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ABSTRACT

It is shown that the multiple scattering mechanism is very important in

the transfer of the large momenta involved in the nuclear rearrangement reactions

at medium energy. In contrast to the usual belief, the reaction cross-section is

not very sensitive to the high momenta components of the nuclear wave function.

The multiple scattering mechanism ia especially important in He(p,d) He reaction

around 800 MeV. Here the collisions involving two nucleons of the target nucleus

are dominant. The triple collisions contribution is also important. The four

collision contribution is negligible in the forward direction and sizeable at

large angles. Thus, using the K.k.T. approach in DWBA calculations, the second

order term of the optical potential must be included. So,is it not well

established that the second term of the K.M.T. optical potential is important

for the proton elastic scattering on light nuclei?
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The present paper is devoted to the investigation of the role of the

multiple scattering mechanism in the transfer of large momenta during the

nuclear rearrangement reaction involved in proton nuclear interactions at

medium energy (around 1 GeV).

The rearrangement reaction is one of the most important processes

involved in the collision of nuclear particles. An important class of them

is the Pauli exchange reactions. Due to the Pauli exclusion principle, the

Fauli exchange reactions are present in all nuclear collisions, especially in

the elastic proton-nucleus collisions. Hence, in order to extract useful

information on the nuclear structure through a given nuclear reaction, it is

important to know how large the Paul! exchange reaction contributions are.

Chat is only one of the main goals of the investigation of the nuclear re-

arrangement reaction.

Another class of the nuclear rearrangement process (the classical one)

is the nucleons transfer reactions. According to the conventional distorted

wave Born approximation (DWBA) which is very successful for lev energy trans-

fer (pick-up and stripping) reactions, only the exchanged particle exists in

the nucleus. All the other nucleons (the core nucleus) behave just like

spectators, the presence of which is accounted for through an average

distorting optical potential. Hence, the reaction cross-section is shown to

be much more sensitive to the transferred particle momentum distribution in

the target nucleus than to the distortion of the incoming and the outgoing

waves.

At medium incident particle energy, the minimum momentum transfer

involved in the pick-up or stripping reaction becomes very large. Hence,

through these reactions, one hopes to extract information about the high

momenta components of the nuclear wave function. However, the first

investigations of the neutron pick-up reaction around 800 MeV show that, in

addition to the exchanged particle momentum distributions, the core nucleus

distorting optical potential becomes very important (Rost et al. 1978). For

He(p,d)^e reaction of 770 MeV, with all reasonable optical potential

parameters (Rost et al. 1976, Bauer et al. 19T7, Shepard et al. 19T9), DWBA

calculations do not agree with the experimental data. Henee the basic reaction

mechanism involved in DWBA becomes questionable. Important information on

the nuclear structure can no longer be extracted from these pick-up reactions

if the basic reaction mechanism is not well established.
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To our knowledge, three different reaction mechanisms have been

proposed to explain medium energy neutron transfer reactions. They are:

i) the pion-nucleon exchange mechanism (Vilkin 1980),

ii) the deuteron knock-on mechanism (Kallne et al. 1978, 1979),

iii) the multiple collision mechanism (Tekou 1979).

Many other mechanisms may contribute in the transfer (rearrangement)

reaction at medium energy. Thus it is important to know the part of the

reaction cross-section belonging to each of them. The present paper is

therefore devoted to the investigation of the role of the multiple scattering

in the rearrangement reactions.

The main theoretical approximations used in the present investigation

are the Pauli extended Glauber approach (Tekou 1980) and the microscopic

model for one nucleon transfer reaction (Tekou 1979). These two approaches

are based on the eikonal approximation which is quite appropriate for

medium energy nuclear reaction.

During the last twenty years, the eikonal approximation has been

developed and its limits of validity have been investigated. Especially, it

has been shown (Wallace 1973) that, due to mutual cancellation of the non-

eikonal corrections, the eikonal amplitude still remains the dominant term of

convergent series representation of the exact scattering T matrix at very

large angles. Hence, the validity of the eikonal approximation at large

scattering angles is probable.

The next section is devoted to the Pauli exchange reactions. The

p- Me elastic scattering at 800 MeV is considered. In Sec.Ill the neutron

pick-up reaction is studied. The multiple scattering series is in-

vestigated term by terni. In Sec.IV the concluding remarks are pointed out.

For clarity of the present investigation, the spin and isospin nucleon-nucleon

interactions are neglected.

The amplitude T describes the collision without nuclear rearrangement;

it is the direct amplitude- The amplitude T is due to the nuclear re-

arrangement reactions; i t is the Fauli exchange amplitude.

Glauber (Glauber 1959, 1969; Bassel and Wilkin 1966; Bertocchi 1969)

investigated the multiple scattering involved in the proton-nueleus collision

without nuclear re-arrangenent. The main results which we just recall here

are the following:
1.

l) for the p- He elastic scattering

+

with it, and k standing for the proton-nucleus relative momenta in the

entrance and in the exit channels, respectively; F^fk^.kjJ describes the

scattering of the incident proton off n target nucleons (Fig.2)

(2.3)

:..-otr

(£.>•)

tr^tff\f^H^%
(2.5)

II. PAULI EXCHAHGE REACTION IH THE p- He elastic collision

The differential cross-section of the p- He elastic collision is

given by (Tekou I960)
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and

#/e'%*^
or 1if, q.

(2.6)

is theIn these equations k is the magnitude of

momentum transfer, ^ ( r ^ . r ^ ) is the ground-state wave

function of ^He and the profile function r(») of the elementary elastic collision

Is parametrized as
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Here, o 1 is the total cross-section,

(2.7)

6 is the slope parameter and a ,
iB the ratio of the real part of the elementary elastic scattering amplitude

to ita imaginary part in the forvard direction. The values of the parameters

used in the calculation are given in Table I.

2) When the momentum transfer is very small, in the region of the

forward diffraction peak (Pig.l), the single scattering term F (k.,k ) is

the leading one. There.ttie. small momentum is transferred to only one nucleon

of the target nucleus (Fig.2(a)h

3) In the region of the second diffraction maximum (Fig.l), a single

target nucleon can no longer carry avay all the momentum transfer which is

increasing. Two nucleons of the target collide with the incident proton

(Fig.2(b)) and momentum transfer is shared between them. Thus the double

scattering term (Fig.2(b)) becomes the leading one.

*0 For larger momentum transfer, in the region of the third

diffraction maximum (Fig.l), a third target nucleon comes into the reaction.

The momentum transfer which is now large enough, is shared out; each of the

participant target nucleus carries avay a small part of the full momentum

transfer. The triple scattering term (Fig.2(c)) becomes the leading one.

5) Finally, in the region of the fourth diffraction maximum, all the
i,

nucleus of the He target are involved in the collision with the incident

proton. The fourth scattering term (Fig.2(d)) is therefore the most important.

These axe the dominant features of the multiple scattering mechanism

involved in the conventional Glauber approach. This mechanism favours the

transfer of very large momenta(-t ~ 2.5 (GeV/c) for 800 MeV incident protons).

Below the fourth diffraction maximum, the part of the momentum transfer

carried away by one of the target nucleons may become very large; hence the

knock-on process, i.e. the Fauli exchange reaction may become important.

According to the Pauli extended Glauber approach. (Tekou 1979), the

exchange amplitude T is also a series of multiple scattering terms:

x. -
-5 -

(2.8)

In this equation Fex(it.,E ) describes collisions involving n target nucleons,

during which one of the target protons Is earehaBged with the incident one

(Fig.3)

(2.9)

(2.10)

(2.11)

(2.12)

In these equations Q̂  » *• (k, + k ) ; 1 and A
p p

(«0)
2TT

where ff (Or,) is the proton-proton elastic scattering amplitude. It Is

assumed to be equal to

T fpp
C V

f j r>
(2.13)

As for the direct amplitude, the multiple scattering mechanism (Fig.lt)

is very Important for the exchange amplitude also. With increasing momentum

transfer, the number of the target nucleons involved in the reaction increases-

The large momenta transfer* are shared out and everytarget nucleon participant

carries sway only a ssall part of it.

The interference of the direct amplitude T and the exchange one do

not modify the conclusions, except for the very large momenta transfer

(-t .^,2,5 (GeV/c) , Fig.5) in the backward region. In this region, the Pauli
I,

rearrangement involving all the nucleons of the He target is the dominant

reaction mechanism.
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It is usually believed (Kopeliovich and Potashnlkova 19T1;

Lesniak et al. 1976) that the high momenta components of the target nucleus

wave function are very important at very large scattering angles, especially,

in the backward direction. The He grcnind state wave function used in the

calculation contains indeed very large momenta, components (Fig.6)

(2.lit)

The values of the parameters (Table II) involved in this equation are defined

by fitting the He electromagnetic form factor (Fig.6) up to the very large

momenta transfer. Hence it is important to evaluate the part of the cross-

section, due to the multiple scattering mechanism only. Therefore we switch

off the high momenta components of the nuclear wave function by the use of

a simple oscillator wave function only (Fig.6), the parameter of which is

given in Table II.

The cross-sections calculated with and without the high momenta

components of the nuclear wave function axe shown in Figs.7, 8 and 9- The

contribution of the high momenta components are generally smalljespeeially in

the very backward direction. The multiple scattering mechanism gives

qualitatively and quantitatively an acceptable description of the experimental

data, thus, we may conclude that

i) The multiple scattering mechanism is very important, if not the main

mechanismjwhich favours the transfer of large moments, during elastic nuclear

collisions.

ii) In contrast to the usual belief, the high momenta component of the

nuclear wave function (including the aesonic exchange current effect) is not

very important especially for backward scattering arouad 1 GeV.

III. MULTIPI.E SCATTERING IK He{p,d) He REACTION

The mechanism of the t r a n s f e r of l a rge momenta i s probably t h e main

problem which a r i s e s in the nucleon pick-up or s t r i pp ing reac t ions at medium

energy (Wilkin 1980; Kallne 1978, 1979). Encouraged by the r e s u l t s we obtained

above, we i n v e s t i g a t e t he r o l e of the mul t ip le s c a t t e r i n g mechanism in t he

neutron pick-up r e a c t i o n .

-7 -

The main model we used Is der ived from the eikonal

approximation and discussed in d e t a i l elsewhere (Tekou 1979). When the

emission angle of the deuterans is s t i l l small, va may neglect the Pauli re-

arrangement contribution. Thus the neutron piek-up reaction cross-section is

equal to

- = r , ,

2_| i I (3.1)

with and standing for the relative momenta in the entrance and inand £

the exit channels, respectively; E , E., E_ and E. the total energy of the
P 3 it

incident proton, the outgoing deuteron, the He and the He, respectively.

The symbol E indicates the average over the initial spin states and the

sum over the.final ones.

When the spin and isospin nucleon-nucleon interactions are neglected,

the spatial part of the amplitude T and its spin-isospin part may be

factoriised. The spatial part, F(E ,E ) is a multiple collision series; It

is equal to

with

0.2)

3 . 3 )

t3r '

(3.it)

( 3 . 5 )
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Ldhnd

(3.6)

g- E • k - (0 ) is theIn these equations Q = k - ;r k and Q =
^p p 2 d

proton-neutron binding vertex; L, is the deuteron orbital momentum and m,
— 3

the corresponding projection; Rnn(Q) is the neutrcn- He relative momentum

distribution in the He (Fig.10) and h (r) is its Fourier transform

(Tekou 1979). Deriving these equations (Tekou 1979)
i) the local approximation is used,

3 *•
ii) the He nucleus is assumed to stay on the ground state in the He

nucleus,

iii) the n body denity of the He is approxinmted by a product of n

one body densities.

(3.7)

with G (r) and G (r) standing for proton-nueleon collision function in the

entrance and in the outgoing channels, respectively.

When the proton-nueleon interaction radius a is amall compared

with the residual nucleus radius R (Tekou 1979) (a/R << 1)

G W = PCs) 0*(r) (3.8)

(3.9)

where S~(z) is a step function and s is the transverse

component of r • The reaction mechanism described by Eq.(3.2) is the

following.

1) The first term F^k ,k"d) which is the usual plane wave Born

approximation (PWBA.) describes the single collision of the incident proton

with the picked-up neutron (Fig.ll(a)). The other target nucleons are

spectators.

2) The second term Fn(k .it.) describes collisions during which,
d p d

in addition to the picked-up neutron, another target nucleon participates in

the reaction (Fig.ll(b)).

3) The third term F {ic ,k ) is the contribution of those collisions

i pa
in which, together with the picked-up neutron, two target nucleons collide

with the incident proton (F ig . l l (c ) ) . Only one target nucleon remains a

spectator.

h) Finally, the fourth order term describes those collisions in which
al l the nucleons of the He are participants (F ig . l l (d) ) .

All these terms are calculated using averaged values of the nucleon-

nucleon elastic scattering parameters at the corresponding energy. The values

we used are given in Table I I I . The He ground state wave functions

(|i.(r. , r 2 , r - ) is assumed to be equal to

- & e
(3.10)

The values of the parameters (Table II) involved are defined by f i t t ing the

electromagnetic form factor of He (Fig.lO(b)).

For He(p,d)3He reaction at 770 MeV (Fig.12) we notice that

1) the single collision term, F (E ,k"d) which is *be classical PWBA

amplitude is no longer a good approximationJ

2) the double collision term F£(k ,iid) (Fig. l l(b)) i s the dominant
part of the full amplitude. I t s contribution to the cross-section completely
eliminates the single collision one^

3) the triple collision term F (k ,k ) (Flg.ll(c)) is very important;
i t should not he neglected;

k) f inal ly , the contribution of the four collision term !• negligible

at small angles and sizeable at large angles.

These conclusions-are not modified when the simple harmonic oscil lator
h 3

wave function is used for both He and He ground states- The effect of high

momenta components of the nuclear functions is negligible at small angle and

important at large angles (Fig.13). Thu3 the effect of the mesonie exchange

currents involved in the parametrization (Table II) i s probably negligible

at small angles and may be sizeable at the large angles.
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For definite deuteron emission angle and increasing incident proton

energy, a very simplified investigation of the cross-section variation is made

(Fig.lU). The local approximation (Te'kou 19T9}, vhich may not be justified

at ai l energies, is used and the energy variation of the nucleon-nueieon

elastic scattering parameters is neglected.

Nevertheless we may point out that for the forward emitted deuterons:

1) the double collision becomes dominant in the region of the minimum

of the FWBA cross-section, which i t f i l ls up completely,1

2) the correction due to triple collision is important in that region

where the double collision is dominant;

3) the part of the cross-section due to the four collision term

(Fig.ll(d)) is negligible for small angles of the emitted deuterons. It

becomes sizeable for large angles (Fig.15).

IV. CONCLUDING REMARKS

1. With increasing momentum transfer, in proton-nucleus collision,

the number of target nucleoa spectators decreases.

2. Each target nueleon participant carrying away only a small part

of the large momentum, transferred by the incident proton, the cross-section

is not very sensitive to the high momenta components of the target nucleuB

wave function.

3. Hence, the multiple scattering mechanism is very important for

the transfer of large momenta during the collision. Probably, it is the

dominant mechanism.

U. Then using a microscopic description for the distorting optical

potential (Kerman e_t al• 1959) in DWBA calculations of the He(p,d) He reaction,

the second order term of the optical potential must "be taken into account,

especially for the deuteron - He interaction. Is it not well established

that the second order term of the optical potential (the term vhich involves

two target nueleon participants) is very inportant in the proton elastic

scattering off light nuclei (Feshbach et al. 1971; Lambert and Feshbach

1973; Legrand 1979)?

5. The Pauli rearrangement should be important for small scattering

angles In heavy Ion collision of several hundred MeV per nueleon.
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Taole I

The values of the parameters of the nueleon-ntfcleon elastic scattering
amplitude at T88 MeV.

Interaction

proton-proton

proton-neutron

a

1*6.2 mb

39-1*1* mb

B

I*.9 (QeV/c)2

!*.6 (GeV/c)2

a

-0.05

-0.1*5

Table II

The values ef the parameters of the nuclear vsye functions

he
Ro

1.275

1.37

R l

0.67 0.51

" l

0.U05

0 . 0

a 2

0.125

0 . 0

b 2

0.55

0 . 0

\

3.15

0 . 0

0.832

R l

0.3^25

E0

1.57

l.!*3

The value of E^ is given in Fermi

Table III

The values of the parameters of the nucleon-nucleon elastic scattering

amplitude used for He{p,d) He reaction.

Channel

Entrance

Exit

°m

kk.O mb

3'i - 35 at

It.8 (GeV/e)2

1.8 (OeV/n)3

"mr

-0.18

0.37
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TABLE CAPTIOUS

Table I The values of the parameters of the nucleon-nucleon elastic

scattering amplitude at 788 MeV. These values are taken

from Benary et al. 1970; Bystrieky et si. 1972; Grein 1977-

Table II The values of the parameters of the nuclear ground state wave

functions.

Table III The values of the parameters of the nucleon-nucleon elastic

scattering amplitude used for He(p,d) He reaction at 770 MeV.

These values are the average values of those given by Benary

et al. 1970; Bystricky et al. 1972; Grein 1977-

-15-

FIGURE CAPTIOSS

Fig.2

It
Multiple scattering in p- He scattering without rearrangement at

788 MeV.

Single scattering term only,

_ • _ , _ . _ . _ single plus double scattering term j

_ _ _ _ _ _ _ _ single plus double plus triple scattering>

all the multiple scattering aeries.

The He ground state wave function is given by Eq.(2._lt). The

experimental data are taken from Fong et al. (1978).

Diagram illustrating the multiple scattering mechanism in p- He

elastic collision vithout nuclear rearrangement, a) single

collision, b) double collision, c) triple collision, d) four-fold

collision.

1»
Fig.3 Diagram Illustrating the multiple scattering mechanism In p- He

elastic collision with nuclear rearrangement. a) single collision,

\>) double collision, c) triple collision, d) four-fold collision.

Flg.U Multiple scattering vita nuclear rearrangement in p- He elastic

collision at 788 HeV (the Pauli exchange only). Same caption as

for Fig.l.

Fig.5a Interference of the direct (Glauber) amplitude and the Paull

exchange amplitude.

_ _ _ Direct (Glauber) amplitude only,

_ . _ . _ . - . _ Pauli exchange amplitude only .

— — — — — — sum (direct plus exchange) of the two amplitudes.

The experimental data are taken from Fong et al. (1978).

Fig.?b Multiple scattering in p- He elastic collision at 788 MeV (direct

amplitude plus Pauli exchange amplitude). Same caption as for

Fig.l.
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Fig.6 He charge form factor.

^ — — _ — Curve obtained using the ground state vave function (2.lit) .
_ _ _ carve obtained using the oscil lator vave.

The experimental data are taken from McCarthy et a l . (1977);

Arnold (1978),

• • • • ' b ' - •

" Fig>7 P- Hi* elastic' scattering at 788 MeV (direct amplitude only).
~ --^- Curve obtained usiffig,the vave function (.2.ll»)»
- - - - - - - curve obtained using the harmonic oscillaton.
The experimental data are taken from Jong et al. (1978).

Fig.8 p- He elastic scattering at 788 MeV (Pauli exchange amplitude only).
Same caption as for Fig.7.

Fig.9 p- He elastic scattering at 788 MeV (direct amplitude plus Pauli
exchange amplitude). Same caption as for Fig.7-

3 It
Tig;. 10a The neutron- He relative momentum distribution in He. This

momentum distribution is obtained using EqB.(2.1l») and (3.10).

Fifi.lOb He charge form factor.
Curve obtained using the ground state vave function (3.10),

- - - curve obtained using the oscillator vave function.
The experimental data are taken from McCarthy et al. (1977);
Arnold et al. (1978).

Fig.11 Diagram of the multiple scattering mechanism He(p,d) He reaction
at 770 MeV.

Fig. 12 Hefp.d)3^ reaction at 770 MeV.
Single collision only (PWBA),

- , _ . _ , _ , _ single plus double collision,
- - - - - - - single plus double plus triple collision,

all the multiple collision series.

Fig.13 Hefp.d)3^ reaction at 700 MeV.
Curve obtained using the vave functions(2.it) and (3.10),
curve obtained using the oscillator wave functions

for both He and "Tie nuclei.
The experimental data are taken from Bauer et al. (19T7).

Fig.lit Variation of the V;(p,d)3He reaction cross-section.-at 0p when, the
incident proton energy increases. Same caption as for Fig.12.

Fig.15 Variation of the He(p,d)3He reaction cross-section at 31* (cm)
vith increasing incident proton energy. Same caption as for Fig.12.
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