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A global study of the mass, energy, and angular distributions of all products formed
in collisions of 180-MeV protons with ~~Al is reported. These data are compared with
calculations based on intranuclear-cascade-plus-evaporation, preequilibrium hybrid,
and semiempirical models. It is found that there is evidence for enhanced energy deposi-
tion in nucleon-nucleus collisions relative to predictions of intranuclear cascade calcula-
tions. In contrast, preequilibrium calculations produce strorger energy damping, more
consistent with observed data.

PACS numbers: 25.40.-h

In order to derive a broader understanding of
the salient mechanisms which characterize nucle-
on-nucleus collisions at intermediate energies,
a global study of the P + "Al reaction has been
performed. The term global, as applied to this
experiment, implies the simultaneous measure-
ment of complete energy spectra, angular dis-
tributions, and isobaric cross sections for all
fragments produced in the reaction. These meas-
urements represent the first such global study at
intermediate energies and thus provide useful
new insights into the nature of nuclear reactions
in this energy regime.

The data obtained in these experiments are
relevant to several problems of current interest.
Of primary concern in this Letter is the question
of energy deposition in reactions of intermediate-
energy protons with complex nuclei. ' ' On a more
macroscopic scale these measurements provide
a complementary test of elastic-scattering and
beam- attenuation methods for determining the
energy dependenc e of the total reaction cross sec-
tion. ' Similarly, the spectrum of products in nu-
cleon-induced reactions serves as an underlying
base for the understanding of the more complex
intermediate-energy heavy-ion data that will soon
be forthcoming from the new generation of heavy-
ion accelerators. Finally, these data are of

broader interest, relating to studies of cosmic-
ray origins and propagation' and to the response
of microcircuit components in satellites due to
cosmic-ray exposure. '

For nucleon-induced reactions at intermediate
energies the low recoil momenta of the heavy re-
action products have severely limited attempts
to perform measurements of a global nature. In
the measurements reported here we have em-
ployed a channel-plate fast-timing detector with
a silicon semiconductor detector telescope to
identify uniquely all isobaric products from the
180-MeV P +"Al reaction. These studies were
carried out at the Indiana University Cyclotron
Facility, where a 200-400-nA beam of 180-MeV
protons was used to bombard a 100-p g/cm' self-
supporting Al target. The detector system con-
sisted of a channel-plate (Cp) fast-timing start
detector (located 13 cm from the target) and a
triple-silicon-semiconductor-detector telescope
containing elements of thickness 50 pm, 500 pm,
and 5 mm, respectively. The 50-p m detector,
placed 6'7 cm behind the Cp device, served as a
timing stop detector. With this system a timing
resolution of & 140 ps was achieved, yielding a
mass resolution of 0.3-0.8 u (full width at half
maximum), depending on fragment mass and ener-
gy. This system provided complete definition of
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FIG. l. Isobaric cross sections for fragments from
the 180-MeV proton + ~~Al reaction. Inset: On-line
mass spectrum for fragments with E) 10 MeV emitted
at 20 deg. Symbols are as follows: closed circles,
these data; open circles, data from Ref. 8; solid line,
intranuclear-cascade-and-evaporation code of Refs. 2
and 3; dashed line preequilibrium exciton model of
Ref. 4; and dotted line, semiempirical calculation of
Ref. 9.

the energy spectra for all fragments with &-6 and
E/A )0.05 MeV/u. A sample on-line mass spec-
trum is shown as an inset in Fig. 1.

All differential cross section values, d'0'/dQ dE
&4&, were extrapolated systematically to zero
energy to estimate the missing yield below the
electronic cutoff energy, using a Maxwellian spec-
tral shape P(E ) ~E"' exp( E/—T). Because the
recoil energies for a significant fraction of the
yield for simple reactions such as (P,P') and

(P,Pn) fall below our lower detection limit, iso-
baric cross sections for & = 26 and 27 used in
these discussions were taken from the in-beam
gamma ray studies of Ref. 8.

The fragment isobaric yields shown in Fig. 1
are spread broadly over the entire range of possi-
ble products, with a large contribution from rela-
tively light (A(20) fragments. Peak yields are
found to be in the &=20-22 region. Under the as-
sumption that nucleon removal is correlated with
energy deposition, the results imply that relative-
ly large amounts of energy must be transferred to

the struck nucleus in these collisions. It is also
noted that nuclei with & =12 and 16 have substan-
tially enhanced yields, presumably due to nu-
clear-binding- energy effects.

Also shown in Fig. 1 are yield predictions
based on the intranuclear-cascade-plus-evapora-
tion code, ' preequilibrium-hybrid-model calcula-
tions, 4 and the semiempirical estimates of Silber-
berg and Tsao.' The semiempirical estimates
clearly underestimate the probability for high-
energy-deposition events leading to light-frag-
ment production. This shortcoming may signifi-
cantly influence current calculations of cosmic-
ray-related phenomena, "which depend upon
these calculated cross sections.

The intranuclear cascade calculations also
overpredict the yields of products near the tar-
get; this is due to the relatively low excitation
energies of residual heavy nuclei formed in sim-
ple quasifree scattering processes. The cascade
calculation also exhibits a peak near A —14 which
arises from deexcitation of compound-nucleus-
like products with high excitation energies. The
experimental results suggest a much broader dis-
tribution of energy deposition in which the initial
collision step is more effective in transferring
linear momentum and excitation energy than pre-
dicted by the model. Specifically, the cascade
code overpredicts the probability for few-nucleon
removal processes (A =23-27) by about 30%,
while failing to account for this same amount of
cross section for lighter fragments (A =6-22).
Thus, it would appear from these comparisons
that, in addition to the basic nucleon-nucleon as-
pects of these collisions, as represented by the
cascade code, some additional mechanism for en-
ergy deposition must also be present. Similar
conclusions have been proposed on theoretical
grounds. ' This conclusion is also consistent with
that of Ref. 10, which shows that the quasifree
peak in proton-induced reactions at 164 Me& is
skewed toward lower energies relative to the
spectrum predicted by intranuclear-cascade cal-
culations. ' In Ref. 10 this observation is inter-
preted in terms of a shorter mean free path for
the outgoing nucleons after collision.

On the other hand, agreement with the pre-
equilibrium-hybrid-plus-evaporation predictions
is relatively good, suggesting that the energy
sink associated with particle-hole excitations in
this model is accounting for energy deposition in
the initial stages of the nucleon-nucleon cascade
more successfully. In this respect we note that,
whereas for heavier targets such as Ni the cas-
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cade and preequilibrium exciton models predict
rather similar product mass distributions, "for
"Al the predictions are distinctly different. This
behavior is explained in terms of the diffuse na-
ture of the nucleon distribution in "Al relative to
heavier targets, which leads to a significantly
lower probability for multiple collision steps in
the cascade in "Al. Since multiple collisions
also serve to enhance energy deposition, signa-
tures of the initial collision step are masked in
heavier target nuclei.

Representative angular distributions are shown
in Fig. 2. Here one observes a trend from for-
ward-peaked yields for the lightest fragments to
two-component distributions for fragments a few
nucleons removed from the target. The two com-
ponents presumably arise from (1}high-linear-
momentum-transf er collisions which give rise to
a forward component and (2) peripheral process-
es such as (p, p') and (p,pn) in which the light
ions are strongly forward peaked, leading to ex-
cited recoiling heavy fragments which are fo-
cused in the laboratory system near 50-70 deg.
The strong forward-peaking of the angular distri-
bution suggests that the initial nucleon-nucleon
collision step in these reactions involves a signifi-
cant amount of energy deposition in the struck
nucleus. On comparison with predictions of the

cascade model, qualitative agreement between ex-
periment and theory is found for the backward-
angle component (9)50 deg) of the data, whereas
a marked divergence is evident at forward angles.
The observation implies that, although the cas-
cade model may describe peripheral, quasifree
processes relatively well, it exhibits a deficiency
in accounting for the strength of high-linear-mo-
mentum-transfer events leading to forward-
peaked recoil nuclei. Since the preequilibrium
hybrid model presently does not predict differen-
tial angular and energy distributions, compari-
sons with the data are not possible.

In Fig. 3, representative energy spectra for A.

=7, 16, and 22 fragments at angles of 20, 40,
and 70 deg are shown. The spectra are charac-
terized by a broad peak at low energies followed
by an exponential decrease with increasing ener-
gy, extending up to relatively high energies.
These spectra exhibit many similarities with data
from 2.1- and 4.9-GeV proton bombardments of
"Al (Ref. 12). The slopes of the exponential tails
become systematically steeper as a function of
both increasing fragment mass and angle, sug-
gesting that the fragments are emitted from a hot,
moving source. "'" However, attempts to fit
these spectra with a Mmcgrellian spectral shape
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FIG. 2. Fragment angular distributions for the mass-
es indicated, d cr/dQdA, from the 180-MeV p + "Al
reaction. Dashed lines are predictions of the intranu-
clear-cascade-plus-evaporation code (Refs. 2 and 3);
sohd lines represent a smooth average of the data
(closed circles). The calculations predict no significant
yield for A = 7.
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FIG. 3. Laboratory energy distributions, d cr/

dQdgdA, for fragments with A= 7, 16, and 22 in the
180-MeVP + '~Al reaction. Points represent data ob-
tained at laboratory angles of 20 (closed circles), 40
(open circles), and 70 (triangles) deg in the laboratory
system. Lines are predictions of the intranuclear-
cascade-plus-evaporation code (Refs. 2 and 3).
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P(E) ~E"'exp[-E j&I, corrected for Coulomb ef-
fects, source velocity and temperature, and
transformation to the laboratory frame, were
neither qualitatively nor quantitatively success-
ful. In order to improve the quality of the fit,
mass-dependent temperatures and source veloci-
ties are required, as well as very small values
for the Coulomb barrier. The cascade calcula-
tions yield energy spectra with spectral shapes
that describe the data relatively well. However,
because of the high yields of light fragments and
the forward peaking of the angular distributions,
the angle-integrated energy spectra for the data
contain a much larger fraction of high-energy
fragments than predicted by the cascade model.

Finally, we obtain a total reaction cross sec-
tion for these data that ranges from 0& =370 mb,
assuming that all fragments with 6-A - 9 have
heavy partners, to o& =394 mb, assuming that all
fragments with A )6 have no heavy partners.
Within the uncertainties of the data (-10-15/o)
these values are consistent with elastic-scatter-
ing analyses which give && =410 mb." The re-
sults are substantially larger than the semiempir-
cal value of 326 mb of Ref. 9.

In summary, we have performed a global meas-
urement of the energy, angular, and mass distri-
butions which characterize intermediate- energy
nucleon-induced reactions on light complex nu-
clei. For such systems, substantial differences
exist between the predictions of the two principal
models proposed to account for intermediate-en-
ergy nucleon-nucleus collisions. The present
data are able to distinguish between the two mod-
els and point to where improvements are neces-
sary. In particular, the data provide evidence
for enhanced energy deposition (or shorter mean
free path) in nucleon-nucleus reactions relative
to intranuclear cascade calculations, suggesting
that within the nucleus, nucleon-nucleon interac-
tions are modified by the presence of other nucle-
ons. ' Agreement between the data and preequilib-
rium-hybrid-model calculations provides further
support for this conclusion.

Among possible mechanisms which might ac-
count for the observed data we suggest the follow-
ing. First of all, it has been shown' that cascade
calculations performed with preformed clusters
in the target nucleus are quite effective in damp-
ing relative projectile energy into internal excita-
tion energy. However, such a scattering model
also predicts a much stronger quasifree scatter-
ing peak for the projectile, which is absent in the
proton spectra of Ref. 10. A second possible en-

ergy-deposition mechanism is the influence of
many-body effects leading to nuclear correlations
which modify the nucleon-nucleon interaction in
the nuclear medium. ' Such forces would serve to
shorten the mean free path and dissipate energy
in such a way as to account for both our global
data and the proton spectra of Ref. 10. Finally,
modifications of the free nucleon-nucleon scatter-
ing cross sections due to the formation of virtual
& resonances might also influence these results.
Although far off the energy shell, intermediate
states of this type may be enhanced in the nuclear
interior since formation of the &'s is not Pauli
blocked. Subsequent interactions of the & with
other nucleons can then lead to three-body scatter-
ing, resulting in enhanced energy and momentum
loss. Such processes are probably distinguishable
only with relatively light targets, since multiple
collisions produce the same net effect in heavy
targets.
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