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Population ratios for neutron-unbound states compared to bound states were determined for
intermediate mass fragments from 3°Ar + Ag collisions at 35 MeV /nucleon. The population ratios
were measured as a function of fragment kinetic energy at angles of 15°, 30°, 45°, and 60°, especially
for 2B fragments but also for "Li, 8Li, ''Be, and '*C fragments. The results show no major
dependence on either the kinetic energy or the emission angle of the fragments. There are signs of
a moderate contribution to the dominating statistical decay from nonequilibrium quasielastic decay
at the smaller angles. The population ratios for the different fragments are consistent with emission
from a source of a single temperature which emits complex nuclei at freeze-out. Comparision of the
present results with those from a similar experiment, but with '*N projectiles at 35 MeV /nucleon,
shows that the population ratios for strongly damped processes are the same for both *N and *°Ar

projectiles on Ag.

PACS number(s): 25.70.Lm

I. INTRODUCTION

Production of intermediate-mass fragments (IMF’s)
with 3 < Z and 6 < A is one of the prominent features
of intermediate energy (20 < E/A <200 MeV) nucleus-
nucleus collisions (see, e.g., [4]). Unlike lighter particles,
IMF’s are generally excited after leaving a hot nuclear
system formed in a heavy-ion reaction. The excitation
energy is a source of information different from energy
and angular distributions, IMF correlations, and other
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properties of the emitted particles which are usually in-
vestigated [1-5]. Indeed, there is a series of questions con-
nected with the internal excitation of the emitted IMF’s
which have to be answered by any fragment production
model in order to understand the dynamics of nucleus-
nucleus collisions.

Thus far it has not been possible to make a straightfor-
ward connection between nuclear temperatures derived
from the kinetic energy spectra and from the relative
populations of the different states of the emitted IMF’s
[2]. These observables should be related. The slopes of
the kinetic energy spectra of the emitted particles deter-
mine the temperature of the emitting region [6,7]. At
the same time, complementary information about the
temperature of the fragmenting system may be obtained
from relative populations of ground and excited states of
the emitted IMF’s, as — according to statistical models
— the ratio of populations is determined by the tem-
perature of the emitting system [2,5]. Nuclear temper-
atures derived from kinetic energy spectra are always
much higher than temperatures derived from population
ratios of IMF states. For example, with projectiles of
14N at 35 MeV/nucleon, the temperatures from kinetic
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energy spectra were 10-13 MeV but only 2.5-3 MeV from
population ratios [1,2]. The discrepancy has not been re-
solved by taking into account the fact that sequential
feeding from higher-lying states may alter the measured
populations of the ground and excited states from what
they were at freeze-out. Detailed calculations show that
the population temperatures are still much lower than
the kinetic energy temperatures, and there is no hope
of finding basic improvements in the side-feeding model
which could account for the discrepancy [2,5].

Multiple IMF emission has been observed in many
intermediate-energy, heavy-ion reactions, and it becomes
an important reaction channel in the bombarding energy
range from about 20 to 60 MeV /nucleon [8,4]. Obviously,
the internal excitation of an IMF and the dependence
on its kinetic energy may show characteristics of the ac-
tual reaction mechanism. Indeed, the various models of
single- or multiple-IMF production predict different de-
grees of internal excitation depending on the kinetic en-
ergy of the emitted fragment. For example, in statistical
compound nucleus decay the first emitted IMF has the
same population ratios no matter what the value of the
kinetic energy is. However, in sequential decay more than
an IMF which was emitted later in the sequence leaves
from a cooler source, and therefore its kinetic energy and
internal excitation should both be lower on the average.
Generally, sequential decays from an expanding hot nu-
clear system will lead to different internal excitations as
a function of kinetic energy. On the other hand, in a
model consisting of an expanding and emitting source,
Friedman [9] has shown that though the system proceeds
through a sequence of temperatures, there is a charac-
teristic temperature for emission (approximately 5 MeV)
which is nearly independent of the incident energy, of the
initial temperature, and of the properties of the IMF. In
addition, there are other effects which, in principle, also
can change the populations of the states after freeze-out.
One of them is the possible Coulomb excitation of the
IMF as it leaves the electric field of the emitting system.
Another possibility is interactions of the IMF with nucle-
ons emitted from other residues [10]. These phenomena
could lead to a kinetic energy dependence of the excita-
tion of the IMF, and they have not been investigated in
detail.

Unfortunately, there is only limited knowledge about
the dependence of the population ratios on the kinetic
energy of the IMF [11,12,1,2,5]. Most of the data for
population ratios are for a set of events which integrate
over IMF kinetic energy [13]. Therefore, the analysis
eventually averages over regions with perhaps very dif-
ferent population ratios. IMF’s emitted from clearly dif-
ferent reaction mechanisms, like quasielastic or strongly
damped processes, have markedly different kinetic energy
distributions which may change rapidly with the obser-
vation angle [14]. The different mechanisms dominate
at different impact parameters and can be attributed to
various sections of the kinetic energy spectra.

In earlier works [1,2] it was shown for the *N + Ag
system at 35 MeV /nucleon that the dependence of the
neutron-unbound-state—bound-state population ratio on
fragment kinetic energy differs for the quasielastic and

deep-inelastic data. For a quasielastic IMF whose mass
is close to the mass of the beam particles, the ratio de-
creases towards zero as the fragment velocity approaches
the beam velocity. In particular, there was a strong ki-
netic energy dependence of the relative populations of
the first neutron-unbound state and the bound states of
12B. In contrast, the ratio for approximately half-beam
mass quasielastic fragments seems to be constant or only
slightly decreasing with increasing kinetic energy. On the
other hand, the ratio for deep-inelastic IMF’s is approx-
imately independent of kinetic energy and perhaps even
independent of fragment mass.

The results of former experiments leave most of the
problems open and raise new questions. Are these obser-
vations about the internal excitation of the emitted IMF’s
generally true for intermediate energy heavy-ion reac-
tions? Do the population ratios support the assumption
of a single IMF production mechanism and source in the
intermediate energy heavy-ion processes? How does the
emitting source evolve in space and time in the nucleus-
nucleus collision process and from which temporal phase
are the IMF’s emitted? Is there any dependence of the
internal excitation of the IMF’s on the internal structure
and identity of the emitted fragments? What are the
angle and energy distributions of the excited fragments?
Dependence on emission angle can be expected for emis-
sion from nonequilibrium nuclear systems. Is there any
dependence of the internal excitation of the IMF on de-
tection angle? Do the population ratios of the states of
IMF’s reflect the various reaction mechanisms thought to
dominate the different kinetic energy regions? In particu-
lar, we proposed a stripping—pick-up model for quasielas-
tic IMF production which explained the data well for re-
actions induced by N at 35 MeV/nucleon on several
targets from the light to the heavy nuclei [15,7,16]. The
same model gave a plausible explanation of the kinetic en-
ergy dependence of the internal excitation for quasielastic
IMF’s. How does the model perform for IMF’s with mass
far away from the mass of the projectile?

In order to have a general insight into the dependence
of IMF internal excitation on IMF velocity, we concen-
trated on the IMF 2B, which was found earlier [1] to have
advantageous properties for this purpose. In particular,
the cross sections for 2B nuclei emitted in their 3.388-
MeV, first neutron-unbound state and in their particle
stable states should be determined. The latter can be
obtained from 2B singles measurements, and the former
from !B - neutron coincidences. The measured cross-
section ratios of these states can be used to calculate
temperatures from a Boltzmann population distribution.
The population ratio (R) of two states of the same nu-
cleus is related to the population temperature (T') in the
following way:

_2J1+1

= mexp(—AE/T), (1)

where J; and J; are the spins of the two states, and AF
is the energy difference between them.

Since the neutron decay energy of the narrow 3.388-
MeV state is only 18 keV (T is only 3.1 €V), most of
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the emitted neutrons will be kinematically focused into
detectors positioned collinear to the target-fragment de-
tector. The feasibility of collinear geometry is a direct
consequence of using neutrons, which are not sensitive
to some additional distorting effects of the Coulomb field
of the emitting fragments and can penetrate a fragment
detector. As 2B is generally produced with considerable
cross sections in heavy-ion collisions at intermediate en-
ergies [17], this method provides an excellent “thermome-
ter” for the measurement of the internal temperature as a
function of the kinetic energy of the IM fragments. Meth-
ods using charged particles [5] differ in effectiveness and
give complementary results.

The purpose of this paper is to present experimental
data on the kinetic energy and angle dependence of the
internal excitation of IMF’s emitted from the 36Ar +
Ag system at 35 MeV/nucleon by measuring IMF sin-
gles and IMF-neutron coincidences in collinear geome-
try. The 36Ar beam was chosen in order to have some
IMF’s, especially the 2B, with mass far from the mass
of the bombarding particles. However, the incident 3¢Ar,
as the earlier used %N nucleus, has an equal number of
neutrons and protons. The target and the beam energy
were the same as in a previous investigation [2]. The ex-
periment was optimized for the 2B thermometer, but as
in the earlier study [2] other IMF’s, especially Li, Be, and
C isotopes, where excitation of neutron-unbound states
could be observed, were evaluated as well.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the K500 cyclotron
of the National Superconducting Cyclotron Laboratory
of Michigan State University. Most of the apparatus
and techniques used were similar to those used in ear-
lier investigations [18,16,2]. Some results on neutron and
fragment isotope inclusive spectra which were determined
from the present set of experimental data were published
earlier [19,17,20].

The incident beam was 3¢Ar!l* at 35 MeV/nucleon
with 10° ions/sec intensity. Natural silver targets of 2.2
mg/cm? and 2.57 mg/cm? areal densities were used in
some runs perpendicular and in others at 60° to the
beam. The outline of the experimental setup, without
the fragment detection systems, is shown in Fig. 1.

The IMF’s were detected with AFE — F silicon detector
telescopes [17]. They were placed inside the scattering
chamber of 1 m diameter at angles of 15°, 30°, 45°, 60°,
and 120° in the horizontal plane on the right side of the
beam (in Fig. 1 below the beam line) and one at 45° out
of this plane directly below the beam axis. The telescopes
consisted of 2 to 4 elements, the number depending on
the detection angle. The first AE detectors were 30 pm
in thickness, allowing isotopic separation (see later) from
Z =4 - 10 down to E/A = 2 — 10 MeV — 2 MeV for
the lighter fragments and 10 MeV for Z = 10. The sec-
ond AFE detectors were 100 um thick. The E detectors
stopped all IMF’s up to at least 40 MeV /nucleon. Ev-
ery element was cooled to —10°C. The solid angles of
the Si telescopes were about 10 msr. In order to reduce
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FIG. 1. Outline of the experimental setup. The symbols
with angle labels represent neutron detectors or close-packed
bundles of three detectors (-15°) or of seven detectors (-30°,
-45°, -60°, -120°). The rectangular boxes represent shadow
bars which were in place about half of the time, and the
solid lines behind the shadow bars represent proton veto pad-
dles. The circle represents the scattering chamber in which
the collinear IMF telescopes (not shown) were placed.

the number of small pulses from electrons and x rays
produced in the target, a gold foil of ~ 10 mg/cm? was
placed in front of each telescope. The telescopes were
energy calibrated with the aid of a precision pulse gen-
erator. Corrections were made event-by-event for energy
loss in the gold foil and the target. The uncertainty in
IMF kinetic energy was estimated to be typically 2%. De-
tector pulses from numerous hydrogen and helium nuclei
were rejected with hardware electronics. Separate runs
were made intermittently during the experiments to mea-
sure fragment singles in order to determine bound-state
populations.

The neutron detectors consisted of liquid scintillator
(NE-213 or BC-501) in sealed glass cells. Most of the
cells had dimensions of about 12.7-cm diameter and 7.6-
cm thickness [2]. The intrinsic timing resolution of the
neutron detectors, when measured using v rays from a
80Co source, was 0.9 ns on the average. Closed-packed
arrays of neutron detectors were placed in collinear posi-
tions with IMF telescopes at 15°, 30°, 45°, and 60° on the
right side of the beam at distances ranging from 450 cm
(at 15°) to 350 cm (at 60°). The array at 15° consisted
of three, while the other three arrays were made of seven
neutron detectors. The solid angles of the neutron arrays
and those of the corresponding fragment telescopes were
optimally matched to each other. Other neutron detec-
tors shown in Fig. 1 were placed at distances from 160 to
250 cm and the data for them were discussed elsewhere
[19,20].

In front of each detector array a 6-mm-thick NE102A
paddle was placed for the rejection of high energy pro-
tons. (Protons which were emitted with energies smaller



222 F. DEAK et al. 52

than about 40 MeV were stopped by the material be-
tween the target and the neutron detector.) Neutrons
were distinguished from gamma rays by pulse-shape dis-
crimination using two QDC'’s [21].

Neutron energies were determined by the time-of-flight
technique that used neutron and fragment signals as the
start and stop, respectively. The timing signal on the
fragment side came from the 100 um AFE element of each
telescope, and from the anode pulse on the neutron side.
The overall timing resolution was determined by evalu-
ating the prompt -« rays in the time-of-flight spectra and
it was between 1 and 1.2 nsec for all cases. The en-
ergy dependent efficiency of the neutron detectors was
computed by a Monte Carlo code [22], and the uncer-
tainty in the efficiencies was estimated to be 10% [15,2].
The attenuation of the neutrons by the material between
the target and the neutron detector was taken into ac-
count [15,23]. Inscattering background contributions to
the neutron spectra were determined by taking data with
shadow bars between the target and the neutron detec-
tors (see Fig. 1) during approximately half of the run
time.

III. DATA ANALYSIS

The data were taken in event mode and the analysis
was done off line.

The data for the fragment telescope were evaluated
using a standard technique for the fragment singles [17].
In every telescope there was good element separation,
and the isotope separation was performed by the usual
AE — E technique. For each element a two-dimensional
energy/nucleon—particle identification spectrum was con-
structed. These spectra were sliced into energy/nucleon
channels, then fitted with Gaussians of a single width
for each isotope having significant intensity plus a linear
background.

The IMF-neutron collinear cases were handled as de-
scribed in Refs. [18,2]. First, the identification of the IMF
element — Li, Be, B, or C — was performed and the frag-
ment kinetic energy was deduced for each event. Then
the neutron velocity was determined and an individual
weight factor was calculated which took the efficiency and
all the necessary corrections into account event by event.
With these data, two-dimensional spectra of Vi — V,, =
AV (IMF-neutron relative velocity) versus IMF particle
identification value were created for all those events in
which the kinetic energy of coincident fragment was in a
prescribed bin. In this procedure, the literature value of
the mass of the isotope for which we actually wanted to
establish the relative velocity spectrum was used in each
case [24-26]. The background and shadow bar runs were
taken into account as described in Refs. [18,1,2]. These
two-dimensional spectra were then cut into AV bins of
width 1 mm/ns. Finally, each resulting one-dimensional
spectrum was fitted with as many Gaussians (of a single
width) as there were isotopes of a significant intensity
plus a linear background. The area for a given isotope
became a point in a relative velocity spectrum for the
prescribed fragment kinetic energy bin. As a typical ex-

3000 —

E/A=10—12 MeV |

2000

Relative Yield

1000

FIG. 2. Typical Vr - V, relative velocity spectrum for
"B + n coincidences at 15° for 'B fragments in a 10 — 12
MeV /nucleon energy bin. The solid line represents the nor-
malized result of a Monte Carlo simulation added to a broad
Gaussian background.

ample, Fig. 2 shows the !!B-neutron relative velocity
spectrum for B in the 10 — 12 MeV/nucleon kinetic
energy range at 15°. The small decay energy (19 keV)
explains the strong kinematic focusing effect around zero
relative velocity.

The populations of the different neutron-unbound
states were extracted from the relative velocity spectra by
applying the results of Monte Carlo calculations to the
experimental data. The code MONTRES [18] simulates
the decay of neutron-unbound states into the detection
system. All experimental details which influence the de-
tection of fragments or neutrons (target thickness, silicon
detector resolution, neutron detector thickness, intrinsic
time resolution, solid angles, etc.) were explicitly taken
into account. The neutron decay was assumed to be
isotropic in the rest frame of the emitting IMF’s. The rel-
ative velocity spectra were in all cases simulated well by
the results of these calculations added onto a broad Gaus-
sian background. As an example, the solid line in Fig. 2
represents the result of the normalized Monte Carlo sim-
ulation. Values extracted from the comparisons of the
experimental spectra with the calculated ones were di-
rectly used for the determination of the production cross
sections of the neutron-unbound states [18,2].

IV. EXPERIMENTAL RESULTS

There were 34 isotopes of the IMF elements Li, Be,
B, C, N, O, F, Ne, Na, and Mg that could be identi-
fied in the singles data taken by the fragment telescopes
[17]. Relative velocity spectra were created for all possi-
ble cases of IMF-neutron collinear coincidences. Besides
the 1B + neutron spectra, for which the experiment was
optimized, there were several other isotopes for which the
relative velocity spectra could be evaluated. These addi-
tional cases were the Li + n, "Li + n, 1°Be + n, and
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the 12C + n coincidences at 15°, 30°, 45°, and 60°.

In the fragment telescope at 120° some Li isotopes and
very few Be nuclei were detected in the singles experi-
ment. No event was observed for elements heavier than
beryllium, and no IMF-neutron coincidences could be de-
tected for any IMF.

A. Experimental results for the 1'B + neutron
coincidences

The 18 keV neutron decay of the 3.388-MeV (J™ =37,
I = 3.1 £0.6 eV [25]) state in 2B to the ground state of
1B was observed in collinear geometry from 15° to 60°.
Fragment-neutron relative velocity spectra were created
in 2 MeV/nucleon wide fragment kinetic energy bins.
The lowest evaluated energy bin at each angle was the
one in which both the fragments and the neutrons in co-
incidence with each other were safely over their energy
thresholds.

In order to calculate the population ratios, the cross
sections for the ground state and the 3.388-MeV neutron-
unbound state had to be determined. The 2B spectra
were derived from the fragment singles experiment, and
they are displayed in Fig. 3 on the right-hand side. The
left-hand side shows the spectra for production of the
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FIG. 3. Energy spectra of **B (right side) as determined in
fragment singles measurements and for ?B in its 3.388-MeV
first neutron-unbound state (left side) as determined from the
analysis of relative velocity spectra. The solid lines are fits to
the cross sections according to the method used in Ref. [14].
For the data at 15° and 30° the decomposition into quasielas-
tic (dashed line) and strongly damped (dot-dashed line) con-
tributions is also shown.

first neutron-unbound state. At each angle the shapes of
the two energy spectra are similar.

Figure 4 shows the ratios of the cross sections for the
first neutron-unbound state to those for the particle-
bound states of 2B as a function of the IMF kinetic
energy for the four observation angles. The error bars
in Fig. 4 correspond to the statistical uncertainties only.
The possible deviations in absolute values of the popu-
lation ratios are estimated to be about 15%, mainly due
to the uncertainties in neutron detection efficiency.

The population ratios obtained at 15° are almost con-
stant over the wide range of fragment kinetic energy from
6 to 42 MeV /nucleon. However, there is a slight decrease
toward higher energies. The ratios around the beam ve-
locity are 0.11 + 0.01, i.e., ~25% lower than the values at
low energies (0.14 +0.01). It is worth nothing that even
at fragment velocities which are higher than the velocity
of the incident 36 Ar ion, the internal excitation of the 2B
fragments does not go to zero and the cross section ratios
are close to those at neighboring energies. No systematic
trend can be observed in the population ratios at 30°
and 45°; both sets of data are consistent with constant
internal excitation of 2B. The four data points for 60°
measurement covering the fragment kinetic energy range
from 4 to 12 MeV /nucleon show perhaps a slight increase
of the population ratios with energy. There seems to be
a slight increase of the ratio with angle. Also, the trend
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FIG. 4. Ratios of the double differential cross sections for
the first neutron-unbound state [o’(3.388)] and for the sum of
the particle-bound states [a"(”Bbound)] of 12B as a function of
the fragment kinetic energy. The error bars correspond to the
statistical uncertainties only. On the right side the apparent
nuclear temperatures are shown as derived according to Eq.

(1).
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with kinetic energy/nucleon goes from decreasing to con-
stant to increasing as the angle changes from 15° to 60°.

On the right side of Fig. 4 the values of the apparent
nuclear temperature T" are shown as derived by using Eq.
(1) adapted for more than one bound state. In calculat-
ing T, it was assumed that the populations of the four
particle-bound excited states of 12B are measured in the
ground state channel. The nuclear temperatures which
correspond to the measured population ratios range from
about 1.5 MeV to 2 MeV at 15° to 2.0 MeV at 30° and
about 2.5 MeV at 45°.

B. Experimental results for the Li, Be, and C
isotopes

In the ®Li + neutron case we observed the neutron

decay of the 7.460-MeV (J™ =5/27,T =89 + 7 keV [24])
state to the ground state of ®Li. The decay energy is 210
keV. The branching ratio of the 7Li state to decay into
the neutron channel is determined by I',, /Tyt = 0.776
24].
[ For statistical reasons the width of the fragment kinetic
energy bins was increased to 5 MeV /nucleon. The AV
spectra showed the double peak at + 8 mm/ns, quite
similar to that displayed in Fig. 4 of Ref. [18]. The
lowest IMF kinetic energy bin which could be evaluated
was that from 5 to 10 MeV /nucleon.

There were two problems in the evaluation of this case
which needed further consideration. As the neutron de-
cay energy of the 7.460-MeV state in "Li and its width
are comparable, the energy dependence of the width had
to be taken into account in the evaluation of the AV
spectra. To this aim the method described in Ref. [2]
was used in the Monte Carlo simulation of the events.
The other problem is connected with the fact that the
singles spectra of "Li contain events from the decay into
two a particles of 8Be. When both o particles are de-
tected in the same telescope, the AE signal is not distin-
guishable from a signal produced by a 7Li [27]. In order
to make the corrections, the yield of 8Be from strongly
damped processes was estimated by using the interpo-
lated value in Fig. 5 of Ref. [17]. For the determination
of the quasielastic contribution, a linear interpolation was
made between the quasielastic yields of "Be and °Be. As-
suming the same energy and angular distributions as the
neighboring °Be, a Monte Carlo simulation of the detec-
tion of both « particles determined the correction to the
measured 7Li spectra.

The left side of Fig. 5 displays the results for the pop-
ulation ratios of the 7.460-MeV and the ground state of
"Li. At 15° the ratio has a slight trend to decrease to-
ward higher energies. The ratio at the four lowest en-
ergies scatters around a value of 0.029 + 0.002 and de-
creases at higher energies to 0.015 + 0.004 in the 35 —
40 MeV /nucleon bin. For the larger angles the ratio is
consistent with a constant value at each angle, and the
value is definitely higher than at 15°. The average of
the population ratio for 30° is 0.047 + 0.003 and for 45°
0.058 + 0.007. Unfortunately, an underestimate in the
quasielastic part of the 8Be correction could lead just to
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FIG. 5. The population ratios as in Fig. 4, but for the
7.460-MeV state and the bound states of "Li (left side) and
for the 2.255-MeV state and the bound states of ®Li (right
side). The fragment kinetic energy bins are 5 MeV /nucleon
wide.

similar trends both in kinetic energy dependence at 15°
and in angular dependence. The right axis of the left
panel of Fig. 5 shows the apparent nuclear temperatures
derived by using Eq. (1). It is between 2 and 2.5 MeV for
the 15° position, and it is > 3 MeV for the other angles.
The "Li 4+ neutron relative velocity spectra show
prominent peaks at about & 7 mm/nsec. They corre-
spond to the neutron decay of the 2.255-MeV (J™ = 3+,
I' = 33 £+ 6 keV [24]) state to the ground state of 7Li.
The decay energy is 222 keV. The right side of Fig. 5
displays the corresponding population ratios with frag-
ment kinetic energy bins of 5 MeV /nucleon. The ratios
at 15° decrease with fragment kinetic energy. This is also
seen in the 30° data. The ratios at 45° and the 60° are
consistent with constant values. The right axis of the left
panel shows the apparent nuclear temperatures for 8Li.
As for the Be isotopes, only the neutrons in coinci-
dence with °Be have intensities for which an evalua-
tion was feasible. The investigated transition was the
19 keV neutron decay from the 3.887 + 15 keV (J™ >
7/2, T'<10 keV) state into the 3.3680-MeV (J™ = 27%)
first excited state of 1°Be [24,25]. The population ratios
were derived in 5 MeV /nucleon fragment kinetic energy
bins; except the first energy bin ranged only from 7 to 10
MeV /nucleon. In contrast to the other decays, the main
uncertainty in this case was provided by the fact that
the 'Be isotope could hardly be resolved in the singles
spectra in the neighborhood of the relatively intensely
populated °Be. Figure 6 displays the results for 11Be.
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FIG. 6. The population ratios as in Fig. 4 for the
3.890-MeV state and the bound states of '!Be. The frag-
ment kinetic energy bins are 5 MeV /nucleon wide; the lowest
bin is 7 — 10 MeV /nucleon.

The ratios do not show any systematic dependence on
fragment kinetic energy for any of the angles. However,
the average ratio for the 15° position (0.42 & 0.07) tends
to be slightly lower than for 30° (0.51 +0.08) and 45°
(0.61 +0.1). The average apparent nuclear temperature
is about 2.5 MeV for the 15° case and scatters around 3
MeV for the other observation angles.

In the 2C + neutron case the 114 keV neutron decay
of the 9.50-MeV (J™ = 9/2%, I < 5 keV) state of 13C to
the first 4.439-MeV 2% excited state of 12C [25,26] was
investigated. The decay produced a double peak in the
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section for the bound states of the same isotope at 15° (lower
part). The meanings of the lines are the same as in Fig. 3.
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relative velocity spectra at about + 5 mm/nsec. The AV
spectra were similar to those shown in Fig. 7 of Ref. [18].
The dependence of the population ratio for the 13C states
at 15° is shown in Fig. 7; the lower part of the figure
displays the cross sections of the 13C ground state at the
same angle. The spectra for the other positions could
not be evaluated reliably. The ratios are consistent with
a constant for the three different IMF kinetic energies for
15°, corresponding to an apparent nuclear temperature
of about 1.8 MeV.

V. DISCUSSION OF THE RESULTS

The most prominent general result of the present study
is that there is little dependence of population ratio on
either fragment kinetic energy or the observation angle
of 12B fragments. Sequential feeding does not depend on
the kinetic energy of the parent nucleus. Therefore, from
the fact that all the observed 2B fragments have ap-
proximately the same population ratio, we may conclude
that the internal excitation of the originally emitted frag-
ments was independent of the fragment kinetic energy at
the freeze-out as well.

The 2B data do not require a model in which the
population ratios are increasing with kinetic energy at
any angle. This is in contradiction to models of sequential
fragment emission from expanding hot nuclear systems
produced in heavy-ion collisions.

The present results markedly deviate from the obser-
vations for quasielastic collisions in the 1*N 4 Ag system
at 35 MeV /nucleon [1,2]. In those experiments, at 15° a
strong fragment kinetic energy dependence was observed:
the population ratios were near zero for fragment veloci-
ties close to the velocity of the incident beam. The shapes
of the 2B spectra at 15° (Fig. 3) show clear signs of the
presence of quasielastic events. According to the decom-
position of the spectrum into quasielastic and strongly
damped parts (dashed and dot-dashed curves in Fig. 3),
above ~18 MeV /nucleon the quasielastic process domi-
nates. Yet, at 15° only a moderate (less than 40%) de-
crease in the population ratios can be seen (Fig. 4) from
low kinetic energies up to 35 MeV /nucleon. Even 12B’s
with velocities larger than the beam velocity have consid-
erable values for the population ratio, and therefore they
are on the average hardly less excited than fragments
with much lower kinetic energies.

The quasielastic component results from peripheral
collisions [18,14,7]. In the stripping—pick-up model, the
quasielastic spectra result from a projectile fragmenta-
tion into a part that penetrates the target and forms a
hot participant zone and a projectilelike spectator part
that later picks up material from the expanding hot zone,
thus forming a projectilelike fragment. The stripping—
pick-up process, which was quite successful in explaining
several properties of 4N induced reactions [15,1,7], may
not be a major reaction mechanism at 2B kinetic ener-
gies around the beam velocity for the 36Ar + Ag system.
Instead, a thermal source may be able to emit 2B’s with
high velocities.

According to the former considerations, the decrease in
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population ratios with kinetic energy at 15° is explained
by the coexistence of different reaction mechanisms. If
one of the mechanisms is that of the stripping—pick-up
process, its share can be estimated from the population
ratio at the beam velocity. At this velocity the model pre-
dicts zero internal excitation for the IMF. Therefore, its
share should be less than 40%. A check on these conclu-
sions would be the study of the population ratios beyond
the beam velocity. These populations are not influenced
by contaminations from cold fragments and should be
similar to those at low energies. Unfortunately, the three
experimental points above 35 MeV /nucleon have poor
statistics (Fig. 4). ,

The former ideas can qualitatively explain the observed
slight angular dependence of the population ratios as
well. It can be seen in Fig. 3 that even the 30° fragment
spectra may contain contributions from quasielastic pro-
cesses. As the fragments from this mechanism are cooler
than those from statistical decay of a hot source, they
can provide for the slightly lower average internal exci-
tation relative to the values at 45° where the spectra are
free from quasielastic contamination.

The results for the neutron decay of the excited states
of "Li, 8Li, 1°Be, and '3C are consistent with data for
12B. The observations show features which can be ex-
plained qualitatively with similar considerations. For the
emission of the IMF’s, there is a dominant process which
produces fragments with about the same internal exci-
tation. In addition to this mechanism, there are minor
contributions from nonequilibrium processes.

Dealing with the dominating mechanism, it is interest-
ing to investigate whether the source for the emission of
different IMF’s could have a single temperature. In order
to investigate this question, the average of the population
ratios at 45° (where the quasielastic contribution is negli-
gible) for each isotope was compared with the prediction
of the sequential feeding model (e.g., [11,28]). We did
not perform new calculations as we had the same iso-
topes, except for !Be, which were already discussed in
Ref. [2]. The only difference between the two systems,
14N+ Ag and 3%Ar+Ag, is that we now have about 15%
more nucleons in the initial nuclear assembly. This may
produce a small and perhaps smoothly changing vari-
ance of the freeze-out fragment distribution for the same
initial temperature. However, as we do not look at the
production cross sections but at the ratios of the popu-
lations, practically the same results are expected in the
case of the same initial temperature. Table I compares
the measured and calculated values for 2.5 MeV nuclear
temperature. These values are convincingly close to each
other. This is consistent with the assumption that there
exists an equilibrated source and the dominating mech-
anism is statistical IMF emission from the same source
with one common nuclear temperature for all fragments.
This source has, however, a much lower nuclear temper-
ature than the 5 MeV suggested by Ref. [9].

Comparing the population ratios at 45° with those for
the strongly damped processes with the N beam, they
are surprisingly close to each other. Though the values
for 3%Ar seem to be a bit higher, the deviations are in-
side the quoted uncertainties. One may wonder how it

TABLE 1. Population ratio averaged over kinetic energy
for fragments and neutrons emitted at 45°. The ratio is for a
neutron-unbound state (excitation energy in MeV in paren-
theses) to the sum of all bound states. The calculated values
are from the sequential feeding calculation of Ref. [2] with
2.5 MeV initial temperature.

Decaying isotope Calculated ratio Measured ratio

"Li (7.46) 0.05 0.055+ 0.01
8Li (2.255) 0.38 0.38 + 0.01
2B (3.388) 0.17 0.18 £ 0.01
13C (9.50) 0.03 0.017+ 0.02 ®

®This experimental value is for 15°.

is possible that nuclear systems which were created in
collisions of silver nuclei with a projectile of such differ-
ent incident energies (490 MeV in the *N case vs 1260
MeV for 3¢Ar) emit IMF’s with internal excitation so
close to each other. An explanation could be that the
source of the IMF’s is created in interactions of the in-
coming nucleons with approximately the same number
of target nucleons (like the half-beam-velocity intermedi-
ate rapidity source [18,7]). In this picture, the thermal
properties of the source are determined by the velocity of
the incident projectiles, while its size is governed mainly
by the number of nucleons in the projectile. Therefore,
the multiplicity of the emitted IMF’s from this strongly
damped source should be greater for the heavier projec-
tile. Rough evidence in favor of such behavior can be
seen, e.g., by comparing the cross sections in Fig. 3 with
cross sections for !B in Fig. 1 of Ref. [2]. There ev-
idence is present for all the isotopes common to both
experiments. All these results are consistent with the
observations for lighter fragments (such as ®Li and "Li)
in the *N experiments that their internal excitation —
though they decrease with the fragment kinetic energy
— does not converge to zero around the beam velocity.

There is no explanation for the low value of the appar-
ent nuclear temperature (~2.5 MeV) derived from the
study of the population ratios in comparison with those
from the kinetic energy spectra. This work proves that
the explanation for the low population ratios may not
be found in averaging a rapidly changing function of the
fragment kinetic energy. Instead, the discrepancy is a
sign that the thermal equilibration processes are incom-
plete for the internal degrees of freedom at the moment
of fragment emission.

VI. CONCLUSIONS

The population ratios of several intermediate mass
fragments, especially those of 2B, do not show a major
dependence on either fragment kinetic energy or obser-
vation angle. A comparison with the sequential feeding
model makes it probable that there is a source with a
single temperature from which the majority of the IMF’s
are emitted by statistical processes. The slight decrease
for fragments in the forward direction of the population
ratios with fragment kinetic energy and the rather small
angular dependence of these ratios can be considered as a
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sign of contamination from preequilibrium fragment for-
mation. There are no major differences in the internal
excitations of IMF’s from strongly damped processes for
the same energy/nucleon *N and 3¢ Ar beams. This is an
indication of the possibility that the IMF’s are emitted
from a local source without the inclusion of all nucleons
of the colliding nuclei [29,3].
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