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Inclusive Neutron Spectra at 0 from the Reactions Pb(Ne, n)X and NaF(Ne, n)X
at 390 and 790 MeV per Nucleon
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Inclusive neutron spectra at 0' were measured from both 390- and 790-MeV/u Ne ions on tar-
gets of Pb and NaF. A striking peak at a neutron energy slightly below the beam energy per nu-
cleon has a width (in the projectile rest frame) of —58 MeV/e, which is essentially the same for
these two energies and these two targets. We suggest that this narrow peak is projectile evaporation
and that it is superimposed on the broader fragmentation process predicted by statistical models.
The high-momentum region of the cross section may reflect collective behavior.

PACS numbers: 25.70.Np

During the past fifteen years, projectile fragmenta-
tion in energetic nuclear collisions has attracted con-
siderable interest both experimentally' and theoreti-
cally. ~8 These prior studies focused primarily on com-
posite fragments of the projectile. The interpretation
of the measurements of these composite fragments re-
quires a careful treatment of Coulomb interactions,
Pauli correlations, 8 and absorptive distortion. In the
present Letter, we focus our attention on the neutrons
emitted from the projectile at O'. The advantage of
the neutron measurements is that their interpretation
is free from most of the above complications. We will
show that 0 neutron spectra suggest that there is a sig-
nificant contribution from thermalization and subse-
quent decay, as well as from prompt fragmentation
which samples the Fermi momentum distribution of
the projectile prior to the collision. The latter subject
was addressed previously; for example, in p-nucleus
collisions, in relativistic nuclear collisions, '0 and in
the context of nuclear structure. " We interpret the
neutron spectrum in terms of a narrow evaporation
peak superimposed on a broader fragmentation peak.
This interpretation suggests that the above two reac-
tion mechanisms' can be distinguished in neutron
spectra at O'. The ability to distinguish the evapora-
tion process from the reaction mechanism sampling
the Fermi-momentum distribution answers an impor-
tant question raised by Stokstad' about the physics of
the projectile fragmentation process. The width of the
fragmentation peak agrees with that predicted by sta-
tistical models of the fragmentation process. 4 5 Also
the Fermi momentum extracted from the neutron
spectra agrees with values determined from quasielas-
tic electron scattering. '

We measured neutron time-of-flight spectra at 0
from collisions of neon ions at two energies (viz. , 390
and 790 MeV/u) with an equal-mass (NaF) target and

a heavy (Pb) target. The measurements were carried
out at the Bevalac accelerator of the Lawrence Berke-
ley Laboratory.

The apparatus measured the time difference
between the detection of a neutron in a mean-timed'
neutron detector' at a distance of 8.0 m from the tar-
get and the detection of a neon ion in a beam tele-
scope, which consisted of two NE-102 (76.2&76.2
mm2&& 0.8 mm thick) scintillation counters. These two
counters were positioned upstream of the target at 54.6
and 79.1 cm. After traversing the beam telescope and
the target, the beam was deflected by a "C" magnet
(with a 19.7-cm gap) into a reentrant beam dump.
The deflection angle was 15 at 390 and 12.5' at 790
MeV/u. The targets were oriented at an angle of 44.3
with respect to the direction of the incident beam.
The target thickness traversed by the beam was 4.8
g/cm2 Pb and 3.0 g/cm2 NaF. The neutron detector
was an NE-102 plastic scintillator, 10.16 cm thick by
25.4 cm high by 101.6 cm wide. Charged particles in-
cident on the neutron detector were vetoed with a
6.4-mm-thick plastic scintillation counter. The flux of
charged particles —mainly protons —incident on the
detector at 0' was significantly smaller than the neu-
tron flux. Charged particles emitted from the target in
a small range of angles about 0' were deflected by the
magnet away from the 0' detector. The measured
coincidence rate of neutrons in the 0' detector with
neutrons in one of the other detectors (e.g. , at 15' and
30') was typically about a few tenths of a percent.
Since the efficiency for detection of charged particles
is nearly 10 times that for neutrons, the rate of double
hits in the 0 detector from a neutron and a charged
particle was estimated to be of the order of a few per-
cent. Target-correlated background was determined
from measurements with and without a steel shadow
shield, 121.4 cm long by 31 cm high by 60 cm wide,
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high-energy exponential tail extends beyond the
kinematic limit for nucleon-nucleon collisions even
after Fermi motion in the ground states of the target
and projectile is taken into account.

Over a narrow interval of neutron momentum in the
rest frame of the projectile, the peak of the invariant
cross section is represented well by a Gaussian func-
tion with a half-width of —58 MeV/c, which is much
narrower than that predicted by statistical models of a
fragmentation process. We suggest that this narrow
peak is the result of neutron evaporation from the ex-
cited projectile superimposed on a broader fragmenta-
tion process. The Lorentz-invariant cross section for
the Pb(Ne, n)X reaction at 390 MeV/u is plotted in
Fig. 3 versus the momentum of the neutron in the
projectile frame. Shown also in Fig. 3 is our decompo-
sition of the invariant cross section o-I into the sum of
three Gaussian functions each centered at a neutron
momentum I' slightly below the beam momentum per
nucleon:

a&= 3;exp I' —P 2 .44 h2 .

Here h; is the half width at half maximum (HWHM)
for the ith component. The Gaussian functions are
shown as dashed lines on the low-energy side of the
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FIG. I. The double-differential cross section for neutron
emission at 0 from collisions of 390-MeV/u Ne ions on
NaF and Pb targets vs the neutron kinetic energy in the lab-

oratory.
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FIG. 2. The double-differential cross section for neutron
emission at 0' from collisions of 790-MeV/u Ne ions on
NaF and Pb targets vs the neutron kinetic energy in the lab-
oratory.
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located halfway between the target and the detector.
The shadow shield attenuated neutrons by a factor) 103 at all energies.

The kinetic energy of each detected neutron was ob-
tained from the time of flight measured between an
event in the neutron detector and the passage of a
beam ion through the mean-timed scintillation
counter, located 54.6 cm upstream of the target, in the
beam telescope. Absolute cross sections were extract-
ed with detection efficiencies calculated with the code
of Cecil, Anderson, and Madey'6 as a function of neu-
tron energy. Tests of these calculations were reported
previously. ' An unambiguous determination of the
time of flight required that one, and only one, beam
ion be incident on the target during the 400-nsec sam-

pling time; therefore, pileup circuitry rejected an event
when two beam pulses occurred within 450 nsec of
each other. The intensity of the usable incident beam
was about 2&& 105 ions per pulse after a rejection loss of
—60%.

The inclusive neutron spectra measured at 0' from
Ne ions on NaF and Pb targets are shown in Figs. 1

and 2 for an energy at the center of the target of 390
and 790 MeV/u, respectively. Each of these 0' spectra
is characterized by a striking peak at a neutron energy
slightly below the beam energy per nucleon. The
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FIG. 3. The Lorentz-invariant cross section for neutron
emission at 0' from collisions of 390-MeV/u Ne ions on Pb
vs the neutron momentum in the rest frame of the projec-
tile.

peak which contains neutrons from other processes.
The term with the largest amplitude A~ has a half-

width ht of —58 MeV/c for a neon projectile at either
390 or 790 MeV/u incident on either the Pb or the
NaF target. As discussed above, we interpret this peak
as neutron evaporation from the projectile with a tem-
perature of —3.7 MeV.

The second term with amplitude 3 2 has a half-width
h2 about 104 MeV/c, which also is essentially identical
for the two targets and the two energies. The width of
this peak reflects the Fermi momentum I'F of a neu-
tron in the neon projectile. Feshbach and Huang in-
troduced a statistical model to describe the fragmenta-
tion of the projectile as a sudden process that releases
a neutron with the momentum that it has at the instant
of collision. Since the half-width h2 corresponds to the
longitudinal component of the momentum, h 2
= (p, ) = (p )/3. The quantity h2 contains informa-
tion on the momentum distribution of neutrons in the
projectile. In the Fermi-gas model, PF =5(p, ). For
h2 ——104 MeV/c, we extract PF ——233 MeV/c. These
values agree with those given by Goldhaber. 5 Also
this determination of I'F agrees with that obtained
from quasielastic electron scattering; Moniz et al. '

found P„=235 MeV/c for Mg and P„=221 MeV/c
for ' C with a fitting uncertainty of + 5 MeV/c. Start-

ing with the same postulates as those of Feshbach and
Huang, a Goldhaber5 showed that the momentum dis-
tribution of a neutron is not sensitive to the speed of
the fragmentation process.

A superposition of only two Gaussian functions, as
described above, is insufficient to represent the cross
section in the high-momentum region ( & 300 MeV/c
in Fig. 3). It is interesting to note that free two-body
collisions of nucleons with the Fermi energies ap-
propriate to the target and projectile cannot account for
the neutrons that contribute to the high-momentum
region of the cross section.

For 1.05-GeV/u C+C collisions, Geaga et al. 3 plot
the results of their proton-inclusive measurements at
180' in the laboratory together with the results from
Papp' of the proton-inclusive measurements at 2.5 in
the projectile frame. They represent these combined
measurements of proton-inclusive distributions by two
overlapping Gaussian functions corresponding to our
second and third Gaussian functions. Geaga et al.
parametrize these two Gaussian functions in their Fig.
2. From these parameters, we extract a Fermi
momentum of 197 MeV/c for a carbon projectile,
which is somewhat smaller than the value obtained
from electron scattering. Geaga et al. find that the
width of the high-momentum component for protons
from 1050-MeV/u C or Ar ions on a carbon target is
224 MeV/c (HWHM) with a typical uncertainty of + 6
MeV/c. For neutrons from a neon projectile on NaF
or Pb targets, we extract the same value (within the
uncertainties) at 790 MeV/u but a smaller value at 390
MeV/u. These results indicate that the distributions
of high-momentum nucleons in the projectile frame
are independent of the energy of the incident heavy
ion for energies as low as 790 MeV/u, but that limiting
fragmentation is not reached at a projectile energy as
low as 390 MeV/u.

Here we want to indicate three possible origins for
the high-energy tail of the neutron cross section. One
possible explanation is that these high-energy neutrons
reflect collective behavior from central collisions; for
example, with the fireball model, '9 it is possible to fit a
smooth background to the ~p ~

& 250 MeV/c regions of
Fig. 3. Another possible explanation involves the
high-energy tail of the Fermi distribution of nucleons
in the projectile. 9 The fraction of neutrons above the
Fermi energy may be large enough to explain the mag-
nitude of the 0' cross section in the high-energy tail.
With the values EF = 37 MeV for the Fermi energy
and po= 0.17 fm for the bulk nuclear density, we es-
timate that —14'/o of the neutrons in the projectile
have energies E )EF. Still another possible mechan-
ism involves the collective backscattering of a neutron
in the target from a cluster of nucleons in the projec-
tile. The mean size of the nucleon cluster required to
fit the data is —1.8 nucleons.
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We are aware of the uncertainty of the decomposi-
tion in Eq. (1). We believe that the first two terms are
seen clearly in the data. The third term constitutes
only a few percent of the integral cross section for
neutron momenta above the peak, whereas the second
Gaussian curve contains about one third of this in-
tegral cross section. The magnitude of the cross sec-
tion represented by the third Gaussian function is con-
sistent with the findings of Sandoval et al. 20 that cen-
tral collisions represent about 6% of the reaction cross
section. While several interpretations of the third
(high-momentum) component are possible, we want
to emphasize that a manifestation of collective
behavior is an especially interesting possibility that
may involve nuclear structure effects in relativistic nu-
clear collisions.
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