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Backward emission of energetic protons
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Inclusive cross sections for energetic protons emitted at backward angles were measured using a
200 MeV proton beam bombarding Li, Al, Ni, and ' Au targets. The data were analyzed using
the quasi-two-body scaling approach. It is shown that a scaling regime is reached for some of the
data taken at incident energies of about 200 MeV/nucleon. This regime, however, is different from
the one observed above 600 MeV j'nucleon.

I. INTRODUCTION

In the past decade, a large amount of experimental
work has been devoted to investigating the momentum
distribution of nucleons or clusters in nuclei. The
knockout reactions, considered as quasi-free scattering on
a nucleon or a cluster, have been most commonly used.
Such quasi-elastic processes preferentially probe low
momentum components of the distributions up to 300
MeV/c, ' but much larger momenta (1 GeV/c ) are known
to be present in nuclear matter, from theoretical (short
range correlation ) as well as experimental (large momen-
tum transfers) considerations. However, their direct mea-
surement has remained so far unclear or questionable, and
in many cases strongly model dependent.

Recently, the backward emission of energetic particles
could be directly related to the high momentum com-
ponents in nuclear matter through the quasi-two-body
scaling (QTBS) model. In this framework, a large
amount of data taken with projectiles having more than
600 MeV/nucleon could be reproduced with a "univer-
sal" momentum distribution, confirming quantitatively
the initial ideas of Frankel.

In the present work we investigate energetic protons
emitted backwards resulting from the interaction between
various targets and 200 MeV protons. At this incident en-
ergy, the N-N scattering cross section has reached its
minimum value and the threshold for m production is
barely reached. This should favor mechanisms simpler
(i.e., with a small number of interactions) than those
occurring at energies around and above the (3,3) reso-
nance, and consequently provide "cleaner" results.

Roughly speaking, if a projectile proton is scattered
backward with little energy loss after a single scattering
on a nucleon of the target, this target nucleon must have
had, before the collision, a large Fermi momentum. Pure
kinematical relations fix minimum and maximum values
of this momentum (k;„and k,„),which depends solely
on the angle and outgoing energy of the observed pro-
ton. ' In the QTBS picture, the backward scattering

II. EXPERIMENTAL SETUP

The 200 MeV proton beam extracted from the Orsay
Synchrocyclotron is focused on a target spot of 2 X4
mm . Various targets ( Li, Al, Ni, and ' Au) were
used as representatives of light, medium, and heavy nu-
clei.

Most of the experimental setup is described in detail in
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FIG. 1. Schematic arrangement of the detectors and the
bending magnet.

cross section can be related to the probability for the tar-
get nucleons to have a Fermi momentum larger than k;„
and smaller than k,„.

In the present experiment, cross sections for the highest
outgoing energies (close to the maximum kinematic limit)
have been purposely investigated to emphasize the above-
mentioned mechanism. Cascade codes indeed show that
large outgoing energies always result from a small number
of interactions. Even at the moderate backward angle of
100, we are dealing with large k;„values, far above the
quasi-free scattering range. It is thus interesting to com-
pare our experimental results with the QTBS prediction.

In Sec. II, we describe the experimental setup. Section
III is devoted to the experimental results. In Sec. IV we
compare the data with QTBS predictions and the cascade
model, and finally we give the conclusion in Sec. V.
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FIG. 2. Particle identification by a time-of-flight technique.
( + ) scale divided by 1000 for protons (' Au target).
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Refs. 8 and 9 and has been used as a proton detector in
previous experiments involving (p-y) coincidences. ' As
shown in Fig. 1, it mainly consists of a large acceptance
magnet, large both in momentum (300—700 MeV/e) and
angle ( —10'). Two multiwire proportional counters
(MWPC's) behind the magnet provide the necessary infor-
rnation to reconstruct trajectories, while particle identifi-
cation is accomplished by a time-of-flight technique (Fig.
2). After processing the data, the three pieces of informa-
tion obtained for each event are the following: particle
identification, and scattering angle and momentum of the
detected particle. The angular uncertainty is better than 2
mrad. The momentum resolution bp/p is about 5X 10

All those characteristics are more than sufficient to in-
vestigate inclusive proton spectra and should provide
more reliable results than those usually obtained with
range telescopes. In order to check all calibrations
(momentum, acceptance, and efficiency), runs at forward
angles were done with CH2 targets to measure the p-p
cross sections, before moving the whole system towards
the backward region.

Inclusive proton spectra were measured at 102' and 106'
for outgoing protons with an energy range extending from
80 MeV to the maximum klneIIlatlc limit. In soole cases,
to avoid prohibitive counting rates from the low energy
portion of the spectra, absorbers were introduced close to
the SC1 plastic scintillator (Fig. 1) to limit the data pro-
cessing to protons having more than 120 MeV.

The hearn intensity was measured with an absolute ac-
curacy better than 3% by a Faraday cup buried in the
beam-catcher concrete wall.
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FIG. 3. Inclusive proton spectra as a function of outgoing
proton energy at mean angle (102 ) for Li (0), Al (4), Ni
(), and ' Au (4).

III. RESULTS

The inclusive proton spectra taken at a mean angle of
102 deg are displayed in Fig. 3 for Li, Al, Ni, and

Au, respectively. The inclusive proton spectra are very
sensitive to the mean angle for aB targets. Figure 4 shows
this variation for a Al target when the mean angle varies
from 102 to 106 deg. Errors bars, purely statistical, are
shown when larger than the points.
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FIG. 4. Inclusive proton spectra as a function of outgoing
proton energy for Al at mean angles 102 () and 106 (L) deg.
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FIG. 5. Proton-proton elastic scattering differential cross sec-

tions as a function of the scattering angle. (L), our data. (0),
phase shift analysis (200 MeV).

with our experimental results in the following case, in-
cident proton energy 200 MeV; mean angle 102 deg; out-
going energy 128.4 MeV; ' Au target, is in good agree-
ment with the value of 10 pb/MeVsr deduced from a
linear extrapolation of the data obtained in Ref. 12.

The general behavior of the data is described by a
smooth falloff somewhat faster than an exponential one,
except in the Li case, where we observe a hump in the
cross section between 95 and 115 MeV. This can be ex-
plained by the characteristic structure of Li. Indeed, the
well-known tendency of this particular nucleus to cluster
in an a+d structure may induce, by backward elastic
scattering on one cluster, extra bumps in the spectra. A
simulation program for a (p, pa) reaction on Li was per-
formed for our experimental conditions. The correspond-
ing proton distribution points around 95—115 MeV.

For all targets, the kinematic limit has been approached
with protons currently detected up to 180 MeV.

For all targets, except Li, the overlap between data tak-
en in two different runs, six months apart, was within the
error bars. The introduction of an absorber to cut the
low-energy particles did not distort the high energy
behavior of the spectra.

The uncertainty in absolute normalization due to target
thickness, beam monitoring, and efficiency of the system
as a function of proton energy (by far the largest contribu-
tion) is estimated to be lower than +5%. We have tested
our experimental setup with a polyethylene target (CH2)
and we have obtained the pp elastic scattering do/dQ
(mb/sr) at 200 MeV incident energy for different angles
(18'—24'). Our experimental data are in good agreement
with those calculated from phase shift analysis" (Fig. 5).

Our spectra are also in agreement in absolute value and
shape, within quoted errors, with other data taken with
completely different experimental setups. At 200 MeV on

Al and ' Au and at 198 MeV on Ni, ' proton spectra
were measured with a stack of germanium detectors. '

For example, the cross section 8.8 pb/MeVsr, obtained

IV. THEORETICAL INTERPRETATION

The inclusive spectra of energetic protons emitted at
backward angles can be analyzed in terms of QTBS. In
the most recent theoretical approach developed by Gur-
vitz, ' a large amount of data pA ~p'X, A

~
A2~p'X ob-

tained for impinging energy 0.6—1.0 GeV/nucleon and
90'&0„'&180' are remarkably well reproduced using a
universal one nucleon momentum density distribution
n(k), which appears to be the same for medium and
heavy nuclei (A )20). This approach disregards rescat-
tering of the projectile on target nucleons, assuming the
dominance of the single scattering mechanism in the large
angle inclusive reactions. However, other effects such as
the final state interaction (FSI) of nuclear fragments,
binding potential effects in the scattering on a bound nu-

cleon, and projectile-nucleon Pauli interchange effects are
taken into account. ' As a result, the experimental in-
clusive cross sections are expressed in terms of on-shell

pp, pn cross sections and a quantity G(k;„).

d'opg p~ m(&L, ) ~ dopp(El. ,q') dop„(El. ,q') G(k;„)Z, +(A —Z)
dEp dip 4~ p

where

G(k;„)=—f n(k)k dk
7T min

(2)

qkmin=
2

' 1/2
4m

q —v

is the integrated one-nucleon momentum distribution.
Here n(k) is normalized as

f n(k)d k(/~2) =1 .

The momentum k;„ is the minimal momentum of the
struck nucleon N in the reaction

p+ N~p'+ N',

where the struck nucleon (and also the projectile) is on
mass shell before and after collision. It yields

where q=p —p
' and v=E& —E~ are the momentum and

energy transfers from projectile to the nucleus, and p and

p
' are the initial and fina1 Inomenta of the projectile in

the nucleus laboratory frame. The on-shell pp, pn cross
sections in Eq. (1) are taken at effective projectile labora-
tory kinetic energy '

2

EL EL 1 +
m

1/2

(4)

where EL ——')/m +p is the initial projectile energy. The
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effective projectile momentum err in Eq. (1) is, corre-
spondingly,

2
+A ) A~~p'X

dEp dQp

~pA ~
~p'X—Z]

QEp~G Qp~
(5)

The large angle proton production spectrum in heavy
ion collisions A~+A2~p +X is described in the same
way, where the projectile nucleus 3& is considered as a
collection of Z& protons moving with the same momen-
tum p = pq, /A ~. Therefore,

8
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E

(g 10—

+X-
'+X-

where dozz ~x is given by Eq. (1).
Using Eq. (1) the integrated momentum distribution

G(k;„) can be unambiguously extracted from data points
and plotted as a function of k;„. The scaling in the k;„
variable means that G(k;„) extracted from different data
sets goes over to the same curve.

The essential difference of the present analysis, in terms
of QTBS, from that done earlier ' is the inclusion of the
FSI of nuclear fragments. It is interesting that the re-
sults for the inclusive cross section, obtained with and
without ' the FSI, have the same form as Eq. (1) of the
present paper. The only difference is that the argument
k;„ in the integrated momentum distribution G(k;„) is
replaced by the different argument k';„ if the FSI is
neglected. This k';„ is the scaling variable of Frankel,
which is the minimal momentum of the (A —1) recoil nu-
cleus in the reaction

p+A~p'+N+(A —1) .

In the nonrelativistic limit and for A ~ ao,

k';„=q —+2m (v+ ep),

where Ep is the binding energy of the struck nucleon. On
the other hand, the value of the scaling variable k;„,Eq.
(3), in the same nonrelativistic limit is

k =~ 1 —2fPlv
m1Il

In the region of the quasi-elastic peak, v=q /2m, both
the scaling variable k;„and k';„(obtained with and
without the FSI) are nearly the same: k';„=k~;„=0. It
means that the FSI is not important in this region. How-
ever, these variables are quite different if one goes away
from the quasi-elastic peak. In the region of large
momentum and small energy transfer to the nucleus, like
large angle p+2 —+p'+X reactions, k;„ is essentially
smaller than k';„. Therefore, the analysis of inclusive
data which includes the FSI (Ref. 6) results in the much
faster falloff of G(k) than the analysis of the same data
which neglects the FSI. '

In Fig. 6 are plotted the integrated distributions extract-
ed from our data and corresponding to the four different
targets used in the present experiment. Points corre-
sponding to Al, Ni, and ' Au are perfectly aligned, in-
dicating that at 200 MeV incident energy, the scaling
takes place. However, points corresponding to the very

-310—
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FICi. 6. The solid curve is the "integrated distribution"

G(k;„) fitting high energy data. The values of G(k;„) were
obtained from the following: our data (200 MeV proton) for Li
(~), Al (4), Ni (+), and ' Au (D) at 102'; the Cordell data
(180 MeV/nucleon) for ' 'Ta at three angles, 120 (0), 150' ( ),
and 90' (+) (Ref. 14); the electron data for He (O) and ' N
(+) (Ref. 16).

light Li nucleus lie much lower than the others.
%'e have also plotted the integrated distributions ex-

tracted from the inclusive proton spectra of Ref. 14 ob-
tained with 720 MeV alpha particles considering the pro-
jectile as two protons of 180 MeV, which is comparable to
our proton incident energy of 200 MeV. The integrated
distributions corresponding to two different targets ( Al
and ' 'Ta) and three scattering angles (90', 120', and 150')
fall on the same curve, indicating that in this case also,
the scaling takes place. For k;„values smaller than 0.35
GeV/c, the a results agree with the proton ones but lie
well below the high energy curve. For k;„values larger
than 0.35 GeV/c they disagree more and more, possibly
indicating the onset of kinematic limits for our data while
coherent transfers may always take place for a projectile
as light as an a particle. It should be noted also that the
"integrated distribution" extracted from the inclusive pro-
ton spectra of Ref. 15 obtained with 90 MeV protons cor-
responding to three different targets ( Al, Ni, and

Bi) and three scattering angles (90', 105', and 120')
shows a scaling comparable to ours.

The large disagreement between the "integrated distri-
bution" obtained at incident energies of the order of 200
MeV/nucleon and those obtained above 0,6—1

GeV/nucleon is somewhat puzzling, since the energy
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dependence is taken care of by the theory through the
nucleon-nucleon cross section.

The basic assumption of the QTBS concept is that cross
sections at backward angle are dominated by a single
nucleon-nucleon collision, the projectile proton being scat-
tered at large angle with small energy loss while the other
low energy nucleon scattered forward final state interacts
with the residual nucleus. This mechanism is possible
only if the struck nucleon had a large Fermi momentum
and was on shell before the collision, ' and the QTBS
analysis of backward cross sections thus provides a mea-
sure of the amount of high momentum components.

This approach neglects the multiple scattering of the
fast particle. The question is to know in which energy re-
gion this is legitimate. The data obtained with electrons
should provide a straightforward answer since electrons
undergo only the single scattering. Unfortunately, there
are almost no published data for e+A~e'+X in the
kinematical region k;„&200 MeV/c for targets A &4,
except for e+' N~e'+X data in Ref. 16. Those mea-
surements correspond to the kinematical region 200
MeV/c & k;„&300 MeV/c and can be directly analyzed
with Eq. (1), where pN cross sections are replaced by eN
cross sections. The results for the integrated distribution
G(k;„) found from these data are shown in Fig. 6. [We
also plotted G(k;„) for He extracted from the electron
data of the same authors. ' ]

We see that G(k;„) from electron data is very similar
to the "integrated distribution" obtained from 200 MeV
proton data, but it does not correspond to the "integrated
distribution" from 0.6—1 GeV proton data. This prob-
ably illustrates the major role of the multiple scattering in
the production of backward energetic protons at 0.6—1

GeV incident proton energy. When significant multiple
scattering cannot take place, either because the target is
too light or because only small energy losses are allowed
(outgoing energies approaching the kinematic limit), back-
ward cross sections are considerably hindered. One must
admit that QTBS analysis generated too many high
momentum components to mimic the multiple scattering
process. Consequently, one expects that fewer high
momentum components would result from the QTBS
analysis of high energy data if the multiple scattering pro-
cess could be correctly taken into account by the theory.

It remains for us to understand why the QTBS ap-
proach can reproduce data above 600 MeV/nucleon so
well, particularly the mass energy and angle dependence.
Part of the answer may lie in the major role played by the
initial collision which triggers the scattering and dom-
inates the mechanism. Such a dominance has been recent-
ly demonstrated to occur even at medium incident proton
energies (100—200 MeV).

Using a different approach we have tried to reproduce
the data by means of a conventional cascade model. The
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FIG. 7. Solid curve —experimental data. Dots with statistical
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error: predictions of a cascade code for Al at mean angle 102'.
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corresponding code is a revised version of the code vEGAs
described in Refs. 17 and 18. Several tests have shown
that this code gives the same predictions as those obtained
by Bertini' and Barashenkov et al. ' As a high number of
random extractions (-5&(10 ) is necessary to calculate
the backward proton cross section, it was necessary to
realize a program with a short execution time which is ad-
vantageous given the rare events we are dealing with here.

Using only a standard Fermi momentum distribution, it
has been possible, as shown in Figs. 7 and 8„ to qualita-
tively reproduce the data. It is of particular interest that
in the region of high outgoing energies, the cross sections
are significant. They correspond in the Monte Carlo pro-
gram to a small number of interactions ( -2,3).

It should also be noted that by studying protons of
higher and higher energies for increasing backward an-

gles, interactions with clusters are favored compared to
N-N ones, because a small energy loss is required. This
mechanism is not taken into account in the theoretical ap-
proaches described above.

at incident energies higher than 600 MeV/nucleon is also
present at 200 MeV. Such is also the case for data of
Refs. 14 and 15 taken at 180 and 90 MeV/nucleon,
respectively.

However, the corresponding "integrated distribution"
G(k;„) falls off much faster with increasing k;„ than
the high energy curve. It is argued that in the incident
proton range from 100 to 300 MeV, which we are dealing
with here, multiple scattering effects should be much
smaller than at higher energies. In fact, electron scatter-
ing data taken on ' N shows the same scaling as the one
we observe. The actual existence of a large number of
high momentum components in nuclear matter necessitat-
ed by QTBS theory to reproduce high energy data may be
questioned. This last hypothesis is reinforced by the fact
that conventional cascade modeIIs predict large cross sec-
tions for backward high energy protons with standard
Fermi momentum distributions for the target nucleons.
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