.5 MeV. 
In ref. 181 the dipole strength distribution in 208 РЬ has been 
investigated within the random phase approximation (RPA). Using 
the experimental single-particle spectrum, the authors 181 showed 
the existence of the dipole pigmy-resonances at energies 4.49 
and 7 MeV, but the energy of the GDR is 2 MeV lower than the 
experimental value. 

In this paper the average elastic photon scattering cross
sections are calculated in the frame of the QГМ for nuclei in 
the lead region. The calculations have been made with а modifi
ed- single-particle spectrum in comparison \lith the spectrum 
used in the previous reports / 7,9,10/, Our resul ts are compared 
with the experimental data. 

1. CALCULATION DETAILS 

The QPH Hamiltonian is explicitly given in ref / 51• It inclu
des the average field as the Saxon-Hoods potential, the pairing 
interaction and the separaЬle multipole and spin-multipole ef
fective forces. Тhе Hamiltonian parameters are fixed in the way 
proposed in 151 to describe correctly in the RPA the experimeh
tal data for the reduced probabilities of the electromagnetic 
transitions to the lowest collective states. One can describe 
simultaneously the level energies and transition. probabilities 
Ьу taking into account the two-phonon components in the wave 
functron for excited states in the ~-ev~__puclei. With this 
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set of fixed parameters, the interaction between different 
states in the neighbouring odd nuclei does not contain any free 
parameter 161• In contrast with the even-even nuclei, the excita
tion energies of the neighbouring odd nuclei are very sensitive 
to the choice of the single-particle spectrum. In this paper 
the single-particle spectrum is chosen to describe simultane
ously the characteristics of th~ low-lying levels in 208РЬ and 
in the nuclei differing from 208 РЬ Ьу one nucleon. 

Тhе wave function of an odd spherical nucleus is the fol
lowing 

1 + Лi - { + + ] J IJI11 (JM) = С111 а 1м+ ,I DJ (Jv) a1m Qл~1 JM IJio , 
л1j 

(l) 

where а 1м and Q)_~i correspond to the quasiparticle and pho
non creation operators, IJI 0 is the ground state of the even
even nucleus. 

The energies ~Jv of states described Ьу the wave functions 
(1) are found Ьу solving the secular equation 

- .!.. }; 
( J - ~Jv 2 Лij 

{1 + f(JjЛ1)]Г 2(JjЛ1) =о, 
( j + <и Лt - ~ Jv - !R(Jj,\ i) 

(2) 

where t j are the single-particle energies, <и Лt are the phonon 
frequencies calculated in the RPA, Г(JjЛi) are the matrix ele
ments of the interaction betнeen one-quasiparticle s .tates. and 
states of the quasiparticle plus phonon type. The coefficients 
f and !R appear with taking into account Pauli principle cor-
rectly. The detailed description of this equation and of those 
for the С Jv and 0')1 (Jv) coefficients is given in 1111. The nu
merical calculations are performed with the computer code 
PHOQUS 112~ In the cross-section calculation for 208 РЬ the wave 
function of an excited state is taken as follows / б/ 

+ л 1i1 + + 
IJiv (JM) = 1 I Ri (Jv)Q 1 .. 1+ I Рл 1 (Jv)[Qл 11 1 Qл 11 i ]JuiiJio • (З) 

m Л 1 Л 1 2 2 1.-1 1 2'"2 2 
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Тhе differential dipole photon scattering cross-section can Ье 
wr~tten in the form 113/ 

~~ 
dO о 

Е' 

Е(21 1 + 1) 
I I <Ir11P~ 1 11I 1 > 1 2 g 1 (0), 

J= 0,1,2 
(4) 

where 1 1 and Ir are the initial and final spins of the nucleus, 
Е and Е' are the energies of the incident and scattered pho
tons, respectively. The angulяr distributions are 

g
0

(0) = _!_:t_cos
2

0 -8-~-, g1(0) = 
2+ sin2 0 (О)= 13 + cos

2
0 

12 ' g 2 60 

2 

<1 rll Р ~1 11 lt > are the reduced generalized polarizabilities for 
dipole scattering /131. 

After some transformations one can obtain the following ex
pression for the average elastic photon scattering on an 1- ex
cited state of the nucleus 

+ - 2Е 2 4 2 !kl = {[ 4tтВ(Е1;0 -+ 1 )]2 ~ + (Ze) l 1 + cos О 
dO О 9 Гi\Е (АМ)2 2 

(5) 

where Г is the decay width of the 1- level with enerr,y Ех, i\E 
is the energy interval of averaging taken to Ье equal to 0.2 MeV 
in our calculations, which is in good agreement with the expe
rimental energy resolution for photons / 1· 41, and В(Е1, о+-+ С) 
is the reduced electric dipole transition probability. In the 
approximation Г =Г0 , expressing Г0 in terms of the В(El)-v.a
lue, one can obtain 

~ ~ 
dO о 

2~r2ExB(E1;o+ ... c) + (Ze) 4
1 

1+cos 20. 

l МЕ (АМ) 2 2 
(б) 

The term (Ze) 4/(AM)~orresponds to the Thompson scattering and 
is nearly 10 2 times smaller than the resonant term. The appro
xirnation Г= Г0 is good for all levels below the neutron emis
sion threshold. From the analysis of the experimental data for 
nuclei in the lead region, one can get Г0 /Г..:"0,9-1.О 14 1 .\./е 
have used the strength function rnethod developed in / 5/ to cal
culate the transition probabilities 

1 d + -
Ь(Е1 ; ~) =~ ~ (~-11v)2+d2 / 4 B(El; og.s .... lv), 

(7) 

the B(El)-values are calculated with the wave functions (1), 
(З). In this case from (б) one can get 

du 
tll lo= 

4 Ex+dE / 2 (Ze) J 

2~r~z J Ь(Е1; ~) d~ + (АМ)2 
l ЗАЕ Е -ЛЕ/2 

J: 

1 + cos 2о 
2 

(8) 

For the total photon scattering cross-section, which is nearl y 
equal to the photon absorption cross-section / 61, one has 

8 16~r Ez 
и УУ (Е z ) = 9i\E 

Ez+~E /2 

r ьсЕ1 ; ~>d~ 

Е J:-~E / 2 

4.02БЕz 

i\E 

Ez+dE / 2 
f Ь(Е1; ~)d~ mb. 

Е J:-dE/2 (9) 

Here Ez and Ь(Е1; ~) are in ИеV and e 2 fm,MeV, respectively. 
The radiative strength functions Ь(Е1; 17) for 208рЬ are calcu
lated with the computer code GIRES / 14/ , 
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2. DISCUSSION O.F RESULTS 

We consider first the results of our calculation for the 
low-lying levels in the odd neighboцring 208 Р.Ь nuclei, The 
w~ve functions have the form (1) in our calculation. The siцgle
partic~e energies are the entering paramet~rs for solyin~ the 
secular equation (2). Th~ si~g1e.-particle spectrum, w.hich gives 
а good description of the characteristics o.f the low.,.~ying 
states, is sbown in fig . 1. 

'лs one can s'ee from fig. 1' the chosen spectrum ~s ~lose to 
the experimental data and. is more comp.ressed in comparison with 
the spectrum calculated with the Saxon-\loods potential with. pa
rametriza.tion described in1 1 Б1; t.he proton particle levels are 
strongly changed . It sho.uld Ье noted that the cho.sen spectrum is 

. d . /18/ I . . h/1- Б/ . h 1 near to the s.pectrum use ~n • n contrast w~t .~n t е са cц-

lation. of th~ single-pa,rticle spectrum in1161 the spin-orЬital 
paramet.er~:~ of the potential had been varying independently of 
the central part.Since the high- lying. sin.g.Ъe-particle levels are 
unchanged in. our calculation, the results f or the gian.t reso
nances are nearly the sam~ as in/10/, 

The calculated level energies Ej and spectroscopic factors 
SJ of the one-nucleon transfer reactions , express.ed in the 
QPM as С~ and the experimental data 117/ are shown in taЬle 1 
and taЬle 2. As one can see, the experimental data for the con
sidered nuclei are well described in our calculation. The re
sults for 209,Bi are much improved in comparison with the spect
rum191.For the ' levels far from the Fermi surface, we have got 
some disagreement Ьetween the calculation results and the ex
perimental data. for the spectroscopic factors. The improved 
description can Ье reached Ьу taking into account more complex 
configurations of "quasiparticle plus two phonons" type in the 
wave functions (1). It has been shown in 118/ that these confi
gurations are very important in the calculation of the charac
teristics for the deep-lying hole states. 
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Using the formulas written above, we have calculated the 
cross-section for elastic dipole photon scattering from 208рь, 
The calculations are performed with the chosen. single-particle 
spectrum reported here. Тhе experimental data and the results 
calculated in the RPA and with the wave function (3) are shown 
in fig.2. As one can see, the experimental data indicate the 
existence of the substructures in the photon scattering cross
section at energies near 5.5 MeV and 7.3 MeV. Such а behaviour 
of the cross-section disagrees with the Lorentz extrapolation 
of the GDR. The cross-sections, calculated with the RPA wave 
functions, have clear substructures at energies 5.9 MeV and 
7.5 MeV. The appearance of the substructure of the energy 
5.9 MeV is caused Ьу the existence of а low-lying 1- collec
tive state and some other noncollective dipole states in this 
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Fig.l. The single-particle level in 208 РЬ. а),Ь),с)
the neutron levels; d),e),f) - the proton levels; 
a),d) : the experimental data; Ь),е) - our calculation; 
с) and f) - calculation with the parameters from 191• 

energy interval. The existence of these states in contrast 
with the previous calculations/7/ , can Ье explained Ьу the 
energy shift of 4s 1/ 2 , 3d 5/ 2 , 3d 3/ 2- neutron levels in the 
chosen single-particle spectrum used here. The dipole strength 
is pushed slightly down Ьу taking into account the two-phonon 
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ТаЬlе 

Тheoretical and experimental values of the energies 
and spectroscopic factors of the low-lying leve l s 
in 207 ,2О9рь 

Ca l cul ation Rxperiment 

Nucleus State Pвraш~ters fr . 191 Тhis report 

E"j~MeV Sj Е; , ИеV Si Ej,M•V s, 
2g 9/2 о.о 0. 9) о.о 0. 9) о.о 0.78 

1111/ 2 1.07 0. 97 1.24 0.97 0.78 0.96 

1j15/2. 1.50 0.84 1.52 о.вз 1.42 0. 5) 
209рь )<15/ 2 1-.74 0.87 1. 6) 0.87 1. 56 о.вв 

4в1/2 2.55 0.8) 1.92 о. 84 2.0) о.вв 

2g7/2 ).2) о. 86 2.57 0.89 2. 49 0.72 

)d)/2 2.68 0.78 2.17 0 .81 2.54 о.вв 

)р1/2 о.о 0.95 о.о 0.94 о.о 1.07 

2f5/2 0.68 0.96 0.50 0.95 0.57 1.1) 

)р)/2 0.80 0.94 0.76 0.9) 0.89 J. OO 
20k 111)/2 1.64 0.94 1.57 0.94 1.6) 1.04 

2f7/2 2.86 0. 81 2.10 о.87 2.)4 о.вв 

1h9/2 ).71 0.90 ).)7 0. 91 ).41 1.10 

components and the first substructure is now located at the 
energy 5.5 ~feV. Тhе peak of the cross-section calculated in 
the RPA at the energy 7.5 MeV is splitted and pushed down to 
7.2 ИеV. Thus, the modification of the single-particle spect
rum and the inclusion of the two-phonon components in the wave 
functions of the excited states enaЬle one to describe the ex
perimentally observed substructures in the dipole photon scat
tering cross-section at energies 5.5 HeV and 7.3 MeV. In the 
energy interval of 5.0-7.8 MeV, the RPA calculation results 
give the total probability IB(El) = о. 75 e2fm2. The calculation 
with the wave function (3) gives IB(El)= 0.9 e2 fm 2, because 
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in this case а part of the GDR strength is pushed down to the 
lower energies. The experimental estimation / 20/ gives IB(El) = 
= (1.2-1.8) e2fm2. The experimental data for IB(El)in the ener
gy interval of 7. 3-8.3 t-feV reyorted in / 2l / is nearly 1. 5 times 
smaller than the data from 120 . With such an experimental uncer-

~ 
1 

ТаЬlе 2 

Theoretical and experimental values of the energies 
and spectroscopic factors of the low-lying levels 
in 209Bi, 207Tl 

Calculation Experiment 
Nucleuв State 

Pвremeters fr./9/ Тh1s report 

Ej)leV - SJ Е;,Ие.V SJ Ej.Me.V ~j 

1h9/2 о . о 0.96 о . о 0.96 о . о 1.17 

2f7/2 0. 26 0.86 0.85 0.87 0.89 0.78 

2О9в1 
1113/2 0.41 о.вв 1.88 о.вз 1.60 0.56 

2f5/ 2 ).55 0.70 2.94 0.83 2.81 0.88 

)р)/2 ).05 о.бз ).16 0.71 ).11 0 . 67 

Jp1/2 4 . 0 . 73 ).)1 0.74 ).62 0.49 

Jв1/2 о.о 0.93 о.о 0.93 о.о 0.95 

2dJ/2 0.2) 0.95 0.26 0.94 0.)5 1.15 

207Tl 1h 11/2 1. 57 0.88 1.65 0.88 1. 34 0.89 

2d5/2 1.78 0.8) 1.88 0.8) 1.67 0,h2 

1g7/2 ).86 о.во ).52 0.81 з.4? 0.40 
--

tainty our results give the correct integrated dipole strength 
in the energy region of 5.0-8.0 HeV. 

The results of the RPA calculation and the experimental data 
for 206рЬ are shown in fig.3a. As one can see, the calculation 
gives а qualitatively good description of the substructures at 
energies 5.8 lfeV and near 7 .О MeV. The first peak in the cross 
section for 206 РЬ is of the same nature as for 208 РЬ. It was 
shown in 171 that for 206рь the two-phonon components redistri
bute the dipole strength in the energy region near 7.0 HeV and 
lead to t~e fine structure in the photoabsorption cross section. 
But such а numerical calculation needs а lot of computer time, 
so we consider here qualitatively only the RPA result, having 
i n rnind that in the RPA the dipole strength distribution in the 
region 7 .О ~ieV has been changing weakly in the calculation with 
the new spectrum. 

Тhе experimental data and our calculation with the wave 
function (!) for 207РЬ, 20бТ1 and 209Bi are shown in fig.3. 
There are substructures in either the calculated and experimen
tal cross-sections, but the calculated substructures are moved 
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up to the higher energies from the experimental data Ьу 0,5-
0.7 MeV. One may expect such а picture from our calculation, 
because we have not taken into account more complex components 
of "quasi-particle plus t\-ю phonons"-type in the wave function 
(1). These components, expectedly, do not change the whole pic
ture qualitatively, but move the peaks to the region of lower 
energies. At the same time there is а fragmentation of "quasi
particle plus phonon" components in nonmagic nuclei and the 
strength of this fragmentation depends on the individual cha
racteristics of the nuclei1221.In near-magic nuclei 207РЬ, 
209 Bi а weak fragmentation is expected, but in 205 Tl the two-
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phonon components have а strong inf luence. This effect is seen 
from the experimental data (see fig.3), namely the substructures 
in the cross section t 'or 205 '1'1 are not sharp as for 209 Bi, for 
example. The existence of these substructures in the odd nuc
lei can Ье well explained f rom our calculations. They are re
lated to the El-transitions from the ground state with а large 
one-quasiparticle component to the state of one-quasiparticle 
plus а dipole phonon of the neighbouring even-even core. Thus, 
one can conclude that the dipole pigmy-resonances in 206,208 РЬ 
are responsiЬle for the existence of the substructures in the 
dipole photon scattering cross-sections in the odd nuclei. The 
integrated cross-sections и0 = f иyfE)dE in two energy regions 
are shown in taЬle 3. .:1 Е 
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Nuc l eus 

208РЬ 

20f1 Pb 

207 РЬ 

209Ei 

205Tl 

ТаЬlе 3 

The integrated cross-section а0 = ( ауу (E)dE 
~Е 

{1 Е =5.0-6.0 MeV 6Е • 6.5-7 .5 MeV 

0 0 , mb MeV 6 0 , mb MeV 

Exper. Са lcula t i on Ex pe r . Calcu l at i on 

15.2 10.1 24.4 24 

15 .8 1 з . 5 20. 2 24 .3 

12 . 6 11.5 - -
10.4 7 .1 10.7 11 . 5 

8 . з 'j .4 7.8 9 .4 

In compa r ison wi th the exper i mental da t a t he а 0 - values 
have been integr ated under t he calculated peaks shown in fig.3, 
so some shift in energy has been made in t he calculations fo r 
the odd nuc l e i, As one can see from taЬl e 3, on t he whole our 
ca l cul a t ions give а correc t d i pole s trength distribution of 
nuc lei i n t he l ead r egion. An improved quantitat iv~ agreement 
with the experimental dat a can Ье reached Ьу including mo r e 
complex wave funct ions i n to ca lculation. Such calcula t i ons are 
very compl ex and need а l o t of computer time. 

CONCLUSIOH 

Our calculations have shown that with i n the QPM one can cor
rectly describe, using а modi f ied sin~le-par t icle spectrum , the 
low-lying states and the existence of substructures i n the di 
pole photon scattering cross-section of t he nuc l ei in t he l ead 
region. In the low-energy region the cross- sections dif fe r 
fron the Lorentz extrapolation of the GDR. The l ow-lying d i pole 
pigmy-resonances i n 206 •208Pbwhose nature can Ье explained Ьу 
the shell structure of these nuclei, are re s ponsiЬle for the 
substructure existence. These pigmy-resonances also in f luence 
strongly t he phot o-scat t er i ng c r oss-sect ions in t he odd neigh
bouring nuclei. 

The authors are grate f u l t o Pro f . V.G.Sol oviev fo r helpful 
discussions. 
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