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Реакции yiipvroro рпсгпянин протонсо и ктктупруг иго

ВЫП"ИП«НИЙ (p.p'd) на ядре
 b
Li

Ь £л^ках те<рии Гллуоера-Ситенко исслепогшш.' процессы упругого

ратчнпия рпротоноп при эииргии 0.2, С. С и
 1
.С 1,-»ь и квазиупругого

выживания (p.p'd) на яд; в Li г использорииием реплигтичегких

HCU!H()PI,IX функций ;mp«-VMuienM. Рассчитаннме пиффоренциальные сече-

ния yn['viorf раггсяния хорошо согласуются с экспериментальными

длимыми. Дифференциальное сечения реакции Li(p,pd)^ie r> неном-

плпнйрноР геометрии р рамках плогковолновгцч: приближения качест-

венно согласуются с экгпериментпльн1.1ми лан.'п.'1/и. Мсслепг-ранп зависи-

мость сечении от випп волновой функции япрл-р/ишени.

V.V.Pereaypkin, E.T.Ibraeva, V.I.Kukulin

Proton Elastic and Quafii-Klaatio (p.p'd) Knock Out

Heact ions on Li Nuoleus

The eiaatio protou acattering at energies 0.2, 0.6 and 1.0 GeV

and quaai-elaatio (p.p'd) knock OUT reaction on Li nucleus are

investigated within GJauber-Sitenko theory using the realistic

wave funotiona of a target nucleus. The calculated elastic scat-

tering differential cross-sections agree well with experimental

data. The Li(p,pd)
4
He differantial croas-sectiona in noncoplanar

geometry within the framework of the plane-wave approximation

agree qualitatively with experimental date. The cross-section

dependence ou the target nucleus wave function form is inveatiga-

ted.
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1. INTRODUCTION

fteactiona of purtiolea at:'on
t
";ly interacting with nuclei make

it possible io derive from experimental data the nucleon diritri-

bution denoity in nuclei, muitipartiole correlations and the ot-

her important churaoteriatica of nuclei and aloo to otudy the

badron-nuclei interaction mechanisms. In anaiiain^ the eluatic

or inelastic hadron ocatterin^ at intermediate energiea one uaual-

ly employs the approach [1\ where either (donaity-dependent) ef-

fective N-N force or the averaged G-matrix is weighted by the

density function of the target nucleus which ia derived from the

data on fast electron scattering. Thus, the information about

multi-particle correlations and mechanisms of the incident hadron-

tarfjet nucleus interaction either does vox appear explicitly, in

general, or incomes implicitly through tho effective interaction

constants. In esaence with thio theoretical interpretation of

experiments no new information on intra-nuclear correlations, on

epecific inechaniorns of the faat hadron-nuoleua interaction can

be produced.

On the contrary, we use quite a different approach [2J pro-

ceeding from the nuclear wave functions calculated theoretically

within the framework of a multi-particle dynamic model of the

light nuclei (.'J \ and studying the influence of multipartiole cor-

relations on the orooa-secciona of the elastic, inelaatic and

also quaai-elaatic fast hudron scattering by certain axpecially

chosen nuclei. Then, in contrast to a standard interpretation,

given at the beginning, (i.a. with use made of the measured

experimentally charge density) we can connect on the baaia of a

single model a set of the phenomena and experiments of different

types including the strong, electromagnetic and weak interaction.

It is then very informative to oompare tho theoretic predictions

and experimental data for the electron and hadron scattering

( T\~
 г
 р etc.) since a complete information is, thus, obtained.

A simultaneous analysis of the quasi-elastic scattering within

the sama model makes it possible, in prinoi^.e, to estimate the

contribution of distortions in the finite state and also that of

the processes of the spectator knock out.

In this paper we consider the elastic scattering on Li

and the reaction of deuteron knock out Li(p,p'd)oC in the

intermediatf? om-r^y vangB, To describe the nuclear reactions in
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this energy range a Glauber-Sitenko multiple diffraction scatte-

ring theory la now successfully employed [2J.

Choosing the nucleus Li as a target ia not accidental.

This nucleus contains a sufficient number of nur.leons for the

cluster correlations to be raanjfeot in its proporties. On the ot-

her hand, a relatively small number of aucleon.i that compose Li

allows one to calculate with good accuracy the wave function of

such a system. Aa it is known neither shell, nor ordinary cluster

oL+d wave functions of Li can describe the entire set of

the available experimental data. In recent years a multicluster

dynamic model o£ light nuclei with Pauli-projection (MLNP) hat>

been developed in L3j« It is baaed on the pair microscopically

substantiated interclu.iter interaction potentials included the

forbidden (by I-auli principle) bound states with further excluf'on

of their contribution from the exact eigenfunctions of a multi-

cluater HamiltoDian. To this end a specific technique of orthogo-

nal projection was developed [4 ] and for obtaining the eigenfunc-

tions of multicluster Kamiltonian a convenient method [3] of mul-

tidimensional Gauss expansions of the desired multi-dimunsional

nuclear wave functions was worked out. A detailed study within

the MLNP was done for nuclei A=6 (He- Li- Be) [>-6j. Here we

make use of the wave functions of Li found [3.5] within the

three-body model', di + JI + И. To describe the N11- and H^ -inte-

ractions both realistic and simplified interaction potentials we-

re used: model 1 - the potential V j ^ was chosen ьа а square well,

and for the Net -interaction the known Sak-3idenharn-Breit (5HB)

potential vraa exploited, the model 2: \\щ is tho Reid soft core

potential and for V ^ , u s e was . ade of the potential constructed

by V.Pomerantsev taking- into account the even-pven splitting which

is equivalent to the aocount of the exchange effects in each

Not, subsystem. The corresponding wave functions of Li will

further be denoted through 1,2 . These funotions reproduce well

the mean-square radius, the magnetic menent of nucleus, the longi-

tudinal and transverse electromagnetic fonnfactors and reproduoe

reasonably the energy spectrum [3]. It is, thus, of interest to

oaloulate the crosseotiona of nuclear reactions uaing the wave

funotions 1,2 and to compare tha results obtained with the avai-

lable exporiiaontal data.



2. ELASTIC p
6
Li-SCATTBRING

Within the diffraction theory [2 ] the amplitude of the

tio proto

deternined by

t

elastio proton scattering by the nuoleus Li in the o.ra.e. is

it ]
where 4"

c
 is the nuoleus wave function, u is the transferred

momentum, ~p is the inoident proton momentum in the cm,в.; R,

are the coordinates of cm. of a nuoleus, £1 is the total profi
le function expressed through nuoleon-nucleon profile funotions

where p! ie the radius-vector of (' -th nucleon in the plane of
an impact parameter. The profile function Wpj is conneoted
with pbl amplitude of the elastic scattering 4.(ч) °У в two-

dimensional Fourier transformation 1

The experimental data on the elaotio pM -scattering at

intermediate energies in the small transferred momenta region are

well reproduced by the choice of r» N -amplitude as

As the wave funotion of the ground state of Li we choose, in

accordance with Гз\» the dominating
 3
& ^ -component (with its

corresponding renormalization to 1) in the form of [3]

where the values of C
n m
, <̂ r\ and P>i« for eaoh of the models

concerned are determined in [5.6},the coordinates Pr r^-f^

^ , R j a £ / i / 4 and <^ы -wave function of an
o(. -particle choasn, are chosen, for simplicity, in the Gauss

form
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The parameter t ia detennined by the mean-square charged radius

of an (X -particle which is equal to 1.63 Fm.

Using the functions (5) simplifies much the calculation of

the amplitude of elastio p
6
Li scattering F(q*) and reaulta in

simple, although, cumbersome purely analytic expressions . The

differential cross-section of the elastic proton scattering by

Li equals 2

(7)

Figures 1 and 2 show the calculated differential orose-seo-

tions ot the elastic p
6
Li -scattering iko/tlQ- at incident pro-

ton energies 0.2 and 0.6 C-eV, respectively. ?he experimental data

at Tp «0.2 GeV are taken from [7 ~\ and at T , =0.fc> deV - from

Ref. [87. The Mil amplitude parameters at T.-> -0.2 CeV v/ere set

to be equal to: (j^-2.5 Pm
2
, (5^-4.7-; Pm

2
, a<> -0.530 Pm

2
,

a ^ -0.697 Fm
2
, dp -0.942 ?m

2
, <X

 л
 «0.973 Fn

2
, f

p
 -1.22,

f^-0.84 [9l, at Tp «0.6 GeV - СГр «3.61 Fm
2
, 6^=3.60 Pm

2
,

ap = a'=o.i pm
2
, a^-a'^o.n F.n

2
, y,, =c.37a, f

ft
 -0.205 [10].

A solid line corresponds to the calculation with tha Li wave

function of model 1. The calculation with the wave fraction of

model 2 in the given scale is not distiquished from the results

of calculation with model 7.

The calculations performed in Pigs.1 and 2, as it should be

expected, reflect the fact that with increasing energy of incident

protons the diffraction scattering mechaniam is manifest essenti-

ally. The absence of the diffraction minimum filling in the dif-

ferential сгозз-section at 1p e0.6 GeV can bo uue to several rea-

sons. For instance, it is known that in the case of tho elastic

pd-scattering the diffraction minimum filling is often associated

with the D-wave contribution. Thus, probably, the account of the

neglected components of Li wave function whose weight does not

exceed 1C% can give at leuat partial filling. The filling of the

diffraction minimum dopende much on the value of the parameter

]f [ and the account of 3pin to-лпз in the nucloon-nucleon elastio

scattering amplitude (4).

к)
Details of calculation are given to all who needs them.
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tfe've also calculated the elastic p Li -acatteriae at the

incident proton energy Tp »1.0 GeV. The Ш amolituda parameters

(4) v/era act to be equal to: (T
p
 =4.75 №

2
. 6 ^ -4.04 Fm

2
, a

p
« ft'

B
 D.'=0.17 Fm

2
, lC-ш-О."!, ^, я-0.4 L

1 1
]-

 A
 comparison of the cal-

culated 'differential cross-3ections for the different wave func-

tions of Li with the available experimental data [в] leads to

the results siailar to those shown in Fig.2, i.e. there exist3

almost complete coincidence of the calculated differential cross-

sections with the wave functions oJ nodel3 1 and 2. A single dis-

tinction of the calculated differential crosa-aections at energi-

es Tp =1.0 GeV frora the results ^iven in Pig.2 implies that at T »

=1.0 GeV the diffraction minimum is smoothed out significantly.

This is associated, probably, with the fact that at this energy

the scattering is accompanied by larger, than at lower energies,

momentum transmissions ana, correspondingly, the incree.se in

contribution of aisall, highest in orbital moments, components to

the total wave functions of target nucleus, which are correapon»

dent to, however, more r^gid momentum distributions. These momen-

tum distributions and, aleo, the corresponding pair correlations

of particles should be well enough manifesto in the reactions of

quasi-elastic knock out of deuterons Cp> p'd ) t especially ax lar-

ge relative momenta of intranuclear "deuteron" and spectator. We

emphasize that in a three-particle model ot+H+Vl no assumptions

or. the produced intranuclear deuteron are sot. Thus, the douteron

knocked out from Li is forced in our approeeh during multiple

scattering by sie&zis o£ the correlation in the finite state of two

knocked out nucleon.4 with а scifc.ll relative momentum. Therefore,

it i.4 interesting to consider the reaction Lilp,p'd)ol usin<i

the realistic wave functions of Li.

3. INELASTIC (QUASI-KLA5TIC) PiiO'i'O'J 3CATTSUNU BY
 D
Li

Лееаиге of small geometric dimension of o< -cluster ( < i ^ -

- 1.4 ~&a) with respect to the mean distrioutioc. radius of two ex-

ternal nucleons (<г
ь

г
 >'

J
~ 2.55 Fra) and dcrige enough nucleon

"packing" inside o( -cluster the contribution of knock out

fro/.i U -cluster can here be neglected, although for analysis of

rigid Ж-Gorrelations ir. the knock out process (.(M
1
") certain

ujcou.-it of. this contribution is песезасгу.

'.Va consider in L, -syateni the inelastic proton scattering
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(of particle 1) by the nucleus Li (of particle 2) with, formation

of three particles in the finite state

1 + 2 -v 1 ' + 2' + 3; (8)

where \ ia the proton scattered inelaetically, 2 ' and 3'-deuteron

and «С - a particle, respectively. We assume the cros3-3ection

magnitude of thio process, the energy of 1 and 2* particles, and

alao the 1' and 2' particle scattering angles to bo known rrcm

experimental data. IVe write tho differential cross-section of the

prooess (3) through tixe known magnitudes.

We introduce the following notations: p. ( с «1,2) are the

incoming particles momenta, <£>'• ( \ "1,2,3) are the momenta of

outgoing particles, £.;,(.£.() are the particle energies in the ini-

tial (finite} state. Using the relntivistic kinematics and the

energy-momentum conservation law, the differential crons-section

of the process (8) can be written as [)2]:

,,tm,-6-<)-T ,i

\rtiere T^ i s the transition matrix met;nitude k.̂  E and Д are
determined by

;
z
 • л = p,- m;
z
 • л = p

and the magnitude 6. is the root of the equation

6
K

t E t £.+ E2' • (11)

If the 3 -momentum of an incident proton p̂  is much lar-

ger than the averaged nucleon momentum in the n'^leus, then, ac-

cording to the approximations used in [13 J.the differential cross-

section of the process couoerned can be expressed through tho am-

plitude of the reaction in the cm. system - proton-nucleus Li i"

where fct and t are the energies of particles 1 and 2 in their
c m . system
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(13)

The angle between the vectors f> and p' ie found from the

momentum concorvation law

(14)

The amplitude of the process (8) within the diffraction appro-

ximation оan be written ac

л 1
? ^ a A ^

(
V >

 05)

where ? is the transferred nomentum, 7c is the momentum of the

relative motion of particles 2' und 3' in the c.m.u. of

partioles 1 and 2. The total profile function for the inelastJo

process (8) Qi
n
 has the form

^ Л [ \ (.6)

where the operator

6

(17)

corresponds to the incident hadron interaction with deuterons (or,

more exactly, two-nudeon) target-nucleus cluster, and the opera-

corresponds to the interaction with o( (or lour-nucleon) - the

target-nucleus cluster, л is longitudinal component of the

transferred momentum.

The wave function of the finite state Ц/ £ involves the

wave function of an oC -particle Ф, - the wave function of a



-9 -

deuteron Ф
с
| and the fuaotion of their relative motion

In performing specific calculations the wave function of a £res

deuteron Ф ^ in the finite state was а1зо chosen in the Gauss

form [14]-.

3

Ф
с 1
(*П-Х А е*р(-С:Г

1
). (19)

As a first approximation we choose the wave function of the

relative motion of an c(.-particle and deuteron Ф £ as the

plane wave. We, thun, take into account distortions in the initial

channel and do not take then into account in the finite state,.Sin-»

ce for large relative momenta in o(-a degrees of freedom the re-

lative kinetic energy in this channel in the finite state should

also be large, the role of distortions in. the finite state ie re-

duced mainly to introducing the strong absorption, and this will

decrease much the incident deuteron flux (the deuterons are usual-

ly registered in the regime of coincidence with, a scattered had-

ron). As a result theoretical absolute cross-sections of quaai-

elaatic knock out (.t\p'd) are excessive by several limes. Never-

theless, all qualitative characteristic peculiarities of the an-

gular and momentum distributions are then conserved, and tl_is ma-

kes the approximation quite reasonable.

At the present tine there are the experimental data on the

Li(p,p'd)ot reaction at Tp "0.2 GeV [15] in a noncoplanar

geometry where the role of deformations in the finite state is in-

dicated above. Thus, not claiming for a quantitative description

of the experimental data within the framework of the approach con-

cerned, one can expect a qualitative agreement of the calculated

cross-section of the reaction with its experimental value. We note

that the calculation of cross-section o£ Li(p,p'd)cx reaotion

used in [15] and based on a traditional method oZ the deformed wa-

ves (more exactly, the impulse distortive wave approximation with

an oC -particle as a spectator) does not give a quantitative

description of the experimental data. Thus, using the general for-

mulas (13)-O9) and also (5),(6) after cumbersome enough calcula-

tions we've obtained the cross-section of the 6Iii(p,p'd)c< .

In Warner's et al. paper [15] to increase the relative momen-

tum in ot-Д channel at toe given (relatively moderate} initial
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energy of the incident protonp Tp -200 MQ'' the measurements were

performed under the 'jondition of noTieoplanar geometry v/hen a

knocked out deuteron and. rj_ -partiоle-Sragment outgo not in the

plane of the reaction given by the rioaenta of incident and scatte-

red proton, and tho deuteron momentum escape-? from this plane at

oerttiin noncoplanarity angle '-P' . The latter in Warners' et al.

experiments changes within т.Кч interval 0 <. u? 4 36°. A aero ang-

le corresponds then to the usual kinematics of quasi-eiastio deu-

xeron knock out v/hcn the finite raomenta of scattered proton and

knocked out deuteron are oppositely directed (i.e. to the right

and to the left) from the proton momentum. Hov/ever. ia calcula-

tions it is convenient to count off all asimuthal aagles (ft from

a single axis (say OX if "У1 is the direction of inoident protons)

ая in the usual polar coordinate system. With this ehoioe all an-

gles f from Ref. [5} are recounted in a simple way into a gene-

ral system of coordinates by changing the angles Ц> (Warner et

al,)-»270° + <(' .

Pigs.3-6 give the results of calculations of the reaction

cross-section at; different noncoplanarity angles <f> . A solid

line - model 1 of Li nucleus, and a da3hod curve - raodel 2 .

All calculated cross-sections in Figs.3-6 are normalized by

the coefficient 0.2. V/e analizcd the contributions of all multip-

licities of the re-ecattering to the cross-section value of deu-

teron knock out. It turned out that the account of all multiplici-

ties leads to reducing twit,e the cross-section. We note that in

Ref. [i5j the Li(p,pd; He reaction cross-sections were calcula-

ted on the basis of the known DV'/IA approximation which ia one of

tho versions of tha spectator model. Comparing theoretical calcu-

lations /rith experimental data the authors of Ref. [15 ] had to

introduce different normalization factors J\JM for tho different

nocoplanarity angles. Thus, the relation R.̂  Ny.-iUc' /\k^-l%V

in Ref. [15] equals « 3 . In our paper R-1. Besides that, the ab-

sence of the "prepared" ceuteron in a three-particle (tf. + 2N) wa-

ve function of Li and also a correct account of the c m . corre-

lations in the reaction amplitude prove to be a principle distin-

ction o£ our approach from th° spectator model. In other worda,

within a consistent approach similar to.ours even in the absence

of inoident proton reacattering by e< -particle the reaction сгола-

seotion is not described by the spectator raodel that neglects
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ouch multiparticla correlations.

4. CONCLUSION

Ля is seer, from the results of calculations given in Fig3.1

and 2, the experimental data on the proton elastic scattering by

Li in the region Tp =0.2. and 0.6 GeV do not present a suffi-

cient scope of information allowing one to judge about the deta-

ils of the structure of Li.

In contrast to this the study o£ inelastic proton reactions

wit и Li is an important source of information, even at tiie pro-

ton enerr.y Tp - 0.2 OeV as it follows from the results of calcu-

lations given in I'
1
 is:з.З-6.The calculations performed in the plans

wave approximation, indicate the available existing dependence

0 3' the
 0
Li(p,pd1 He reaction cross-seotion not only on the uti-

lized node! wave function of Li but also on the value of oo-

plaaarity angle, •"'h.us, studying the inelaatio (quasi-elastic)

proton scattering reactions by Li is an important source of in-

formation on Xia structure, .tispeoially informative in. this respect

should be studies of quasi-elastic reactions with polarised nuc-

lei Li which wakes it possible to divide the contribution of

S and ID -components of the ground 1
+
 state of Li and esti-

mate the contribution of interferential terms.

Comparing the reaction cross-sections, calculated in this

paper, with experimental data points out to a significant contri-

bution of dac distortion to the finite state- The calculations

taking into account the contribution of this distortion to the

finite state will be represented in the next paper. And., finally,

in analiaing the contributions of different multiplicities of ihe

fast hadron rescattering to the cross-section of quasi-elastic

deuteron knock out we've found out a significant contribution, of

high multiplicities rescattering to the higu-energy part of She

knocked out deuteron spectrum. Undoubtedly, quite analogous pro-

cesses of tae spectator excitation or knock out of th.e fragments

from the latter will give contribution, to the low-energy part of

the knocked out particle apautrum in any quasi-elastic expariment,

say
 1 б

О(р,р'
о С
)

1 2
С .
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Fig.1. Differential oross-aeotion of p Li scattering at T ш0.2

GeV. Solid line - calculation with Li wave functions in

models 1 and 2. Experimantal data are taken from

Pig.2. Differential cross-section of p Li-soattering at T *

a 0.6 GeV . Notations are the same as ID Fig.1. Experimen-

tal data are taken from Re?.

Pig.3. Croes-seotions of
 0

Li(p,p'd) 4te reaction at I
1
 • 0.2 GeV

under the coplanar geometry. Solid line - model 1 of Li

wave function, dashed line - model 2. Experimental data

are taicen from Ref.f5].

Fig.4. Natations are the same as in Pig.3 at noncoplanarity

angle i> m 274°.

Fig.5. Notations are the same aa in F.tg.3 at noncoplanarity

angle 4
s
 - 278°.



HotatJona era the same aa in Pig.3 at nonoopiaimrity

Валим Влялиуирови11 Герегь'пкин
hju;no Тулео^екпм'а Я^ряоьа
Влапимир Ипг'ипсвич KVK.VJIHH

[еакции упругс к pnr-геяния и квазиупругсго выбивания

( p . p ' d ) на яппе Li

Утвррждено к ПРЧЙТИ ученым советом ИТФ АН УССР

Г'епяктср A.A.Xpaf-pcна Техн.редактор Е.А.Бунькова
За к. УГ? Формат 60x84/16. Уч.-изд.л. 0,93

Поппигано к помати 9.С4.1С.У1 года. Тираж 2GC. Цена 5 коп.
1'плиггафичегкиГ "чагток Ингтитута теоретической физики ЛН УССР



Прщрннти Ыституту теоретично! фкчики АН УРСР
иоширкмоться серед нгукоьих чстаноь та окртих

шляхом взаимного обниму
252130. Кшв-130, 1ТФ АН УРСР

[иформатйиий

The preprints of the Institute for Theoretic*» Rhysfc?
are distributed to scientific institutions And d i i )

scientists on the tnutu&J exchange basis.

Information Department
Institute for Theoretical Rhysics

252130. Kiev-130. U S S R

h~*\ 07044


