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Light particle emission near 0° in the reaction 2°Ne+''Ta at E / 4 =85 MeV
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Energetic light ions (primarily protons and alphas) were detected in heavy-ions collisions of *°Ne with
"*ITa at an energy E/A =85 MeV. Analysis of the spectral shapes and angular distributions using a
standard moving-source model requires that the source velocity approaches the beam velocity at zero de-
grees. Apparent source temperatures are only modestly increased at this energy compared to apparent
source temperatures in reactions at energies £ /A4 =9 to 40 MeV, indicating a possible saturation effect
in the projectile nucleus. The production of very energetic light ions (where the light-ion energy ap-
proaches the total beam energy) was not seen in this experiment, possibly indicating that a previously
proposed massive cluster transfer mechanism is invalid, or suppressed at this higher energy.

PACS number(s): 25.70. —z, 25.70.Mn, 24.10.—i

I. INTRODUCTION

Projectile fragmentation, with Fermi motion of the nu-
cleons within the projectile, is often suggested as the pri-
mary mechanism for the production of energetic light
ions with velocities greater than that of the beam [1-3] in
heavy-ion collisions. With this model the fragmentation
may be modeled as being derived from a source moving
with a source velocity (v,) characterized by an apparent
temperature (T ) with a Maxwellian velocity distribution.
Such a model will be described later in this paper and the
data will be interpreted on the basis of this model.

At low bombarding beam energies, the production of
light ions is dominated by compound-nucleus (CN) eva-
poration. The peak in production cross section is below
the beam energy, measured in MeV/nucleon, and has an
energy spectrum characterized by a temperature (7Tcy)
of a few MeV. The low-energy portion of the energy
spectrum is cut off by the projectile—compound-nucleus
Coulomb barrier. The high-energy portion of the energy
spectrum is believed to be due to preequilibrium emis-
sion, where the apparent emission temperature is greater
than the compound-nucleus temperature. Thus, when we
speak of temperatures in this context, it is not implied
that thermal equilibrium has been achieved with the nu-
cleus, and these temperatures do not necessarily corre-
spond to typical nuclear temperatures.

The energy end points of the light-particle spectra are
determined by either three-body limits (projectile break-
up) or projectile breakup followed by direct transfer reac-
tions, which results in a two-body limit [14-16]. Since
the grazing angles for these reactions are still quite large,
quasielastic processes can be significant near the grazing
angle, with deep-inelastic processes dominating the spec-
tra for angles greater than the grazing angle. Thus, the
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particle emission spectra are essentially thermal, except
near the grazing angle where they appear nonthermal.

At higher beam energies the light-ion production spec-
tra are dominated by the breakup of the projectile [15].
Production cross sections peak at the same energy, mea-
sured in MeV/nucleon, as the beam energy and are ap-
proximately Gaussian in momentum space about this
peak. The spectral slope parameter near this peak is still
low, roughly equal to the Fermi temperature of a few
MeV, and is essentially unaffected by increased beam en-
ergy. The high-energy tails of these spectra exhibit spec-
tral slope parameters that are larger than slope parame-
ters measured near the breakup maximum. The energy
end points of these spectrum can approach the full beam
energy, implying a collective coherent mechanism. The
question then remains as to whether this coherent mecha-
nism, survives at higher bombarding energies. An exam-
ple of such a coherent mechanism is massive cluster
transfer [16,17].

Measurement of ¢ rays can also yield important infor-
mation about heavy-ion collision mechanisms. Particu-
larly, the angular distribution of the ¥ rays can be used to
determine the y-ray source velocity [18,19]. Assuming
that the source of the y ray is nucleon-nucleon brems-
strahlung, then the velocity of the source should be the
nucleon-nucleon velocity, e.g., about half the beam veloc-
ity. If, on the other hand, the source of the y rays is a
deep-inelastic collision, then the velocity of the source
should be the nucleus-nucleus velocity [18]. In either
case, the slope of the angular distribution is determined
by the velocity of the source, assuming isotropic emission
of the y rays in the frame moving at the source velocity.
Study of correlations between y rays and charged parti-
cles in heavy-ion collisions can also provide information
about the apparent temperature of the collision system.
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Two-particle correlation studies are also important
tools in the understanding of heavy-ion collisions. Such
correlations can lead to information about nuclear
sources such as temperature [20], nuclear equation of
state [21], source sizes [22], and nuclear cross sections in
the nuclear media [21]. In recent years, such two-particle
correlation data have begun to appear [22-31]. These
studies include both correlations between two charged
particles, e.g., two-proton correlations, and between a
neutron and a charged particle, e.g., a neutron and an al-
pha particle. The information in these studies appears to
be in the low-momentum-transfer portion of the transfer
function. The point of interest for the subject of this pa-
per is that the temperature measured in such correlation
studies are often much lower, by factors of 2 or more,
than the slope temperature of singles spectra measured in
the same experiments. It has been suggested that the
lower temperatures measured in these studies can be ei-
ther manifestations of quantum statistics [22] or the pos-
sibility that Boltzmann factors do not adequately describe
excited-state populations within the nuclear media [32],
e.g., due to the presence of nuclear isomeric levels.

In a previous paper [14] we presented results from
heavy-ion collisions in the energy range 9=<E/A <40
MeV and reported light-ion production at, and near, 0°,
specifically alpha particles with spectra end-point ener-
gies which, in some cases, approach the full beam energy.
This paper will report on a similar experiment at an ener-
gy per nucleon of 85 MeV. The analysis of the data from
the previous experiments indicated spectral slope param-
eters and source temperatures roughly twice as large as
those reported for complex fragment emission
[20,33-39]. This paper, in contrast, will report source
temperatures closer to the temperatures reported for the
complex fragment production, with spectra end-point en-
ergies well below the beam energy indicating a reduction
in emission of single light ions with high energies and a
corresponding increase in the multiplicity of emitted light
ions.

II. EXPERIMENT

The experiment was performed at the Michigan State
University National Superconducting Cyclotron Labora-
tory (MSU-NSCL) in East Lansing, Michigan, with the
K 1200 cyclotron in the 92-in. scattering chamber. The
beam intensities were 1 particlenA, or less, and were
necessarily low to keep detector dead time, and particle
pile up, to acceptable limits—less than a few percent.

A. Detectors

In this experiment we have used a stopped beam tech-
nique, as previously described [14], to measure light-ion
and projectile-like fragment (PLF) production at, and
near, 0°. The stopped beam technique was used to avoid
the direct beam, and the small angle heavy-ion-target
scattering associated with this type of experiment, thus
permitting the measurements to be continued to 0°. We
used an array of high stopping power BGO glass scintilla-
tors [40—-42]. The use of BGO scintillators avoids the use

of magnetic spectrometers usually used for such measure-
ments [16,17].!

We have employed a set of three particle telescopes to
obtain angular distributions from 0° to 90°. Each particle
telescope consisted of a 2.0-mm-thick X 50.8-mm-diam
Si(Li) solid-state detector backed by a 254-mm-
thick X 50. 8-mm-diam BGO crystal attached to an Am-
perex XP2252 fast photomultiplier tube. The stopping
power of the BGO was adequate to stop a 3-GeV alpha
particle. These detectors formed a AE-E telescope, with
the solid-state detector forming the AE signal, and the
BGO detector forming the stopping E signal. The
efficiency of the detector above 200 meV/nucleon is less
than unity due to nuclear reactions within the scintilla-
tor, but could be estimated from other data [14]. The
BGO detector at 0° had a 9.5-mm-diam collimator in
front of the solid-state detector; this collimator allowed
us to obtain data from the other detectors at large angles
without excessive dead time caused by the 0° telescope.
The detectors were typically situated at 70-100 cm
behind a stopping tantalum target. The tantalum target
was of adequate thickness to just stop the impinging
beam and was connected to a current digitizer system to
measure the beam current.

In addition, a smaller BGO detector 150 mm long X 40
mm diameter was placed at —15° and a Nal (T1) detector
100 mm X 100 mm diameter was placed at —90°. These
two additional monitors were used as beam monitors, as a
cross check of the integrated beam current.

Particle identification (PID) spectra are shown in Figs.
1 and 2. In these figures the vertical axis is pulse height
from the solid-state detector (AE), and the horizontal
axis is light output from the phototube attached to the
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FIG. 1. This figure shows a particle identification spectrum
which is the summation of several calibration runs. The vertical
axis is the linear signal from the solid-state detector, the front
element in the particle telescope. The horizontal axis is the
light output from the last dynode of the photomultiplier which
was attached to a BGO crystal, the last element in the particle
telescope. This spectrum was taken with the amplifier from the
solid-state detector set at a low gain; note that bands from Z =1
(H) to Z =10 (Ne) are visible.

IThe BGO crystals were supplied as part of a National Science
Foundation funded US-China cooperative science research pro-
ject with Shanghai Institute of Ceramics, Peoples Republic of
China.
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FIG. 2. This particle identification spectrum was taken with
the amplifier from the solid-state detector set to a high-gain
value and was used to identify the low-Z fragments. Note that
all three isotopes of hydrogen are easily distinguished, p,d,t,
and that three isotopes of helium are also clearly discernable
(*He,*He, He). Evidence also exists in these spectra for the iso-
tope *He.

BGO crystal (E-AE). The light output was taken from a
dynode in the phototube, and the anode was run in a
semisaturated mode. We were then able to obtain a good
timing signal [40] from the anode, with a fast rise time,
and a linear signal from the dynode, with a slower rise
time.

A particle identification spectrum is shown in Fig. 1.
This particle identification spectrum was taken with the
amplifier from the solid-state detector set at a low gain.
Note that bands from Z =1 (H) to Z =10 (Ne) are visi-
ble; this figure is the summation of several calibration
runs as described below. This gain setting was used to
identify PLF, where PLF is defined as 2<Zp; p < Z, .o

A second particle identification spectrum is shown in
Fig. 2. This particle identification spectrum was taken
with the amplifier from the solid-state detector set to a
high gain value and was used to identify the low-Z frag-
ments. Note that all three isotopes of hydrogen are easily
distinguished p,d,t and that three isotopes of helium are
clearly discernible (*He,*He, ®He). Evidence also exists in
these spectra for the isotope (*He), statistics are too low
to allow useful spectral parameters to be extracted for
this isotope.

The pulse heights from the solid-state detectors and
the scintillators were digitized via CAMAC analog-to-
digital converter (ADC) and charge-to-digital converter
(QDC) modules, respectively. Particle identification via
pulse-shape discrimination (PSD) could not be accom-
plished in the BGO detectors due to the poor signal-to-

noise ratio [40] associated with the low light output of
the BGO crystals. Pileup events were eliminated by
keeping the beam currents low and via hardware pileup
gates. Particle types were identified by offline software
gating on the two-dimensional PID spectra.

Energy calibration of the particle telescope was done
with a separate beam fragmentation experiment, cosmic-
ray muon calibrations, and the use of (?*Na) y-ray
sources. The beam fragmentation experiment consisted
of placing a stopping Ta target upstream of the scattering
chamber, before the last analyzing magnet. The analyz-
ing magnet was then set to a known ion momentum, and
the fragmentation products produced were sent, after
bending by the last magnet, directly into individual detec-
tors located at ©=0°. As a result, each of the isotopes of
interest (p,d,t,°He,*He,®He) was selected with a well-
defined energy centroid (although not a well-defined
width). Table I shows the energies of the various isotopes
produced in this fragmentation experiment. Cosmic-ray
muons were also used as a means of calibrating the ener-
gy response of the BGO crystals [43,44]. The cosmic
rays, being mostly minimum ionizing muons, have a
well-defined peak in a light-output spectrum from the
BGO crystals. The peak in the cosmic-ray light-output
spectrum has a well-defined y-ray equivalent. y rays
from (*’Na) then allowed us to calibrate the low-energy
portion of the BGO light-output spectrum, and were used
to check for gain drifts in the tubes during the course of
the experiment. Any gain drifts were stabilized to less
than 5% during the experiment, or by software correc-
tion during offline replay of the event tapes.

There are three major sources of error in the calibra-
tion of the detectors. First, the data from the fragmenta-
tion experiment were fit, by a least-squares method, to
polynomials of third order. The uncertainties in the pa-
rameters derived from this fit lead to a maximum uncer-
tainty of the calculated energy of any Z =1 or 2 isotope
of not more than 8%. Second, the intrinsic resolution of
the BGO scintillators is not better than 5—10 %, depend-
ing on the energy [40,41]. Last, nuclear reactions can
occur within the BGO crystal, which lowers the efficiency
of the detector. This nuclear reaction effect produces
low-energy tails on monoenergetic peaks. This experi-
ment measures the continuum of fragmentation reac-
tions, and not transitions to discrete states; thus, this nu-
clear reaction effect does not radically alter the shape of
the spectra nor the slope parameter derived from these
spectra. These effects have been estimated [43,44], and
the maximum errors in each have been added in quadra-

TABLE 1. Energies of fragmentation products used to calibrate detectors.

P d t ‘He “He SHe
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
200 100 67 267 200 133
340 170 113 453 340 227
500 250 167 6672 500 333
694 347 231 9252 694 462
1000? 500 333 1333 1000* 667%

?Fragmentation products not observed, or observed, in a lower charge state.
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FIG. 3. The fragmentation cross sections over the range of
angles for which protons were identified. It was assumed that
the target thickness was equal to the incident beam range. The
scaling of the cross sections on this figure is as follows: the top
curve in is multiplied by a factor of 10%, each successive curve is
then multiplied by a factor which is 10? lower than the multipli-
cative factor of the curve before it. Thus, the second curve is
multiplied by a factor of 10*. The laboratory angle at which
each curve was measured is indicated to the right of each curve.

ture in estimating the errors for spectral temperature pa-
rameters, both the laboratory temperature, T',,, and the
apparent moving source temperatures, 7.

B. Spectra

In our previous paper we have shown [14] that the
high-energy portion of light-ion (LI) spectra produced in
a thick stopping target are primarily generated from the
high-energy portion of the incident beam, and that the
desired moving source parameters, T and v,, can thus be
inferred from stopping target spectra. However, unlike
thin targets, the peak in the LI energy spectrum from a
thick target will not be centered at (E/ A4) ;=(E / A)ypeam-
The shape of such a spectrum can be calculated as an in-
tegral over the range of the incident beam in the target,
as indicated below.
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FIG. 4. The fragmentation cross sections for deuterons. The
same conditions as in Fig. 3 apply.
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FIG. 5. The fragmentation cross sections for tritons. The
same condition as in Fig. 3 apply.

Displayed in Figs. 3-8 are the cross sections over the
range of angles for which each particle type was
identified. The scaling of the cross sections on these
figures is as follows: the top curve in each figure is multi-
plied by a factor of 10%, each successive curve is then
multiplied by a factor which is 10? lower than multiplica-
tive factor of the curve before it; thus the second curve is
multiplied by a factor of 10* and so on. The angle at
which each curve was measured in indicated to the right
of each curve.

The primary goal of the experiment was to measure the
slope parameters and end-point energies of the high-
energy tails in the energy spectra. It was necessary for
some angles, particularly at 10° to take high-energy and
low-energy data in separate runs to avoid rate problems.
For these runs only the high-energy portion of the data,
above the hardware discriminators levels, is shown. The
spectral slope parameters were extracted separately for
each portion of the spectra.

At 0° the peak for the thick target spectra occur at
(E/A)1~0.6(E/ A )pea, for each LI particle type, un-

like a thin target spectrum which would have
10° T E— L
= ‘\\w\“ °He
) 0° 3
z N T
5 \'Ml 10° 3
5 15° 3
2 10° \'Mu 20° 3
5 M 250 1
9 E
S W, 300 3
B 3
L 5
© ;
1 0‘1 5 ! I | L

0 200 400 600 800
E (MeV)

FIG. 6. The fragmentation cross sections for *He. The same
conditions as in Fig. 3 apply.
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FIG. 7. The fragmentation cross sections for . The same
conditions as in Fig. 3 apply.

(E/A); ~(E/ A)beam [14,40]. The spectra then fall off

like ~exp “Eao b “Ghere E 1ab i the LI fragments labo-
ratory energy, and Tlab is the spectral slope parameter—
often called the laboratory temperature. At 0° the
highest energy observed in the spectrum, called E2,,, can
be no greater than the end-point energy of a reaction
channel, that is, the kinematic limit of the reaction minus
the Q value of the reaction channel.

The kinematics are typical of a many-body reaction,
with a minimum of three bodies needed to keep the reac-
tion on the mass shell. Subsequently, there are a set of
phase spaces associated with each reaction—three-body
phase space, four-body phase space, etc. These phase-
space volumes grow ever larger with increasing incident
beam energy, with the kinematic phase-space distribu-
tions largest at small momentum. Thus, as the incident
beam momentum increases, the high-energy portion of an
n-body channel comes into competition with the low-
momentum portion of an (n +1)-body channel. The net
result may be a decrease in the magnitude of the high-
energy portion of the spectrum, thus leading to a de-
crease in the laboratory slope parameter and a coincident
decrease in the extracted source temperature. The evi-

: é
(<))
=
= "‘ﬂ 10‘3
¥e] L 15°
2 i
% :;
g 1
B E 3
2 é g
1015g | B E
0

2oo 400 600 800
E (MeV)

FIG. 8. The fragmentation cross sections for ‘He. The same
conditions as in Fig. 3 apply.

dence of such a mechansim at work would be either a lev-
eling off of apparent source temperature or even a de-
crease of the source temperature, with a concurrent in-
crease in the average particle multiplicity in a collision
event [45]. This mechanism is the only competition be-
tween coupled channels in the projectile breakup. As will
be shown below, the laboratory slope parameters, extract-
ed source temperatures, and particle-hit multiplicites are
in agreement with this qualitative model.

The 0° spectra for alpha particles only extend to about
one-third of the total beam energy in this experiment, in
contrast to the previous experiments [14,16,17] at lower
beam energies, where the alpha-particle energy spectra
often extend to nearly the total beam energy for projec-
tiles with 4 <32. Protons, deuterons, tritons, and He
particle energy spectra extend to increasing energy in
that order. The “He particle energy spectra extend to en-
ergies nearly equal to the alpha-particle spectra, although
with much lower statistics. However, when measured in
energy per nucleon, i.e., velocity, the proton energy spec-
tra extended to the highest value, followed by deuterons,
tritons, and *He which are nearly equal, followed by al-
phas and finally *He. Thus, the end point of the particle
energy spectra, measured in energy per nucleon, appears
to be roughly inversely proportional to the mass of the
particle.

Examples of the moving-source model fits, which will
be described below, are shown in Figs. 9 and 10 for pro-
ton and alpha particles, respectively, at 0°. The dotted
line in these figures is the intermediate-rapidity source
contribution; the dot-dashed line is the high-rapidity con-
tribution, which may be interpreted as the projectile frag-
mentation contribution. These two curves are divided by
a factor of 10 for clarity. The solid double line is the sum
of the two contributions. A low-rapidity source, inter-

d’/dQdT (arbitrary units)

400 600

0 200
E (MeV)

FIG. 9. This figure shows an example of the fitting procedure
used to extract the spectral slope parameter for protons at zero
degrees. The dotted line is the intermediate-rapidity source
component used to fit the peak of the distribution with a source
velocity equal to one-half the beam velocity. This curve is di-
vided by 10 for clarity. The dot-dashed line is the component
used to fit the tail with a source velocity equal to the beam ve-
locity. This curve is divided by 10 for clarity. The solid double
line is the sum of the two components.
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FIG. 10. This figure shows an example of the fitting of a 0° a
spectrum. The conditions of Fig. 9 apply.

600

preted as an evaporative target contribution [11], was not
used since the measurements were not extended to ex-
treme back angles.

The angular distributions of the six-particle types are
shown in Figs. 11-16. The individual points were deter-
mined by averaging over a 7-MeV bin centered at the in-
dicated energy. The energy is indicated to the right and
above the curve. The energy curves have a 50-MeV
difference between successive curves. The solid lines are
only to guide the eye. Curves which have only one point,
at 0°, should be considered upper limits to the cross sec-
tions.

In general, these distributions show the cross sections
being highly peaked in the forward direction, that is, for-
ward of 20° in the laboratory and the cross sections then
decreasing more slowly at the back angles. This would
indicate a two-component source; the first source being a
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FIG. 12. The angular distribution of fragmentation cross sec-
tions for deuterons from 50 to 400 MeV. The conditions of Fig.

11 apply.

high-velocity source which is responsible for the forma-
tion of high-energy particles at forward angles; the
second source being a lower-velocity source which is re-
sponsible for the low-energy particles, which are emitted
more nearly isotropically. The first source may represent
a hot-spot source [46—-50] in which a small region of the
colliding nuclei is locally heated to relatively large
temperatures—that is, temperatures greater than the LI
binding energies—this region is in a preequilibrium state
and can cool by the emission of one or more energetic
light particles. This mechanism is somewhat analogous
to pionic fusion in which an excited nucleus, or region
within a nucleus, cools by the emission of pions. The
second source is similar to a compound-nuclear source, in
which case the nuclei are either in thermal equilibrium or
well along the kinetic path to equilibrium. Such a source
would be nearly isotropic in the frame of reference of the
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FIG. 11. The angular distribution of fragmentation cross sec-
tions for protons from 50 to 350 MeV. The individual points
were determined by averaging over a 7-MeV bin centered at the
indicated energy. The 0° point at 350 MeV is an upper limit.
The solid lines are to guide the eye only.

®LAB

(degrees)

FIG. 13. The angular distribution of fragmentation cross sec-
tions for tritons from 50 to 500 meV. The 0° point as 500 MeV
is an upper limit. The conditions of Fig. 11 apply.
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FIG. 14. The angular distribution of fragmentation cross sec-
tions for *He from 100 to 500 MeV. The 0° point at 500 MeV is
an upper limit. The conditions of Fig. 11 apply.

source nuclei, and so more nearly isotropic in the labora-
tory frame. The source temperatures of such a CN sys-
tem would be equal to, or slightly higher than, the typical
Fermi energy of a compound nucleis, i.e., a few MeV.
The emission from such a CN system would be a nearly
thermal evaporation process.

Examples of moving-source model fits to the angular
distributions are shown in Figs. 17 and 18 for 200-MeV
proton and alpha particles, respectively. The dashed
lines show the contribution from the high-rapidity
source, with an apparent source temperature of 13+1
MeV for the protons, and 8.31+0.7 MeV for the alphas.
The dot-dashed lines represent the intermediate-rapidity
source with temperatures of 8.6+0.7 for the protons, and
11+0.9 MeV for the alphas. The temperatures were
determined by a least-squares fit by the moving-source
model, the quoted errors are the errors determined from
the error matrix in the fitting routine only, and do not in-
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FIG. 15. The angular distribution of fragmentation cross sec-
tions for a from 150 to 550 MeV. The 0° point at 550 MeV is an
upper limit. The conditions of Fig. 11 apply.
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FIG. 16. The angular distribution of fragmentation cross sec-
tions for *He from 250 to 600 MeV. The 0° point at 600 MeV is
an upper limit. The conditions of Fig. 11 apply.

clude any estimates of systematic errors. The contribu-
tions from the two sources are divided by a factor of 10
for clarity. The dotted lines are the sum of the two con-
tributions, while the solid lines connect the data points
and are only to guide the eye.

C. Detector-hit multiplicities and particle yields

Coincidence events were also recorded on-line to event
mode tapes and then analyzed off line. In addition to the
three-particle telescopes described above, there was also a
smaller BGO detector at —15°. While this fourth detec-
tor had no PID, it was possible to put a lower-energy

E, = 200 MeV

10°: —
) 2N E
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2 3 "\ E
- £ \L
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G E [
o Ermee i
Nb £ Vs E
o] 6§ h

10!

0 20 40 60 80 100
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FIG. 17. This figure shows the fitting used to extract the
spectral parameters for protons at 200 MeV. The dashed line
shows the contribution from the high-rapidity source, with a
source temperature of 13.3£1.0 MeV. The dot-dashed line
represents the intermediate-rapidity source with temperatures
of 8.6+0.7 MeV. The contribution for these two sources is di-
vided by a factor of 10 for clarity. The dotted line is the sum of
the two sources. The solid line is only to guide the eye.
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FIG. 18. This figure shows the fitting used to extract the
spectral parameters for a at 200 MeV. The dashed line show
the contribution from the high-rapidity source, with a source
temperature of 8.3+0.7 MeV. The dot-dashed lines represent
the intermediate-rapidity source with temperatures of 10.6+0.9
MeV. The contribution for these two sources is divided by a
factor of 10 for clarity. The dotted line is the sum of the two
cases. The solid line is only to guide the eye.

threshold on the detector. Thus, all four detectors could
be set to find inclusive coincidences with LI particles—
that is, the coincidence particles could be energetic light
ions, heavy ions, or even y rays, pions or electrons, but
not neutrons since the BGO detectors have no significant
neutron detection efficiency. The only requirement was
that the energy measured in any of the coincidence BGO
detectors had to be greater than 50 MeV and at least one
of the particles had to be identified as a LI. The
detector-hit multiplicities are shown in Fig. 19 and will
be discussed below.

The forward-angle yields for particles at, or above, 40
MeV/nucleon are shown in Fig. 20. From this figure a
trend can be noted for all the LI, except alphas, the yield
drops with mass. There seems to be little, if any, correla-
tion with charge, since the tritons and the *He have near-
ly identical yields. Not included in this graph are He
which had a total yield of less than 10* counts above 320
MeV (40 MeV/nucleon).
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FIG. 19. The inclusive LI and y-ray detector-hit multiplicity
is shown in this figure. All events identified with a charge less
than 3 and depositing more than 50 MeV total energy in each
detector were included in this hit multiplicity spectrum.

Counts above 40 MeV/u

Particle Type

FIG. 20. The total yields of particles with energies greater
than 40 MeV/nucleon for the entire experiment. Less than 10*
8He were observed with E / 4 greater 40 MeV.

III. MOVING-SOURCE ANALYSIS

A. Thick target yields

The moving-source model is quite simple: one assumes
that a source is moving with a velocity v; and that the
constituents, nucleons, within the source have a Maxwel-
lian velocity distribution characterized by some source
temperature T;. The constraint upon the constituents is
removed, the source “evaporates,” and the constituents
move out isotropically in the reference frame of the origi-
nal moving source. As noted above, although these tem-
peratures, T, are not nuclear equilibrium temperatures,
the model is useful in comparing the results of various ex-
periments which have used the same model, and can be
used as a predictive tool to calculate projectile fragmenta-
tion yields.

To calculate the energy spectrum in the laboratory
frame, one must boost the energy from the source frame
to the laboratory frame, and multiply by the Jacobian. In
the laboratory reference frame the doubly differential
cross section for a particle of mass m may then be written
[14,43] as

d%o
dQdE

The laboratory doubly differential cross sections can be
calculated in the normal manner from the laboratory
yields.

As discussed in previous papers [14,51], the thick tar-
get yield in the laboratory may be written as the integral
of a thin target yield divided by the energy loss integrated
over the range of the particle in the target

dN _ Egmx dNO/dElab

dElab 0 dElab /dx lab
e —E ]ab/ Tlab

—Eg /T,)

=N0\/E_Rexp( (1)

=N,EE, , )
where 1 <B=<1. As noted in these previous papers, the
value of the parameter B approaches the limit of 1 as the
laboratory energy increases. We note that this expression
is only valid for the high-energy portion of the energy
spectrum, since we have only considered the high-
velocity component of the velocity distribution of the
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original source, as can be seen in Eq. (1). However, one
can use the high-energy portion of laboratory yields, via a
fitting procedure with Eq. (2), to find values of the source
temperature and velocity from stopped target measure-
ments at 0°.

B. Fits to the data

For each particle type observed, at each angle of obser-
vation, the laboratory yield was fit by Eq. (2) using a
least-squares method. In the fit the normalization con-
stant, N, and the source temperature, T, were free pa-
rameters while the source velocity was set to various
values. For forward angles, 0°<6,,, <20°, separate fits
were made for fixed values of v, these data will be re-
ferred to as the small-angle data. The values of v, used
WEI€ Uy =Vpeam> Vs =0.90eam, and v, =0.8v,,,. For lab-
oratory angles greater than 20°, referred to as the large-
angle data, the fixed values of v, used in the fit
were U, =0.7vp,n, U, =0.60p,0, v,=0.50y,,, and
Vs = 0. 4beam'

The values of v, used in the fits of the laboratory yields
correspond to previously reported results of heavy-ion
(HI) collisions [2-14,16,17]. The large-angle data are
characterized by individual, incoherent nucleon-nucleon
collisions [2-13] in which the source velocity is thus
equal to about half the beam velocity and the source tem-
perature is very near the conventional Fermi tempera-
tures of about 5 MeV. In this mechanism the projectile
nucleus is not significantly excited, since collisions are be-
tween individual nucleons, thus the nuclear emission tem-
perature is not increased.

In contrast, the small-angle data are not well described
by nucleon-nucleon collisions [8-13,14,16,17,40] but
rather need source velocities approximately equal to the
beam velocities, and source temperatures significantly
larger than normal nuclear equilibrium temperatures
[52,53]. The model often used for the small-angle data is
then that of a projectile being excited locally by passage
near a target nucleus, increasing the projectile tempera-
ture, and then fragmenting. The target nucleus is as-
sumed to be a spectator in this process. This model leads
to two distinct features in the predicted energy spectrum:
first, there is a peak in the spectrum near
(E/ A)gpec=(E / A)peam, With a width that is related to

Secondly, there is the previously discussed high-energy
tail in the energy spectrum which is characterized by a
temperature greater than normal nuclear Fermi tempera-
tures. The two features of this model may be explained
as follows: a small region of the projectile nucleus be-
comes highly excited, such a region is called a hot spot,
this region is not in thermal equilibrium with the
remainder of the nucleus; the rest of the nucleus either is
not excited or is only slightly excited. Fragmentation
occurs in the projectile nucleus, without the hot spot and
the remainder of the nucleus achieving thermal equilibri-
um. The nucleons that were in the hot spot are charac-
terized by a temperature greater than the Fermi tempera-
ture of the parent nucleus, while the nucleons in the
remaining portion of the projectile nucleus are still
characterized by the initial nuclear temperature. Any
emitted particles originating from the “cool” portion of
the projectile nucleus would have been produced by a
quasifree process, while nucleons or other LI originating
from the hot spot would be from a deep-inelastic source
[46,50]. The important part of the model is that the frag-
mentation occurs so quickly that the projectile nucleus is
unable to achieve thermal equilibirum, and the particles
emitted are then characteristic of two different source
populations.

The angular distributions in Figs. 17 and 18 show cal-
culations using the moving-source model with source ve-
locities approximately equal to the beam velocity and half
the beam velocity is indicated on the figures. As expect-
ed, for Z =1 isotopes, the small-angle data are better
represented by the high-velocity component, while the
large-angle data seem to be represented by the low-
velocity distribution. While for the Z =2 isotopes, the
angular distributions can almost completely be described
by the high-velocity component.

C. Discussion of apparent source temperatures

Tables II and III show source temperatures deduced
from least-squares fits to the moving-source model to the
high-energy portion of the laboratory yields. The labora-
tory temperatures are the values returned from the least-
squares analysis of the high-energy portions of the spec-
tra, with the errors being the sum of the probable errors
returned from the fitting routine, the estimate of errors

typical equilibrium nuclear temperatures [54,55]. due to the resolution of the BGO crystals, and an esti-
TABLE II. Summary of results.
Protons Deuterons Tritons

Angle U /v beam Tlab Tsource Tlab Tsourcc Tlab Tsource
(deg) used in fit (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
0 0.9 33+4.1 17+£2.0 29+3.1 101 31+35 7£1.0
10 0.9 21£2.0 10£1.8 20+2.0 9+1.2 27+3.0 7+1.0
15 0.9 16+1.5 8t1.4 19+2.1 8+1.1 25+2.5 6t1.7
20 0.5 1717 6+1.3 20£2.0 12+1.8 27+2.8 13+1.5
25 0.5 17x1.7 12+1.8 19+2.0 11+1.6 22+3.0 12+1.8
30 0.5 17+£1.7 11+1.1 17x2.1 10+1.4 29+2.6 11+1.6
40 0.5 15+1.5 8+1.0 22423 7+1.0 22123 8+1.4
50 0.5 14+1.5 8+0.8 20+2.1 7+1.1 21+2.0 6+1.2
90 0.5 14+1.2 7£0.7 14+1.7 5+1.2 12+1.4 4+0.7
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TABLE III. Summary of results.

‘He “He ‘He

Angle Vs / Ubeam Tlab Tsource Tlab Tsource Tlab Tsourcc

(deg) used in fit (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)

0 0.9 32+3.5 9t+1.5 31+3.9 8+1.2 3414.1 8+1.4

10 0.9 26+2.9 8+1.5 23+2.5 7£1.0 361+4.2 11+1.6

15 0.9 23+2.5 714 26+3.2 9t1.3 36+4.4 7£1.1
20 0.5 23+2.5 14x1.6 29+3.6 13+1.9
25 0.5 22+2.4 14+1.8 27+3.4 13+1.8
30 0.5 24+2.6 10+1.4

mate of the errors due to nuclear reactions within the
BGO crystal, where all errors have been added in quadra-
ture. The errors in the source temperature reflect the
probable errors returned from the fitting routine and
differences in source temperature when the source veloci-
ty is changed by +10%, as well as the systematic errors
mentioned above. Again the errors are added in quadra-
ture. The source velocity used in the fitting routine was
v, =0.9Vy,m for angles less than 20° and v, =0.5vy,,, for
angles equal to or greater than 20°.

These values of v, are chosen to be equal to values used
in the analysis of our previous experiments [14], so that a
direct and consistent comparison of the results may be
made of the extracted parameters. The values calculated
using v = Uy, vary from the values reported here by less
than 5%, which is, in general, less than the reported un-
certainties.

We note first that the temperatures deduced at 0° are
generally greater than conventional nuclear Fermi tem-
peratures, with the one possible exception being the tri-
ton data. We also note that the deduced temperatures
decrease with increasing mass number. The values for
the temperatures deduced for H and °He are equal
within the estimated errors of each other, suggesting that
the temperatures are essentially unaffected by either
initial- or final-state interactions of the system. The
6=0° temperatures deduced from these measurements
are very similar to temperatures we have reported previ-
ously [14] for protons and deuterons at a lower bombard-
ing energy, while the deduced source temperatures for
the alpha particles are slightly lower than previously re-
ported. This suggests that the temperatures have become
saturated, since this experiment was conducted with a
projectile with nearly three times the energy per nucleon
as our previously reported experiment, and yet the de-
duced source temperatures have not significantly in-
creased. However, most of these temperatures are above
the limiting equilibrium value of =8 MeV, the mean nu-
cleon binding energy [56-58], that would be expected, in-
dependent of beam energy, if the beam energy was
thermalized prior to fragmentation. Thus, the high tem-
peratures near 8=0° are indicative of nonequilibrium
processes, as also reported in previous experiments
[59-61].

As discussed earlier, a saturation effect could be ex-
plained by a partitioning of the available energy among a
number of emitted particles. If the available beam energy
is relatively low, only one particle may obtain enough en-
ergy to be removed from the nucleus, with the rest of the

energy being dissipated as internal excitation. An in-
crease in beam energy may give more than one particle
sufficient energy to be moved from the nucleus. This is
analogous to a fluid boiling, increasing the energy sup-
plied to the fluid does not increase the temperature of the
fluid but rather causes an increase in the rate of vaporiza-
tion. An experimental signature for a phase change is an
abrupt change in the inferred lifetime, as deduced from
proton correlations [30]. The inferred lifetimes would be
long, ~10° fm/c, for evaporative emission from a liquid;
the inferred lifetimes for an expanding and dispersing gas
should be relative short, on the order of 100 fm/c.

For the Z =1 isotope group, the source temperatures
deduced from the data are very similar to typical nuclear
temperatures for angles greater than 40°, which is in
agreement with previous measurements. On the other
hand, the Z =2 isotope group has no appreciable yield
above 150 MeV, the discriminator threshold, for these
larger angles and hence there are no deduced tempera-
tures in this region in our measurements.

IV. LIGHT-ION MULTIPLICITIES

The inclusive light-ion detector hit multiplicities for
light ions and y rays with an energy greater than 50
MeV, as discussed above, are shown in Fig. 19. These
detector-hit multiplicities are related to the charged-
particle multiplicities. Not included in this measure-
ment, unfortunately, are the neutron events. Neutrons
are a major source of emitted particles in these HI col-
lisions, and form a large part of the particle multiplicity
in such spectra [59]. Comparison of the multiplicities
measured in this experiment to multiplicities measured in
our previous experiment [14] show a marked increase in
detector hits, an increase which cannot be explained by
the modest increase in detector efficiency of this experi-
ment. Again, the large LI multiplicities, and the marked
increase of multiplicities with beam energy, supports the
theory that most of the produced particle spectra, at
small angles, are the result of projectile fragmentation
with the emission of single or multiple particles [45],
while the larger-angle particle spectra are mostly due to
compound-nucleus evaporation, where the compound nu-
cleus has sufficient time to reach thermal equilibrium be-
fore emission. This experiment did not measure the very
large back angles where one would expect to see target-
like-fragments (TLF’s) dominating the spectra. But other
experiments, particularly the neutron data of Wada et al.
[11], shows data which is strongly dominated by TLF’s at
back angles.
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V. DISCUSSION

The results of this experiment show two major
features. First, the apparent source temperatures have
only modestly increased, or remain relatively constant for
the Z =1 isotopes, despite the fact that the energy of the
beam, measured in energy per nucleon, is two to eight
times greater than those used in our previous measure-
ments [14]. For the a particles, the only Z =2 isotope
for which we have previous data, the source temperature
has actually decreased by what may be a statistically
significant amount—that is, nearly two sigma—from the
deduced alpha temperatures for 40 MeV/nucleon '®0 on
18lTa.  Second, the detector-hit multiplicity measure-
ments indicate that the LI particle multiplicity has in-
creased markedly going from an energy per nucleon of 30
MeV to an energy per nucleon of 85 MeV.

Associated with the first factor, the modest increase of
source temperatures, is the corresponding lack of
significant LI production near the full beam energy. In
our previous measurements, with projectiles of atomic
weight less than 32 at lower beam energies [14], LI parti-
cle production— particularly alpha particles—whose en-

ergy spectra stretched to nearly the full beam energy
were observed. In comparison, the energy spectra of the
alpha particles measured in this experiment only reached
about one-third of the full beam energy. This indicates
that the proposed mechanism of massive cluster transfers
[16,17] is not significant at this energy. This may not be
unexpected as the grazing angle for this energy has
moved very nearly into 0° and all one-step direct transfer
reactions are reduced. Whatever the cause, it seems clear
that any coherent effects are greatly reduced at this bom-
barding energy, as one might expect for reactions far
above the barrier energy.
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FIG. 1. This figure shows a particle identification spectrum
which is the summation of several calibration runs. The vertical
axis is the linear signal from the solid-state detector, the front
element in the particle telescope. The horizontal axis is the
light output from the last dynode of the photomultiplier which
was attached to a BGO crystal, the last element in the particle
telescope. This spectrum was taken with the amplifier from the

solid-state detector set at a low gain; note that bands from Z =1
(H) to Z =10 (Ne) are visible.
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FIG. 19. The inclusive LI and y-ray detector-hit multiplicity
is shown in this figure. All events identified with a charge less
than 3 and depositing more than 50 MeV total energy in each
detector were included in this hit multiplicity spectrum.
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FIG. 2. This particle identification spectrum was taken with
the amplifier from the solid-state detector set to a high-gain
value and was used to identify the low-Z fragments. Note that
all three isotopes of hydrogen are easily distinguished, p,d,t,
and that three isotopes of helium are also clearly discernable

(*He,*He,°He). Evidence also exists in these spectra for the iso-
tope *He.
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FIG. 20. The total yields of particles with energies greater
than 40 MeV /nucleon for the entire experiment. Less than 10*
®He were observed with E / 4 greater 40 MeV.



