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

Protcn Blastic and Quani-Klastis (p,p'd) Knock Out
Heactions on 6L1 Nucleus

The eimstic proton acattering st energies 0.2, 0.6 and 1.0 GeV
and quasi-elastic (p,p’'d) knock out reaction on ~“Li nucleus are
invostigated within Glauber-3itenko theory using the realistic
wave funotions of a terget nucleus. The calculated elastic scat~
taring diffarential cross-sections agree well with experimental
data. The 6Li(p,pd)4}ie differantial cross-sections in noncoplanar
geometry within the framework of the plane-wave approximation
agree qualitatively with experimental data. The cross-sec.tion
dependence on the targel nucleus wave function form is inveatiga-

ted. .
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1. INTRODUCTION

Reactiona of purticles strongly interacting with nuclei make
it possible 1c derive ifrom experimental data the nucleon diatri-
bution density in nuclei, multiparticle correlations and the ot-
her important churacteristica of nuclei and also to study the
hadron-nuclel intersction mechanisms. In anaelising the elastic
or inelastic hadroq vcattering at intermedinte energies onc usual-
ly employs the approach [1] where either (density-dependent) ef-
fective N-N force or the averaged G-matrix is weighted by the
density function of the target rucleus which is derived from the
data on fast electron scattering. Thus, the information about
multi-particle correlations and mechanisms of the incident hadron-
target nucleus interaction either does 1ot appear expiicitly, in
general, or incomes implicitly through the effeutive interaction
constants. In essence with this theoretical interpretation ot
experiments no new information on intra-nucleer correlations, on
specific mechanisms of the fani hedron-~nucleus iateraction can
be produced.

On the contrary, we use quite & diftferent approach [2] pro-
ceceding from the nuclesr wave functions calculated theoretically
within the framework of a multi-purticle dynamic model of the
light nuclei [31 and studying the influence of multiparticle cor=
relationus on the crosgs—sections of the elastic, inelastic and
also quasi-elastic fast hudron scaitering by certain expecially
chosen nuclei., Then, in contrast to a stundard interpretation,
given at the beginning, (i.e. with use made of the muasured
experimentally charge density) we can connect on the buais of u
gingle wmodel a set of the phenomena and experiments of different
types including the strong, electromagretic and weak interaction.
It is then very informative to compare the theoretic predictions
and experimental data for the electron and hadron scattering
('ﬁt, P etc.) ainoce a complete information is, thus, obtained.
A simultaneous analysis of the quasi-elastic scattering within
the same model makes ii possible, in princip.e, to eatimate the
contribation of distortions in the finite state and also that of
the proocesses of the apectator knock out.

In this paper we consider the slastic scattering on Li
and the reaction of deuteron kaock out 6Li(p,p'd)o( in the

intermediuate cnersy rangs. To describe the nuclear reactions in
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this energy range a Glauber-Sitenko multiple diffraction scatte-
ring theory is now suocesafully employed [21.

Choosing the nucleus Li as a target is not accidental.

This nucleus containsg a sufficient number of nucleons for the
cluster correlations to be manifest in its propeorties. On the ot-
her hand, a relatively small number of nucleons that compose 6L1
&llows one to calculste with good accuracy the wave function of
such a aystem. As it is known neither shell, noxr ordinary cluster
(1+c[ wave functions of 6Li can describe the entire set of
tha available experimenial data. In recent years s multicluater
dynamic model of light nuclei with Pauli~projection (MLNP) has
been developed in [31. It is based on the pair microscopically
substantiated intercluster interaction potentials included the
forbidden (by Paull principle) bouwid states with further exclurion
of their contribution from the exact eigenfunctions of a multi-
clugter Hamiltonian., To this end a specific technique of ortnogo=-
nal projection was developed [4] and for obtaining the eigenfunc-
tiona of multicluster Hemiltonian a convenient method {BJ of mul=-
tidimensional Gauss expansions of the desired multi-dimensional
nuclear wave functions was worked out. A deiailed study within
the MLNP was done for nuclei A=€ (6He—6L1-6Be) {3-6]. Here we
malke use of the wave fuwictions of “Li found (3,5] withia the
three-body model: o + N + N. To dessribe the NN~ and Nl ~-inte-
ractione both realistic and simplified interaction potentials we-
re used: model 1 - the potential VhHV wes chosen ns a square well,
and for the No{ -intaraction the known Sak-Bidenhuarn-Breit (SBB)
polential was exploited, the model 2: Yyy is the Reid soft cora
potentiel and for Vyti,use was . ade of the potential conatructed
by V.Pomerantsev taking into mccount the even-even aplitting which
is equivalent to the socouni of the exchange effects iu each

Mot subsystem. The corresponding wavc funotions of 6Li will
further be denoted through 1,2 . These funotions reproduce well
the mean-square radius, the magnetic mcment of nucleus, the longi-
tudinal and transverse electromagnetic formfactors and reproduce
reasonably the energy apectrum [3]. It is, thus, of interest to
oaloulate the crossections of nuclear reactiions uaing the wave
functions 1,2 and to compare tha results obtained with the avai-
lable exporimontal data.
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2. ELASTIC p Li-SCATTERING
Within the diffraction theory [2] the amplitude of the
elastio proton scattering by the nucleus "Li in the o.m.s. is
determined by
- i"F v 6 4
. [} “) j g < -
{-(-'13271'43‘12?(" &S]Jsr‘lﬂl S(R‘)Q(Yln)""‘lc)j (1)
&% jua 3
whore ‘-Y'c is the nucleus wave funotion, (T is the transterrsd
momentun, :64 is the inoident proton momentum in the o.m.s.; Rb

ara the coordinates of c.m. of a nucleus, Sl ias the total profi-
le function expressed througn nucleon-nucleon profile funotions

w :
o [ (- w 65
- - “‘ w N .."..'c )
§=t
where F& is %he radius-vector of (| =-th nucleon in the plane of
an impact parameter. The profile funotion wP- i8 conneoted

witha pN amplitude of the elastic scattering }((1') by a two-
dinensionel Fourier transrformation i

i
w, () = A S‘il‘i ¢ U@, (3)
\ lﬁlpq
The experimental data on the elastic PN ~acattering at
intermediate energies in the small transferred momenta reginn are
well reproduced by the choice of PN ~amplitude as

{5.G a1 Q, L
-."‘:t&-— & - -’:‘S‘& (4)
f @ Hop(-44)- et 4D
Ag the wave funotion of the ground state of 61.1 wa choose, in

acoordance with [31, the dominating 554 ~component (with its
corresponding renormalization to 1) in the form of [3}

- 2 2
V=2 ot palk)d,, (5)
n,m

whera the values of C,m, oy and Awm for each of the models
concerncd are determined in [5,6).the coordinatea V= FS-F‘.
ﬁaid- P—‘—'—E' » R‘l: Z__l?;/q and q’d -wave funotion of a,n
K'Y -partigle chogan, are chosen, for aimplicity, in the Gauss
form
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The parameter t 1s determined by the mean-square charged radius
of an { -particle which is egqual to 1.63 Fm.

Using the functiens (5) simplifies much the calculation of
the amplitude of elastio PGL: scattering F(J) and reaults in
simple, although, cumbersome purely analytic expressions™’. The
differential cross-section of the elastic proton scattering by

6
Li equals 7
s |-,
’a'l“‘i’\' (7)

Figures 1 and 2 show the calcoulated differential oross-sec=—
tions of the elastic PGLi -scattering dG/dC. at incident pro-
ton energies 0.2 and 0.6 CGeV, respectively. The experimenial data
at T, =0.2 GeV ere taken from [7]and at T, =C.6 GeV - from
Ref.[al. The NI amplitude parameters at TP =0.2 GCeV were get
to be equal to: CSP =2.5 Fm2, (Jn.-4 74 Emz Q¢ 20,530 sz,

Uy =0.697 Fu?, olp =0.942 70, Q'q «0.973 Fn, [p =1.22,
pn.o 84 (9], at Tp «0.6 Gev ~ ,Cp =3:61 FnZ, (o =3.60 Fm2,
ap =uf=0.1 Fn?, Q=0 =0.11 Pa®, P, =C.378, [ =0.205 [10].
A 39olid line correSponos to the calculation with the Li wave
function of model 1. The calculation with the wave frnetion of
model 2 in the given scale 1s not distiquished from the results
of calculation with model 1.

The calculations performed in Figs.1 end 2, as it should be
expacted, reflect the fact that with inereasing enerpy of incident
protons the diffractiou scattering mechaniom is manifest essenti-
ally. The sbgence of the diffraction minimum filling in the dif-
ferential cross-section at T}: =0.6 GeV can bo .ue to several rea-
sona. For instance, it is known that in the case of the elastic
pd~scattering the diffraction minimum filling is often associated
with the D-wave contribution. Thus, probably, the account of the
neglected components of 6L1 wave function whose weight does not
exceaed 10% can give &t lewst partial filling., The filling of the
diffraction minimum depends much on the value of the parameter

ri and the acccunt of sgpin terms in the nucleon-nucleon elastio
scattering amplitude (4).
T

Detailso of calvuletion are given to all who needs them.
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We've also caloulated the elastic PGLE ~gcatterias at the
incident proton erexrgy TP 21.0 GeV. The NN amplitude parsmeters
(4) wers sct %o be equal t0: Cp =4.75 sz. G, =4.04 sz, U, = a;
=£{’=O.17 sz, YP--O.1, [, ==0.4 [11}. A comparison of the cal~
culated differential cross-gsections for the different wave func-
tions of "Li with the availeble experimental data [8] leads to
the results similsr to those shown in Pig.2, l.e. there exists
almost comnlete coincidence of the calculeted differcntial cross=-
sections with the wave funciions ol models 1 and 2. A gingle dis-
tinction of {hne celicuiated differential crosas-sections at energi-
es Tp =1.0 GeV from the resuits given in Fig.2 impliesthat at T a
=1.0 CeV the diffraction minimum is smoothed out significantly.
This is agsociutcd, probanly, with the facti that at this energy
thie scattering is ecconpanied by larger, than at lower enersies,
momentum trensmissions and, correspoadingly, the increesc in
contribution of swall, highest in orbital moments, components to
the total weave functions of terget nucleus, which ere correspon-
dent to, however, more r.gid momentum distridutions. These momen~
tum distributions aand, also, the corresponding pair correlations
of particles should be well enough manifeste in the rvacticns of
quasi-elastic knock out of deuterens (p,p’d), especially at lar-
ge relative momexnte of intranuclear "deuteron" and spectator. lle
emphasize thet in 2 three-perticle model o+ Na+WN no agsumptions
o1 the produced intranuclear deuteron are scet. Thus, the deuteron
inocxed out from 6Li 1s formed in our approech during multiple
scattering by means of the correlation in the finite stats of tTwo
knockaed out nuclieons with a sowlli relative momentum. Therefore,
it is interesting to consider the reaction Li(p,p'd)xt using

the realistiic wave functions of “lLi.

3. INBLASTIC {QUASI-FLASTIC) PrOPOI SCATTEZRING BY 611
143

Recause of small peometric dimension of & -cluster ( (Qf):
= 1.4 ™m) with respect to the mean distrioutiorn radius of two ex~
ternel nucleons ( Afﬁjfh'z 2.55 ¥mj and derse enougl nucleon
"packing" inside L -ciuster the contribution of knock out
from  =-clusser cen here be neg.iected, although for analysis of
rigid Hil-correlations in the knock out process (p,p'd) certain
account of this contribuiion is necvesscry,
We consicer in |, -system the inelasiic prction scattering

Ve
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(of particle 1) by the nucleus 6Li (of particle 2) with formation
of three particles in the finite state

1T+2 > 1" 42"+ 3 (8)
where 4’ is the proton scattered inelestically, 2'and 3'-~deuteron
and o =~ & particle, respeciively. We assume the cross-sectiion
magnitude of this procesa, the energy of 1 and 2' particles, and
also the 1' and 2' perticle scattering angles to be known rrom
experimental date. We write the differentiel cross-=section of the
procegs (8) through the known magnitudes.

We introduce the following notations: p. ( L =1,2) are the
incoming particles momenta, pg( 5 21,2,3) are the momenta of
outgoing particles, E;(ts) are the particle energies in the ini-
tial (finite) state. Using the reletivistic kinematics and the
energy-momentum conservation law, the differential cross-section
of the process (8) can be written &s [;2]:

S AT AL AT,
de dQ A, (am)  p Lk (Eve)- ea] B
where T}; is the transition metrix mageitude &,E and A are
determined by
FESVE on (Sl S at
k.:‘gz_m: : A= P4 LOS(Q‘F,‘)a Plfosfkpf P:"

(9

) s (10)
12 V-2 - PIKS R 2 “,
= -{(-_ kA (Pt_ fa‘z) + o m: X )
and the magnitude & is the root of the equation
i —
Ete rE- e g, . (11)

1f the 3 -momentum of an incident proton p 1s much ler-
ger than the averaged nucleon momentum in the n:~leuz, then, ac-
cording to the approximations used in [13].the differential cross-
secticu of the process coucerned can be expressed through tho am-
plitude of the reaction in the c.m. sysiem - proton=nucleus ~Li Mri:

4 = my(me e VE, o5 B Uy Mgl
/ 4 - -— — - r . .
LlE.z_ iQ1 JQ_J. A.K'&(&A_ £ 3 ) E‘Amﬂ)« ‘IK (€ &) - (:A\

» (12)

where E4 and Ez ere the energies of particles 1 and 2 in their
c.m. system
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. y -\"‘; A,
g.tkeldn) o - Ve
pm— ) 2 = — i »
{1-v?2 INE '

(13)

T ; ) 2
A O ANV T LN
: ; y V= Bt - +m
R g+ My TU

The engle between the vectors E and F; is found from the

momentum concervation law
ks ( -0l o

<os (] P3 Piokes(p nJ) Py (ol 9 ) (14)

%Fz \'V\’l

%

1

The amplitude of the proceas (8) within the diffraction appro-
ximation can be written ac

M (%) - LS \'lclw i ‘L L@, (15)
“K 3 <4
where T is the transferred momentum, X is the momentum of the

relative motion of particles 2’ und 3' in the c.m.s. of
particles 1 and 2. The total profile function for the inelestio

process (8) S1;, has the form {13];
lg,2 lq 2 a0
Q, Qe g oM Laya, le [0, @] ()
where the operator
G
Qy=4-1(4w), (17)
=5 d

corregpunds to the inocident hadron interaction with deuterons (or,
more exactly, two-nucleon) target-nucleus cluster, and the opera-

tor
Q

corresponés to the interaction with { {(or lour-nucleon) = the
target-nucleus cluster, qi. i3 longitudinal component of the
transferred momentum.

The wave function of the finite state 4’:2 involves the
wave function of an of ~particle (POL ~ the wave function of a

ﬂ(“ “” (18)
J“

uL



) -
deuteron @/ and the funotion of their relative motion (3
In performing specific calculations the wave function of a free
deuteron qbd in the finite stete was also chosen in tne Gauas
form [141]:
3

Gy = 2 A exp(-c,rt), (19)
i=4 3 3

As & first anproximation we choose the wave function of the
relative motion of an ({-particle and dauteron q?j? as the
plane wave. We, thus, take into account distorsions in the initial
channel and do aot take them into eccount in the finite state.Sin=
ce for large relative wmomenta in cx~d degrees of freedom the re-~
lative kinetic cnergy in this channel in the finite state should
also be large, the role of distortiocius in the finite state is re-~
duced mainly to introducing the strong absorption, and this will
deerease much the incident deuteron flux (the deuterons are usual=-
ly registered in the regime of coincidence with a scattered had~
ron). As a result theoreticel abasolute cross-sections of quesi-~
elastic knock out (p,p'd) are excessive by several ‘imes. Never-
theless, all qualitative characteristic peculiarities of the an-
gular and monentum distributions are then conserved, and tiis mae
kes the epproximation quite reasonable.

At the present time there are the experimental data on the
6Li(p.p'd)(x reaction at 1]) =0.2 GeV [15] in a noncoplanar
geomeiry where the role of deformations in the finite state is in-
dicated above. Thus, not claiming for a quantitetive description
of the experimental date within the framework of the approech con-
cerned, one can expect a quelitative agrecment of the caelculasted
crosa-gection of the reaction with its expearimentai value. We note
that the calculation of cross-section of “Li(p,p'd)o remotion
used in {15] and based on a traditional method o the deformed wa=
ves (more exactly, the impulse distortive wave approximation with
an K =particle a8 a spectator) does not give & quantitative
description of the experimental data. Thus, using the generel for-
nulas (13)=(19) and alao (5),(6) afier cumbersome enough caloula-
tions we've obtained the cross-section of the "Li(p,p'd)ol .

In Werner's et al. paper [35] to inorease the relative moman-
tum in -4 channel at the given (relatively moderate) initial
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eaergy of the inecident protons 'Tp =200 Xe’7 the measurements were
performed undexr the zondition of noncopleaner geometry vhen a
knocked out deuteron and o ~particle~IZragment outgo aot in the
plane of vhe reaction given by *he ncmente of inciadent and scatte-
red proton,end the deuteron momentun escapes from this plene at
cextein noncoplanarity engle Y’ . The latter in Warmers® et al.
experiments changes within the interval O s&ﬂ'x 36°. A zero ang-
le corresponds then to the usual kinematics of quasi-siastio deu~
teron knock out wher the finite momenta of scattered proton and
knocked out deuteron are oppositely directed (i.e. to the right
and to the left) from the proton momentum. However. ia ¢slcule-
tions it is convenient to count off all asimuthal angles (p/ from
& single axis (sey OX if JZ is the directiou of incident protons)
es in the usual polar ccordinate system. With this choioe ell an-
gles ¥ fron Ref.[S] are recounted i1n « simple way into a gene-
rel system of coordinates by changing the angles Y (Warner et
al.)—270° + @ .

Pigs.3-6 glve the results of celculations of the reaction
crogs-secticn av different nouncoplanarity engles { . A solid
line - nodei 1 of Li nucleus, and a dashed curve - model 2 .

411 calculated cross-sections in Figs.3-6 are normalized by
the coelficient 0.2. We analized the contributione of &ll multip-
licities of the re-scattering to the cross-section value of deu=-
teron knock out. It turned out that the account of all multiplici-
ties leecs to reducing iwi.e the cross-seotion. We note that in
Ref.[jE] the 6Li(p,pd)4ﬂe reaction cross-sections were calcule-
ted on the basis of the known DWIA approximetion which is one of
the versions of the spectator mocdel. Comparing theoretical celcu-
letions with experimental data the authors of Ref.[TS] had to
introduce different normalizaetion factors r4¢ for the different
nocoplanerity angles. Thus, the relation R - NY:l?O‘/’N(P=ZKZ°
in Ref.{jS] equals =~ 3 . In our paper Ral. Besides thet, the ab-
sence of the "prepared” cauteron in a three-particle (i + 2N) wa-
ve functicn of “Li and also & correct account of the c.m. corre~
lationg in the reaction amplitude prove to be & principle distin-
ction of our approach from the spectator model. In other words,
within & consistent approach similar to.ours even in the absence
of inszident proton reacattering by K -particle the reaction crosa-
section is not described by the spectator model that neglects
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such multiperticle correlations.

4. CONCLUSION

Ag is geern from the results of celculations given in Pigs.1
end 2, the experimental data on the proton elastic scattering by
6Li in the region TP =0.2 and 0.6 GeV do not present a suffi-
cient scope of informetlon alLlowing one to judge abeout the deta-

P

in contrast to tnis
witn 6Li is an important source of information even At thne pro=-
ton cnerry 'Tpr (.2 Sev as it follows from the results of calcu~
latione given in Wigs.3-6.The calculations perZormed in the plare

ils of itne structure of "Li
the gtudy or inelastic proton reactions

wave approximation indicate the availgble existing dependence
o the °L1(p,pd‘4ﬂe reection crogs-gsection roi only or the uti-
lized model wave funotiorn of 6Li but also on the value oI 0=~
pianerity angle. T"hus, giudying sne ilnelastic (quasi-elastic)
protcn scattering reactions by Li is an important source of irn-
formation oo itz atructure., rKgpecially informative in this respest
should be studies of guasi-eiastic reactions with polarized nuc-
lei 11 which umekes it possible to divide the comtribuiti.n of

S and 1 ~components aof the ground 17 stete of 6Li and esta~-
mate the zsontribution of interferenitial terns.

Comparing the reaction cross-sections, calculated in ihis
paper, with sxperimental data points out to a significant coniri-
bution of dy distortion to the finite siate. The calculations
taking into account the contribution of this distortion to the
finite siate will be represented in the next paper. And, finally,
in anslising the contributions of different multiplizities of the
fast hadron rescattering te the cross-section of quasi-elastic
deuteron knock out we've found out & significant conivibution of
high multiplicities rescattering ¢ the haigh-energy part of the
knocked out deuteron spectrui. Undoubtedly, quite analogous pro-
cegses of the spactator excitation or knock ocut of the fragments
from the latter will give ocontiributior to the low-energy part of
the knocked out particle spautrum in asny quasi-elastic expariment,

say '%0(p,p'w )% .
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FIGURE CAPTIONS

Differential cross-agection of p6Li scattering at T _ =0,2
GeV. Solid line - calculation with "Li wave functions in
models 1 and 2. Experimental data are taken from [4].

Differential cross-section of p6L1-soattering at Tp -

= 0.6 GeV . Noiations are the same as inm Fig.1. Experimen-
tal dats are taken from Ref.[5].

Cross-seotions of 6Li(p.p‘d)4He reaction at T_ = 0.2 GeV
under the coplanar geometiry, Solid line - model 1 of 6Li
wave function, dashed line -~ model 2, Experimental data
are taxen from Ref.(5].

Notations are the same as in Pig.3 at noncoplanarity
angle ¥ = 274°.
Notations are the same &3 in Fig.3 et noncoplanarity
angle ¥ = 278°,



i¢.6., Notationo are the smme as in Fig.3 at noncoplanarity
angle ¥ « 282°,
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