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DEUTERON BREAKUP REACTION AT MEDIUM ENERGIES
I.Zborovsky

Secondary effects i deuteron breakup reactions are re-examined
for processes pﬁ - ppn with a proton detected at 180°. The calculation
includes double-scattering and final-state-interaction corrections to a pla-
ne-wave impulse approximation. The method used here incorporates
both the energy-conserving and the principal-value part of the free/
nucleon propagator. The two nucleon Paris deuteron wave function
and the available nucleon-nucleon elastic scattering data’®’ havg been
used as an input. The results are compared with the inclusive H(d, p)X
cross sections and the tensor asymmetry Toq data 71/ at a 1.25 and
2.1 GeV deuteron kinetic energy.

The investigation has been performed at the Laboratory of High
Energies, JINR.

PasBas fefiTpoHa NpU POMEXKYTOUHBIX SHEPIHAX
HU.36opoBckn

PaccmatpuBaiorcs BTOpuuHble 3exTsl A pasBaia_ AeHTpoHa
B Nponeccax pD—»ppn ¢ u3MepeHHeM NpPOTOHOB Ha 180°. Pacuers!
HpOBEAEHBI C YYeTOM [BOMHOIO NEPEPACCeAHMA M B3aUMOMEHCTBHA
B KOHEYHOM COCTOAHHM KaK NOMpPaBKH K HMIYIIbCHOMY IpHOIIIKe-
HHI0 C IUTOCKMMH BONHaMH. IlpencraBneHHbli MeTON YUUTBIBAET OOHO-
BPEMEHHO 3JHEPrOCOXPaHAMILYId 4YacTh M MOJIIGCHYIO 4acTh CBoBOJ-
HOTO HYKJIOHHOTO NpONararopa. BbUIM MCHONB30BaHbI JBYXHYKIJIOH-
Haf mapWkcKkaa BonHoBas GyHKumA meiitpona’®’ u umeromuecs
maunsie 3/ Mo HyKITOH-HyKITOHHOMY paccesiHmio. Pesynbratel cpas-
HHBAKWICA C MHKJIIO3UBHBIMH C€YCHHAMH H(d p) X ¥ TeH30pHOII acHM-
Metpueit Tog /17 Npy KHHEeTHYEeCK oji 3Hepruu nedrpoHa 1,251 2,1 I'aB/c.

PaGora BemonueHa B JlaGopaTopuu BhIcOKMX 3Hepruin OWSAH.

I. Introduction

The investigation of the processes of deuteron breakup on nucleons
at medium and high energies can give nontrivial information about
the deuteron structure. It is believed that the detection of protons
from the deuteron in the forbidden kinematic region for the interaction
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on free nucleons can improve our knowledge on nuclear physics at small
distances. In a first approximation the deuteron breakup at medium
and high energy is a relatively simple process in which one of the nuc-
leons of the deuteron interacts with a probe (e.g., a proton) and the
other proceeds largely undisturbed. This simple picture presented by
a plane-wave impulse approximation (PWIA) needs to be corrected for
the effects such as multiple scattering, final-state interaction (FSI) and
also for other possible contributions or mechanisms which occurrence
can have a sufficient influence on the experimentally measured charac-
teristics. For the deuteron breakup, FSI and double scattering are small
and can be in principle calculated, and thus they offer intéresting gro-
unds for various theoretical models. There exists now a considerable
amount of deuteron data for energies ranging from a few hundreds MeV
to several GeV. In this paper we consider the process pD - ppn with a
proton detected at 180°. This reaction canal dominated in deuteron
breakup processes induced on the proton probe especially in the region
when one approaches the kinematic limit which is the maximum labo-
ratory proton momentum for a given incoming energy. The aim of our
study is to estimate the final-state interaction (FSI) and the double-
scattering (GDS) effects. The calculation results are compared with
the measured inclusive cross sections and the tensor asymmetry Toq
for deuteron breakup at 1.25 and 2.1 GeV’!’ .

II. Theoretical Formulation

In this section we present the formalism for the calculation of the
inelastic scattering of a proton from a deuteron target

B +D - Py+N{ + Nj (1)

incorporating the multiple-scattering expansion in addition to the
single-scattering contribution of the PWIA. The calculation is performed
in the rest frame of the deuteron using non-relativistic wave functions.
The transformation of the NN amplitudes to this frame and kinematics
are treated relativistically.

We call the projectile proton particle No.1 and the target nucleon
particles Nos.2 and 3. We call the nucleons in the final state 1, 2,8
having in mind that particle 83° detected in the backward hemisphere
is a proton. For the polarized deuteron the differential cross section
for pure M states (M = 4, 0, 1) in reaction (1) reads -
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v;, is the velocity of incoming proton and T, represents the corres-
ponding three-nucleon T matrix element. The factor 1/2 in (2) repre-
sents averaging over initial proton spin. When describing characteristics
of inclusive data, we have to perform integration over k'2 The invariant
inclusive cross section and the tensor asymmetry Ty, are then written

in the form

p=Lp) +p(0)+p(-1)1/3 3)
R IORTIC) -2p(0) @
NE) o) +p(0) +p(-1)

do,
p(M) = B —iL— (M)

ak;
4 ’
2 EIE - Mul 2 ”/ —’r 2
=(’g = 3 [a&[SE,-E)|T, . (kL kKD, (5)
L Mp, Hikoty
Hilghg

where M, ¢, “i , ué , pé are the deuteron and nucleon spin projec-
tions, respectively. When writing the amplitude of process (1), anti-
symmetrization of the states must be taken into account

> >
TA(r,i) =<A(D) | TIA) > =3(k, _ki)'TA(r,i) 6)
which after summing over all final states leads to the appearance of the
additional factor 1/2 evaluating the cross section in (5). This means that
we cannot perform superfluous summing over the states which corres-
pond to the permutation of identical nucleons. Assuming that nuclear
interaction is mainly mediated by two-body forces and following an
earlier work of Faddeev’? and Wallace’3’ , we write expression (6)
in the form:

<A TIAWU) >=<A(0) | VIA(y. )>=\—/1—2_23P<P(f)lvlhlll>. (7
mn P

Here V is the potential of the three-nucleon system, V=V, +V, +V_,
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and [A(y;,)> is the outgoing scattering state of the system which
originates from the initial state |A(i)>. The initial state |¢,> is the
product of the free nucleon state | p e and the deuteron wave function
| Dyg> which is antisymmetrized and normalized to unity. Following
Faddeev /2'/, we write the scattering state for the three identical nuc-
leons in the form

(A0, > =TI 9>+ 6, >+ 14, >1/V3

where the ]t,llj > satisfies the coupled equations
]¢l>= [¢1>+G0Ta,[ |(//2,\+ {:/13>]

!¢2>=1¢2>+G0Tb[|'~/’3>+|l/’1_>] (8)

[Wg>= 16>+ GoT, [ 16 >+ | ]

Go is a free propagator and free-particle two-body transition matrices
Ty satisfy the Lippmann-Schwinger equations

T, =V (1+GgT)). )

For the specific case of three identical nucleons, the coupled equati-
ons (8) degenerate into one equation for the unknown state [¥>. When
iterating this equation we obtain the multiple scattering series expan-
sion. In the approximation of the present calculation we neglect the
third- and higher-order scattering terms. In addition to the single-scat-
tering contribution (PWIA), we thus include the Glauber double-scat-
tering processes (GDS) as well as corrections to final state interaction
(FSI). Using Lippman-Schwinger equation (9) for expression (7) up to
the first order of the free propagator, we have:

AU [VIA(h,)>=V3 <A T, GoT,| 61>+ /3 <ADIT,GoTyld,

+VB<A(D [T, [ ¢>+VE<A(D) | T,G oT, i, > (10)

3 ! 3 | | .
FVB<A(DIT, ¢,>+vE <A(D) [T, G,T,ld,>
The state <f| which describes a free motion of the three nucleons
after reaction (1) is the product of single/ nucleon states. When evaluat-
ing amplitudes (10), the approximation”!* 3 is often used which in-
cludes only impulse terms and the energy-conserving parts of double-

317



scattering terms connected with decomposition:
Gy =Pl1/(E-Hy))]-in8(E-Hy). ' (11)

It is hoped that in the deuteron breakup the principal-valie part cancels
the higher-order scattering terms similar to the case of elastic pD scat-
tering. We proceed here in a different way exploring the method of eva-
luating the nucleon nucleon wave functions in energy continuum.
So we include in our calculations the whole propagator Go and expan-
sion (10) up to its first order. Using the Lippmann-_Schwinger equa-
tion for the NN wave functions and extracting its plane wave part

A+ GT )t =y, = + o (12)
expression (10) can be rewritten to the form

<A(f)] V}A(z/;in)> = V3 <A(f) [Tyl by> + V3 <A(L) | Tl &,>
+VB<A(I) [Tyl dy> + V3 <A(97) [ Teldy> . (13)
+V3<A(e )T, | ¢ >+ V3<A(O)IT [¢>.

Taking into account the symmetry in indices a, b, ¢, one can get expres-
sion (13) in a more explicit form. We divide it into three parts which
describe the plane-wave contribution, final-state part and Glauber

double-scattering ,corrections of our approximation. For the particle
with momentum ké detected as a proton we have:

TA(f,i) =T + Test + Taps (14)

To =2 P11 (8@ )T, (1 6,> + 2 <pgl | <& 0D IT,, | 6>

Test =20 P11 s MpOIT, Jbp+2- <ol 2@ D IT, [ ¢,>

TGDS%2. b<p1| ci(p (nzps) ITab| ¢1>+2'b<n11 ch’ (psepa)ITabl ¢1>
+2.<p’] <®7(p’n’)|T >+2. <n’| <® (p’p’)|T >
R pzl o (o0 | R . 2! o (pspl)l ab|¢1

2. <p’| <d (p’'n’)|T >+2. <p’l <& (n'p’)|T >,
* bpsica«p (plnz)l ab‘d)l * bps‘ ca (192)| abld)l
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The other terms are either zero or cancel each other. Here indices ijk la-
bel the momenta, spins and isospins of nucleons. Indices a, b, ¢ deter-
mine the action of the two nucleon operators on the appropriate states.
The NN wave functions <®,(N ; Nj‘) + @"(NIN’)| are antisymmet-
rized and normalized to the delta functions’4’. These functions des-
cribe a full interaction between nucleon pairs with final momenta K{
and EJ . In formula (14) we refer only to a strong interaction ignoring
an electromagnetic one, and hence the operator T, does not depend
on isospin.

The terms representing the plane-wave impulse approximation
(PWIA) make a main contribution to our amplitudes. As in all the
interval of momentum 12}5 of detected cumulative proton there exists
the factor of smallness which is the deuteron wave function of argu-
ments f{'l or l}’g with respect to that of argument Eé,the spectator me-
chanism plays a dominant role here. In this approximation the cross
section and the tensor asymmetry Ty can be expressed as a simple
combination of the deuteron S and D states. In this case for the PWIA
amplitude in (14) we can write:

M >
" Ak 3) . (15)

T, =-2 , T (N Nz,pn;kl—kl)’dl i

0 ; 1
#2 lliﬂ- 2 Hilto

M
Here (I)# + denotes the deuteron wave function with the spin pro-
3
jection M and with the nucleon spin projections u 2> “’3' In our cal-

culations we evaluate the NN amplitudes T at energy ¢ which corres-
ponds to the collision of the projectile with the nucleon from the deu-
teron at rest. In reality this is not the case because that energy varies
and depends on an internal motion of the struck nucleon. The correc-
tions for this motion are tightly connected with the off-energy shell
problem and require further investigations.

The diagrammatic view of the plane-wave terms as well as the
other terms in (14) describing FSI and GDS corrections is presented
in fig.5. Studying these diagrams and the underlying kinematics, we
have to keep in mind that the method of employing the NN wave func-
tions in energy continuum is limited with respect to a relative energy
of that NN pair. We find the wave functions describing the final-state
interaction of a nucleon pair as solutions of the Schrddinger equation
with a potential and with appropriate asymptotics. We write these
functions as a sum over orbital momenta. Higher J-terms of such a de-
composition have very small contributions to the measured experimen-
tal spectra especially in the region forbidden for free NN kinematics.
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This corresponds to our ideas that if we measure protons in this kine-
matic region, we test small distances in the deuteron which are connec-
ted with small orbital momenta. In our paper we have used the poten-
tials /7*8/ which include central, spin orbital and tensor forces and
can describe the NN scattering data in the appropriate energy region.

Evidently, Schr&dinger formalism for energy higher than, say,
350-400 MeV cannot be reasonably applied. On the other hand, we
make a convenient assumption that the correlations of a NN. pair with
higher relative momenta are weaker than for that with smaller ones.
So, we neglect residual interactions of the detected proton with the
forward fast moving particle with respect to those between slow nuc-
leons. Under this assumption for the FSI and GDS terms in (14) we

- M > -

=- z ;—-T (k )'— R (k :k ,Il-’,[l,, T’=0) (16)
FSI - d a f 2 3
' T ﬂl“j Hikg Hio By
j 2
= 1 M -
T = 2 T (k’)""—[-— R (k ,k su-’:#’ T‘=O)+
GDS - Tu’ 1 ' R S
i ukul u1u2 2 uk #2
k 2
+_ R (k ,k ,pn",pn’,T'=1].
gow, 4102

Of particular physical interest in the present formalism is quantity R
used in (16)-(17) which can be in principle measured in the experiment.
This quantity can be interpreted in a model-dependent way. In the
model used it corrects the deuteron wave function in (15). It repre-
sents the overlap integral of the deuteron wave function and the part
of the NN wave function responsible for residual interactions.

j e
N (18)
-» - 3 - M -~
= fdre @ * (r;kr,u;.u;.T')"D (r).
By L ET
The function @~ describes the residual interaction of the NN pgir with
isospin T’, relative momentum k; and the total momentum k,. The

magnetic quantum numbers u u, and ué, u; are nucleon spin pro-
jections before and after interaction.
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III. Summary

We have plotted the results of our calculation of the invariant
cross sections (5) and the tensor asymmetry Top (4) together with
‘the experimental ap-breakup data’!” at a deuteron energy of 1.25
and 2.1 GeV. The kinematic limits for the detected proton momenta
are 0.3 GeV/c and 0.38 GeV/c, respectively. Our calculation uses the
Paris deuteron wave function ®’. The NN amplitudes describing the
interaf:t;on of the incoming and the first wounded nucleon were taken
from "®". The potentials for the lowest orbital NN canals used to des-
cribe residual interactions were taken from’78’ . We have tested a
correct energy behaviour of the corresponding phases.

In the PWIA framework for the reaction canal p(_f > ppn we get
a relatively good description of the shapes of the invariant cross sec-
tions as can be seen in figs.1 and 3. The inclusive T,y data are partially
reproduced, but for proton momenta q>0.18 GeV/c there exists an
evident discrepancy between the PWIA and the data. When switching
on our corrections, we see that the final-state interaction plays a more
significant role than the Glauber double scattering effects. This is per-
ceived and demonstated in figs.2 and 4. These secondary effects reduce
the cross section in the momentum region q <0.25 GeV/c up to 20 %.
For higher energy data FSI causes a slight increase of the cross section
in the region q > 0.25 GeV/c up to about 10 %. The secondary effects
have a very large influence on Tyo at both energies. Though the full
description was not achieved, a ditch in its behaviour seems to be
filled. The insufficiency in cross section at higher energy for low pro-
ton detected momenta can be connected with 7-production not inclu-
-ded in the calculation. The r threshold at 2.1 GeV is near q=0.3 GeV/ec.

To conclude our results, we find that interaction in the final sta-
g:e of the disintegrated deuteron, in particular in canals IPI R 351 — 3Dl,

D2, has in a medium energy region a certain influence on an inva-
riant cross section and corrects substantially the behaviour of the ten-
sor asymmetry T,,. We note here that similar conclusions have been
made for the inclusive deuteron breakup at higher energies '?” and also
for the processes of the deuteron electro-disintegration’/ 10/

I would like to thank Prof, B.Tecoult for valuable ideas stimu-
lating this work, Yu.Panebratsev, A.Litvinenko for many helpful dis-
cussions and M.Sumbera for technical support in the calculations.
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Fig.1. The inclusive H(d, p)X invariant
cross section of ref.1 at a deuteron energy
of 1.25 GeV plotted versus the proton
momentum in the deuteron frame com-
pared with the PWIA and the full calcu-
lation results. 0000 — experimental da-
ta, —— — — PWIA, — PWIA +
FSI + GDS (S, P, D waves).

EdSig/d% (mb/Ce\)&7sr)

10 -3 : Aadldadd
0.0 0.1 0.2
q (Gev/c)

0.3 0.4

Fig.3. The inclusive H(d,p)X invariant
cross section of ref.1 at a deuteron energy
of 2.1 GeV, plotted versus the proton
momentum in the deuteron frame com-
pared with the PWIA and full calcula-
tion results. 0000 — experimental da-
ta, ——— — PWIA, — PWIA +
+ FSI + GDS (S, P, D waves).
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Fig.2. The T20data of ref.l at
1.25 GeV compared with the PWIA
and with the complete calculation.
Qogg —  Experimental data,
——— — PWIA, — PWIA +

+ FSI + GDS (8, P, D waves), - —
PWIA + FSL

Fig.4. The ’1‘20 data of ref.l at
2.1 GeV compared with the PWIA
and with the complete calculation.
DoBoQd —  experimental data,
——— — PWIA, - PWIA +
+ FSI + GDS (S, P, D waves), - —
PWIA + FSIL.
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Fig.5. The first and second order diagrams representing the PWIA together with
the secondary interactions in the deuteron breakup considered in our analyses. In the

calculations we neglect graphs corresponding to residual interactions of the detected

proton (momentum Ké ) with the forward fast moving nucleon (momentum %~ )

with respect to those concerning the slow forward moving particle (momentum 1’2 ).

The solid lines represent the projectile proton.
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