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Introduction

At present, there are experiments [ l , 2 ] on electron-nuclei scattering,

1n which measurements were performed for a set of nuclei in the quasi-

elastic peak as well as in inelastic region. Analyzing these data in the

Д -isobar region usinq the dispersion relations we have concluded that

the cross sections on nuclei 1n this energy region are very sensitive to

the nuclear models. This fact 1$ connected with the pion production total

cross section high sensit ivity arising when taf'ing into account Fermi motion

and also with resonance nature of the processes on single- nucleon. Ih r̂e+'nr.-.

•i join;; analysis of tfie data ii> both regions (quasi-elastic scattering ami

pion electroproduction) enables ont» i:e obtain a more confident Information

on investiyaiad models of я m--.\':eus.

The shell mode]; И I-.ft j i f f e r e n i г>гт of potentials are w>ueiy us»'.1 "n

the analysis of experimental results on the l ight nuclei. Amow their, nhs

model with oscil lator potential 1s a most popular one. The ( в, S'p ) v

( p , 2p ) experiments confirmed reliably the shell structure of nuclet es.v

showed that the protons on different shells move at different potently к ,

At present, the Information on binding energies £ for protons on di f fer-

ent shells Is available [3.4,5] for many nuclei with A < 40 with an
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accuracy f.-om or>t up tc sever-;! WeV. As tc the parameters of the oscillator

nocie] pc which are responsible foi the momentum distribution of nucleons

in nucleus, they ere determined from the experiment Indirectly, and there is

nc agreement in their values obtained in various Investigations. For example,

the osciTietor parameters for carbon [ з ] are 1.Б-2 times as high as those

for °Li end ''Be f s j , being at the same time higher- than for Si [ б ] .

For the other nuclei, there is practice!ly no satisfactory information on

the oscillator parameters for different shells. One cf the aims of this

paper is to test the possibil ity cf consistent description of e set of

l ight nuclei usif.'j th& oscil lator shell.model assumina that nuclei havinq

close atomic numbers would di f fer from each other due mainly to the outer

jnfii lecf sheils.

This Daper contains uree sections.

In Sect, i we dec1 mainly with obtaining the cross ч-.;пог. i r '•>-•:: <J.

\i,obar region on a fret nucl^on usinc the dispersion relations ever T,va: • •

in'с mass of produced hadrons S • A good agreement with t.h*; exoerimciU"-

Qdt3 on proton? and aeuterons is obtained.

'n Sect, с the eiuc^ron-nucleus crcis sections erf construct?;*. issw-

ng -n'oiilsc appro/uriarior, '-л tne identical form both for ;he elastir s.n<?

•osona'-'f.e '-eqions. A !:o-v; of tne -I'-OSS ser.tions ss suaqest?;-. ••.. ic. oeririts

J 5 .) ;;г.'-аан т.о the fsonance "eo^ori the ideas cf the she'n ;r$c-:~ ::'io'!Ty

!"!C !; i ' o r ^c i."? " a



1. Electron Scattering on Free Nuclson in Elastic

and Resonance Regions

Assuming one-photon exchange approximation the cross section of electron-

nucleon elastic scattering as well as the total cross section of p1on

electroproduction 1n the resonance region are convenient to express 1n the

Identical form, 1n which the contributions of transversely and longitudinal-

ly polarized photons are separated explicitly:

Л
г

s = ̂  + p } - = м -

Here M and у are masses of nucleon and p1on, P^p o , p ) and

Q(Qg)Cp\ are four-momenta of nucleon and photon, respectively, E-,

and E 2 are the energies of the incident and outgoing electrons in the

lab. system, в is the angle between directions of these electrons.

In expression (1) for the electron-nucleon elastic scatterinq QM(A.*\

and CJE ( Л г ) are the Suchs nucleon formfactors which at Д г ^ 1 ("£"")"

ire described well by the dipole formula
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То c a l c u l a t e the e l e c t r o p r o d u c t i o n cross s e c t i o n we use the d i s o e r s i o n

r e l a t i o n s f o r the i n v a r i a n t amplitudes Я1(5,"Ь) .., Я е ( ь Д ) C ^ J a t a

f i x e d momentum t r a n s f e r t . Note the main points o^ our c a l c u l a t i o n s .

Trie r e a l p a r t of the amplitudes cons is ts of the c o n t r i b u t i o n s of the

Born diagrams (which inc lude the f o r m f a c t o r s of nucleons and pinns) and the

d i s p e r s i o n i n t e g r a l s from the imaginary p a r t s of the correspond!no a m p l i -

tudes. The pion f o r m f a c t o r i n the considered reo ion is described w e l l by

VUM and has the form %{ЛС) ~ ( ' + Л 2 / с ; 5 ) " ' •

An e s s e n t i a l d i f f e r e n c e of pion electropr-oductiort from the ^ a l ch.oto-

product ion i n me resonnice region consists i n aooe-srance с ' л" -;1ррепо!ерге

of the resonance coup'ti^as ft'NN ЙГ> w ; 1 3 S '•r' - ^ ^ е ч г з п г р o+" lonn:';!<dv-.

at ampl i tudes. In R e f . [ ; ) } using the d i s p e r s i o n r-e'ia*11"/". ;•••'•• >v-* ••"^: • "•

a v a i l a b l e by t h a t t ime experimental deta on nroton юс- C T - ' - ' J -,:-il. •: •>

analys is a A" - p a r a m e t r i z a t i o n of m u l t i p o l e anipn'tudpr. ! * ; t h '-б'•/,••,• •.

smal'i number of f i t parameters was suggested proceed inn f ' rc^ <\r?.''.-- •• •• >

&r,6 d e f i n i t e asymptot ica l behaviour of t o t 3 l cro$- -.ectionr. а т. • i ••••:•-• .,••,'

In c a l c u l a t i o n s we used the r e s u l t s obtained i.n t . ! i 5 anaiysi- ' ''•" ^-.'i •• l ^c ics

M u - E - f. snd S ; + , correspond inq со re?on.;r-ce -c ,., ' •:: ••'•"'!.

Tne d i s p e r s i o n i n t e g r a l s агй deteni' ined mair>1.y by the. К.-, 1::л?- - « г -

^ance C G i u r i b u t i o n . To est imate the hiqf i-ererov c o n t r i b u t i o n s v/;- i.^c'i-'Ot-'d

г • ••';•?• -_л,1«•:-ipratier j i s o vh<; : o f i f " ^ b ' ; * ioris о' го^опйпее^; v , i t r ^ " n e r

•г.- . "! t.ny ar . f l l ys is . ' '-'j . ;.•;•• on ouf)C Pd -.Mst' net H in o':or- - ?ttrparo<l'.icr. 1 nn.

' h e i r c o n t r i b u t i o n t u r n e d o u t t o be n e a l i q i b l e ;.r, ' : л о 1 : г - ' ! г е ^ г . п л п е е r ^ i ^ ' T 1

Vo e l i m i n a t e t h e c i n e m a t i c s i n a u l a r i t i e s I n тгувг'-*г; v^r\-.:\'<>^



•fla(S,t) and ^ s ( S , t ) a subtraction procedure Is usually used f e ] .

The calculations showed that the subtraction contribution in the cross section

1s negligible.

Thus the below-given results 1n tho > s t resonance region practically

were obtained with the help of the amplitudes whose Imaginary parts are de-

termined by the P33 (1232) resonance, while the real parts consist of the

contributions of the Born diagrams and dispersion Integrals where only the

P3 3 (1232) resonance contribution 1s taken into account.

F1g. 2 presents the results of our calculations for electroproduction

1n the region of the P3 3 (1232) resonance on proton. One can see that

ther? 1s a good agreement with the experiment [ 2 , i o ] ,

To check up the results of calculations on neutron we calculated the

cross sections on deuteron with the wave functions taken according to

R e f . [ l l ] . As is seen from F1g, 2, the agreement with the experiment 1s qood.

2. electron Scattering on Nuclei

Let us assume for a moment that a nucleus is a set of free mcvirq nu-

cleons and the probability of scattering on д nucleus is added from the

probabilities of the processes on free niicitons*, hence the electron-nucleus

cross section can be written as

i л Г м м
= - ! — У r i e r V * п. Агч! Т п( IT) do" (?)

where I , I N are Invariant fluxes on nucleus and nucleon, respect-

ively, P ( P") 1s the density of nucleon momentum distribution.

In order to obtain expressions for the cross section on movinq nucleon

we make in invariant cross sections ( 1 , 2) the Lorentz transformation into



the system moving with a velocity p/Po • Omitting the intermediate

formulae present a final form of the cross section for electron scatterinq

on moving nucleon:

(in)

Хг) = (6V (S, AaJ + &L(S, A2)(<J01p 1 ros 6 P - p j ^ | ; T^prT^TJI

Here 6p and 'f are polar and azimuthal angles of nucleon momentum if

the Z axis coincides with a direction of q-momentum of virtual pnoton. The

kinematic variables in the rest system of the target nucleon are ciiaracter-

i zed by a pri me.

T'jbst'i *ute "'Ow the expression (8) into formula (7) takina into account

r.nat •., tp.a res t system of tarqet nucleus I = E i ^ q , 1 = E1 M =

ч •-•> po "" « i p ) and from the irwanance o^ the four-dimen-

sional phase volume there follows d E j d i l = d E j d u E ? / Е г

Performing simultaneously the intearation over azimuth i w i i » -f we

arrive г •. tne *оПо\*1пд exoression f o r the cross sect'*or. • ••-••
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The cross sections on single nucleon 6*T U(S,P; A ,) are given by

formulae (9-10) with the obvious simplification (cosa*f + y ) - * " ' f 0* ^ L

because of the Integration over f .

The cross section of knocking out of the free nucleon from the nucleus

is obtained from (13-14) and (9-10) by the replacements

(15)

When turning to electron scattering on real nuclei, there arises a

question on validity of application of formulae (13,14) corresponded to

quasi free picture of nucleons. In t^e region under consideration,

A Z > 0,2 ( — £ — ) > the contributions of the coherent processes are

small, and the effects connected with re~scatter1ng of final oarticies as

well as with the account of the Pauli principle may apparently be neqlected.

To take Into account the Fermi momentum of the t: '•qet nucleons we have

used the cross sections (7-10) for a free movinq nucleon, where for nucleon

on таза-shell the squared invariant mass of final hadrons was defined by

formula (12). For the bound nucleon ( р
о

г
 ф р

г
 + М

г
 ) from the dig-

ram corresponding to the Impulse approximation (Fig.l) the Invariant mass

of final hadrons may be estimated not assuming relations between eneroy aw



momentum of intermediate nuc ieon. We proceed -from the followino definition:

x ~ (Pfi ~

applicable to any nucleus ii under £ the Mndina е\~\?г'<ч nf ПННРО" nn

tfte given shel l for the given nucleus is implied. Here " ^ - 1 is k inet ic

energy of the residual nucleus, p q _ * - " P , the other 'i^sionations

3»-e defined accor-^inc ^n •"•'••..". ^or the calculat ions ^ i t h :JSP O*" ^he Fermi

• ode'i d would denote rie:- c-nerqy of seoaraticri •"•*' "..cisn:- from пис-Тр::-;

".'tnougr. we тагюс^ .lartvsMv the off-she'-1 e f f e c - ; ~*

• • I J P 'i a in 'OT L ^S ,. p Л :" ' tne Л .ieoeridp"ce ';v • ".

-.irii- "or тг,е free nuclear. n-.'prtnsless, ngvi^c .lef^ne^

'.':•. «e nave accountea *.ne'.- pf^ects tn^ou."" the :v-air v.;-;-'.,-?

' Qf cne strono ane»';_y 3t!*iic*.:.ir« '.resonance or J - ^ j n ^ f . I.T

•or .О' 1 1 ь< ; г 'ьоп we c " ? - o d u o e d •in:-;.- .'. .e t h e c U ) i p ' v

i.••"„."с r. i.;^ o v ' ' n a • ^ o r o r t s r:voC'j.c.e' en a ^ г ' > ' • л С

.-T" < J r -'С :' г. -j • - . ' , " * i f l h : P Т О Г ? ! ! • ' ; | П < ' - n S C t r , ! O P :'•: ..:•"• .



knockeci-out n.ucleon is dominant, from (16) fo>- the eneray o^ che «iscted

nucleon Ep + 5, follows the expression

usually used in Invest igat ion of the ( S, Q p ) react ion. The •••je o*

variable S is preferable because i t allows us. to include nro.Tt ly

i n e l a s t i c processes. Thus the cross sectiors on nucleus Is o'ete^-i-ed с

integrals (14) over phase volume of moving -ijcieon with ib* .«.'einhtina

i ons

O _ , .'!:rf O r ar? Ja^'ned i n (- ! 0 , H i ) .

'-;. ̂ r u r c ; ,y.- ' п . ; M together w i t h tb? •, ...i •;• ' '.-.a s n ^ i l .-.orif^ *"-ii ip' :; r v

1 ' : i o f ч - , | f - n p p i ' . ' i c n :.„•«! ( i s t i - i h j . M o n a i * ° н : * " •-•i • • . ч t i o n ~ f :.*•?• a p . o r o o c h

- • / c ' h ; r " . - •:'i o t f s . Г ? j f o f ! • « • ' е . 1 ' ? . - ! f : ( i , - t i e -. : - ч , - ?•> m i r ' i e i •»••.••••' * > £

Resui ts

We have done numerical calculat ions for two пгоиоз of nuclei *,-ith c!ose

atomic numbers 6 L 1 , 9 B e , 1 2C, and ? 4 Mc, H 7A1. 2 S S 1 . The пи с 1 eon

momentum d i s t r i b u t i o n was assumed to correspond to th» o s c i l l a t o r she1'! mo-

ael with including only 1£ shel ls .

Binding energies £ for the Hght nuclei arc Упонг fro-n fhe •' в.В,р

and ( p ; 2 p ) experiments with an accuracy from one tc s?vera't P$y (see,

e.g. [ 3 - 5 ] ). The values of these parameters used 1n our calculations and

l i s t e d in the Table are obtained for reasons o f a opttpr '^scrin^if.n cf г""?

o>.D»'rinent and agrep with the data of [ ? - 5 j .



The oscillator parameters p0 characterizing the nucleon momentum

distribution In nucleus were chosen also for reasons of a better description

of the experiment with certain restrictions. As a startino meaninn for

these parameters there served the values cf p0 for carbon taken from ex-

periment [ 3 j . The parameters for the other nuclei were arranoed in accord-

ance with the conclusion Г13J about almost l inear nrowth of p 0 with i n -

creasing the atomic number A for the inner she l ls , as well as РГОСРРСИПП

frofp t h * requirement tnat the parameters of the closed shells of the nuclei

vHtn near-by A would not i i f f e r too much. a < i t e r e r taMishtrer t of nuantit ie?

Po for the inne*" c-nei'^ tfie values of C3'a' ; ' f tf" ' for outer shplis were

i n a l l y f i t t e d . Var: . .u<. . - s . - . s i t i v ' t v o f t h e c r o s s i,,-----••"!<. i n t-hp r o n i n v •••

•jai'.-f. l a s t i c лпа rt^vr.^c.c, r e r k s t o ч г ^ р е - ^ " ,-• . • • . . - -

' • H ' t l y L o n t r o l "r"t;se • . . • • , r t ' t ' i e 5 . ' о г ^ o i f o a r i ' - o " :'•• ••

s e e r : t n a t i ^ e w b t a ' n e c c u r v e s .:esi". г ь ; р w p l . ' : . - .ovre»'T

-i--.i t h e ' : i a p 2 S •;: b c t r - q u a s i - 8 ! я - - ( . i .,.••,•».-,-•, r,.- ^

r./;'~! i ' . ' i

I r - C Г ••.. , i , ' • ' } , ' ' \ * ' , C l * ' ] r '

• '. '' "\ • r e



nowever to reach an agreement with the exoerirrent thev had to introduce the

suppression coefficients connected with nucleon absorption О
л
] inside the

nucleus. These coefficients (C.2 * 0.5 for (е,б'р ) and fl.5 * 0.8 for

\ P) 2 p ) are large and cannot be calculated precisely: therefore thev

;-ey incluue both effects: real absorption and underestimation nf oaranet.ers

p
o
 . The liiagnitude of the so-called mean-souare radius of nucleus charne

distribution < Г > ' >is determined by the same parameters p
o
 . ти

Р

difficulties concerning the consistency of this ouantity derive!.' from •Affer-

ent Dnysical orocesses - the electron elastic scatterinn on r.-uc'iei ЙГП the

:
Jjdsi-eiastic scatterino on bound nuc'ir-o-is inside nucleus are rentier-^ 'n

-i-^ л-j >-»•• ! s e e f.o. 4 p f .
 r
 •. T n p " T O - L - s t s t.np v a l u e s o

f
 •' "-' "

• . . ' -• ' . - O w i t h C\.-r ! d » " . ! ' ' i - .•'•; : . O ^ P S f i ' r ! * ' ' ! t ^ e o : . n n ' " <-:< '•' -

• • . - : j r r t ' i i ' * n e e l a s t i c s c i г i f .-,• . - . . . . л ; ? '.•>• •• ^ ; ; i . . . - . v v

j r oe o u s ' i r ' v e d f o r Me anc V . n e v e r t n e - t s . '• „г?*' ,: •;•;,• •u;'N~- :%" "^

r c i " iat ' . : '" г.с'гзгго:-.' '"; f c t n e w . f i " i e ?т>. >л 1 e •= v o u r !"«.•:.• \. •.•••> ; . - i - - -

:-f t n e r . u c i s i -•.••..•. s u u n r e r a d i !

' ••".. V I C f ' T . ••'.:•' :'OI'
 J r

. ' " : C ' ' . - n
r
 "> f f t-Г Г ' "-



he nucleon inside nucleus are cf the same order of maonitudp thus enhancing

tne probability of the correlative processes.

Hote in conclusion that we have carried out calculations assumino that

the proton and neutron shell parameters are equal. As 1s mentioned in

Ref. 19 , Investigations of ( e , e ' n ) processes are at the l imit of the

present-day experiment feasib i l i t ies. Therefore the processes ( е,в' )

remain practically'the only source to obtain information on neutron shells

In the electron experiments. In the quasi-elastic Deak region the neutron

cross sections are suppressed as compared to the proton ones, esoecially

at small A ' , therefore a relative weight o f neutron shell contributions

is small. In the resonance region total cross sections on neutrons •*:•••' pro-

tons are approximately equal [20] , hence the resonance reoicn 1s mre

sensitive to the neutron shell parameters. Unfortunately, there •irprri: ?t.

present many nuclei for which there exist experiments coverino besides tne

quasi-elastic peak also the resonnncs reoion. veanwhile, surb •,>-.ca for th-;-
2

values oi" E1 "nti A" , at which both гг;-эк-. а-'е стгспо^псс": ••< • \ . лгл o f

undoubted Interest disc from the viwooirt ,f studyino 'isrtroii r!.'stribi.ition

1r> nucleus,

The authors are indebted to H.n.VartaDetyan and G.G.Mkrtcrvan for the

useful discussions.

The manuscript was received 4 January 1985
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Figure Captions

F i g . ] . Тле impulse approximation diagram.

r i g . 2 . Ine cross section of ( e , 6 ' ) Drocess versus the invariant

indss W - N/S" f o r scatter ing on nrotons - experiment [ i n I

at K' ~ 0.35 (GeV/c)' i, E j = 2.7 GeV; on protons ami

oeuterons - experiment [ 2 J at A ~ 0.?^ tSeV/cr.

Е- = 3 GeV.

f i g . 3 . Scattered electron energy spectra f-'ur Be, * i , SI ' - - ^ > . '

nuclei - experiment f 2 j at Д -^0., '-^ 'r:'~'.'/c!'

• к . ;•. S c a t t e r e d e l e c t r o n e n e r r y s ^ e i ' t r a f o r L i - •':. 'Ar w,-!<*r р ц г . •=>•!
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