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Light charged particle emission in the matched reactions 280 MeV40Ar 127Al
and 670 MeV 55Mn112C: Inclusive studies
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In order to test the statistical model’s ability to predict the behavior of relatively light mass systems (A
'67) with large angular momenta, two matched heavy ion nuclear reactions were used to produce67Ga*
composite nuclei at an excitation energy of 127 MeV. Light charged particles~protons, deuterons, tritons, and
a particles! were used as probes to characterize the composite systems and track the deexcitation processes.
From these measurements, energy spectra, cross sections, angular distributions, anisotropy ratios, and particle
multiplicities were deduced. Measuring many degrees of freedom provides a stringent test for the statistical
models. What is found is that models which did well in predicting the behavior of heavy composite systems
(A'150), are unable to simultaneously reproduce energy spectra, angular distributions, and particle multi-
plicities for the lighter systems (A'67), where angular momentum plays a dominant role. This implies that
more rigorous models and/or additional physics are needed to understand the behavior of the hot, high-spin
nuclear matter in this mass region.@S0556-2813~99!03712-7#

PACS number~s!: 25.70.Gh, 24.60.Dr, 25.75.Gz
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I. INTRODUCTION

The behavior of highly excited nuclei has been of cons
erable and continuing interest in recent years@1,2#. In par-
ticular, heavy-ion-induced reactions have often been use
study the evolution of nuclear properties with increasing
citation energy and angular momentum. To track the nuc
deexcitation processes, charged particle emission has
shown to be an effective probe@1#, primarily because of its
sensitivity to angular momentum and emission barrier effe
on the observed light-particle energy spectra, multipliciti
and angular correlations. In the present work we have car
out such measurements and compared the experimental
with theoretical expectations. We were especially interes
in studying relatively light-mass systems, where angular m
mentum might be expected to play a dominant role~due to
the relatively small moment-of-inertia!, and where few com-
parisons have been made with theoretical calculations.

The semiclassical statistical model has found wide ap
cation in describing the characteristics of compound nuc
emission. Statistical model simulation codes such
CASCADE @3#, GANES @4,5#, LILITA_N95 @6,7#, and MODGAN

@8# are powerful tools capable of modeling particle emissi
building energy spectra, and angular distributions, and ke
ing track of quantities such as multiplicities, average em
sion chain lengths, average nuclear temperatures, and a
lar anisotropies.

*Present address: Lawrence Livermore National Laboratory, P
Box 808, L-414, Livermore, CA 94551.

†Present address: Dipartimento di Scienze Fisiche, Universita
Napoli Federico II, I-80126 Naples, Italy.
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The present study focuses on equilibrated particle em
sion leading to evaporation residues, with comparisons
calculations performed by the codesLILITA_N95 and
MODGAN. In this paper we shall describe the experimen
details and report the results derived from inclusive meas
ments. A succeeding paper will present the particle-part
coincidence data, and discuss the exclusive results.

II. EXPERIMENTAL

To test the statistical model’s ability to predict the beha
ior of relatively light mass systems (A'67), where particle
emission is dominated by rotational effects~rather than Cou-
lomb effects! @5,9#, we have selected for study the two rea
tions 280 MeV 40Ar127Al and 670 MeV 55Mn112C. These
reactions are matched to yield the same composite nucle
the same excitation energy (Ec.m.1Q) of 127 MeV. By car-
rying out the reactions in reversed kinematics@10#, particle
evaporation spectra of especially good quality may be
tained in detectors placed in the forward hemisphere.

The beams were provided by the 88 Inch Cyclotron fac
ity at the Lawrence Berkeley National Laboratory. The 2
MeV 40Ar beam was collimated to produce a well defin
beam spot, 9.8 mm in diameter, on the27Al target foil of
thickness 2.116 mg/cm2. Similarly, the 670 MeV 55Mn
beam for the55Mn112C reaction was collimated to produc
a beam spot of approximately 8.4 mm in diameter on a
target foil of thickness 2.288 mg/cm2.

The chamber configurations for the 280 MeV40Ar
127Al and 670 MeV 55Mn112C reactions were very simi
lar. Figure 1 shows the chamber setup for the40Ar127Al
experiment. In both cases, a series of solid state silicon t
scopes~SST’s! were placed at various angles about t
beam, and a CsI~Tl! array was centered 20° above the bea
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FIG. 1. Chamber configuration for the 28
MeV 40Ar127Al experiment. The top drawing is
a sketch of the detector geometry in the reacti
chamber. The bottom panels are representati
of two different detector configurations.
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line. The purpose of the silicon detectors was to meas
energy spectra and angular distributions of the light char
particles, in order to characterize the emitters with respec
spin distributions, temperatures, and reaction mechanis
The CsI~Tl! array was designed to study small angle partic
particle (p-p) correlations, in order to probe the average p
ticle emission lifetimes and their dependence on emitter s
Thesep-p correlation studies will be reported separately in
subsequent publication.

The six silicon telescopes in the 280 MeV40Ar127Al
experiment were mounted on two rotatable platforms. Th
of the telescopes were placed on one platform at5°,5°(50°
out-of-plane, denoted OOP!, and 50°, respectively, and wer
kept stationary throughout the experiment. The three rem
ing telescopes were placed on the other platform at265°,
235°, and215°, respectively, in the first configuration, an
subsequently rotated to275°,245°, and 225°, respec-
tively, in the second configuration. Each SST consisted
three silicon detectors with thicknesses of approximately
500, and 5000mm respectively. Lead cover foils of ap
proximately 10 mg/cm2 were placed in front of five of the
telescopes, to shield against low energy electrons and xr
A beam stopping lead cover foil of 53 mg/cm2 was placed
in front of the 5° in-plane telescope, to stop any elastica
scattered beam. The acceptance of each telescope wa
fined by thick aluminum collimators, with apertures appro
mately 1 cm diameter.
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The 670 MeV 55Mn112C experiment utilized seven sili
con telescopes which were mounted in a manner simila
that described above. Four telescopes were placed on
stationary platform at0°(35° out-of-plane!, 5°,15°, and
35°. The remaining three telescopes were placed on the
bile platform at240°,220°, and210° in chamber configu-
ration No. 1;235°,215°, and25° in configuration No. 2;
250°,230°, and220° in configuration No. 3; and245°,
225°, and215° in configuration No. 4. The two telescope
which were positioned at the smallest angles had a fou
detector element of 5000mm to help measure the high en
ergy protons. Beam stopping cover foils of 84 mg/cm2 Pb
were placed in front of these detectors, while cover foils
10 mg/cm2 Pb were placed in front of the other telescope
In each of the two experiments, the out-of-plane telesc
and one in-plane telescope were configured at lab angles
responding to approximately 90° in the c.m. system.

Solid angles for each SST were determined with
241Am source of known disintegration rate. The 5.48 MeVa
particles from this source also served as an energy marke
the first element of the SST’s. Additional energy marke
came from148Gd ~3.18 MeVa), and 212Pb ~6.05 MeV and
8.78 MeVa) sources. Elastic scattering of1H, 2H, 3He, and
4He beams~of known energy! from a Au target provided
energy calibrations in the 30–60 MeV range. Normalizatio
between runs and experiments were carried out using
total beam charge measured by a Faraday cup.
2-2
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LIGHT CHARGED PARTICLE EMISSION IN THE . . . PHYSICAL REVIEW C 60 064612
FIG. 2. Inclusive1H and 4He c.m. energy spectra from the 280 MeV40Ar127Al and 670 MeV 55Mn112C reactions, as labeled. Th
three superimposed spectra in each panel correspond to different average c.m. angles, as indicated, yet have the same shape.
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III. RESULTS

A. Evidence for statistical emission

Figure 2 gives comparisons of the shapes of the1H/4He
center-of-mass~c.m.! energy spectra for the two reaction
studied. The 280 MeV40Ar127Al data are on the left side o
the figure, and the 670 MeV55Mn112C data are on the right
The upper two plot frames are for protons and the lower t
are fora ’s. In each plot frame the data consist of a superp
sition of energy spectra measured at three laboratory ang
corresponding to average c.m. angles as indicated.~Because
of the strongly reversed kinematics in these reactions,
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laboratory energy spectra often exhibit two kinematic so
tions @10#. In transforming spectra to the c.m. system, d
from both kinematic solutions were taken into account.!

As Fig. 2 shows, for each case the shapes of the par
energy spectra are essentially independent of c.m. an
with high-energy slopes corresponding to relatively low
fective temperatures. This behavior provides strong evide
for the statistical evaporation from thermally equilibrat
compound nuclei. Invariant cross-section maps@11# ~not
shown here! and c.m. angular distributions~see later!
of 1H/4He are also consistent with predominantly evapo
tive emission. Because of the strongly reversed kinema
2-3
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CRAIG M. BROWN et al. PHYSICAL REVIEW C 60 064612
@10# in these reactions, the nonevaporative emissions ten
be focussed backwards in the laboratory, where they are
observed by our detectors.

B. Comparisons of inclusive measurements toLILITA_N95

Simulation codes can be very powerful tools in the ana
sis of experimental data. They can aid in the identificat
and deconvolution of multiple emission sources from co
plex reactions, predict angular distributions, and multipli
ties, and test our theoretical models against experime
data. If the physics of the models employed in the calcu
tions is sound, simulation code comparisons to experime
data can be used to extract properties of the reactions w
are not directly measurable. Examples of such quantities
the spin distributions, average temperature of the compo
system, level density parameters, and emission barrier c
acteristics.

We shall first present results from calculations with t
statistical model codeLILITA_N95 @6,7#, and compare the
model predictions with our experimental data. Then a sim
comparison will be carried out using a second statist
model codeMODGAN @8#, which contains the same physic
ingredients~and parameters! as LILITA_N95, but differs in
computational methodology. Energy spectra, angular dis
butions, and particle cross section ratios will be compa
between experiment and model calculations, to extract
spin distributions of the 280 MeV40Ar127Al and 670 MeV
55Mn112C reactions, and to test the ability of these cod
and hence their physics content, to predict the evapora
deexcitation behavior of these low mass systems. For thA
567 systems as studied here, the rotational energyErot , is a
significant fraction of the total excitation energyE* , a situ-
ation which may stretch the applicability of standard sta
tical models in which the formulation of the Fermi gas lev
density assumesErot!E* @12#.

It was demonstrated in Fig. 2 above that the1H/4He
center-of-mass energy spectra for both the 280 MeV40Ar
127Al and 670 MeV 55Mn112C reactions were superimpos
able, with the proper normalization factors. This implies th
any given center of mass energy spectrum is represent
of the others and could, through the appropriate transfor
tion, reproduce any one of the laboratory energy spec
Therefore, in the comparisons to follow, one representa
energy spectrum was chosen to be compared with
LILITA_N95 output.

Figure 3 compares the energy spectra from the 280 M
40Ar127Al reaction to LILITA_N95 simulations. The uppe
half of the figure is for protons, and the lower half is fora
particles. The open circles are the experimental data, and
curves areLILITA_N95 simulations for triangular spin distri
butions from Jmin50 to Jmax523\, 25\, 27\, and 54\.
The latter spin was estimated from fusion cross section d
@13#. The left frames are laboratory energy spectra at 1
and the right frames are the corresponding center-of-m
transformations. The proton simulations in Fig. 3 show lit
spin dependence, as spins 23\, 25\, and 27\ are nearly
indistinguishable, and spin 54\ yields an energy spectrum
which is only slightly broader. All of the calculated proto
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spectra have high energy slopes which are somewhat ha
than the data. Since the proton energy spectra are not
sensitive to the initial spin, the spin distribution parame
Jmax cannot be determined with much certainty from the
comparisons.

The a particles in Fig. 3 are much more sensitive to t
initial angular momentum in the entrance channel. Here,
calculated curves obtained forJmax523\, 25\, and 27\ are
just distinguishable and the spin 54\ curve is excessively
broad. These fits to the experimental alpha spectra indi
that a spin on the order ofJmax525\ is associated with the
formation of the compound nucleus in the 280 MeV40Ar
127Al reaction. The curves of spin 23\ and 27\ have been
chosen to demonstrate the resolution to which this comp
tive method can select the spin involved. These spins re
sent the lower and upper bounds of the spin parameter
tered into theLILITA_N95 simulation code, and yield a spi
parameter ‘‘best’’ value ofJmax525\62\. The spin 54
value is that derived from fusion cross section systema
@13# and is unable to reproduce any of the energy spectr

Figure 4 comparesLILITA_N95 simulations to the 670
MeV 55Mn112C data. The layout is the same as employed
Fig. 3. The spins chosen for these comparisons areJmax
523\, 25\, 27\, and 37\, where spins 23, 25, and 27\
are chosen to fit the spectral data, and spin 37\ is closer to
the value derived from fusion cross section estimates (4\)
@13#.

The proton comparisons in Fig. 4 show the same cha
teristics as did the proton comparisons of the40Ar127Al
reaction above. Namely,LILITA_N95 overestimates the slop
of the high energy side of the spectrum producing cur
which are too broad to fit the data, and showing little sen
tivity to spin.

The 670 MeV55Mn112C a energy spectra are shown i
the lower half of Fig. 4. This provides the best test of t
model simulations, as the laboratory energy spectrum ex
its much of the second kinematic solution@10#. The spin
parameter required to fit thesea spectra can be easil
bounded, spin 23\ falls just below the data points, spin 27\
grazes the top, and spin 25\ runs through the data point
quite well. A spin of 37\ is much too large to reproduce th
energy spectra. Thus we find that a spin parametrization
Jmax525\62\ can characterize the 670 MeV55Mn
112C a energy spectra.

Since the parameter choice ofJmax525\62\ fits both
the 280 MeV 40Ar127Al and 670 MeV 55Mn112C reac-
tions, the center-of-mass energy spectra for the two react
must be very similar. Figure 5~top! is a superposition of two
center-of-mass proton energy spectra, and Fig. 5~bottom! is
a superposition of two center-of-massa energy spectra. In
each case there is an inclusive energy spectrum from the
MeV 40Ar127Al and 670 MeV 55Mn112C reactions, nor-
malized to their respective peaks. The proton spectra a
rather well up to about 7 MeV, but there are significant d
viations in the high energy portions of the spectra, where
55Mn112C curve falls off much faster than the40Ar127Al
spectrum. Thea spectra in the lower part of Fig. 5, howeve
match very well in all energy regions.

Since the proton energy spectra simulated byLILITA_N95

were not very sensitive to the spin input parameter, and s
2-4
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LIGHT CHARGED PARTICLE EMISSION IN THE . . . PHYSICAL REVIEW C 60 064612
FIG. 3. Inclusive proton~top! anda ~bottom! energy spectra for the 280 MeV40Ar127Al reaction, compared withLILITA_N95 simula-
tions ~curves! for spin parameters ofJmax523, 25, 27, and 54\. The left ~right! panels show laboratory~c.m.! energy spectra for both dat
and calculations.
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the 670 MeV55Mn112C and 280 MeV40Ar127Al reactions
are matched in excitation energy, one might expect be
overlap of the proton spectra than shown in Fig. 5~top!. We
suspect there might be a calibration problem with the 6
MeV 55Mn112C proton energy spectra, whose high ener
slopes depend strongly on the thick Si stopping detector
the back of the SST’s. Fora ’s measured in these same tel
scopes, the shorter ranges effectively minimize such effe
Focusing on thea particle spectra in Fig. 5~bottom!, and
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recalling the sensitivity ofLILITA_N95’s a spectra to the spin
we find no evidence from the spectra to suggest that ther
a significant difference in the spin distributions between
280 MeV 40Ar127Al and 670 MeV 55Mn112C systems.
This is surprising, since the two entrance channels were
lected specifically to produce different spin distributions.

It is not difficult to demonstrate that the 280 MeV40Ar
127Al and 670 MeV 55Mn112C reactions really do yield
composite nuclear systems with significantly different sp
2-5
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FIG. 4. Inclusive proton~top! and alpha~bottom! energy spectra for the 670 MeV55Mn112C reaction, compared withLILITA_N95

simulations~curves! for spin parameters ofJmax523, 25, 27, and 37\. The left~right! panels show laboratory~c.m.! energy spectra for both
data and calculations.
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distributions. Figure 6 gives a superposition of the inclus
c.m. a angular distributions for the two reactions, norma
ized to each other at^uc.m.&50°. It is clear that the data fo
the 280 MeV 40Ar127Al reaction exhibits greater angula
anisotropy, as would be expected from a larger value ofJmax
in the entrance channel. We shall return to a more quan
tive discussion of the particle angular distributions below

Given the parameters derived from successfully fitting
a spectra,LILITA_N95 is unable to fit the proton energy spe
06461
e

a-

e

tra nearly as well. The proton energy spectra generated
LILITA_N95 are too broad and are not appreciably narrow
by lowering the spin parameterJmax. A more effective way
to adjust the high energy slope is through a reduction of
nuclear temperature. This can be accomplished by increa
the level density parametera, asT5AU/a, whereT is the
nuclear temperature andU is the excitation energy of the
daughter nucleus. In the context of the Fermi gas model,
level density parameter can have values ranging froma
2-6
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LIGHT CHARGED PARTICLE EMISSION IN THE . . . PHYSICAL REVIEW C 60 064612
5A/15 MeV21 to a5A/8 MeV21 @12,14–16#. The simula-
tions in Figs. 4–6 used a level density parameter ofa
5A/10 MeV21. If this value is changed to a
5A/8 MeV21, the energy spectra fall off more rapidly. Fig
ure 7 demonstrates this by comparing theLILITA_N95 spectra
at a laboratory angle of 15° with the55Mn112C data. The
high energy portion of the proton spectrum is matched m
closely with this new value ofa. Thea particle energy spec
tra are affected in the same way as the proton spectra,
the curve that fit witha5A/10 MeV21 now falls below the
experimental data, whena5A/8 MeV21 is used instead. If
this latter value of the level density is more realistic for th
system, the calculateda spectra could be adjusted by in
creasing the spin to approximately 28\, thereby restoring
agreement with the data.

The low energy side of the proton energy spectra are
significantly affected by changing the level density para
eter. In this energy region, it is the barrier curvature ass
ated with the transmission coefficients which determines

FIG. 5. Comparison of inclusive particle c.m. energy spec
between the 280 MeV40Ar127Al and the 670 MeV 55Mn112C
reactions. The top panel compares proton spectra and the bo
panel comparesa spectra.
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shape. Figure 8 contains the center of mass proton ana
energy spectra overlaid withLILITA_N95 simulations run with
barrier curvatures ranging from\v50 through 4. In the case
of \v50, the transmission coefficients reduce to the sh
cutoff approximation where only particles whose energ
exceed the Coulomb plus centrifugal barriers are emitt
The proton spectrum is fit very well by values of\v50 or
1, and thea spectrum is fit nicely by\v53. Although the
spectral data in Fig. 8 is from the 670 MeV55Mn112C re-
action, a review of Fig. 5 implies that the above observatio
will apply equally well to the 280 MeV40Ar127Al reaction.

The angular distributions derived from center-of-mass
ergy spectra also contain information about the spin of
composite system. As the experimental angular distributi
are calculated by integration of the center of mass ene
spectra, they are less likely to be strongly affected by unc
tainties in the energy calibrations than the high energy slo
of the energy spectra. Figure 9 displays the proton anda
c.m. angular distributions from both the 280 MeV40Ar
127Al and 670 MeV 55Mn112C experiments. Each plo
contains a set of experimental data points with three sim
lated curves superimposed. The spin values used in th
LILITA_N95 simulations areJmax540\, 54\, and 60\ for the
40Ar127Al reaction, andJmax525\, 37\, and 40\ for the
55Mn112C reaction.

The proton angular distributions are relatively flat indica
ing that there is little dependence on emitter spin in the sim
lations. Thea angular distributions exhibit much more an
isotropy than do the protons, and the sensitivity of t
simulation to the spin parameter can be seen. The data

a

om

FIG. 6. Inclusivea c.m. angular distributions for the 280 MeV
40Ar127Al and 670 MeV 55Mn112C reactions, demonstrating th
difference in the spin distributions of the two systems. The55Mn
112C data have been normalized to the40Ar127Al data at 0°.
2-7
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CRAIG M. BROWN et al. PHYSICAL REVIEW C 60 064612
consistent with symmetry about 90° in the c.m. Thea angu-
lar distribution for the40Ar127Al reaction can be fit reason
ably well with Jmax554\, although a value of 60\ does just
about as well. This comparison yields a spin parametriza
of 54\66\. The main point is that a spin of the order
54\ is required to fit this angular distribution, and a spin
25\, which fit the energy spectra, gives far too shallow
curve. The spin 25\ curve is not plotted in this frame, how
ever, it can be seen in the55Mn112C frame to the right along
with the spin 40\ curve. The scales and frame sizes a
identical so that a visual manipulation can be made. Th
the spin 25\ will appear as much above the spin 40\ curve
in the 40Ar127Al frame as it does above the spin 40\ curve
in the 670 MeV 55Mn112C frame.

For the 670 MeV55Mn112C reaction, the data are fit ver
nicely by the spin 37\ curve. The spin 40\ curve would also
fit reasonably well, and with a slightly higher normalizatio
would pass through the data points. These comparisons y
a spin value ofJmax537\63\, substantially lower than

FIG. 7. Inclusive1H and 4He spectral data~laboratory system!
for the 670 MeV 55Mn112C reaction, compared withLILITA_N95

simulations usingJmax525\ and level density parametersa5A/8
anda5A/10, as indicated.
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found for the 40Ar127Al reaction above, but still signifi-
cantly higher than derived from fitting the energy spectra

C. Comparisons of inclusive measurements toMODGAN

In light of discrepancies found in comparisons of seve
different statistical model codes@17#, it is worthwhile to
make comparisons with experimental data using more t
one statistical model code. Such a procedure may serv
increase one’s confidence in the codes as well as con
consistency in the properties derived from the data us
these codes. SinceMODGAN @8#, by design, contains the sam
basic physics asLILITA_N95 ~i.e., the same formulations o
the level-density and the transmission coefficients!, it is a
good choice for making additional comparisons. Furth
more, MODGAN has several new features, such as deute
and triton particle evaporation, which have not been ext
sively tested against experimental data.

Figures 10 and 11 display inclusive proton, deuteron,
ton anda energy spectra for the 280 MeV40Ar127Al reac-
tion. The open circles are the experimental data, and
curves areMODGAN simulations with spin parametersJmax
525\, 37\, and 54\. In each of the two figures, lab spect
are given on the left and the corresponding c.m. spectra

FIG. 8. Inclusive1H and 4He spectral data~c.m. system! for the
670 MeV 55Mn112C reaction, compared withLILITA_N95 simula-
tions usingJmax525\ and barrier curvatures\v50, 1, 2, 3, and 4.
2-8



LIGHT CHARGED PARTICLE EMISSION IN THE . . . PHYSICAL REVIEW C 60 064612
FIG. 9. Comparisons of inclusive1H and 4He c.m. angular distributions withLILITA_N95 simulations for the 280 MeV40Ar127Al and
670 MeV 55Mn112C reactions. Simulations are shown for several values of the spin parameterJmax as indicated.
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on the right. The proton energy spectra are reproduced m
erately well by all three simulations, reaffirming their inse
sitivity to angular momentum, and in agreement with t
results fromLILITA_N95 shown in Fig. 3. The deuteron spe
tra have more sensitivity to the spin than the protons. T
low energy sides of the spectra are overestimated by
calculations, and the high energy sides are best matched
a spin of 54\. The lower spin values would fit better if
barrier adjustment was made in the model to shift the cur
to higher energies@1#. The triton energy spectra behave sim
larly to the deuteron spectra, with even greater depende
on angular momentum, as can be seen from the spread i
simulation curves. The low energy sides are overestima
by the simulations and a spin of 37\ most closely reproduce
the high energy data. A shift in the effective emission barr
seems to be required here also to fit the data. The low en
sides of the alpha spectra are fitted byMODGAN and the en-
tire spectral shapes are very well reproduced using a spi
25\, in agreement with the earlierLILITA_N95 comparison in
Fig. 3.
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Figures 12 and 13 make the sameMODGAN comparisons
to the 670 MeV 55Mn112C energy spectra as Figs. 10 an
11 did for the 280 MeV 40Ar127Al reaction. Figure 12
shows laboratory and center-of-mass spectra for protons
deuterons. The experimental center-of-mass spectra are
ally combinations of data taken from two spectra measu
at different laboratory angles, to yield a more complete
ergy spectrum. In this comparison, the proton spectra si
lated by MODGAN are broader than the data. The deuter
laboratory and center-of-mass spectra indicate similar
tures, however, the high energy slope is better reprodu
using a spin of 25\ in the simulation.

Figure 13 compares the triton anda energy spectra to
MODGAN predictions. As with the protons and deuterons,
triton laboratory energy spectrum at 15° was instrumenta
truncated and the center-of-mass spectrum was constru
using two additional lab angles normalized to the overla
ping points. This triton spectrum, similar to the triton spe
trum in the 280 MeV 40Ar127Al reaction, is fit ~without
barrier readjustment! using a spin of 37\ and is overesti-
2-9
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CRAIG M. BROWN et al. PHYSICAL REVIEW C 60 064612
FIG. 10. Inclusive1H and 2H energy spectra for the 280 MeV40Ar127Al reaction, compared withMODGAN simulations using spin
parametersJmax525, 37, and 54\. Protons are shown in the upper panels and deuterons in the lower panels, with laboratory spectr
left and c.m. spectra on the right.
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t

mated on the low energy side leading to a shallower tro
between the first and second kinematic solutions in the la
ratory spectrum. Thea spectrum, on the other hand, is r
produced very nicely over the entire energy range with a s
of 25\.

Angular distribution comparisons for the 280 MeV40Ar
127Al reaction are presented in Fig. 14, and those for
670 MeV 55Mn112C reaction are displayed in Fig. 15. Th
open circles are experimental data for the indicated part
~proton, deuteron, triton, anda), and the curves areMODGAN
06461
h
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le

angular distributions obtained using spins of 25, 37, a
54\. In each case, the anisotropy of each curve increa
with increasing spin. When superimposing the calculatio
and the data, the simulated curves were normalized to e
other at 0°, and adjusted to best fit the data. As can be s
the spin 54\ curve gives the best reproduction of the40Ar
127Al data, and the spin 37\ curve yields good agreemen
with the 55Mn112C data points. These spin values (Jmax
554\ and 37\) are the same as determined earlier~see Fig.
9! from theLILITA_N95 simulations.
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FIG. 11. Inclusive3H and 4He
energy spectra for the 280 MeV
40Ar127Al reaction, compared
with MODGAN simulations using
spin parametersJmax525, 37, and
54\. Tritons are shown in the up
per panels and alphas in the lowe
panels, with laboratory spectra o
the left and c.m. spectra on th
right.
la
a
ri-

fil
ri
o
o

e
e

cu

d

n of
ing

f
n

ns,
of
l-
om
In addition to calculations of energy spectra and angu
distributions, statistical model simulation codes predict p
ticle multiplicities, which may also be compared with expe
mental measurements. TheLILITA_N95 code is particularly
useful in this respect, as it generates detailed event
which may subsequently be sorted using selective crite
such as the number of occurrences and coincidences
given particle type or pair. From these quantities, ratios
particle multiplicities can be obtained, eliminating the ne
for absolute cross sections when making comparisons to
perimental data.

Thea/proton ratios for the 280 MeV40Ar127Al and 670
MeV 55Mn112C reactions are measured as 1.1660.12 and
0.79 6 0.12, respectively. The corresponding ratios cal
06461
r
r-

es
a,
f a
f

d
x-

-

lated byLILITA_N95 andMODGAN are, respectively, 0.45 an
0.36 for spin 25\, 0.66 and 0.58 for spin 37\, and 1.21 and
1.09 for spin 54\. ~In the simulations, the multiplicity ratio
depends on the entrance channel spin and the compositio
the system, but not on the individual identities of the react
nuclei.! The 280 MeV40Ar127Al experimentala/proton ra-
tio is matched byLILITA_N95 simulations using a spin o
54\, and the 670 MeV55Mn112C experimental results ca
be matched byLILITA_N95 with a spin of 41\. MODGAN gives
somewhat lower ratios for the same spin parametrizatio
but the differences are fairly small and probably indicative
the reliability of the calculated multiplicity ratios. These va
ues are in very good agreement with the spins derived fr
2-11
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FIG. 12. Inclusive1H and 2H energy spectra for the 670 MeV55Mn112C reaction, compared withMODGAN simulations using spin
parametersJmax525, 37, and 54\. Protons are shown in the upper panels and deuterons in the lower panels, with laboratory spectr
left and c.m. spectra on the right.
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the angular distribution data for the two reactions, in contr
to the much lower spins suggested by thea energy spectra.

IV. DISCUSSION

Reduced emission barriers@1# play an important role in
the fitting of light particle energy spectra with statistic
model simulations. Systematic studies@1# indicate that pro-
ton evaporation from emitters near atomic number 31~the
present case! exhibit effective barriers substantially lowe
than corresponding fusion barriers@18#, whereas fora emis-
sion in thisZ region the difference is very small@1#. The two
06461
stcomputer codes discussed above,LILITA_N95 and MODGAN,
each take account of these effects by means of built-in
pirical formulations of the particle emission barriers. Hen
the resulting simulations are able to reproduce the peak
sitions in the experimental spectra rather well.

The effective barrier parametrization that has been
plied to the proton emission simulations can also be app
to deuteron and triton emission, scaling by the reduc
masses. When this is done, the maxima in the simula
spectra appear at slightly lower energies than the experim
tal data. The experimental deuteron c.m. energy spectra
pear shifted about 1 MeV higher in energy, compared to
2-12
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FIG. 13. Inclusive3H and 4He energy spectra for the 670 MeV55Mn112C reaction, compared withMODGAN simulations using spin
parametersJmax525, 37, and 54\. Tritons are shown in the upper panels and alphas in the lower panels, with laboratory spectra on
and c.m. spectra on the right.
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simulations, and the experimental triton c.m. spectra are
proximately 2 MeV higher in energy. These observations a
true for both the 280 MeV40Ar127Al and the 670 MeV
55Mn112C reactions, and with eitherMODGAN or
LILITA_N95. This systematic behavior among the evaporat
Z51 isotopes, namely, good fits with the proton spectra, b
significantly less barrier reductions required for2H and 3H,
has been reported and discussed previously@1,2#. It can be
understood in terms of higher nuclear-matter densities be
required for the coalescence of composite particles@1#.

The spin of the composite emitterI i enters the model
calculations through the Fermi gas level density@16,19–23#,
and through the centrifugal barrier. It always appears in t
form of a ratio
06461
p-
re

d
ut

ng

e

I i
2\2

2IT
, ~1!

namely, the square of the spin divided by the moment
inertia I and the temperatureT. Therefore, while we have
chosen to vary the spin~in the simulations! in order to match
the experimental energy spectra, we could instead h
achieved the same effect by increasing the moment of ine
~i.e., by allowing for significant deformation of the highl
excited composite nuclei!.

The angular distributions can be described in terms o
b2 parameter@24,25# where the angular distribution is pro
portional to exp(b2sin2u), and the angleu is measured with
2-13
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FIG. 14. Comparisons ofMODGAN simulations with light particle inclusive angular distributions for the 280 MeV40Ar127Al reaction.
The simulated curves are for several values of the spin parameterJmax as indicated.
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respect to the spin direction. This parameter,b2, has the
form

b25
\2I i

2

2IT F mR2

I1mR2G , ~2!

wherem is the reduced mass of the system at the instan
particle emission. Equation~2! predicts that increasing th
spin increases the anisotropy, and decreasing the temper
also increases the anisotropy. The 190 MeV40Ar127Al re-
action studied by La Ranaet al. @26# has ana singles anisot-
ropy ratio for 15°/90° of 2.22. The 280 MeV40Ar127Al
reaction has a value of 2.98 for this same quantity indicat
that there is a larger anisotropy involved in the 280 M
40Ar127Al reaction than there is in the 190 MeV40Ar
127Al reaction. This is consistent with the behavior of th
b2 parameter, as the 190 MeV40Ar127Al reaction has a
20% smallerI i

2/T ratio than does the 280 MeV40Ar127Al
reaction.
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The simulation codes cannot, however, predict the app
ent low proton emission barriers.~This is why empirical
evaporation barriers@1# were used to fit the particle spectra!
One possible explanation for this might be nuclear deform
tion. A nuclear distortion would increase the moment of
ertia as the compound system deformed from an ideali
spherical shape, and a significantly increased moment o
ertia would not be inconsistent with the observed trends
the experimental data.

There have been several studies in which the effects
nuclear deformation have been investigated@1,26,27#. In
these works, the spin was fixed by using fusion cross sec
data and the energy spectra were then fit by allowing
nucleus to deform. It was found that with a sufficiently d
formed nucleus, thea energy spectra and the proton anda
angular distributions could be reproduced. However,the p
ton energy spectra could not be reproduced by the sim
tions, as no reasonable distortion would produce a la
enough reduction in the proton emission barrier. Similar o
2-14
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FIG. 15. Comparisons ofMODGAN simulations with light particle inclusive angular distributions for the 670 MeV55Mn112C reaction.
The simulated curves are for several values of the spin parameterJmax as indicated.
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servations have been reported previously@2# for a somewhat
heavier composite system (A;96) than the one being con
sidered here.

V. CONCLUSIONS

In this investigation we have found that the statistic
model is not capable of reproducing both the experimentaa
energy spectra and angular distributions with a single se
input parameters. Two different values of the spinJmax are
required. A spin ofJmax525\62\ is needed to fit the en
ergy spectra for both the 280 MeV40Ar127Al and the 670
MeV 55Mn112C reactions. A spin of 54\ is required to fit
the a angular distribution from the 280 MeV40Ar127Al
reaction and a spin of 37\ is needed to fit the angular distr
bution from the 670 MeV55Mn112C reaction. The proton
energy spectra and angular distributions are not very se
tive to the spin, making it difficult to choose one spin val
over another. However, the spins which fit thea energy
spectra and angular distributions are consistent with the
ton data as well. The ratio of particle multiplicities is als
06461
l

of

si-

o-

quite sensitive to emitter spin. For both reactions, the s
distributions required, in the calculational models, to rep
duce the data are in agreement with the angular distribu
results~and not the energy spectra!.

Though the shapes of the center-of-massa energy spectra
for these two reactions are essentially the same, the res
tive angular distributions have substantially differe
anisotropies. This indicates emissions from parents with v
different spin distributions, in agreement with the spin rang
derived from fusion cross section estimates.

The energy spectra of light charged particles from the 2
MeV 40Ar127Al reaction, with an excitation energy of 12
MeV, have high energy slopes which are not as steep
those from the 190 MeV40Ar127Al system @26#, with an
excitation energy of 91 MeV. This is consistent with th
predictions of the statistical model, which indicates that b
higher temperatures and larger spins are involved at
higher excitation energy.

Reduced evaporation barriers@1# are required to fit the
proton energy spectra. The deuterons and tritons, howe
which also areZ51 particles, do not seem to need as stro
2-15
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a reduction as suggested by the modified charge depend
of the protons. In this charge region of emitters, the redu
barrier fora particles is very similar to its fusion barrier@1#,
and simulateda spectra using the fusion barriers@18# can fit
the experimental data equally well.

In light of the above, particularly the inconsistency b
tween spins derived from fitting particle angular distributio
and energy spectra, care must be taken when using statis
model codes in conjunction with experimental data. T
models do not seem to incorporate all of the physics requ
to make accurate predictions of nuclear evaporation obs
ables, and this deficiency is most apparent for light-m
systems where spin effects are enhanced. There is en
flexibility ~i.e., parameters! in the models such that appare
agreement can often be achieved with limited experime
data sets. Hence it is most important to measure mult
an
ng

ti

x

uis
an

e
po
ra

n
e

.H

ds

.

y

r,
s
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properties for the same system~e.g., charged particle energ
spectra, angular distributions, multiplicities!, in order to gain
a significant test of the model.
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