


1 Tmireduction 7 : L
oA iot .of information has been obtained on'the properties ‘of multipo‘le»":fg‘i‘e.ntfl' -
.:‘rejsouan‘ces from studies of different nuclear reactions [1-3): The p‘l‘lvot(:)nu"cleer i
' ree.ctien‘is one of the most effective. vtools to study the giant dipolereson‘a'.nce '

b (GDR) propcrtles Improving. the energy resolution one expect hopes to obtain:
: ‘,new mformatlon on.the GDR ﬁne structure [4,5]. In particular, substructuresj;

’f'»‘-rtm the (7, n) cross sectlons at low excxta.tlon energles ha.ve been: observed [4-—6] e

The existence of substructures of tha.t type in semimagic nucle1 ha.ve been ;

~“~:d1scussed in.[7]. ‘The theoretlcal studies [7-13] of giant resonances: lead to

“oa conclusmn that the giant:resonance damping is: ca.used ‘by: the couphng of o

s1mple nuclea.r particle-hole conﬁgura.tlons ‘with. thecomplex ones There is
j«a.,relatlvely weak coupling.between these' configurations in nuclei near closed

- shells, and as a result, substructures appear atlow excitation energies where =

. the level density. is much loWer tha.u in the GDR maximum region [7):"

; _gThe aim . of this. pa.per is to 1nvest1gate the substructures:in the photonﬂ i

"a.bsorptlon cross sections- of 208Pb and to compare experlmental da.ta with’ the‘ o

;}calculatlons w1th1n the quaslpartlcle phonon nuclear model (QPM) [14—16]

}"1‘12:_;.Experimental Vteehnique_and apperatu’s :

kPhotoneutron cross sectlons in 208Pb w; > rueasufed be .ineans of brems-
kfstra.hlung radlatlon of a beta.tron w1th the ma.x1mum endpomt energy equal -

" to 25 MeV The rehablhty of the results w1th th1s techmque depends on the

. followmg ] gﬁg LEREY »mmn hﬂbm
L b onepius recpegonanzd
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1). on the possibility‘ of the long duration stability of the running acceler- -

ator and apparatus parameters within the required experimental boundaries;

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

the measured photoneutron yield by solving the inversekscatt'eringpr‘oblem.

'Using the multichannel method [17] and achieving the a,ccura.cy of the

endpoint energy E.mq.: as'5 keV [18] one can perform measurements with a -
small .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’ R

- step: of 50 keV allows one to: re\eal structures in- the cross section w1th the

width about 150 — 200 keV The smoothing of the neutron’ yleld curve comes
from the uncertainty of the endpoint energy Eymar 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 scale calibration was performed at

'~ _the photoneutron threshold and by the break of neutron yield curve in 60 at

17 25 MeV with the uncertainty of 20 keV.
' The moderated neutrons were detected by 1°BF3 — counters Wltll the sum-

‘mary efﬁc1ency. 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’

graphlcal display.

- Our previous measurements of the (7,n) cross section on 22 Ph 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 B, up to 22 MeV with
- a different step of Emaz. This step is equal to 40 keV for the range of E,,m,,,'

from the B, up to 8.5 MeV, to 60 keV for the Eqar up to 12 MeV and to

&

2

s _yleld and a sample 'standard dev1at10n at chosen values of E,,,m”r

. cross section. e

reactlons

' :‘120' ke\”/’for'tlle‘E;,m‘a‘; up to 22 MeV. A small st'ep')‘ of E.,ma,at low ener- ‘

gles ‘was chosen to- compensate a small neutron yleld near the threshold by a

larger aumber of measurements at these energles ‘The sa.me ta.rget w1th the '
tluckness 2 52 g/cm and the enrichment 99% was used for all measurements
As a result of measurements we obtamed a sample mean of a neutrons |

Takmg

~ . into account the background corrections and counting errors and reducmg the-’

yleld values on dose umts, one can use data for the e‘(tractlon of the' (7 n)’ ‘

clgoaErd

f'f‘3 Extractlon of the ('y,n) Cross’ sectlon from the e

photoneutron yleld

Vlth tlle bremsstrahlung techmque tlle (7 n) cross sectlon is obtamed asa.

‘ ‘solutlon of the set of mtegral equatlons of the inverse scattermg problem

El

‘ymazx< -

o o el / ( »,ma,,L“)chp(E’Y)dE = Y( ‘ymal‘ (1)

B

where ‘I>(E m,“,) is'a bremsstralrlung spectrum Y(E ,;mz) is a reduced pho— ;
; toneutron yleld U(E7) is an e\pernnental (7 n) cross sectlon practlcally equal o

1 to the sum, 0(7,n) + a(7,2n) due to a small contnbutlon of otller partlal |

AL
¢

Smce tlle 1nput data ofE (1) are obtamed w1th some uncertamtxes (bemg_

CStlInd,tIOIlS on a lumted samplmg) we can get on]y an apprommate solutlon of: |
: f'tlus set of equatlons It Inay vary strongl) w1th small varlatlons of mput data, :
; thus thls problem belongs to the ill- posed unfoldmg problems In the present

‘j?paper, tlle statlstlcal regularlmtlon method [21] to obtam cross sectlons was

caly : R i : AT SrearirliN:
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l used Thls method 1s based on the Bayessran approach and the probablllty, :

nature of experlmental data is used In our case, the measured yield values

Y( ,ymu) are mean values wrth respect to a random variable sampling, and

! therefore these values are also stochastlc var1ables and thelr dev1at10ns from
true values may be glven by a dlstrrbutlon law. Here, we assume. that it is the'

normal dlstrlbutlon w1th the varlance equal to the variance of our e\(perlmental” l

data whrch is in our case 1s a varlance of a photoneutron yield.. .

A SOlllthIl of Eq (1) |s searched on the smooth function ensemble which

‘belongs to some distribution. The density of this d1str1but10n is. (letermmed

" as a posterior probability density of a solutlona by given values of Y

‘,P(a/xé):=\:P(a);P(Y/a)

.where P(o) is a prlor probabxhty densxty determmed under the con(lltlous of

llnformatlon minimum and smoothness of a solutlon, and P(Y/a) is a COIldl-_

ks

jtlonal probablhty densnty of a glven value of l under the condmon that aV

> i
1

exists.

The solutlon o is obtamed by the method of ma\umum of a posterlor .

.probablhty density,. whlle its uncertainty Ao i is the standard deviation of tlus‘

‘dlstrrbutron ThlS method allows one to process the data obtalned with a

» nonconstant step of the endpomt energy E,,mar and to tal\e into account a

werght of every yleld pomt

1y

In thrs approach no false structures appear in a cross sectlon It is l\nown i
that the 1n|t1al data mclude more full 1nformat10n than an unfoldmg functlon .
' V,The reason is that structures are smoothed out (lf there are ‘some that are -
‘ not clear beforehand) due to the’ ﬁnlte number of pomts in the process of:

' dlscretlzatlon of the energy scale |f the step is comparable w1th the structure s

: 13w1dths '

- 3);

In the bremsstrahlung techmque a possnblhty to resolve structures w1th thef 5

4

w1dth 200 600 l\eV at a half-maxnmum for the endpomt step E,,ma, about |

.50 keV is approx1mately the same as for the technlque of quasrmonoenergetrc

photons wnth the width 140 - 200 keV at a half-maxrmum The dlfferencesl

between these technlques lie in the smoothness of the cross sectlons and the .

degree of the structure resolutxon whick is 1mportant for future analys1s

- To determme the absolute values of the Cross sectron we used the’ same :

k - scaling factor as for 142Nd which was obtamed from: the comparlson of the -
“maximum of the cross section of our data for 142Nd measured under the same.
- : cond1t10ns as 208Pb with the calculated Cross sectlon with’ the Lorentz d1str1—~
bution parameters from Ref. [22] A correctlon on the a(7,2n) contrlbutlonf
- was determmed according to the statlstlcal theory [23) wrth a level densnty e
- kparameter obtained from ﬁttmg of partlal cross sectlons 0(7,n) and 0(7,2n) ‘:3"

from Ref [24]

i

H—)

' 4 - Analysis of cross sections and extraction of pa-

3
+

' rameters

For |nterpretat10n of the experlmental cross sectlon we need a quantxtatlve , "

s 1nformat10n Wl‘llCh can be compared with the 1nformat|on obtamed from other“

measurements or some theoretlcal calculatlons There are several possrbrhtles' :

of the presentatlon of results dependmg on the main goal of the sub _]ect

Frrst the cross sectlon can'be approxnmated by a Lorentz curve (or two_"l'

Lorentz curves if we are deahng w1th the case of statlca]ly deformed nuclel), G

. and ﬁttlng the data we obtaln the parameters of th1s curve In thls case all

|ntermed|ate structures are 1gnored Such systematlc of Lorentz parameters

= for the cross sectlons obtalned by the quasnmonoenergetlc photon technrque

was suggested in Ref. [3]. These parameters can be used for the following de- ;i«iu
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‘f Frgure 1 ('y,n)2°8Pb Cross sectlon a) w1th the step 25 l\eV [5] b) w1th the -
: step 50 keV [5], c) w1th the step 40 keV from B to 8. 5 MeV w1th the step

60 keV from 8 5 to12 MeV and w1th the step 120 heV from 12 to 22 MeV

B ternunatlon of empmcal formulae of the GDR locatlon and mdth in spherlcal

contrlbutlon to the mtegral cross sectlon

and deformed llllClCl as e.g., in Ref. {25].

Second the cross section is presented as a superposition of several lme

'~Vsets a type of whlch is determined either by some physical consrderatlons or

+ by real features of a curve studled We assume that ‘the GDR is not the
smgle collectlve state w1th the w1dth 4 6 MeV but a superpos1t10n of many'

f‘ resonances with smaller widths located at dlfferent energy ranges It we hnowf

' the structure characterlstlcs we can reveal thelr locatlons and estlmate thelr I

P

+

. The :cross ‘section of (’y,n)mst ‘has we]] determmed structures on. the e

Io“ euergy tail of the GDR and thus the second method of the developmg of

lnformatlon is much more 1nformat1\e On]y energy pos1tlons of these struc- ‘

b ,structures (e\en the presence of some of them like the poorly resol\ed le\el R |

B ,~tures glven in Refs [6 24 26], are less useful for a comparlson w1th theoretlcal T

1 i B U
calculatlons Pt

3 The experlmental (’y,n) cross sections: cons1dered in thls paper are pre-‘

sented in Flg 1. Tlus ﬁgure shows that the shape and contrlbutlon of dlfferent Lo

. . nmear 7. 43 MeV) of the results obtamed w1th a dlfferent step of E,,maz depends‘ e

’ on the resolutlon and accuracy of measurements

'

One can e}\tract a set of parameters wluch are shown in.a table in case of

approxunatlng the (’y,n)~cross sectlon by the Caussmn cur\es o

olmm) = Zao exp—[(E Eo) /2621 -

where o}, E}, 6; are the resona.nce amplitudes, locations and widths forming .. -

_ the cross section, §; is the square root of a ‘relevant variance and is related - -

with a half maximum width I; = 23556 Using 'this set one can obtai_n ;

relative (in %) and absolute (in mb MeV) contributions of a single peak to the: ae




nTable 1: Parameters of decomposrtron oi' the (7, )208 Pb cross sectlon by Gaus-

© ‘sian curve sets and COIltI‘lbllthI’l of each resonance to the mtegral cross sectlon .

, /v‘
- : | V o Contr,» Contr.,'
N a, rnb E, MeV 5, MeV I‘, MeV" ml) MLV , ‘7t> f )
"‘1 6112 »/' 7.6040.01 00951:0003 U022 | 143 | oas |
2 3143 | 8.00£002 50;\13531:0.‘614‘ 1'().‘32 05 036 |
3 314 5.6420.06 0.304£0.026 | 0.72 | 237 | 081

14 504 9:1420.05 | 0.235£0.015 | 055 | 203 | 100
5 “51i6: | 947i003 0141ﬂ:0 015 03 179 061 :
6 13323 | 10.0320.02 | 021520018 | 051 | 24 |
7| 7622 \10}63&0.03 0.076£0041| 041 | 337 115
8 | 1704 '1'1T;33'£d.63 0422:!:0 076 | 099 1894 | 6ar |
91 48:!:1; ’112'.2‘()3;(')1.’10' 0260:&:0 076,‘ 061 310 - 1.06
10 | 6184 | 13.56+0.02 | 1.227£0.063 | . 2.89 19026 | 65.00°
11| 544 | 16.00£0.10 | 0.834£0.040| 196 1110 | 386
12 | 11743 /18.2:Oj:0,08" Lossi0.014 | 398, 494.7 | 1690

8
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W ‘where QA

integral cross sectjon. ‘The last one is calculated as a sum of squares vunder.the :

Gaussian curves.

5 ‘ Comparison with t_he;theoyry,

The theoretlcal calculations have been performed ‘'within' the QPM developed' -

in refs. [14 16]. The wave functron of an e\(crted state with taklng 1nto account'_ -

- the couplmg between the snmple (one phonon) and complex (two—phonon) con- ‘.

ﬁguratlons has the followmg form o ‘ o
,,(JM) = {ZR (JV)QJM, + ‘Z ) (Ju) [QA,,,QA, ] Yo (4)
A A’t’ L o ) B

is the phonon creatlon operator and v is the number of excrted i

. state, ‘Ilo is the phonon vacuum The phonon characterlstlcs are determmed»n

B "from the RPA equatrons The equatrons deﬁnmg the energres nJ,, of the state k

(4) and ‘the’ quantltres R and P’ are grven in ref [16] For the 1ntermed1ate :

and hlgh excitation energres where the level densrty is hlgh 1t is reasonable to >

“calculate the correspondmg strength fllnctron

| el L A e e e
b((I) V) Zlq’.}ul 271_(7) 77-7 )2+A2/4 (5)

. Here <I)J‘, is the amplxtude of the excrtatron of the state (4) in a nuclear reac- -
; tron Ais the averagmg energy mterval It is, worth mentioning. that a strength :

‘ functlon 1s essentrally the same as a response function (see ref [16])

The nuclear photoabsorptlon CTOSS. SeCthI'lS are related with .a strength

k functlon For example the energy averaged cross SeCthIl of the dlpole photon

adsorptron can be wrltten as

where Tyt in mb E is the photon energy in Mev b( E1 E,,) o o2 ~2, i

9



' the Sa.xon-Woods potential with the set of parameters from o our prev1ous pa-

per [29] whrch is a modlﬁcatlon of the set from ref. [30]. The smgle—partlcle

o spectrum was ﬁtted to reproduce ‘within’ the QPM experlmental data for the’

’ energles transrtlon probabllltles and spectroscoplc factors for low lying states

; of 2c""Pb and nelghbormg odd nuclei [29] The constants of the dipole-dipole

o 'force and multlpole—multlpole forces W1th the Bohr—Mottelson rad1a1 depen- -

f 'jdence were chosen durmg avﬁttmg procedure The ratlo of the 1sosca1ar to the .
: " isovector constants has been ﬁxed so as to descrlbe the experlmental posltlon o
"of the’ GDR .Our smgle—partlcle spectrum mclu(led all quasrbound states ‘with

\ 1 'the orbltal momenta l < 9. A good descrlptlon of the transmon prol)abllltles :

w1thout a.ny effectlve charges conﬁrms the completeness of our, basls Our cal—

b culatlons of the mtegral characterlstlcs of glant resonances in 2081’() 31, 32] arek

m very good agreement w1th other calculatlons [9 12] talung the smgle partlcle :

W kcontmuum 1nto account exactly

IO

Let cons1der the theoretrcal descrlptlon of the GDR mtegral Clla.raCtCI‘lSthS o

in 208Pb For the energy mterval 10. 0—17 0 MeV we obtained the follomng -

values for the energy centrord Ez =z 13.35 MeV w1dth I‘ = 3 5 MeV and the

T.gf_vyvenergy wexghted sum rule’ (EWSR) is ‘exhausted by 80 % (we have used the'f
"value A'=100 MeV) 'The experlment (3] gives E = 13 46 MeV T = 3 9 MeV‘
and the EWSR is exhausted by 89 %. One can see from Flg 9. a rather :

\ v good agreement of experlmental data w1th the theoret1ca1 calculatlons for the

'photoneutron cross section. Some overestlmatlon of a cross sectron near a

-,

8 maXJmum and underestlmatlon of a high’ energy part in our calculatlon are

caused by the truncatlon of a large number of two' phonon states whlch are
' ’weakly coupled with one phonon states... An mtegral contrlbutlon of these

components may be essentlally taken mto account by mcreasmg the cnergy

ER
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Flgure 2 E\perlmental (dots) and theoretlcal (sohd curve, A = 1MéV)
(7,n)2°8Pb cross sections. Calculation wnthm the RPA in arbltrary umts 1s1 B

prcsente(l by vertlcal lmes R

200 i T

+ 1504+,
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I‘lgure 3: Low-energy part of the ('y, )2°8Pb Cross sectlon (dots —experiment, -

sollld‘vcurve( - the sum of E1-and M1- photo ‘absorptlon calculated with ‘.A_, :—-',

0.2 MeV.
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. averagmg parameter A. The: results of the RPA calcu]atlon for the d1pole‘
‘ ‘strength dlstrlbutlon 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 sectlon
N They are located near the RPA collectlve states. “The- couplmg of the last
~with. the two phonon states results in a redlstrlbutlon of the dipole. strength
For the low energy part where a level densnty is not so high substructures are :
pronounced The i 1ncreasmg of the excrtatlon energy leads’ toi mcreasmg of the.
! . level dens1ty, and as a result, substructures dlsappear One can’t observe any
substructures in: nuclel w1th open shells because of the h1gh level densrtles and
,:strong couphng between conﬁguratlons [7 16] :
As 1t ‘was mentloned above the most pronounced substructures ta]\e place,
! 1n the low energy. GDR tall \see Flg 3) To shed more 11g11t on the prob- .
| Llem of the substructure ex1stence the low energy part of the cross sectlon wrth‘l
- smaller A= 0.2 MeV has been calculated ‘The results of calculatlons are given -
“ n _F;lg_é Our calculatlons reproduce the main structures at the excntatlon en- :
‘ergles 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 E1- (dashed lme) and Mi1- transntlons As can
be seen from Flg 3 the isovector Ml resonance (Wthh propertles w1th1n the
-QPM, were studled in ref [33]) contributes essentially to'the cross sectlon in
this energy reglon ThlS result is. in good agreement with the experlmental M1
strength d1str1butlon whlch has been measured w1th lughly polarlzed tagged
S "kphotons [34] We" fall to reproduce the substructure at the energy 8 MeV,
£ nevertheless, there is a two bump structure in the calculated El—absorptlon
~ cross section at:lower energies. “The existence of two- bumps in the energy
o 1nterval 7-8 MeV was predlcted in our old calculatlons [7] too. Some dlsagree?
L ment between calculatlons and’ experlmental data may ‘be caused apparently‘ :

by inaccuracies of our smg]e particle energies but we didn’t try to get an ideal g

v 12

: collectlve and noncollectlve degrees of freedom in 208Pb

-des‘cription of e)V(pe‘rimen‘tal; data. It is worth mentioning that E2—-trans1t10ns .

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

- Lt

6 ‘Conyclusion,s

"One can conclude from our investigation- that identification of the intermediate ;

'structures in the low energy part of the photoabsorptlon cross sectlon in ?OBPb g

e

is rehable Mlcroscoplcal calculatnons reproduce rather well partlcularltnes of
the experlmental Cross sections. It 1s possnble to’ 1nterpret the' energy de‘..

pendence of, tlus cross sectnon as a consequence of a unumform dlpole strength ol

‘ dlstrlbutlon due to the smgle partlcle shell structure and the coupllng between ,
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