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1 Intr,oducfion 

. A lot of information has been ,obtained on the. properties of multipole giant 

resonances from studies of different nuclear reactions [1~3]; The phot~nuclear 

reaction is one of the most effective. tools to study the.giant dipole resonance. 

( GDR) properties. Improving the energy resolution one expect hopes to obtain" 

new. information on the GDR fine structure [4,5]. In particular, substructures 

in _the (,, n) ~ross sections. at low. excitation energies have been observed [4-6] ... 

The existence of substructures of that type in semimagic nuclei have been 

di_scussed in. [7]. The theoretical studies [7-13]. of giant resonances lead to 

a conclusion that the giant resonance damping is caused ,by the coupling -of 

simple nuclear particle-hole configurations .with the complex ones. There is 
. ' 

a relatively weak coupling between these' configurations in nuclei' near closed 

shrlls, and as a result, substructures appear at 'low excitation energies where. 

the leyel density. is much lower than in the GDR maximum region [7]. · 

_The aim of this. paper is. to investigate, the substructures in the photon 

absorption cross sections of •208 Pb and to compare experimental data with the 

calculations within the quasiparticle phonon nuclear model ( QPM) [14-'-16]. · 

2 Experimental technique and apparatus 

Photoneutron cross s~ctions in 208 Pb W! , measured by means of brems­

strahlung radiation of a betatron with the_ maxhnum endpoint energy equal 

to 25 MeV. The reliability of the results with this technique depends on the . ,· ·., ' ... ' , . " 

following: 



1). on the possibility of the long duration stability of the running acceler- . 

ator and apparatus parameters within the required experimental boundaries; 

2). on a choice of a method of obtaining experimental cross sections from 

the measured photoneutron yield by solving the inverse scattering problem. 

Using the multichannel method [17] and achieving the accuracy of the 

endpoint energy E-ymax as 5 keV [18] one can perform measurements with a 

smaU.energy step and large statistics to obtain a good level ,resolution. As 

model calculations with the input data close to real the ones show, the energy 

step of 50 keV. allows one to"reveal structures in the cross section with the 

width about 150 - 200 keV: The smoothing of the neutron yield curve comes 

from the uncertainty of the endpoint energy E,y~ax caused by the electron 

beam displacement time on the accelerator target which is about 25 - 30 keV 

for the electrons at 25 MeV. The energy s'cale calibration was performed at 

.· the photoneutron threshold and. by the break of neutron yield curve in 160 at 

17.25 MeV with the uncertainty of 20 keV. 

The moderated neutrons were detected by 10 BF3 - counters with the sum­

mary efficiency of somewhat 20% [19]. The influence on the results of the 

gamma- ray intensity fluctuation was suppressed by normalization of detected 

neutrons on the number of gammas measured by scintillation dosimeter [20] , 

for every gamma - pulse. All data were controlled by visual monitoring on a 

graphical display. 

Our previous measurements of the (,,n) cross section on 208 Pb were per­

formed with the step 25 keV_ up to the excitation energy of 9 MeV and with 

the step 50 keV up to 12 MeV [5]. In this paper, we present results covering 
' 

the excitation energy from the photoneutron threshold Bn up to 22 MeV with 

a 4ifferent step of E-ymax• This step is equal to 40 ke V for the range of E-ymax 

from the Bn up to 8.5 MeV, to 60 keV for the E-ymax up to 12 MeV and to 
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· 120 keV for the E7 max up to 22 MeV. A small step of E~max ·at low en~r~ 

gies was, chosen to compensate ~ sin all neutron yield n~~r the th;eshold by a 

larger n~uriber of measurern~nts at these energies. The same target with th~ 
thickness 2.52 g/cn;2 and the enrichment99% was used for all measu~ement~. 

As a result 'of measurement~ we obtained a' sample mean of a :ri~utrons 

_ yield and a sample 'standard 'deviatio~ at chosen values of E7 m·jx•. Taking 

into account the backgi-ouri'd corrections and counting errors and .reducing the·' 

yield vaiues on dose units; one can use. data for the extraction of the (, ,n) 

cross section. 

3 Extraction of the ( 1',n) cross section from the 

photoneutron ,yield 

With the bremsstrahlung technique the ('y ,n) cross section is obtained as a 
l i • ''I 

solution of th~ set of integral eq~1ations of the inver~e scattering problem 

-~;ma'%t 

/, <I>(E~max• E~) acxp(E:y)dE-y = Y(E~max) · :,' {1) 

Bn 

where «I>(E~mdx) is ~ bre~1sstrahlung spectrum, Y(E~max) is_ a .. reduced pho7 
' ;''" _:, ,,: • . ' ' . ' ,·, 'r •,' ·••, ', '.' . '. 

toneutron, yield, a(E:y) is an experimental (,,n) cross sectionpractically equal 
I •i' ••• ;.,•• ,· 

to the\sum, a(,,n) + a(,,2n) due to a smaH_contribution of.other partial 

reactions; 

Since the input data of Eq. ( 1) are obtained with some uncertainties (being 

estimations ~~a limited 'sa~pling)' :~ ~an,~ct only' ~Il:a,~pro;i~~a~e solu~i~n ~;. 
.'·'1". _,;,_ .·,; ' ,,,·, 

this set or'equations. It may vary strongly wit_h smaU variations of input data; 

tirns, t'~i~ pr~bl~1~ b~lo,~g~ t~
00

tl1~ ill_:pos~d- unfolding·~;~ble.~s. i1~ ;he
0

;;es~nt 

paper, the statistical regularization method [21] to obtain cross sections 'was 
··:/ ::~; i ,, ; ... -:1·,_,·., ,_:' _; ;~,;·,,. ,,; >! ,·'.:,··;:.u:" - .,•~':i ,_: ., :; ,..,.:;·1·._,,,;; 1 <-·' :, 
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used. This method is based on the Bayessian approach and the probability 

nature of experimental data is ~sed. In our case, the measured yieldvalu~s 

. Y(E~max) are mean values with ·_respect. to a random vari~ble sampling, and 

therefore, these values are also stochastic variables and their deviations from · I 

true values may be given by a distribut.ion law. Here, we assume. that _it is the 

normal distribution.with the variance equal to the variance of our experi~ental 

data which is in our case is a _variance of a photoneqtron yield. 

A solution of Eq:(1) is .searched on the smooth function ensemble which 

belongs to some distribution. The density of this distribution is determined 

• as a posterior probability density of a solution a by given values of Y: 

P(a/Y) ·= P(a)P(Y/a) · (2) 

where P( a) is a prior probability density determined .und()r the conditions of · 

information minimum and smoothness of a solution, and P(Y /a) is a coridi-
. . ' . . ! . 

tio~al probability density of a given value of Y under the condition that a 
. . ' 

exists.· 

The solution a is obtained by the method of maximum of a posterior 

. probability density, while its uncertainty L1a is the standard deviation of this 

. distribution. This .method allows one to process the data obtained with a 

nonconstarit step of the endpoint energyE~max ~nd to ta:k~ into account a 

weight of every yield point. 

In this appfoach no false structures appear i~ a cross section. It is known 

that the initial data include more full information than an unfolding funct_ion. 

Th~ reas~n is that structures are· smoothea' out (if there are some that ·are 
. . 

not clea:r,beforehand) due to the finite ~~mber ~f points in the ~rocess of 
' ' . . . 

discretization of _the energy scale if the step is comp~iable_ with the structure 

widths. · 

In the· bremsstrahlung te~hnique a possibility to resolve structures with the 
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width 200 - 600 keV at a half~maximum for _the endpoint step E-ymax about 
, ,. ; ' . : . ' '. { ', 

50 keV is approximately the same as for the technique of quasimon?energetic 

photons iwith the width 140 - 200 keV at a half~maximum. The aiffe~~nces 

between these techniques lie in· th~ smoothness of th~ cross sections· and. the 

degree oLthe structure resolution, which is important for future analysis. ' 
I I '; ' - ,; l 

To d~termine the abso~ute values ~f the cross section we used th~ same 

scaling factor as for 142 Nd whi~h w~.s obtai~ed from the ~ompari~on of the 
\ ;!J l ) ':,•,.,, 

maximum of the. cross .section of our. data for 142 Nd, measured _under the same 

conditions as .208Pb, with the calculated cross section with the Lorentz distri-. 

bution parameters 'f;om R.eL [22]. A correction on the a( 1 , 2n) contribution 
, ' 't J I \~•• 

was determined according to the statistical theory [23] · with a level ,.densit'y 

parameter obtained from fitting,ofpartial cross ~~ctions a(,,n) and•a(1 ,2n) 
' ' • l. ' ,', • 

· from Ref. [24]. 

' ', \' 

4 Analysis of cross sections and ~~~raction of pa-. 

rameters 

For .interpretation of the. experimental cross section·we need a quantitative 

· information which can be compared with the information·obtained from other 
' ' ' , 

measurements or some theoretical calculations. · There are several possibilities 
• ' ' ,, J 

of the presentation of results depe:Uding on the main goal of the subject . 

· First, the cross section can be approximated by a Lorentz curve ( or two 

Lorentz curves if we are dealing with the case of statically deformed nuclei), 
. ' . 

and fitting· the data we obtain the parameters of this ·curve. In this case' all 
' ' . . ' 

intermediate· st;uctures are igno~ed. Such systematic of L~rentz paramet~rs · 
, ' I :, > 

for the· cross sections obtained by the quasimonoenergetic photon technique 

was suggested in Ref. [3]. These parameters can be used for the following de-

.5 
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Figure 1: (,,n)208Pb cross section: a) with the step 25 kcV [5]; b) with the 
I ,. ' ) t -,, 

step 50 keV [5]; c) with the step 40 keV from Bn to 8.5 MeV, with the step 
! 

60 keV from 8.5 to 12 MeV and with the step 120 kcV from 12 to 22 MeV. 
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termination of empirical formulae of the GDR location and width in spherical 

'.' : . ' ; -.: ... ,, . : . ' ' ! . ,, .. - ,--:· . 'i ·,. . ' :,• t - .· 

and deformed ni1clei as, e.g., in Ref. [25]. 
'. . ' - '- . . ' ' 

Second, the cross section is presented as a superposition of several line 
' \ 

. sets a type of i~hich is determined either by some physical considerations or 

by real features of a curve studied. We assume that the GDR is not the 
j / ' I • • ' f < 

single collective state ~ith the ~idth 4 ~ 6 MeV bu~ ~· superposition of many 

resonances with smaller widths locatedat different energy ranges. Hwe kn'ow. · 
; . ·. ' . . . .', ' . , 

the structure characteristics, we can reveal their locations.and estimate tl~eir 

contribution to the integral cross section. 

, The •cross section .of (1-, n)20~Pb has well determined ·structures on .the· 

low-energy tail of the GDR.and thus, the second method of the developing of 
' .- • ! 

information is much more informative. Only energy positions of these struc-

tures, gh:en in R~fs .. [6,24-26], arc less useful for a comparison with theoretical 

calculations .. '.·/ 

The experimental (,, n) cross sections considered fo this'. paper are. pre~ 

scnted in Fig. 1. This figure shows that the shape and contribution of different, 
' .--- • , ,·,.· I_ : ,,··•·,· ',, 

strncturcs ( even the presence of some of them like the poorly resolved level 
• ' ' • ... f • • I . ; .: .• , '.'I;· ,', / ; '. i, . 

near 7.43 MeV) of the results obtained with a different step of E-ymax depends 

on the resolution and accuracy of'tricasurcments. 

... One ca~ extract a set of parameters which aie shown in a table in case Jr 
,· ' ; . ' . . ' ' ' . , . 

approximating the ( 1 , n )-cross section by the Gaussian ~u;rves 

a(,; n) I:a~ cxp-[(E - E~)2/2bf] (3) 

where a~, E~, o; are the resonance amplitudes, locations and widths forming 

the cross section, O; is the square root of a ·relevant variance and is relat~d 

with a half ma.ximum width f; = 2.355 8;. Using this set one ran obtain 

relative (in%) and absolute (in mb MeV) contrib1itions of a single peak to the, 

'7 



, Table 1: Parameter's ~f decomposition of the Cr, n )208 Pb cross secti~n by Gaus-

sian curve sets and contribution of each res~nance to the integral cross section. 

r 
I 
r 

Contr., Contr., I 
NI a, mb I E, MeV I o, MeV, I r, MeV* I rnh l\foV % 

1 61±2 7.60±0.01 0.095±0.003 0.22 14.3 0.49 I 

2 31±3 8.00±0.02 0.135±0.014 0.32 10.5 . 0.36 

3 31±4 8.64±0.06 0.304±0.026' 0.72 23;7 0.81' 

4 50±4 , 9:14±0.05' · 0.235±0.015 I o .. 55 I 29.3 I 1.00 

-5 51±6 9.47±0.03 o.141±0.01-5 I 0.33 I 17.9 I O.Gl 

6 133±3 10.03±0.02 0.215±0.018 0.51 71.7 2.45 

7 .76±22 10.63±0.03 0.176±0.041 0.41 33.7 1.15 

8 I 179±4 I 11.33±0.03 I 0.422±0.016 0.99 189.4 6.47 

9 I 48±15 I 12.20±0.10 I 0.260~0.076 O.Gl 31.0 LOG 
,. 

10 618±4 13.56±0.02 1.227±0:063 2.89 1902.G 65.00 
·- I 

11 54±4 16.00±0.10 0.834±0.040 ' (96 I 114.0 1- 3.86 

12 117±3 18.20±0.08 l.688±0.044 I 3.98 I 494.7 I 16.90 
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.. ·. 
integral cross section. The last one is calculated as a sum of squares under the 

, :-;· .. ',,, ,, ' , 

Gaussian curves. 

5. Compariso.n with the· theo,ry 

The theor~tical calc~lations i1~~e been performed' within' the QPM develope~ 
' ~ ' ' ' ' ,. ' : ' "' ' . . > ' \ : ' t ' 

in refs. [14-16]. The wave function of an excited state with taking into account 
'. • • ' '' . •, .' ', , ' ,, ; , ,• '·,, ' • (''., , I 'f,1 

the coupling betwe~n the simple ( one-phonon) and complex (two-phonon) con-

figurations has th~ following'form: 

. ' . '°" + '°" >!i' [ + i + ] ' ' ) 
,, 'llv(JM) = {L,;R;(Jv)QJMi/ L,; P>.;(J,v} Q>.µiQ>.'µ'i' JM} _'Po (4 

i >.i Ni' , 

where Qtµi is' the phon6n creatiori op~~a'.tor and ~ is th/nmnber of e~cited 
' • ' '· . , • • . ' ' . ' ',. ,. . : '; ' • I'. • / ~ / I , ' •. ; • i , 

state, '110 is the phonon vacuum. The phonon characteristics are determined 
' 

· from the RPA. eq~ations. The equations 'defining the ~n.ergies ~Jv of thestate 

( 4) 'and. the' quantitie~ R and P ~re ki~en iJ ref. [i°6]. For th~ int~rmediate 

and high excitation energies where the level density is high, it is 're1~o~abl~ to 
. 0 • 

calculate the 'cor~espondi~g strength furictiori 

' . ' . ·,· ' ,, 1 . ' ~-
b(<I>,v) =LI <I>jv 1

2 
211'( _ )2+~2/4 '. 

. , ' ,V ' , TJ T}Jv . • 

(5) 

Here <I> Jv, is the amplitude of the 7xcit,1,tion ofthe state ( 4) in. a nuclear reac-

tion, ~ is the averaging energy intervaL It is. worth mentioning that a strength 

function is essentially the same as a response function (see ref. [16]) ... 
' ' . . ' . ' . ' . . . . 

The nuclear photoab_sorption cross sections are related with .a strength 

function. For example, thr energy averaged cros~ section of the dipole photon 

adsorption can be written as, , 

a...,t(E...,) = 4,025E...,b(El,E...,) 

wh
0

ere <T-yt in mb, E..., is the photon energy in MeV, b(El,E...,) in e2/m2
• 
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An cal~ulatioris ha~e been 'perf~rmed whh the c~d~ dIRES [28]. We ~s~d 

the Saxon..:..Woods potential with the set of parameters from our previous' p~­

per [29] which is a modification of the set from ref. [30]. '.fhe single-particle 

spectrum was fitted to reproduce 'within the QPM 'experim~rifal 'dat'a for the 

energies, trapsition pro~a~iliti,es and spectroscopic ,factors ,for low lying ~t:ites 
' ,, ; :· ; ' ,. ' ,,' .. ' ; ·. . ' . ' ' ,,, ' . 

of 208 Pb and neighboring odd. nuclei [29]. The cons.tants of the dipole-dipole 
·1, ,· r ., '· ,' ; •. ; •.•" .'.' , , . , , , 

force and multipole-multipole forces with. the B.ohr-Mottelson radialdepen-
, , , ;:rt '.' ., , . ,· , , . , 

· dence were chosen during a fitting procedure: The ratio of the isoscalar to the 
' ,· ' '' ' . 

isovector constants has been fixed so as .to describe the exp~rimental position 

~fthe 'GDR.,Our single-pariid~ spectrum include'd ~11 q~asibo~nd states with 

the orbital momenta l ~ 9. A good description of the transition probabilities 
': · • ,, ·.< · :, J , : , ' i ': /. .: • • ~. l'; ., . '· , , · , f ', • ·: 'J 

.without any effective charges confirms the completeness of our basis .. Our ,cal-
•,•.;•' I , •:, ;' ,,· : i , _••., .•,:,;: l. ],'!! '. , '\ 

culations of the integral characteristics of giant resonances in 208 Pb [31,32] are 
' : ' ' '· , l ' : • < ' • ; ', ' [ ; i ' ; . ~ ' • f • ' \ • .~ ; • 

in very good agreement with other calculations [9,12] taking the single-particle 
' • • • J •• • ~ ' : , ". ' i '' ! . '' • • ' ; -

continuum into account exactly. 
. ' ' i ' 

.Let consider the theoretical description of the GDR integral characteristics . . ' ' .. ' ' ... , . ; . . . .' ' 

in 208 Pb. For the energy interval 10.0-17.0 Me V we obtained the following 

values for the energy centroid Ex = 13.3,5 MeV, width r = 3.5 MeV and the 
. . 

· energy weighted sum r~le '(EWSR) is exhausted by 80 % (we have used the. 

value 'Ll'~ Lo M~V). Tlie experiment [3] gives Ex = 13.~6 Mev·: 'r = 3.9 MeV 

and the E\VSR' is· exhaust~·d by 89 %. OnJ can see fro~ Fig. 2 a ratl~.e~ 
.,' ,· ' ... --

good agreement of experime~tal data with the theoretical ~alculation~ '-f~'r the 

photorieutron cross section. Some ove~estiniatibn' of a' cros~ se,~tidn n~ar a 

'maxii:nurii' and uhderestim~tion of a hi'gh energy p~rt in ~~; {.;,Iculation a~~ 
' . 

caused by the truncation of a large number of two pl;on~n states which are 

.~~akly coupled with Of!.e phonon. states., An integral contribution of these 
. ' ' 

components may be essentially taken into account by ~ncreasing the energy 
• , ,

1
) • ; . .:' ,,t; ~,~ ,_ ,:,.1·i.,i !11,..-··-;l<:,, '.- .• _,t ,~ :< L: ,; , -,: 
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Figure ~: Experimental (dots) and theoretical ( solid curve, Ll = 1 Me V) 

( ')', n )208P& cros~ sections. Calculatim'i within 'ihe RPA in arbitrary units is 

prese'nted by. vertical lines. 
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solid curve.-- the sum of El- and Ml- photo absorption calculated with Ll = 
. . ,,\ ,' ' \ 

0.2 MeV. 
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averaging parameter ~-, The results of the RPA calculation for .. the dipole 

strength: distribution are shown in the same figure. As can be· seen from 

Figs. 1,2, there are substructures in the low energy part of the cross section. 

They are located. nea~ the RPA collective states. The coupling of the last 

with the' two phonon states results in a redi.stribution of the dipole strength. 

For the low energy part where a !?~el density,is not so high substructures are 

pronounced. The increasing of the excitation energy leads· to increasing of the 

level density, and .as a result, St~b'structures disa'.p.pear. On~ can't observe any 
i .· ~ 

substructures in n11clei with open shell~ because.oftlie higlileyerd,ensities and 

. strong coupling between configurations [7,16]. 

As it was mentioned above, the most pronounced substructures. take place 
' <' • I ! . j\ l,,' /,,' ' t -' :,,,; t ;. ' ' 

m the low energy GDR tail (see Fig. 3). To shed more light on the,'prob-
, I :·,,•,·,i•i :.- ,: I '• .• ·-.-- •'.'. _, ,, •. ,· • 

Jem of the substructure existence the low energy part of the cross section with 
, ,: .. ··,, , .' ;; :· 1,_,' ' 1 

smaller~ = 0.2 Me V has been calculated. The results. of calculati~ns are given 

in Fig. 3 .. Our calculations reproduce the main structures at the excitation en­

ergies 7.,6, 8.6, 9.1, 9.5, 10.0 and 11.3 MeV (see table). The substructure at the 

energy 7.6:MeV is formed by El- (dashed line) and Ml-transitions. As can 
• :. I ' I '" 

be seen fr~m Fig: 3,:the isovector Ml-resonance (which properties within tl1e 

QPJvI ,were studi?d in ref. [~3]) contributes essentially to 'the cross section in 

this energy region. This result is i11 good agreement with the expe.rimentalMI 

strength distribution .which has been' measured with highly polarized tagged 
. , I 

photons [34]. We fail to reproduce the substh1dure at the energy 8 MeV, 

nevertheless, .there is a two-bump structure in the calculated El-:absorption 

cross section at lower energies. The existence of two bumps in · the energy 

interval 7-8 Me V was predicted in our old calculatio'ns [7] too. Some disagree­

ment between calculations and ~xperimental data may be caused apparently. 

by inaccuracies of our single particle energies but we didn't try to get an ideal 

12 

· description of experimental data. It is worth mentioning that E2-transitions 
. ; ' ,. .. ; . . 

don't give any noticeable contribution to the cross section. 

6 Conclusion 

· One can conclude from our investigation .that identification of the intermediate 

structures in the low energy part of. the photoabsorption cross section in 208 Pb 

is reliable. Microscopical calculations reproduce rather well particularities' of 

the experimental :cross sectio~s~ 'It. is possible to :interpret the' energy ·?e~. , 
pendence of this cross section as a consequence of a ununiform dipole strength 

'. . ,'- - ·,, ·• . ' •. -, .· . _.; -. 

distribution due to the single particle shell structure and the coupling .between 

c~lle~tive ·a~d noncollectiye ·degrees,~[ fre~dom iri 208 Pb. , . 
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