


INTRODUCTION

The quasifree knockout reactions have a distinguished role
in the investigation of clustering aspects of nuclear struc-
ture. The incident particle can be rescattered by a cluster
in the nucleus and can give the cluster as a whole a momentum
sufficient for knocking it out of the nucleus. The high
probabilities of the quasielastic knockout of deuterons or
alphas have suggested the presence of a large number of
preformed clusters in nuclei.

According to this picture it is generally accepted that
only those nucleons of the target A contribute significantly
to the cross section of the A(a,ab)B quasifree scattering
whose relative motion and spin-isospin wave function is
identical to those of the emitted cluster b/1/ . Calculating
an overlap integral we project the clusters b from the
target A and in the final formula of the A(a,ab)B cross
section there appears the product of a free ab-ab scat-
tering cross section and the effective number of clusters
in the target A .

Since the first step «f the development of the theory it
has been emphasized that the "noncluster" components of the
target wave function, for example in exchange processes, can
give large contributions to the quasifree processes’/2/. The
knockout processes due to the rearrangment of the virtual
cluster in the nucleus in the course of its knockout may have
an important role, too /%,

All in all the existence of "preformed” alphas in nuclei
seems to be a well established concept/", but there are
objections against the idea of "preformed" deuterons in
nuclei /. One of the serious objections can be obtained from
the evaluation of the quasifree knockout reactions on nucleus
8Li, The distorted wave impulse approximation (DWIA) analysis of
different 8Li(a,a‘d*He processes using d-a cluster wave
function has given different effective numbers of deuteron in
the p-shell, in a wide spectrum of values from 0.3 to
1.75 /8.7, The accepted theoretical value is at 0.5~ 0.6 %,
The explanation has been sought in terms of contraction of
deuteron cluster depending on the momentum value P of the
residual nucleus *He’® | The calculation of the rms value



of the pn cluster in nucleus
P d 8L using the three-body wave
\ function/10/ shows a drastic
\ ot shrinkage of the pn cluster
p X radius strongly depending on
\ P/ll/ .
b It seems to be an acceptable
d n P conclusion that the concept of
the "preformed" deuteron clus-
Fig.1. The OPE triangle ter is crude in some cases. If
diagram for the pd-pd the exchange processes are
scattering. important then the cross sec-
tion of the a<pn> »ad scat-
tering (<pp> is the p-n sub-
system inside the nucleus) depends on the internal motion of
the <pn> cluster only and not on the similiarity with the
deuteron defined by an overlap integral of type [ ¢;(i’)¢<pn@ dar’
We have to note that the knowlegde of the mechanism of the
a<pn>- ad process is generally poor and the formalism of
the A(a,ad)B reaction based directly on the a<pn>-+ ad
amplitudes can be very complicated’1%/

In the present paper we discuss a model for the descrip-
tion of the A(p,p’d) B quasifree large angle scattering at
intermediate energies. For the amplitude of the elementary
process p<pn>- pd we have applied the triangle mechanism
of /18/ | using the DWIA analysis we can give the final A(p,p’d)B
cross section in a relatively simple form.

THE p <pn> - pd AMPLITUDE

As the p<pn>-» pd amplitude can not be studied directly
on the structure of the p<pn> - pd amplitude we can get
information by studying the free pd-pd scattering. There
are different models for the pd large angle scattering at
intermediate energies’18-17/ , yhich describe well the dif-
ferential cross sections. All of them contain in some form
the Ass resonance which is created in the NN collisions
at incident energie Ty~ 620 MeV with the width I ~ 120 Mev.
The calculated polarizations within the triangle diagram of
Craigie and Wilkin (see fig.l) give a good agreement with the
experiments for the vector polarization in the 500-700 Mev/18/
and for the tensor polarization in the 400-1000 MeV region’19/

In addition, the triangle model is the simplest and so
this model is convinient for our further investigation. The
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pd differential cross section due to the one-pion-exchange
(OPE) diagram in fig.1 is proportiocnal to the pp-de* cross
section which can be taken from the experiment. There are
different versions of the triangle model and we have chosen
the method of/14/, as their work describes the dpn vertex in
terms of nonrelativistic deuteron wave functions. This model
does not contain free parameters.

The pdas pd amplitude due to the OPE diagram depends on
the initial ¢ g(l‘) deuteron wave function with components
f =0or f =2 in the following form/14.20/ .

a3~ d e (Leyn ) Grydr, /17
0

y B TR+ Ty/m) " +p®/ (A4 Ty /m), J1a/

P =p2(1+T2/m)—.1 /1b/

where m and ¢ are the nucleon and pion masses,respectively,
Te is the kinetic energy of the final proton in the labora-
tory system, po= (2mT, + T )%jp(x) 1s a spherical Bessel func-
tion. In the isobar region y~ 0.75 fm and p~ 1.5 fm~1 .,
This means that the &y amplitude depends on the short range
part of the deuteron wave function only, the most sensitive
region 1s about 1 fm.

The basic approximation in derivation of a 1s the peak-
ing approximation, that is, the pp+ dr' amplitudes and
other slowly variable factors in the N+ Nz vertex are re-
placed by their value at zerc pn relative momentum in the
deuteron. The peaking approximation is quite accurate for the
B ~wave component but the d-wave contribution is strongly
supressed 1f we have an accurate treatment

Accepting the OPE model for the free pd large angle scat-
tering we can extend it to the p<pn>+ pd reaction. In the
case of the <mp, t = O> two nucleon cluster (t is the iso~
spin quantum number) the generalization means simply the
exchange of the ¢, () function in (1) to the b <np>t (r)
function. The extension for <pm,t=1,v > systems (v 1is the
isospin projection guantum number) can be done considering
the isospin invariance

Extending the formalism for higher f orbital momenta we
find that the main feature of the ay amplitudes is the



dominance of 83 . First the sensitivity of the amplitude on
the short range part of the wave function prefers the com-
ponents with lower f due to the repulsing effect of the
centrifugal potential / 20/. Secondly in the accurate treatment
of the OPE diagram the (£ 0 components are supressed ’ 19/,

The differential cross section of the p <pn,t =0 > o pd
reaction can be written with a small change of the pd- pd
cross section given in paper/2

p<pn>-pd . +
do (3 e, 2 Berm Bpplp| 3 goPP79"
40, 2 4q Ey 8,ldl2 a0q o
= A% 2
= A (de,u d)fo
with
o -yt =
£, r)e l+yr dr
2 of ¢<pn>0( ) (A+yr) g, (Br) (2a)

02/417 = 14.8. F(ks) is the Ferrari-Selleri factor/gl/

which takes into account the off-mass shell nature of the
pion. Eg =Tg+m , Ag(s a '“pd) is defined by the
equation (2). The four momentum quadrats 80p ¢ Spa el . 1d] .
ke '“pd can be expressed as follows:

2
8pa= (Pgtdg) (3a)
8 =(s -m%)/2, (3b)
PP pd
2 _1 _m?
Ipl"=Frepp~m (3¢)
ldll"’[:"[(’pp —ms-“zf -4mdy®, (3a)
PP
k2. Lm2imeoLa  +pl®(1-cosg) =-m,T, . (3e)
= ) 4 2 pd a2
u  =m®+2k8, (3£)



where m, is the deuteron mass, py and do are the four
momenta of the proton and the deuteron in the initial state,
respectively. For the sake of simplicity the binding energy
of the <pn> system is assumed to be equal to that of the
deuteron. The pp-adn+ differential cross section taken at
the angle ® corresponds to the cos® fixed prescription’15/
the relation between the c.m. angle ® in the pd scattering
and cos® is as follows

Yoo 2 =)
00s8= 25 [k +Loie,, ~nf ~k*) (s o, ~k®) % ~4m’k T *tel. (@)

THE DWIA CROSS SECTION

In the following discussion we follow closely the paper 1/
for cluster knockout. The generalization to the p<pn> s pd
elementary process 1s relatively simple.

A. Formulation

We use the impulse approximation within the framework of
a three particle system. The A(p,p’d) B reaction is
described by the scheme

p+(B+<pn>)+ Bypad, (5)
where the target nucleus is considered as a complex of
particles B and the <pn> subsystem.

The laboratory differential cross section for the three
particle final state in the range dﬁ , dip, , g, see egs

]

deo en' ('r ("a(zE ~3E, )a(zk —Ek D e
- = - - f
dkp,dkd dk 5 (v :
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where V-.“‘ is the relative velocity bhetween the incident
particle and the target, K a and By are the momentum and
total energy of the appropriate particle. The Ty amplitude,
provided that the exchange terms due to the antisymmetriza-
tion between the incident proton and the residual nucleus B
are neglected, has the following form:

TR
Ty =l AA-/21" <6 By 0GR |1, |a  O(K) & (p)>. M



The ~ serves as a reminder that the wave functions are
antisymmetrized with respect to the interchange of any two
nucleons. 8 g<pn> is the antisymmetrizer between the
incident proton and the <Ppn> cluster.

The target wave function ®(A) can be expanded in terms of
the residual nucleus B . The expansion coefficient is

"’JBMBTBNB( )M’J AM T N, (A)>-

(8)
J::w('r pNgVITN M TM|T M )¢“?Mw (2. 7).
a

where Jl (projection M, ), T, (projection N, ) are the
angular momentum and isospin quantum numbers, k &nd
represent the relative momentum between proton and neutron
and the relative momentum of B with respect of the <pn>
center-of-mass, respectively, and other necessary quantum
numbers are denoted by a . The ¢am w (K, ?) function is
defined by the equation (8) and can be expanded as follows:

o*®  (tP)- = (Pmgem | m)(imL A| IM) YLA(P)Y!mg(f)x

M

a ty mp (9)
3 4 AB (k.P),
LA * xms ayLjfw 277

where )(ma 1s the two nucleon spin function. Using the
expansion coefficient (8) and provided that t,, is assumed
not to act upon the jinternal coordinates of the residual
nucleus B we can integrate over these variables:

Y%
T"=[A(A—1)/2] JEW(TBNBl VITANA)(JBMBJM lJAMA ) x

@ . (10)

() AB -
xX<a d) it [ k,P)o >,
Pd"39d¢ ¢ ( 1 te | p<p> PA alMtv Mo

where 7¢*) and nﬁ,’pﬁ describe the relative motion of mass
centers of particles in the entrance and exit channels,
respectively, b’ (my and m » are spin projection quantum
numbers.
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Introducing the impulse appioximation we can replace t,,
by the two body operator of the free p<pn> -pd reaction
process ty . We introduce the additional assumption that the
amplitude of the elementary process varies sufficiently
slowly with the momenta so its arguments may be replaced by
their asymptotic values, This procedure leads to the zero
range expression in the matrix element and ’1‘" has the fol-
lowing form

“—[A(A—l)/2] ): (T tvlTAN_A)(JBMBJMIJAMA)x
e (11)

> > - -+ - =) ﬁ
xfdk<kp, mp,kdmd[tflkpmp Pk><y,de|8(r —rd)l AaJMw(k }>.

Now we take into account the dominance of the f = O and

t = 0 component’?” in the p<pu>+ pd process. As the radial
wave functions with £ = O have their maximum at ¢ = 0, by
calculating the zero range matrix element at k=0 we can
take it out of the integral. Using formulae (9) we can write

% AB
'1‘“=[ A(A-1/2) az:“ (I MIM[T MD(LALm | IM)T <ILA

LA (12)

< >
x kp,mp,tdmdfz'fkp mp ¢aJL(t P)m

AB @n* =) ), AB B
N 1.0 SO e B TS 4 AB(y_0,P)Y (P)>.
ailA” AB( g p) Bre 13Cp=rdn P A an
aJL
By taking the spin structure of the pd »pd amplitude from /1%
in the calculation of [Tyt |2 we can sum up on the spin
projection quantum number straightforwardly. For the A(p,p’d)B
laboratory differential cros: section we can obtain the fol-
lowing expression.

d% =8 kg 1 Az(s u J
aq 4T . di g Pd k Eyy d X X - pd p
—(1= —P-coeepd+—2—cose L) (14
s K, k, vd
xAB-2 3t pAE

alJL a’JL aa’JL’
JL



where

¥ yr AB . -
f L =0fe 4 (eyr) g (LP)j (pr)dr (15)
AB AB AB*
D == % ,
adIL= 5 "3 A “aILA a’TLA (16)
2 2% . .
with Eg = (m +P%) . The definition of the relativistic

phase space factor is from/233/, Notc that if the additional
gquantum numbers a are not needed the cross section formula

(14) is greatly simplified.

AB
B. Evaluation of the amplitude T _ ;1A

The initial and final scattering states for the three-body
system are generated using the H1=Hr=Ho-Vpd Hamiltonian.
We write the Hamiltonian in the entrance channel as

Hy =T+ Vop+X,, (17)

where Kﬂ is the internal Hamiltonian of particle a , the
Vaﬁ represents the interaction between particles e and B
and the relative kinetic energy operator T;ﬁ corresponding
to the relative coordinate Tef is written as ( h=1 , e¢=1);
62
Taﬁ=—5—-—‘3§. (18)
*ap

where ko3 is the reduced mass of ¢ and B . The Vpp inter-
action operator is a function of the rgyp coordinate and not
of T s and it needs carefull treatment /24/, In order to
write the initial wave function in the product form we can
accept the approximation that the elementary interaction Vpq
is sufficiently short ranged so that the distortions do not
change significantly over this range. One, therefore, needs
gye entrance and exit channel functions in the vicinity of
!pd = 0. As

3 - IB? _Ta 7 (19)
AT PB  m a’
PAT Tm 0P



where m, and My are the target and residual nucleus masses,
respectively, we can use the following approximation:

myu-
(4% ) (20)

v (T =V
PB( pB) pB m, PA

another possibility is the use of the va(?pA) potential with
both real and imaginary well depths reduced by a factor
m/m/’1

In the exit channel for the Hamiltonian we have

H'_-.T v 5" Tapmy * +H +}(B, (21)
where Td(pB) corresponds to the Jacobian coordinate

W mt, +m,T

T - — —P BB (22}

d(pB) d m+m

B
The (21) form is different from the usual expression /24/,
where

VooV
B "dB_ -
Hy =T poV p+Typ+Vyp+ ---P—_mB +H K

(23)

This expression contains the V V B/mB ccupling term. Its
effect in the usual coplanar-like geometry is very small but
in our case where the final proton and deuteron move in
opposite direction it may be very important.

In expression (22) the V ;p interaction depends on the T'dB
coordinate and the appropriate kinetic energy Typn) is
written in terms of the (22) "d(pB) coordinate. Using like
in the entrance channel the short range nature of the Vpd
interaction we have thea following expression:

mm o L

- - _B.
IdB('dB) vdB ( rd(pB) ). (24)

Solving the Schrddinger equation with the Hamiltonians (17)
and (22) for the initial and final states, respectively,we

obtain:
q(+) =x‘+)(ﬁ' _?M ), (25)

_ _ - (_" -
o™ X X Epg )X Ty oy - (26)



where the kK, , k B & p) Mmomenta are calculated from the
fl\ P d(pB) ry

asymptotic laboratory momenta E k., kd according to the

formulae: P P

i D& g 2n

pA p
m+mA

E_ =k kE -k, ).

= Ky mmB( o ks ) (28)
P4 Ma ¥ (29)

a(pB) A m+m,+my P

bubstituting for n(+) and n(B_) in Eg.(13) and integrating

over rpd we obtain®? pd

AB 3 ,
T /\=—L2”—)—__ ( )(k x(_)*(k ,a R)x
aJLA” (AB v 1 p) Xpp 0B apB) d(pB) 2
aJL (30)
™ i R)x ¢ 4B (k=0,R)Y ( R)dR
pr(kpA.a1 ) x ¢aJL(k ,R) LA( AR,
where we have used formulae {22) and relation
pB 1 pd !
- m -
E o= B rdB+r"d, (315
m +
P LN p
al=ma/(md+mB), a2=mB/(mp+mB).
The distorted waves X,(E1) are caleculated ac»ording to
the eikonal approx:l.mation/ 5/ | We rewrite yx (K.7) as
- 1 .
x,(K.T)=D, (Me™ -=—, . (32)
a ")9).9

The distortion factors Da(-l:) are then given in a coordinate
system with the origin in the center-of-mass of the residual
nucleus B . Using formulae (20), (24) we get

R -1a1—-"-éfv (n+s|:p Yds

. o A
R)= 33a)
DPALal )=e pA s (33a
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D _(Ry-e 'pBO PB B (33p)
pB
Eapp) 7 2 -
~ia fVv (R+sk )ds
2y 6 4B dpB)
d(pB)
(a R)-e R (33c)

d(pB)

where E; are the total energies corresponding to the momenta
kg . The V o) ¢V ., potentials are the proton-nucleus
central, cgmplex od%f al potentials calculated from the
isospin averaged forward nucleon-nucleon scattering
amplitudes at the kinetic energies corresponding to the
momenta [ B ,k ‘pr respectively, following the method of
ref /26/ . The orm of the deuteron-nucleus optical potential
d g(f can be constructed from the nucleon—nucleus optical
potentials by the usual foldinq procedure /217 | por the final
formulae of the amplitude TA LAwe get

2>
R feo't® D*(R) D B(af;D (a B)x
LA @n* % AP (k0,P) 4R (34)

AB _ /A R
x 3 AR (k=0,R) ¥\ (R) ait

where we have made use of the (27)-(29) and (32) relations.

THE ANALYSIS OF THE °Li(p,p’d) *He QUASIFREE SCATTERING

The eLi(pp‘d)*ﬂe quasifree large-angle scattering was
investigated in a kinematically complete experiment at
670 MeV incident enez'g:l.e’2 . The forward deuteron angle was
chosen to be 6.5° the backward proton angle region was taken
from -140 to -152° in the laboratory system. The overall
energy resolution was =~17 MeV which made possible the
separation of events leading to the ground state of
residual nucleus from the events leading to excited states.
The analysis of experiment gives the impossible effective
number cf deuterons in the p-shell Ngg = 1.08 + 0.1 which
means the failure of the model constructed in terms of the
overlap integral.
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The relatively simple
w0l : structure of the nucleus Li
gives a good opportunity for

5 the applicatior >f our model.
3 The ground state of 8L{ can be
; N regarded as an a-p-n  three-
gio i body system, if we neglect the
e structure of the a-particle.
Ex For the description of the
§ a-p-n system we have used a
S0t three-body wave function of
% ref./10/ | They have solved the-
Faddeev equations using for the
i ”} rp and N-p interactions sepa~
rable potentials.The n-p interac-
60 8 W T tion is taken to be ‘3§, and the
" potential to be of a standard
Yamaguchi form.
Fig.2., The eLi(p,p’d)4 He The three-body wave function
differential cross section normalized ,to unity has the |
at T, = 670 MeV, B4= 6.5°, form Y(E,P) , where £ and P
® .= ~147° due to the represent the relative momentum
three-body wave function between proten and neutron and
Rai, Lehman and Ghovanlou the relative momentum of 4He
(solid line) and including with respect to the p-n center
short range correlations of mass, respectively. Now in
(dotted line). Experimental the cross section the index a
points are taken from/®8/ is not needed and the main

contribution is given by the
J =1, L= 0 component.

The proton - 1He optical potential for the distortion
factors are calculated assuming Gaussian form for the density
function of %He ,

The 8Li(p,p’d)4He differential cross section at incident
proton energy 670 MeV at forward deuteron angle 6.5° and
backward proton angle € = -147° as a function of the back-
ward proton kinetic energy Tp is presented in fig.2. It can
be seen that the calculated cross section (solid line) is
about twice as much as the experimental values of ref./28/ ,
We notice that the calculation without distortion, in plane
wave approximation gives a cross section with a 30% higher
values. Taking into account the relatively small effect of
the distortion the approximations made in its calculation do
not influence essentially the calculated cross section. The
contribution of the L= 2 component is less than 1 pexr cent.

12



The difference between

the experimental and
-~ F theoretical values can be
T explained in the following
Bl manner. The simple Yamaguchi
E factor which represents the
al proton-neutron interaction
;2_ does not contain the
2 repulsive core appearing in
't | the nucleon-nucleon inter-
action. The short range
05 T T repulsion can be taken into
©p (degres) account by including into
‘the y(,P) wave function
8 . the following correlation
Fig.3. The “Li(p,p‘d)*He function/2¥ :
proton angular distribution at ‘ 0
T, = 670 MeV, 8, =6.5°due to (r)=0, r<r,.
the three~body wave function (35)
including correlations. Ex-— ~B(t/r -1
perimental points are taken (1) =1-0~F"% ?’Z'c .
from /28/ :
If we chose the parametriza-

tion r,=0.4 fm, B = 1.5

then the calculated cross
section (dotted line) decreases by half and we have a satis-
factory agreement with the experiment. The above values of
parameters fr, and B correspond to a hard core in the
deuteron wave function.

The angular distribution of the backward protons averaged
over the proton energies we presented in Fig.3. For the
calculation we have used the three-body wave function multi-
plied by the correlation function with the above parameters
. and 8 . We have a satisfactory agreement with the ex-
perimental angular distribution.

SUMMARY

In the theory of the A(p,p’d)B  quasifree scattering
we have to study carefully the character of the p<pn> - pd
elementary process as the exchange and other effects depending
directly on the inner structure of the <pn> cluster may have
an important role. In the latter case the concept of the
effective number of deuterons in the target nucleus is useless
and misleading.
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In the case of the A(p,p’d)B gquasifree large angle
scattering at intermediate incident energies the p<pn> -~ pd
elementary process can be described by the triangle mechanism
of Craigie and Wilkin. The p<pn>- pd amplitude depends only
on the short range part of the <pn> wave function. The DWIA
cross section can be formulated in a relatively simple form,
the distortion is calculated in eikonal approximation. The
possibilities of the model are demonstrated in the analysis
of the 8Li(p,p’d)4He scattering.

Taking into account the strong absorption of the deuteron
and proton in the final state the method can be applied for
the study of P—-R pairs on the surface of the nucleus. The
model can be easily extended for the investigation of the <an>
and <pp> pairs“"0 . As the main contribution to the cross
section is due to the nucleon pairs with [ = O relative
orbital momentum where the two nucleons are very close to
each other, the experiments can give useful information on
the pairing effects on the surface of the nuclei.

I would like to thank V.V.Balashov, J.Er8, B.Z.Kopeliovich
and L.I.Lapidus for stimulating discussions.
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