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Several models for the inclusive production of protons at backward angles are reviewed. From the model
amplitudes, predictions for the (p,2p) differential cross section in which one of the protons is emitted in the
backward direction ar¢ calculated. It is found that the magnitudes and angle dependence of the predicted
cross sections vary significantly from one model to the next. '

NUCLEAR REACTIONS Inclusive production mechanisms at intermediate ener-
gies, effective momentum distributions, predictions for (p,2p) reaction.

I. INTRODUCTION

Since Frankel ef al.! first measured the back-
ward inclusive differential cross section of pro-
tons produced in proton-nuecleus collisions at in-
termediate energies, there have been several
models®™® put forward to explain the data. These
models differ congiderably in their microscopic
detail, but they can each generally fit the data for
emitted proton angles in the 160° to 180° range.
While reeent (p,p’) data at more forward angles

has begun to place limits on the range of validity
" of some of the models, it does not appear likely
that further (p,p") data will be able to distinguish
between them. The purpose of this paper is to
congider some reactions related to (p,p"), in
particular the (p,2p) reaction, in an effort to find
a means of testing these models.

It will be useful to have some sort of categori-
zation of the models for our purposes. The mod-
els usually involve some sort of primary interac-
tion, for example elastic scattering of the incident
proton off a cluster of nucleons inside the nucleus.
Because the clugters or residual nuclei can earry
excitation energy which may lead to their breakup,
the few-body intermediate state very likely leads
to a many-body final state. It is assumed in all
of these models that the protons emitted in the
de-excitation of the residual nucleus are of such
low energy as not to contribute to the 100-400
MeV protons observed by Frankel ef al. Hence
we will categorize the reactions by the humber of
particles or clusters there are in the intermediate
state following the primary interaction.

We see immediately that two-body intermediate
states are unlikely to contribute significantly to
the high energy backward events looked at by
Frankel since the residual nucleus would have to
be carrying off an enormous amount of excitation
energy. We will therefore concentrate our atten-
tion on three- and four-body intermediate states.
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By far the largest number of models fall into the
three-body intermediate state catagory. One of
the first models proposed in this group involves
the incident proton elastically scattering in the
forward direction off a target proton, putting the
latter on the mass shell. Tt is this target proton
which is observed in the backward direction. The
residual nucleus is then simply a spectator. This
model was used by Amado and Woloshyn® for des-
cribing inclugive proton production at backward
angles, and by Boal and Woloshyn’ for describ-
ing the inclusive production of alpha particles at
backward angles.® We ghall call this the direct
knockout (DK) model,

A simplification of this model was proposed by
Frankel®: the guasi-two-body scaling hypothesis
(QTES). In this model, the phase space integral
of the transition matrix element is set equal to
a product of one function varying rapidly with and
depending only on the minimum momentum of the
recoiling nucleus, and a second function which
varies slowly with the other kinematical variables.
This approximation is not unreasonable for pp
scattering and QTBS successfully describes the
inclusive proton data. However, .the approxima-
tion fails for p-alpha scattering, and indeed QTBS
has been shown to be inadequate as a description
of the inclusive alpha data. Since QTBS by itself
will not allow the prediction of less inclusive pro-
cesses than (p,p”), it will not be considered fur-
ther here.

A model in some respects similar to the DK
model is the multiparticle exchange (MPE) mod-
el proposed by Weber and Miller.* Here, though,
the observed proton is the spectator and the pri-
mary interaction is between the incident proton
and the remaining A — 1 nucleons of the target.
nucleus (of mass number A). The need for de-
tailed knowledge of the p+ (4 - 1) colligion is
avoided because of the inclusive nature of the

A(p,p") experiment.
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The other three-body intermediate state model
which we wish to discuss is the correlated cluster
(CC) model of Fujita.® In some sense the CC mod-
el incorporates both the DK and MPE models in
that the incident proton scatters off everything
from a single proton in the nucleus to an (4 —1)
nucleon cluster. However, the observed proton
is now assumed to be the incident proton, scat-
tered through a very large momentum trangfer.

Lastly, we take note of a four-body intermediate
state model, the cluster recoil (CR} model pro-
posed by Woloshyn.® As in the DK model, the
primary interaction is pp scattering, However,
whereas the residual nucleus carries off momen-
tum K (where the target proton has momentum
K in the nucleus) in the DK model, in the CR
model K is carried off by a “jet” of » nucleons,
the remaining A ~ 1 — # nucleons remaining rough-
ly at rest in the lab. Although onpe has to model
the relative probability of the nuclear profon with
momentum —k recoﬂmg against the n-nucleon jet
with momentum ¥ both as a function of & ‘and #,
the overall normalization is fixed by the (p,p”)
data. '

We have outlined above four models for the
(psp’) reaction (DK, MPE, CC, CR) which we feel
are significantly different from one another that
they should be able to be distinguished experimen-
tally. There are other likely models of which we
are aware, and doubtless others of which we are
not aware, which we have excluded for brevity.

In the following sections, the DK, MPE, and CC
models will be reviewed in turn (concentrating
most heavily on the DK model) and their (p, 2p)
predictions will be discussed. Unfortunately, the
normalization conventions of the various authors
are not uniform, nor, of course are their para-
metrizations of the data which are put into the
models. The approach taken in this paper will be
to use the same data parametrization (e.g. for pp
scattering) in every model to facilitate compari-
son, but to leave the normalization conventions
intact as much as pogsible, for easier reference
to the original works.,

II. DIRECT KNOCKOUT MODEL

The kinematic labels attached to each partici-
pant are shown in ¥Fig. 1, The incident proton has
an energy and momentum of E, and p; in the lab
system, and leaves the reactmn with E, and p,.
The struck nucleon has momentum -k before the
collision, and energy and momentum E_and ¢
after. ‘We will use E, =8 + (&2 +M Paak 2 (where
M, is the mass of the residual nucleus and §*
its average excitation energy) to denote the energy

of the residual nucleus, and ¢, to mean (%%+ M %)"*
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FIG. 1. Energy-~momentum labels for direct knockout
model.

where M, is the proton mass.

Using the phage space normalization conventions
of Bjorken and Drell,® and using the closure ap-
proximation to replace the sum over final nuclear
states by a final state with an excitation energy
&*, Amado and Woloshyn® write the {(p,p") dif-
farennal cross section for a target of A nucleons

. in the form

o d? ds
s i JEL b T2 8 7, 7

b G(Ei+MA -E,-E -E), (1)

where the probability of finding a proton with mo-
mentum % in a nucleus with Z protons, nfk), is
normaltzed by

2 f%np(k)(z )3 (2)

and similarly for the neutron momentum distribu-
tion #,(k). The collision between the incident pro-
ton and the off-mass-sheil proton in the nucleus is
assumed to be dominated by elastic scattering,
the matrix element for which, 7,,, is normalized
to

do_ M.

Fr 16@ oo | T * (3)

where ¢ is the square of the four-momentem trans-
fer. No effort is made tc include off-mass-shell
effects. ‘

The parametrization for the pp scatiering cross
section chosen here is to assume that the integra-
ted cross section ig constant {as a function of
energy) at 24 mb,'® and that do/d¢ has the form

L der, (4)

The paraméter b has the rough energy dependence
over the range of interest, of

b=14.397,,, ~ 6.13 GeV™, {5)

where T, is the lab kinetic energy of the incident
proton in GeV. At the limits of applicability of



this formula, & was restricted to be greater than
0.7GeV *andlessthan7.0GeV ™2 Knowingb fora
particular T,,,, the integrated versionaf Eg. (4) can
he solved or A. Todetermine the appropriate T,,, for
the reaction, the momenta of p, andg were usedtode-
fine the Mandelstam variable s, for whichthe corre-
sponding lab energy was then calculated.

The parametrization of lT“ |? 1s somewhat more
cumbersome. Over the energy range of interest,
(T, |” at u=0 {backward scattering) was approxi-
mated by {in units of mb/GeV?)

—-1.369 x 10*T, + 1.686 x 10%,
T102<0.7 GeV
0.709x10%, T,.,>0.7 GeV. (6)

lab

E T{m iu=02 =

The parameter b’ appearing in

dU_ : _b'u
E—A e (7)

was fitted with (in GeV™2%)

. ,:{_94.34Tm+ 115.7, T,,,<0.876 GeV
33.0, T

{8)
>0,876 GeV .

lab

In general, it was found that scattering from neu-
trong contributed no more than a few percent of
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FIG. 2. Compariscn of direct knockout model predic-
tions with experiment for the reaction by (p,p")X at
incident proton energy of 800 MeV, and observed proton
angle of 100° and 158°. Data from Ref. 2.
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the predicted cross section, so the parametriza-
tion chosen is not terribly crucial to the results
presented here. The last ingredient required for
the calculation is the form of the momentum dis-
tribution., Theoretical understanding of the high
momentum components of the momentum digtri-
bution ig still far from complete, but some re-
cent work by Zabolitzky and Ey,** as well as most
fits to data, point to an approximately exponen-
tial shape in the 300-900 MeV/e range. Follow-
ing Amado and Woloshyn, we try

C
k)= 15 cosh{k/2k )]’ (9)

where %, is treated as a parameter and C is de-
termined by the normalization condition, Egq. (2).
The same form is used for both protons and neu-
trons. Hence, the model containg only one free
parameter, k.

Shown in Figs. 2=4 are the predictions of this
model with %2,=88 MeV for a variety of targets,
the bombarding energy being 800 MeV. In the
original paper of Amado and Woloshyn,® %, was
fixed by an analysis of (e, ¢’} data, and Eq. (1)
was not evaluated exactly, Thus, the agreement

" was not as good as iz shown in these figures. It

is clear that the agreement is good for Li and Be,
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FIG. 3. Comparison of direct knockout model predic-
tions with experiment for the reaction *Be(p,p’)X at
incident proton energy of 800 MeV and observed proton
angle of 100" and 158°, Data from Ref. 2.
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FIG. 4. Comparison of direct kmockout model predic-
tions with experiment for the reaction talp a(p,p’)X at
incident proton energy of 800 MeV and cbserved proton

angle of 100° and 158°. Data from Ref. 2.
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FIG. 5.. DK predictions for *Be(p, 2p)X with 8,=160°

and’ 800 MeV incident proton kinetic energy.
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but has begun to deteriorate slightly for Ta. Had
the simple exponential been used instead of Eq. {9)
for »n(k), the predicted results would have been
roughly 20% lower. &* was set equal to zero for
these calculations.

In this model, multiple scattering effects have
been neglected, and it is important to find out
just how significant they are. A recent experi-
ment at TRIUMF? tried to address this question
by using *He as a target. While the data have not
yet been finalized for publication, the preliminary
results are in good agreement with the DX pre-
dictions.

To test this model further, one would have to
go to a less inclusive process than (p,p"). Since
the DK model assumes that the incident proton is
scattered forward without large momentum trans-
fer, one can easily calculate the DK predictions
for the (p, 2p) reaction. A comparison of light vs
heavy target could then be used to investigate the
importance of multiple scattering,

The differential cross section for two proton
coincidence reactions is given by

d%
%, a9, dE,
M a B pé ]
220" py €, [ p AE,+ B)) = 15, -G 1E cos 8,

X k) | Ty |? (10)

where 0, refers to the angle between B, and P, - 4.
For this and other models, °Be has been chosen
as the target nucleus. Shown in Fig. 5 is the DK
prediction for the backward proton being observed
at 160°, Ag expected, the peak in the distribution
of the forward proton is near 0° (g, ,,, i3 the angle
between p. and the beam axis, a positive Bs. iep
being on the opposite side of the beam from 8,).
For 6,=90°, shown in Fig. 6, the peak shifts out
to about 15°. In both of these calculations, B,
has been chosen to lie in the plane formed by B,
and 4. The cross section decreases as 7, moves
out of the plane. The incident proton kinetic en-
ergy in both these results is 800 MeV.

iIl. MULTIPARTICLE EXCHANGE MODEL

The particle labels used for this model will be
the same as those used in the previous section,
In order to be able to make the {p, 2p) predictions
for this model, we will have to go beyond the mod-
el of Weber and Miller* and actually construct
a matrix element for the p-residual nueleus col-
lision. Thus, the (p,2p) predictions generated
here are going to have significantly more model
dependence than that proposed by Weber and Mil-



21 PROBING INCLUSIVE PRODUCTION MECHANISMS WITH THE... 1917

9
Belp,2p)X’
Tp= 800 Mev
- @
Bq =90
0 Tq=100Mev
‘_N
als
3
=
T
‘T
318
o Tq= 200 MeV
=

0 20 P
8, lab ©

FIG. 6. DK predictions for *Be(p, 2p)X with 8,=90°
and 800 MeV incident proton kinetic energy.

ler.

The normalization for the cross section chosen
here will be that of Bjorken and Drell® for spin-
less particles. This is the same normalization
taken in our previous work on (p, a) reactions.
Dencting the p-residual nuclens matrix element
by T, the differential cross section for inclusive
proton production is given by

dfc C q
d%,dE, 25(2”)5MAMA'P1MA'F((I)

a3
< S T al 08 v, = B -y By
(11)

The function Flg) is pfoportional to n(k) of the di-
rect knockout model. The constant C will be de-
termined by fitting the inclusive date.? Now if the
kinematie limits for the p, integration were close
to those of the free p-R reaction, then the inte-
gral would simply be proportional to the p-R cross
section. That means that for fixed E, and |§],

the inclusive differential cross section should
vary only slowly with ¢ . Experiment shows a
fairly rapid variation as one goes to forward val-
ues of 8, so the particular version of the MPE
modelunder investigation here is probably limited
to large ¢,. To get an idea of the effect of shifting
the integration limits as a function of §, the fol-

lowing parametrization is chosen.

(i} Flg) is simply set equal to e/ %, As in the
DK model, a value of k, of 88 MeV adequately
describes the large 0 o data.

(ii) The total p-R cross section is assumed to
have the same form as given in Weber and Miller,
i.e.,

a=86(4 — 1)2/7 mb, (12)

independent of energy in this region,

(1if) The differential cross section for p-R col-
lisions is assumed to have the same ¢ dependence
as Eq. (4), and & is chosen by a rough fit to the
slope parameters of elastic p-R scattering at in-
termediate energy'®

b=5.5410 Gev 2, (23)

Lastly, with this normalization, the p-R differ-
ential cross section is given by

do_  IT,I°
dt 64ﬂMR2plab2.

While this is admittedly not the best parametriza-
tion available, it will do for the purpose of this
paper.

The results for *Be(p,p’)X at incident proton
energy of 800 MoV are shown in Fig. 7. The con-
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FIG. 7. Comparison of MPE model with experiment
for the reaction *Be(p,p’ )X at incident proton energy of
800 MeV and observed protoh angle of 100° and 158°.
Data from Ref. 2.
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stant C is fixed by the 158° data, and one can see
that the cross section predicted for 100° is indeed
not too much different.

The (p,2p) predictions are given by Eq. {11}
with the || integration performed to take care
of energy conservation. The results for a Be
target are shown in Figs. 8 and 9. In contrast to
the DK model, the peak in the distributions of the
MPE model does not shift significantly with @,.

V. CORRELATED CLUSTER MODEL

The last model which we wish to treat in detail
is the correlated cluster model of Fujita.® In this
model, p, is replaced by a cluster of N nucleons
of energy E_. The differential cross section then
consists of A terms:

die’ 1 . d, 1
Fa ;wamli‘p-d ww(k)—L(zw)aW

X 8(E,+NM,- E, - E,,— &%),

where (15}
F=NM,p,, (16)
A1 A
Svga(F) b amn
3/2
WN(k}=(;1\T7;) e-kZINV_ (18)
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FIG. 8 MPE predictions fo.' "Be(p, 26)X with 8,=160°
and 800 MeV incident proton energy.
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FIG. 9. MPE predictions for "Be(p, 2p)X with 6,=90°
and 800 MeV incident proton energy.

The reader is referred to the original paper of
Fujita for a detailed discussion of the values of
the parameters involved. The values of these
parameters which Fujita found to give an accept-
able fit to the inclusive data were

v=32500 MeV?, (19)
v,/V=0.07, (20}
gy 1, (21)

The p~cluster cross section was replaced by the
pp eross section by Fujita,® and the amplitude nor-
malized as in Eq. (14). The same criteria for
selecting the appropriate s and f and the same pp
cross section parametrization as were used in

the DK calculations are used in the results dis-
cussed below.

We are interested mainly in the N=1 term of
Eq. {15}, as the recoiling clusters in Fujita’s mod-
el do not break up, by and large. Evaluation of
Eq. (15) then shows that, depending on E_, scat-
tering off a single nucleon contributes only ~10™*
to 107° of the predicted inclusive cross section.

It comes as no surprise then that when the ]fjf|
integration only is performed in Eq. (15) to give
the (p, 2p) prediction, the results are substantially
lower than those found in the DX or MPE calcula-
tions. The °Be (p,2p)X cross sections for one
proton at 160° are shown in Fig. 10.
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FIG. 10. CC predictions for *Be(p, 2p)X with 6,=160°
and 800 MeV incident proton energy.

V. DISCUSSION

In the above, we have caleulated some (p, 2p)
predictions for a variety of models. Each model
has its own characteristic spectrum which should
allow experiment fo rule af least one of them out.
For example, although the peak in the cross sec-
tion for the DK and MPE m'o_dels'is grossly the
same, the peak should shift as g, is varied in the
DK model, but remain roughly centered at the
beam axis in the MPE model. The reason that
the peak is approximately stationary in the MPE
model ig that the amplitude agsumed here for p-R
scattering fallg off very rapidly with momentum
transfer of the incident proton {o the residual
nucleus. If the amplitude did not in fact fall as
fast with momentum transfer as has been assumed
here, then the forward protons would not be so
sharply peaked, although the position of the peak
would still change only slowly with 6. In contrast-
ing both of these models to the CC model, the pre-
dicted cross section of the CC model is several
orders of magnitude lower than the other two.

It should be pointed out that the particular dif-
ferential cross section used for comparison in
these calculations, d*c/ddtdE,, involves only
those forward protons which result from three-
body kinematics asg in Fig. 1. Hence, T, is

uniquely determined by energy and momentum
conservation at a given Q,, @, T,, and &* and is
roughly T,-T,- & *. These calculations then are
restricted to those forward protons with T, greater
than about %Ti. If the coincidence trigger were
defined to be any forward proton at fixed 2 In
coincidence with a high energy proton in the back.
ward hemisphere at fixed _and E, {including the
low energy protons resulting from evaporation of
the residual nucleus) then the predicted angular
distributions would look substantially different.
This point is particularly important for any
discusgsion of the CR model. Because the CR mod-
el was not broken down into elementary ampli-
tudes, it was not used in the above to predict the
(p, 2p) differential cross sections. However, as
described in the Introduction, one can evaluate
the contribution to the (p, ') predictions of the
term in which the “jet” comprises all of the re-
sidual nucleus. This would then give a rough mea-
sure of the scale factor which could be applied to
the DK model results to approximate what would
be the CR results at the 7, corresponding to co-
herent recoil of the residual micleus. The =4 -1

_contribution to the *Be(p, p’)X cross section at

incident proton energy of 800 MeV is shown in
Fig. 11. As with the CC model, it is observed

%Belp,p)x
T, = 800 MeV
o
=160
2 16}
=
=
=
Fal
g
a
3
3 TOTAL
o213
‘Uv

1 1 1 1 1 !
120 140 180 180 200 220
Tq (MeV

FIG. 11. Comparison of #=A4 — 1 contribution in CR

model with total predicted cross section for Belp,p")X
at 6,=160°, 7,=800 MeV.
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that the predicted cross section should be much
smaller than the DK predictions. However, if

one were to measure 4 “o/dﬂ,dEfqu dE, as a func-
tion of E, at fixed &,, Q,, and E, then rather

than ohserving events at a narrow band of energies
centered around T;— T,— & (the spreading caused
by the &* distribution) as predicted by the DK
model, the CR model would predict that the maxi-
mum in the c¢ross section would be shifted to lower
E, (corresponding to lighter recoiling jets), the
numerical value of the shift depending on the de-
tails of the excitation energy and momentum dis-
tributions involved.

In all of the above calculations, the average ex-
citation energy of the residual nucleus has been
gset equal to zero. A more realistic calculation
would have a nonzero value, but would introduce
extra model dependence into the results, a situa-
tion we have tried to avoid. Green and Kortel-
ing,* using heavy fragment yields as constraints
on an evaporation calculation, have estimated that
-at the beginning of the evaporation cascade, the
distribution of excitation energies has an average
valué in the 2040 MeV range for an incident pro-
ton in the 200500 MeV range. While this is not
necessarily the same distribution that one would
expect'here, it provides us with a rough value for
&*. This would manifest itsel in the DK model
by 2 downward shift of an amount &* in T, from
the &*=0 value of roughly T, - T,.

In performing these calculations, protons with
enérgy 800 MeV and a °Be target were chosen to
illugtrate the results. *Be was chosen as it is a

readily available and easily manipulated target.
The proton energy was choesen to be 800 MeV
because an energetic backward moving proton is
required for a trigger. This should not imply
that the correlation measurement could be done
only at this energy. The reguirement that the
backward moving proton be energetic was made
50 that one would be measuring {(within the context
of these models) the high momentum part of the
single particle effective momentum distribution,
where the distribution seems to be adequately
described by an exponential falloff. While there
is no reason why the experiment could not be run
at lower energy, certainly once the incident pro-
ton energy fell much below, say, 200 MeV, it is
unlikely that the simple exponential would ade-
guately describe the distribution in the momentum
range required for the calculations and they would
have to be done with a more appropriate distribu-
tion.
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