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Velocity spectra of thirteen different fragment species from °Li to '°N at seven angles from 15° to
83° and of neutrons in coincidence with them have been determined from '*N+ Ag collisions at 35
MeV/nucleon. The velocity spectra of the fragments show contributions from quasielastic and
deep-inelastic processes. The quasielastic part of each spectrum was fitted with an empirical model.
For each fragment species, the deep-inelastic part at each of the seven angles was simultaneously
fitted with a single moving source. The parameters T for source temperature and E / 4, correspond-
ing to source velocity, were approximately independent of fragment species and had average values
of 12.8 and 3.9 MeV, respectively. Many coincidence neutron spectra were created off line by
selecting gates having various fragment species, angles, and velocity intervals. The neutron spectra
at seven or eight angles with a given gate were simultaneously fitted with two moving sources. The
source parameters had little dependence on the gate. The average values of T and E /A for one
source, an intermediate rapidity source, were 10.4 MeV and 10.7 MeV/nucleon, respectively. The
other source, a slowly moving targetlike source, had 7 and E/ A in the ranges 2.0-3.6 MeV and
0.1-0.3 MeV/nucleon, respectively. Since neither of these neutron sources has the velocity of the
fragment source, the actual origin of the deep-inelastic fragment may be a nonequilibrium process
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such as the stripping-pickup process.

I. INTRODUCTION

The energy and angle distributions of fragments emit-
ted in heavy-ion collisions are a major source of informa-
tion on the mechanisms of those collisions. When the
collision energy per nucleon is near the Fermi energy,
fragment velocity spectra®? are, to first approximation,
independent of the identity of the colliding nuclei. These
spectra are dominated by two components, one from qua-
sielastic (QE) reactions and one from deep-inelastic (DI)
reactions. The QE component is most pronounced at
high fragment velocities and small angles. The DI com-
ponent falls off with fragment velocity and becomes dom-
inant at large angles. The physical origin of fragment
production has attracted much recent interest.' ~°

The QE component results from peripheral col-
lisions.'”® In one model>'"!* the QE spectra result
from a projectile fragmentation into a part that
penetrates the target and forms a hot participant zone
and a projectilelike spectator part that later picks up ma-
terial from the expanding hot zone, thus forming a pro-
jectilelike fragment.

Interpreting the DI component is more difficult. The
DI spectra have been successfully parametrized in the
framework of thermally emitted moving sources.'!* 3
However, the observation of fragments with nonstatisti-
cal excited-state populations in the N+ Ag reaction at
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35 MeV/nucleon (Ref. 16) raises a question as to whether
these fragments are really produced from hot regions of
nuclear matter in thermal equilibrium.

A fast mode of nuclear deexcitation is the emission of
nucleons. Nucleons should be emitted whenever there is
sufficient excitation energy. This is partiuclarly true of
neutrons, and since neutrons leave excited nuclear matter
without Coulomb distortion, their energy and angle dis-
tributions give the most direct measure of the degree of
excitation of their source. It is hard to imagine fragment
emission without accompanying neutron emission.
Hence, the reaction mechanism with which fragments are
produced should have consequences seen in the spectra of
coincident neutrons.

The aim of this work is to explore these consequences
in new data on inclusive fragment production and on
fragment-neutron coincidences in the N+ Ag reaction
at 35 MeV/nucleon. The incident energy is around the
Fermi level of the colliding nuclei and well within the re-
gion where both mean-field and two-body dissipation pro-
cesses should show up.!” The experiment was planned to
provide data in an angular region which allows the inves-
tigation of both the QE and DI components.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with a beam of 490-
MeV “N°* ions from the K500 cyclotron at Michigan
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State University. Most of the apparatus and techniques
used in the present experiment have been discussed in de-
tail elsewhere,°7!%!8 50 only the essential features will
be described here.

The targets were natural Ag foils of 3.9 and 5.0
mg/cm? areal density. The intensity of the N beam was
about 2X 10'° ions/s for the coincidence runs and an or-
der of magnitude smaller for the singles runs.

The fragments were detected with AE-E silicon tele-
scopes at —15°, —31°, —64°, and —83° in the horizontal
plane and one at 14° out of this plane directly below the
beam axis. In addition, the —31° and —64° telescopes
were each surrounded by six other telescopes, resulting in
two densely packed arrays of seven telescopes. The tele-
scopes at — 15° in plane and 14° out of plane consisted of
four (two AE and two E) and three (one AE and two E)
elements, respectively. All other telescopes were built
from one AE and one E detector. The —83° telescope
consisted of 30-um and 1-mm elements. For the other
telescopes the AE elements were 75 or 100 um thick, and
the first E elements were 5 mm thick. Where there was a
second E detector it was 1 mm thick. The solid angles
ranged from 2.3 to 8.7 msr for the 17 different telescopes.
In order to reduce the number of small pulses from elec-
trons and x rays produced in the target, a gold foil of
~10 mg/cm? was placed in front of each telescope. The
fragment telescopes were calibrated with a-particle
sources and a precision-pulse generator. The uncertainty
in fragment energy and the energy resolution of the tele-
scopes were about 2% and 1.5 MeV, respectively.?

A schematic view of the experimental setup without
the fragment telescopes is shown in Fig. 1 of Ref. 18.
The neutron detectors consisted of liquid scintillator
(NE213 or BICRON 501) in sealed glass cells. Most of
the cells had dimensions of about 12.7-cm diameter and
7.6-cm thickness; some were a little smaller. They were
positioned in the horizontal plane at —15°, —31°, —64°,
and —115° (on the same side of the beam as the tele-
scopes) and at 15°, 31°, 60°, 110°, and 160° (on the oppo-
site side). With increasing angle, the distance from the
beam spot to the face of a neutron detector was 452, 438,
353, and 164 cm for the negative angles and 204, 205,
165, 164, and 106 cm for the positive angles. In order to
improve the statistical accuracy for fragment-neutron
coincidences resulting from sequential decay, that is,
when the fragment and the neutron go off in the same
direction, clusters of detectors were used at —15°, —31°,
and —64°, the same angles at which there were Si tele-
scopes. At —15° we mounted three detectors in a tri-
angular arrangement, and at —31° and —64° six detec-
tors tightly encircled a seventh one.

The time resolution of the neutron detectors was about
0.8 nsec for pulses at the ®°Co Compton edge. In front of
each forward detector (with angles =<64°) a 6-mm-thick
NE102A paddle was placed for the rejection of high-
energy protons. (Protons which were emitted with ener-
gies smaller than 40 MeV were stopped by the material
between the target and the neutron detector.) Neutrons
were distinguished from gamma rays by pulse-shape
discrimination using two QDC’s.!® Neutron energy was
determined from the time difference between signals from
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the first element of the fragment telescope and from the
neutron detector.!! Detector efficiency was computed, '°
and attenuation of the neutrons by the material between
the target and the detector was taken into account.!! In-
scattering background contributions to the neutron spec-
tra were determined by taking data with shadow bars be-
tween the target and the neutron detectors during about
half of the run time. The background contribution was
typically about 20%.

The data were taken in event mode and the analysis
was done off line. In every telescope there was good ele-
ment separation. For each element a two-dimensional
spectrum of particle identification number versus frag-
ment energy was contructed. This spectrum was sliced
into bins 6 MeV wide, and the resulting one-dimensional
particle identification spectra were fitted by Gaussians
and linear backgrounds for each isotope having a
significant intensity. This procedure gave us energy spec-
tra for individual isotopes for each telescope.

In the case of fragment-neutron coincidences, first the
fragment isotope identification was performed.!' Then
the neutron time of flight was determined using the calcu-
lated fragment velocity. After neutron/gamma-ray
discrimination was accomplished, neutron time spectra
were constructed for each fragment element in bins 7
MeV/nucleon wide. Subtracting the backgrounds and
correcting each spectrum for absorption, we determined
the differential neutron cross sections for the telescopes in
the horizontal plane for all the Li, Be, B, and C fragment
element gates.

III. PARAMETRIZATION OF THE
FRAGMENT DISTRIBUTIONS

Fragment velocity (actually velocity squared) spectra
were constructed at seven angles from 15° to 83° for iso-
topes of °Li, "Li( +°Be, Ref. 20), 'Be, °Be, '°Be, '°B, !'B,
2B, ¢, 2¢, ¥C, N, and PN. A typical set of these
spectra, here for °Li, is displayed in Fig. 1. The spectral
shapes for the other isotopes are similar to those in Fig.
1, although the exponential fall offs at the larger angles
are steeper in the spectra for the heavier fragments than
for ®Li. The spectra at the four most forward angles in
Fig. 1 were fitted with a model having two components, a
quasielastic (QE) component and a deep-inelastic (DI)
component. The QE component has an empirical
prescription.? Its strength falls off rapidly with angle and
is negligible beyond 57°. For the heavier of our fragments
it becomes negligible at angles smaller than 57°, but it is
always dominant at 15°. The DI component has the stan-
dard parametrization of a hot source moving at 0°. Table
I contains the values of the fit parameters—o, the source
strength; T, the source temperature; and E / A4, the source
velocity (squared and times 4). The quality of the fits in
Fig. 1 is typical of the fits for the other isotopes.

IV. NEUTRON-FRAGMENT COINCIDENCES

As was shown in the preceding section and in Refs. 2,
10, 11, and 13, the fragment angle can serve as a selection
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FIG. 1. Spectra of ®Li fragments at (from top to bottom) 15°, 31°, 39°, 57°, 64°, 72°, and 83°. Each dashed line is a fit to the quasi-
elastic part, each dot-dashed line is a one-moving-source fit to the remaining (deep-inelastic) part, and each solid line is the sum of the

two contributions.

trigger for the QE or DI reaction mechanism. Accord-
ingly, most neutrons detected in coincidence with frag-
ments at 15° are emitted in QE processes, while most of
those in coincidence with fragments at larger angles come
from DI reactions.

The data in Fig. 2 are neutron spectra at +60° gated
by the indicated fragments at —15° in a velocity interval
corresponding to 14-21 MeV/nucleon. Figure 1 shows
that this gate with Li fragments contains somewhat more
QE than DI. With the heaviest fragments—B, C, and
N—the mechanism selected by the gate is almost entirely
QE. The main feature of the neutron spectra is that they
have two components, a feature observed in earlier exper-
iments. '3 In terms of moving thermal sources, the
low-energy component originates from a slowly moving,
targetlike (TL) source and the high-energy component
from a hotter, fast or intemediate-rapidity (IR)
source.''!* The fit parameters for each source were the
temperature (T, one-half velocity squared or energy per
nucleon (E / A) value, direction, and amplitude or multi-
plicity. Each solid line in Fig. 2 shows the fit with these
sources to a neutron spectrum in Fig. 2 plus neutron
spectra at six other angles. For the data with the nitro-
gen gate the individual contributions from the two
sources are also shown. Decomposition of the fits to the
other spectra look the same. The quality of the fits to
neutron spectra at other angles and with gates for frag-
ments of other velocity intervals is almost as good as in
Fig. 2.

As with the data from targets of C, Ni, and Ho, B for
the Ag data presented here the temperature and velocity
parameter values of the IR source showed no significant

trend with particulars of the fragment gate, that is, with
fragment species or with fragment velocity interval. The
average values and the deviations for the T and E / 4 pa-
rameters are 10.4+1.6 MeV and 11.0+2.1 MeV/nucleon,
respectively. For the TL source, however, the values of T
and E / A both decreased with increasing fragment veloc-
ity, from 3.4%+0.3 to 2.4%+0.3 MeV for T and from
0.25£0.05 to 0.10+0.05 MeV/nucleon for E/A. The
directions of the sources are similar to those reported in
Refs. 11 and 13.

Unlike the temperature and velocity of the IR source,
the multiplicity did depend on the gate; for fragment
gates dominated by the QE process multiplicity decreased
with increasing fragment mass. The obvious implication
of this is that the greater the fragment mass, the smaller
the source mass. Source mass (or source mass number) is
not a parameter of the thermal model. Additional reac-
tion details are needed to predict source mass. The
stripping-pickup model of peripheral collisions!"!* pro-
vides such details. This model assumes that a hot partici-
pant source develops in the interaction of an abraded part
of the projectile with an approximately equal mass from
the target nucleus. This source emits the IR neutrons
(and protons). Later the coincident fragment is formed in
a decelerating mass pickup from the source by the projec-
tile spectator. Multiplicity should increase with both
mass and temperature of the source. However, as the
fitting analysis above showed source temperature to be
approximately constant, at about 10 MeV, the IR neu-
tron multiplicity should increase linearly with the mass of
the IR source. To test for this correlation we plotted, for
each fragment gate, multiplicity (as determined from the
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FIG. 2. Neutron spectra at +60° in coincidence with Li, Be,
B, C, and N fragments at —15° in a velocity interval corre-
sponding to 14-21 MeV/nucleon. Each solid line is the result of
fitting with two moving sources the spectrum shown plus spec-
tra at six other angles. For the spectrum in coincidence with N
fragments we also show the individual contributions from the
two sources—a targetlike source (dashed line) and an
intermediate-rapidity source (dot-dashed line). The values of
fragment angle and fragment velocity interval emphasize
quasielatic reactions.

fit to the neutron spectra) versus mass (as determined
from the fitted value of source velocity and the kinematic
consequences'® of the model). Figure 3 displays such a
plot when the gating fragments are at 14° below the
beam. A rough linear correlation is apparent. When the
gating fragments are at 15° in the horizontal plane (the
plane of the neutron detectors), where QE reactions again
dominate, a similar correlation exists. Previous analyses
of QE reactions from Ni and Ho targets'"!® also showed
this correlation.

The other consequence of the stripping-pickup model,
that multiplicity decreases linearly with fragment veloci-
ty,” has been verified with the present data and with the
earlier data as well.

As illustrated in Fig. 1, the fragments at angles = 31°,
especially low-energy fragments, originate almost entirely
in DI processes. Neutron spectra gated by fragments at
these larger angles show contributions from the same two
sources found with fragment gates at 15°, viz., IR and TL
sources. As an example, Fig. 4 shows neutron spectra at
+60° gated by various fragment elements at —31° and in
the velocity interval 7-14 MeV/nucleon. The similarity
to Fig. 2, where the gate is largely on QE processes, is ap-
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parent.

The DI data could, therefore, be parametrized in the
framework of two moving sources. Each solid line in Fig.
4 shows the two-source fit to a neutron spectrum in the
figure plus spectra at seven other angles, and the fit with
the nitrogen gate shows, in addition, the decomposition
of the fit into a TL and an IR source. The quality of the
fits in Fig. 4 is representative of the quality of the fits to
neutron spectra with gates having other fragment veloci-
ties and angles. The T and E/ A parameters of the IR
source had values in the ranges 10.0£1.5 MeV and
10.5£2.0 MeV/nucleon, respectively, independent of the
species, velocity, and angle of the gating coincident frag-
ment. With increasing fragment velocity the temperature
of the TL source decreased from about 3.6+0.3 to
2.91+0.3 MeV and the velocity parameter decreased from
0.3£0.05 to 0.2+0.05 MeV/nucleon. As was seen with
Ni and Ho targets'""!* the DI neutron multiplicities
determined here show no significant change with frag-
ment velocity. For the IR source they scatter between
1.5 and 2.6; for the TL source between 5 and 7 for frag-
ments at 31°, and between 8 and 12 for fragments at 64°. 10

V. MECHANISMS FOR FRAGMENT EMISSION

Table I shows that for DI fragment production neither
the velocity nor the temperature parameter deviates
much from isotope to isotope, although there is a slight
increase in both values from °Li to '’N. This similarity
suggests that a single mechanism is responsible for the
production of most of the DI fragments. A moving
source origin would be quite in the spirit of our investiga-
tion. And Table I gives the parameter values of such a
source. However, there is a physical inconsistency.
Looking at Table II, in which the average values of
source temperature and velocity parameters are gathered,
we see that the temperature of the DI fragment source
(12.84£0.9 MeV) is about the same as the temperature of
the IR neutron sources, but its velocity parameter, E / 4,
has a value (3.920.5 MeV/nucleon) much lower than
E/ A of the IR neutron sources. The inconsistency is
that it is hard to imagine a hot source that emits frag-
ments but not neutrons. The neutron analyses, while pro-
ducing sources of about the same temperature, had them
moving much faster, at approximately half the beam ve-
locity. In fitting the neutron spectra there was no indica-
tion of a source having E/A around 4 MeV/nucleon.
Perhaps the fragments are emitted from the IR source,
but only (or mostly) after neutron emission and after the
source has slowed down. Another possibility is that a
thermal-source fit to the DI fragment data, while
mathematically valid, does not represent a physically real
equilibrium emission.

The stripping-pickup model is a nonequilibrium model.
It gives a qualitative explanation of the shape of the QE
fragment spectrum. The peak in such a spectrum, the 15°
spectrum of Fig. 1, for example, is just below the velocity
of the projectile, and it has a low-velocity tail. In the
model, the projectile splits into a part that creates a hot
zone in the target and a spectator. The hot zone emits
neutrons, protons, etc., and then the spectator picks up
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FIG. 3. Dependence of neutron multiplicity of the IR (intermediate-rapidity) source on the mass number of the source coincident

fragments of Li, Be, B, and C were at 14° out of the plane of the coincident neutrons and in velocity intervals corresponding to 7-14,
14-21, 21-28, 28-35, and (for Li) 35-42 Mev/nucleon. The interval values decrease to the right. The multiplicities were obtained by
fitting neutron spectra, and the source masses were computed with the stripping-pickup model.

TABLE 1. Parameters of the moving source fits (o, production cross section; 7, temperature; and
E/A4, % velocity squared) and the o-weighted neutron to proton ratios (N /Z) for the deep-inelastic

component. The statistical deviations for the parameters are less than 10%, for the N/Z ratios less
than 0.02.

o T E/A

Fragment (mb) (MeV) (MeV/nucleon) N/Z
°Li 49.9 11.4 3.81

Li 79.7 11.6 3.65 1.20
"Be 15.3 12.7 4.66

°Be 16.5 11.9 3.41

1"Be 9.46 12.4 3.37 1.09
] 11.6 13.2 3.89

"B 21.8 12.6 3.44

I’B 3.00 12.8 3.36 1.15
e 2.65 14.5 4.43

2c 9.30 13.3 4.17

Bc 6.75 13.1 427 1.07
N 2.17 13.7 423

N 427 12.6 4.34 1.09

Averages 12.8+0.9 3.9x0.5 1.17 (weighted)
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TABLE II. Average temperature and velocity parameters of the moving sources.

Temperature E/A
Source for (MeV) (MeV/nucleon)
Neutrons from IR source 10.4+1.6 11.0+2.1
QE reactions TL source 2.9 0.25
Neutron from IR source 10.0+1.5 10.5+2.0
DI reactions TL source 33 0.25
Fragments from 12.8+0.9 3.9+0.5

DI reactions

some nucleons in a decelerating interaction with the hot
zone and becomes the fragment. The more nucleons
picked up, the more deceleration and (since the single-
nucleon pickup probability is small) the smaller the prob-
ability. Hence, the low-velocity tail. In this model the

1 - Ep/A = 7-14 MeV -
6y =-31°
0.1 6, = 60° 7]
0.01/— Li
0.1 - -

d*0/d0,d0pdE_d(E/A)(mb sr*MeV?)

0 20 40 60
Neutron Energy (MeV)

FIG. 4. Neutron spectra at +60° in coincidence with Li, Be,
B, C, and N fragments at —31° in a velocity interval corre-
sponding to 7-14 MeV/nucleon. Each solid line is the result of
fitting with two moving sources the spectrum shown plus spec-
tra at seven other angles. For the spectrum in coincidence with
N fragments we also show the individual contributions from the
two sources—a targetlike source (dashed line) and an
intermediate-rapidity source (dot-dashed line). The values of
fragment angle and fragment velocity interval emphasize deep-
inelastic reactions.

fragment, as suggested by Borderie et al.,*' is the final
product of the DI collision.

By symmetry of nucleus-nucleus collisions in the c.m.
system, we can imagine reactions to occur in which the
target splits and, as in projectile splitting, the spectator
part, after some interaction, becomes the fragment. In
this case, however, spectators that interact the least are
left almost at rest in the laboratory. Spectator interac-
tions that pick up several nucleons are less probable, but
the greater interaction drags them along with the
forward-moving hot zone, imparting a higher velocity in
the laboratory. Thus arises the decreasing, almost ex-
ponentially falling, DI spectrum.

Another observation explained by this model is that
the DI fragments are more isotropically distributed
within the forward hemisphere than are the QE
fragments—a simple consequence of the kinematics of
the model. The model also predicts that the internal ex-
citation of the fragment should depend on the velocity of
the fragment. In this picture the DI fragments with the
lower velocities are those that interacted less with the hot
zone. The lower-velocity DI fragments would, therefore,
be colder than the more energetic ones. (The opposite
would be true of QE fragments.) Just such an effect has
been reported in N+ Au colisions at 35 Mev/nucleon
(Ref. 22) and in '*O+Ag and S+ Ag collisions at 30
MeV /nucleon.’ A measurement specifically on this effect
for the N+ Ag reaction at 35 MeV/nucleon (Ref. 12)
qualitatively verified the velocity dependence of fragment
excitation energy for the QE fragments but did not go to
low enough velocities with good enough statistical accu-
racy to provide a test of the model for the DI fragments.
We repeat that the above stripping-pickup model is a
nonequilibrium model of fragment emission.

Evidence for excited fragments with nonequilibrium
state populations'® was recently found in the same system
as ours, '*N+Ag at E/ A=35 Mev. The finding of none-
quilibrium is in agreement with that feature of our model.
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