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To clarify the analysis of our existing backward proton scattering data in terms of high momen-

turn components in nuclei, we have measured exclusive cross sections for the backward energetic

protons in coincidence with the y rays emitted by the target. At 200 MeV incident proton energy,

the mass distribution of the residual nuclei from a Si target suggests a single scattering reaction

on a nucleon of the target. We have also performed large momentum transfer electron scattering

on ' C and ' Ni using a 640 MeV electron beam. These data analyzed within the quasi-two-body

scaling approach display a scaling regime identical to the one previously observed for the protons.

Both of these features give credence to the "single scattering, "basic assumption in the quasi-two-

body scaling theory. The experimental momentum distribution is in good agreement with several

theoretical predictions which include short range correlations.

I. INTRODUCTION

A few years ago, it was suggested that the backward
scattering of energetic protons could be directly related
to the high momentum components of nucleons in nu-
clear matter. ' In the framework of the quasi-two-body
scaling (QTBS) approach, much of the data could be
fitted using a universal momentum density which had a
tail extending as far as l GeV/c. ' Gurvitz, using a
refined theory including final state interactions, shows
that, above 300 MeV/e, the deduced nucleon momentum
distribution in nuclei is universal, independent of the
projectile or the target for all data taken with projectile
energies larger than 600 MeV/nucleon.

%e have measured inclusive cross sections' for ener-
getic protons emitted at large angles, using the 200 MeV
ORSAY synchrocyclotron proton beam on Al, Ni,
and ' Au targets. These data scale perfectly, but the
scaling regime is drastically different from the one ob-
served at higher incident energies. The population of
high momenta is much smaller, and we have already ar-
gued that our lower energy data give more reliable infor-
mation because the multiple scattering in nuclei is less
severe at 200 MeV, where the N-N cross sections are
smaller. Moreover, for the highest incident energies
large momenta are artificially generated in the QTBS ap-
proach in which neither the inelastic processes nor the
distortion of the projectile are taken into account.

R,ecently, we have recorded exclusive spectra (p-y
coincidences), using 200 MeV protons scattered by a Si

target. ' The y spectra lead to the distribution of the re-
sidual nuclei, which in turn, is the reAection of the exci-
tation energy transferred to the target. This energy
presents a peak in the 10 MeV region, indicating that
the reaction mechanisms involve a small number of in-
teractions. Hence, the "single scattering" assumption,
which is the most critical one in the QTBS approach,
seems credible.

Electron experiments can fundamentally demonstrate
this last point, because electrons undergo only single
scattering. Our electron data using the 640 MeV Saclay
electron beam, when analyzed in the QTBS framework,
display a scaling regime identical to the one observed
with the 200 MeV protons, favoring again our lower en-

ergy proton approach.
Finally, in order to understand the discrepancy be-

tween proton results taken at different incident energies,
we have simulated the backboard proton scattering with
Monte Carlo cascade codes. It shows that the produc-
tion of pi mesons plays a major part in generating
significant back angle cross sections for projectile ener-
gies larger than 300 MeV/nucleon.

II. KXPKRIMKNTAI. RKSUI.TS

A. Proton y coincidences

The experimental setup recently described ' was the
major equipment in our early (p-y) coincidences investi-
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FIG. 1. (p-y) coincident spectrum sho~ing the photopeaks
corresponding to several residual nuclei. The coincident pro-
tons were emitted at 76' lab with an energy larger than 80
MeV.

gations. ' Coincident (p-y) events triggered the data-
taking system which recorded correlated proton and
gamma energy spectra. The y-ray detector was a high
purity Ge(Li) (150 cm ) viewing the Si target with a
solid angle of 0.12 sr at 120' from the beam direction.
Only protons with energies larger than 80 MeV were
detected at an average angle of 76' by a large acceptance
(angle and energy) magnetic spectrometer.

A typical y spectrum is shown in Fig. 1. Several
peaks can be identified on a large Compton background
and related through known decay schemes to given re-
sidual nuclei. The relative population of those residual
nuclei is summarized in Table I, where it can be seen
that the removal of one to eight nucleons from the target
could be traced. In practice, for each nucleus, we search
only the y-ray peaks corresponding to transitions
through the first or the second excited states. We select
a y peak if its energy Ez corresponds to a tabulated en-

ergy Er within
!
E E'

!
& 2 KeV-.

Using such a procedure, direct transitions from a high

excitation level to the ground state are not counted. The
corresponding inefficiency can be estimated considering
the branching ratios in the decay schemes and is of the
order of 30% or even larger since high excitation levels

usually correspond to a high level density region. In
Table I, we give for each residual nucleus the relative
population which suffers negligible effects from the selec-
tion procedure described above.

The Compton background lying under the photoelec-
tric peaks was subtracted using a standard procedure as
outlined in Ref. 10.

It can be seen that residual nuclei corresponding to

the removal of one nucleon from the target, namely, Al
and Si, represent 26% of the total population. The ra-
tio between Al' and Si* is consistent with the ratio of
the 90 differential cross sections p-p and p-n at 200
MeV in the center of mass.

On the other hand, there is no Si* in the y spec-
trum. Our previous (p-y) coincidence experiment at 400
MeV incident proton energy, ' had shown indeed that
coherent inelastic scattering decreases very quickly with
the scattered proton angle. This also justifies the choice
of 76' as representative of the "back-angle" situation in a
coincidence experiment for which a compromise has to
be made to keep counting rates (four coincidences/s) and
statistical accuracy within reasonable limits.

To find a high energy proton at a large angle, at least
one nucleon must be ejected and the initial stage of the
process is

p+ 28Si28 . Al*+P'+P '

Si'+p'+n" .

As usual in the quasifree scattering terminology, the
intermediate Al' or Si* nuclei can be considered as
"spectator nuclei. " If their excitation energy is large
enough, they can evaporate particles before becoming
the final residual nucleus from which the coincident y-
ray will be emitted.

From this realistic view of the mechanism, we calcu-
late the excitation energy E„produced in the reaction.
The evaporation code Alice" determines the probabili-
ties to detect a given final nucleus by evaporation from

Si* or Al' intermediate spectator nuclei. These prob-
abilities are directly connected to the initial energy E„.
The relative population of the final residual nuclei is
given in Table I and a convolution with the probabilities
of evaporation leads to the distribution of the excitation
energy in the reaction p+ Si~p'+X. The complete
calculation is outlined in Ref. 7 and the result is

displayed in Fig. 2. This spectrum is strongly peaked at
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FIG. 2. Distribution of the excitation energy transferred by
the incident proton being scattered at 76'. Error bars reflect
statistical uncertainties on the original y spectra.
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low energy which means that low dissipative processes
are the most probable. The large angle scattering of the
incident proton is mainly achieved by a single scattering
on one nucleon, leaving the A —1 spectator fragment
rather cold. On the contrary, if the detected proton was
issued from a series of "small angle scattering" on
several target nucleons, the energy would have been
thermalized in each step. The broad peak at 50 MeV in
Fig. 2 can be partly explained by such cascade processes.
In fact, we detect a proton which keeps the major part
of the incident kinetic energy and leaving a struck nu-
cleon in the target which has a large probability to start
an intranuclear cascade (FSI), the fast back scattered
particle remaining unperturbed.

To validate the study of the (p-y) coincidence, our
proton spectrum (Fig. 3) summed on all residual nuclei
of Table I is compared with the inclusive spectrum.
Both have comparable shapes and can be related to the
same scattering mechanism. However, coincident cross
sections represent 20% of the inclusive ones. We argue
that the ground state transition for the spectator nuclei
cannot emit a y ray. On the other hand, high energy y
transitions are not identified; they do not cascade
through the first or second excited state of the residual
nuclei, and the photoelectric efficiency of the Ge detec-
tor is small for E~ & 2 MeV.

More precisely, the Ge detector efficiency has been
simulated by a Monte Carlo program taking into ac-
count photoelectric, Compton, and pair production pro-
cesses. For the identified peaks leading to the distribu-
tion outlined in Table I, we have calculated and summed
the corresponding Compton spectra (Fig. 4). The result
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FIG. 4. (1) Experimental (p-y) spectrum. (2) Monte-Carlo
simulation of Compton background.
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represents only 20% of the experimental Compton spec-
trum observed below 2 MeV. In addition, the level of
the experimental background above 2.5 MeV generated
by unidentified high energy y-ray transitions is high.

The calculated Compton efficiency of the Ge diode for
y rays between 2 and 10 MeV happens to be rather in-
dependent of the initial y energy and averages to
3.5&(10 . We can therefore estimate the proton cross
sections d o /d 0 dE from the coincident spectra
summed on all detected y rays, each with its own
efficiency (Compton or photoelectric). Figure 5 shows
the comparison between the coincident cross sections
and the inclusive cross sections; the overall agreement is
quite good.
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FIG. 3. (1) Inclusive and (2) exclusive proton cross sections
vs outgoing proton energy. The exclusive spectrum is a sum
over all residual nuclei of Table I.
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FIG. 5. Comparison between inclusive proton cross section
and y-coincident proton cross sections after the e%ciency
corrections outlined in the text. (~) Inclusive cross section;
(+ ) coincident cross section.
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Targets Angles
Incident energies

(MeV)

TABLE II. Targets and kinematical conditions. background ratio (momentum acceptance: 9%%uo). Figure
6 illustrates the good overlap between cross sections
measured by the two magnets.

12C

12C

12C

120'
120'
75'

145'

642
642
642
421

B. Electron scattering

1. Introduction
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The interest in electrons as a probe of nuclear matter
is obvious because they undergo only single scattering.
Unfortunately, there are almost no published inclusive
data for e+ A ~e'+X in the kinematical region of in-
terest and for targets with A &4.' The experimental fa-
cility existing at the Saclay Linear Accelerator allowed
us to measure the electron scattering cross section in
kinematical conditions corresponding to large momen-
tum transfer (-1 GeV/c). One can thus reach values of
the scaling kinematical variable comparable to the ones
explored before with protons (-400 MeV/c). The in-
cident electron had an energy of 640 MeV and bombard-
ed a ' C and a Ni targets inclusive cross sections for
scattered electrons were recorded with four kinematical
conditions listed in Table II.

Scattered electrons were selected by the "600 MeV/c"
magnetic spectrometer (momentum range: 40%, solid
angle: 6.5 msr, intrinsic resolution: 4X10 ). The focal
plane is equipped with multi-wire proportional chambers
(MWPC), plastic scintillators, and threshold gas Cheren-
kov detectors. Beam monitoring was accomplished by
use of a Faraday cup and an induction ferrite core with
a precision of l%%uo.

The smallest cross sections were also measured with
the "900 MeV/t."" magnet which has a better signal to
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2. Radiative corrections

In the particular case under investigation in this pa-
per, the contribution of radiative tail is small. The
correction for the continuum is tracked by the peaking
approximation. The correction procedure is the one of
Tsai (Ref. 14) and is developed in detail in Ref. 15. In
the region of the largest momentum transfer it can
change the overall normalization by 30%o at most. Fig-
ure 7 shows the electron spectra after radiative correc-
tions.
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FIG. 6. Electron differential cross sections obtained with
the two spectrometers: "900 MeV fc" and "600 MeV fc."
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FIG. 7. Scattered electron spectra: (a) from ' Ni and ' C
targets at 0=120', E =0.642 GeV, and (b) from ' C at 0=75',
E =0.642 GeV and 6)=145, E =0.421 GeV.
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3. Inclusive cross sections

To transform inclusive cross sections in the scaling
representation we have used only this part of the e' spec-
trum corresponding to target excitation energies higher
than the giant quadrupole resonance (to avoid coherent
scattering) and smaller than 140 MeV to forbid elemen-
tary inelastic processes (n. electroproduction). The cor-
responding cross sections are displayed on Fig. 8 in our
QTBS scaling representation and compared with those of
protons.

The maximum k;„reached with electrons is 400
MeV/c (versus 450 MeV/c with protons) and in the
overlap region 300-420 MeV/c, the scaling is identical
for protons and electrons (same response function from
the target nucleus) as will be described in more detail in
Sec. III. With the ' C target, we have recorded data at
0=75', which carresponds to a k;„range of 170 to 300
Me V/c.

III. THEORETICAL ANALYSIS
The scaling representation for electron data is based

on the same picture as the one used previously for pro-

tons. If a projectile is scattered at large angle with
small 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 re-
lation fix a minimum value of this momentum (k;„). In
the QTBS picture, the backward scattering cross sections
can be related to the probability that the target nucleon
has a Fermi momentum larger than k;„. The single
scattering approximation is a dominant feature of the
QTBS and is certainly justified in the case of electrons
scattering (the effect of Coulomb distortion is of the or-
der of a few percent on cross sections). Even for had-
rons scattering, the QTBS approach ignores rescattering
of the projectile on target nucleons. However, other
effects such as the final state interaction of nuclear frag-
ments, binding potential effects in the scattering on
bound nucleon, and, if necessary, Pauli interchange
efFects are taken into account. ' The experimental in-
clusive cross sections can be expressed in terms of o.i-
shell projectile nucleon cross sections. In the case of
electrons, the cross sections are

Z
2 (Ei,q )+(A —Z) "(EL,q )

10

E

~10

10 0

PROTON DATA
AL e=102:

The quantity G (k;„)is defined as

G (km;„)=—f kn(k)dk,
min

(3)

and is the integrated one nucleon momentum distribu-
tion. Here, n(k) is normalized as J n(k)d k/(2n) =1.
The momentum k;„ is the minimal momentum of the
struck nucleon N in the reaction
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e+N~e'+ N',

where the struck nucleon (and the projectile) are on the
mass shell before and after the collision. It is easy to
obtain the minimum value of

~
kN
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FIG. 8. The integrated distributions G(k;„) as a function
of the scaling variable k;„ for our proton and electron data.
The solid curve is the G (k;„)extracted from the high energy
proton data fit.

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 final momenta of the projectile in
the laboratory frame,

~ q~ and v are typically -0.9
GeV/c and —100 MeV, respectively. The electromag-
netic nucleon form factors used for the electron data are
given by Hohler et al. '

All details cancerning the theoretical approach are
given in Refs. 4 and 5. The integrated momentum distri-
bution G(k;„) is directly extracted from the data and
platted as a function of k;„. The scaling in k;„vari-
able means that G(k;„) extracted from different sets of
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data fits the same curve.
The integrated distributions extracted from our data

and corresponding to the different targets used in our ex-
periments are plotted on Fig. 8 and compared to other
projectile data. Points corresponding to protons on

Al, Ni, and ' Au, and electrons on Ni and ' C, are
perfectly aligned indicating that the same scaling regime
is established in both cases.

IV. DISCUSSION

The basic assumption of the QTBS concept is that
cross sections at backward angles are dominated by a
single projectile nucleon collision. The projectile is scat-
tered at large angle with small energy loss while the low

energy nucleon (forward scattered} interacts with the re-
sidual nucleus (FSI). This approach ignores the multiple
scattering of the backward emitted particle; the question
is to know if this is legitimate.

The data obtained with electrons provide a straight-
forward answer since electrons undergo only single
scattering. Actually, we see, on Fig. 8, that electron
data are perfectly aligned with our proton data up to
k;„=400 MeV/c. This result confirms the dominance
of the single scattering assumption for proton energies
less than -300 MeV. In contrast, at 0.6-1 GeV in-
cident energy, the reaction mechanism is drastically
different. The threshold for vr production is exceeded
and the total p-p cross section has a broad maximum
corresponding to the excitation of the 6(1232) resonance
in the nucleon-nucleon subsystem. For example, at 800
MeV, the inelastic channel is as probable as the elastic
one. Not only is the mean-free-path in nuclear matter
considerably reduced, but ~ production is allowed and
very likely occurs. The elementary N-N scattering pro-
duces a three body final state (N-N-m) which is described
in the QTBS approach by an elastic on-shell (N-N) cross
section and kinematical variables corresponding to a two
body (N-N) final state. In comparison, at 200 MeV, the
N-N cross section is at a minimum; protons have there-
fore a large mean-free-path, and because of the small en-

ergy loss, no m can be produced. In view of the above,
we are convinced of the QTBS theory only for those ex-
perimental data corresponding to global energy losses
smaller than the ~ mass. Otherwise the values of
G(k~;„) are not reliable. One should notice that for
most data taken at high incident energies, large energy
losses (greater than m mass) are allowed, the detected
particles having at most half of the energy of the in-
cident ones. This is generally true except for very light
target nuclei, but in this particular case, the G(k;„}ex-
tracted from the data does not follow the universal law.
Our electron data plotted in Fig. 8 correspond to energy
losses smaller than the m mass, so that only elastic do, N

cross sections have to be used in relation to extract the
G (k;„).

To check the idea that the difFerence between G (k;„)
distribution in the range 0.6—1 GeV and at 200 MeV in-
cident energies is primarily induced by ~ production, we
have run the cascade code developed by Cugnon, in
which inelastic channels are taken into account. ' We
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FIG. 9. 6(k;„) simulated by cascade codes for 600 MeV
protons on Al. Solid curve: same meaning as in Fig. 8.

obtain in the range 0.6—1 GeV a good simulation of the
"experimental inclusive cross section. " On the other
hand, we have used a cascade code with only N-N elas-
tic cross sections. This second code is a special version
of the code Vegas' requiring small computing times.
The results of those simulations are displayed in Fig. 9
in the scaling representation for 600 MeV protons in-
cident on Al. It is clear that the inclusion of inelastic
channels is necessary to reproduce qualitatively the
"universal" G (k;„)which, by the way, can be generat-
ed without the need of particularly large internal mo-
menta for the struck nucleon.

In a recent preprint, ' inclusive proton cross sections
at backward angles have been measured at 300 MeV in-
cident energy. We first note that the scaling regime is
identical to the one we have found at 200 MeV, as ex-
pected from the arguments developed above.

Analyzing power A as a function of outgoing proton
energy has also been measured at large angles with Be
and C targets. For a pure single scattering mechanism,
the measured A should be strongly correlated with the
A„evaluated for p-N scattering at the proper momen-
tum and energy. Such an evaluation has been done in
Ref. 19 and predicts negative value of the order —0.1 to
—0.3. It is an essential result of Ref. 19 that for ener-
getic protons at backward angles [E & (kinematical lim-
it minus 70 MeV)], those values are rather well repro-
duced. Error bars are large for those particular events,
but the general tendency is clear. So in this restricted
phase-space region, A„measurements also argue in favor
of the "single scattering" approximation.

It is an approximation, however, meaning that among
the few interactions which occur, only the large angle
scattering on a large internal momentum target nucleon
can generate an energetic proton at backward angle and
dominates the inclusive cross sections. The neglected
few small angle scatters can fiip the projectile spin and
might have a more drastic effect on asymmetries than on
inclusive cross sections. Our y-proton coincidence re-
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FIG. 10. Experimental one nucleon momentum distribution:
~ the solid curve results from a fit of all our proton and elec-
tron data; (0,300 GeV/c —0,420 GeV/c: proton and electron
data; 0,170 GeV/c —0,300 GeV/c: electron data only). A few
points with error bars are selected to show the experimental
statistical errors. ~ high energy proton curve. Theoretical
predictions for ~Ca: 0 Harmonic oscillator, o Benhar et al.
(Ref. 23), and 6 Traini and Orlandini (Ref. 24).

V. CONCLUSIONS

In conclusion, we claim that our backward angle in-
clusive proton spectra are good candidates to match the
theoretical framework of QTBS, while, in contrast, data
taken at higher incident energy are not. Our 200 MeV
proton data and electron data provide the same G (k;„),
justifying a posteriori, the dominance of the single
scattering mechanism as a basic assumption of QTBS.
In addition, the (p-y) coincidence spectra show that low
dissipative processes still dominate the large angle
scattering suggesting a mechanism involving a small
number of interactions. As a rule, in the present status

suits have also demonstrated directly the dominance of
simple reaction mechanisms for large angle scattering
but show also that the detail of the reality is not that
simple.

of the QTBS theory, the analysis should be restricted to
inclusive scattering data corresponding to small energy
losses; in any case, smaller than the m. mass. We stress
that such is the case for our proton and electron experi-
mental results described in the present paper.

The data analysis in the framework of Gurvitz's latest
version of the QTBS theory (in which the final state in-
teraction was explicitly taken into account provides the
integrated distributions of G (k;„). Having the in-

tegrated distributions G (k;„) as a function of k;„[re-
lation (3)], it is easy to derive the corresponding one nu-
cleon momentum distribution n (k), where k is the
momentum of the struck nucleon before the shock. Fig-
ure 10 gives n(k) for 170 MeV/c&k &420 MeV/c. The
extent to which n (k) can be considered as the actual one
nucleon momentum distribution relies heavily on the
quality of the theoretical treatment in QTBS; in particu-
lar the validity of the Optimal Approximation, the
correct treatment of the FSI and the choice of the scal-
ing variable. ' ' We have attempted however to com-
pare n(k) to theoretical predictions as calculated in
Refs. 22 —24.

In those approaches, the momentum distribution n(k)
is the sum of a "single particle" part and a "correlation"
part. Beyond a momentum of about 300 MeV/c, the
"correlation" part becomes large and rapidly dominates
the single particle contribution.

In Fig. 10, our n(k) is plotted against the calculated
ones for Ca. The theoretical curves have been repro-
duced from figures of Refs. 23 and 24 after multiplica-
tion by appropriate factors to take into account different
normalization prescriptions. Also plotted is the n(k) de-
duced from high energy data fit. Although our experi-
mental n(k) displays much less high momentum com-
ponents as inferred from the higher energy proton data,
it is seen from Fig. 10 that beyond 350 MeV/c, it is
roughly an order of magnitude higher than the indepen-
dent particle contribution (harmonic oscillator), and in
qualitative agreement with the additional contribution
generated by short range correlations. We note that the
present choice of the scaling variable minimizes the
amount of high momentum components compared to
previous prescriptions. On the other hand, our electron
data provide an indication on the behavior of n(k) at
lower momenta, namely, 170 MeV/c&k &300 MeV/c.
The agreement with theoretical curves is satisfactory.
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