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In order to test the statistical model's ability to predict the behavior of relatively light mass systems (
~67) with large angular momenta, two matched heavy ion nuclear reactions were used to ptt@aice
composite nuclei at an excitation energy of 127 MeV. Light charged partfigtesons, 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 systemsA=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 regidis0556-281®9)03712-7

PACS numbes): 25.70.Gh, 24.60.Dr, 25.75.Gz

[. INTRODUCTION The present study focuses on equilibrated particle emis-
sion leading to evaporation residues, with comparisons to
The behavior of highly excited nuclei has been of consid-calculations performed by the codesLiTA_ N95 and
erable and continuing interest in recent yer®]. In par- MODGAN. In this paper we shall describe the experimental
ticular, heavy-ion-induced reactions have often been used tdetails and report the results derived from inclusive measure-
study the evolution of nuclear properties with increasing ex/ments. A succeeding paper will present the particle-particle
citation energy and angular momentum. To track the nucleafoincidence data, and discuss the exclusive results.
deexcitation processes, charged particle emission has been
shown to be an effective proljé], primarily because of its Il. EXPERIMENTAL
sensitivity to angular momentum and emission barrier effects 1 o the statistical model’s ability to predict the behav-
on the observed Ilght-pamcle energy spectra, multlpI|C|t|e_s1-Or of relatively light mass systems\&67), where particle
and angular correlations. In the present work we have carriegdmission is dominated by rotational effeétather than Cou-
out such measurements and compared the experimental dégnb effects [5,9], we have selected for study the two reac-
with theoretical expectations. We were especially interestegions 280 MeV 2%Ar + 27Al and 670 MeV 5Mn+ 12C. These
in studying relatively light-mass systems, where angular moreactions are matched to yield the same composite nucleus at
mentum might be expected to play a dominant r@ee to  the same excitation energ¥{,+ Q) of 127 MeV. By car-
the relatively small moment-of-inerfiaand where few com-  rying out the reactions in reversed kinematit§], particle
parisons have been made with theoretical calculations. evaporation spectra of especially good quality may be ob-
The semiclassical statistical model has found wide applitained in detectors placed in the forward hemisphere.
cation in describing the characteristics of compound nuclear The beams were provided by the 88 Inch Cyclotron facil-
emission. Statistical model simulation codes such agdty at the Lawrence Berkeley National Laboratory. The 280
CASCADE [3], GANES [4,5], LILITA_N95 [6,7], and MODGAN MeV “°Ar beam was collimated to produce a well defined
[8] are powerful tools capable of modeling particle emissionjeam spot, 9.8 mm in diameter, on tRéAl target foil of
building energy spectra, and angular distributions, and keegthickness 2.116 mg/ctn Similarly, the 670 MeV >*Mn
ing track of quantities such as multiplicities, average emisbeam for the®®Mn+1%C reaction was collimated to produce
sion chain lengths, average nuclear temperatures, and angai-beam spot of approximately 8.4 mm in diameter on a C
lar anisotropies. target foil of thickness 2.288 mg/ém
The chamber configurations for the 280 MetPAr
+2’Al and 670 MeV %*Mn+ 1°C reactions were very simi-
*Present address: Lawrence Livermore National Laboratory, P.dar. Figure 1 shows the chamber setup for tar+2Al

Box 808, L-414, Livermore, CA 94551, experiment. In both cases, a series of solid state silicon tele-
TPresent address: Dipartimento di Scienze Fisiche, Universita’ dscopes(SST’9 were placed at various angles about the
Napoli Federico 11, 1-80126 Naples, Italy. beam, and a C€Tl) array was centered 20° above the beam
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280 MeV “Ar + YAl

FIG. 1. Chamber configuration for the 280
MeV “%Ar+27Al experiment. The top drawing is
a sketch of the detector geometry in the reaction
chamber. The bottom panels are representations
of two different detector configurations.

line. The purpose of the silicon detectors was to measure The 670 MeV *Mn-+1%C experiment utilized seven sili-
energy spectra and angular distributions of the light chargedon telescopes which were mounted in a manner similar to
particles, in order to characterize the emitters with respect tthat described above. Four telescopes were placed on the
spin distributions, temperatures, and reaction mechanismstationary platform at0°(35° out-of-plang 5°,15°, and
The Cs(Tl) array was designed to study small angle particle-35°. The remaining three telescopes were placed on the mo-
particle (p-p) correlations, in order to probe the average par-bile platform at—40°,—20°, and—10° in chamber configu-
ticle emission lifetimes and their dependence on emitter spirtation No. 1;—35°,—15°, and—5° in configuration No. 2;
Thesep-p correlation studies will be reported separately in a—50°,—30°, and—20° in configuration No. 3; ane-45°,
subsequent publication. —25°, and—15° in configuration No. 4. The two telescopes
The six silicon telescopes in the 280 Met?Ar+27Al which were positioned at the smallest angles had a fourth
experiment were mounted on two rotatable platforms. Threeletector element of 500@m to help measure the high en-
of the telescopes were placed on one platforrBg6°(50°  ergy protons. Beam stopping cover foils of 84 mgfcRb
out-of-plane, denoted OQPand 50°, respectively, and were were placed in front of these detectors, while cover foils of
kept stationary throughout the experiment. The three remaint0 mg/cn? Pb were placed in front of the other telescopes.
ing telescopes were placed on the other platform-&6°, In each of the two experiments, the out-of-plane telescope
—35°, and—15°, respectively, in the first configuration, and and one in-plane telescope were configured at lab angles cor-
subsequently rotated te-75°,—45°, and —25°, respec- responding to approximately 90° in the c.m. system.
tively, in the second configuration. Each SST consisted of Solid angles for each SST were determined with an
three silicon detectors with thicknesses of approximately 5024!Am source of known disintegration rate. The 5.48 MeV
500, and 5000um respectively. Lead cover foils of ap- particles from this source also served as an energy marker for
proximately 10 mg/crhwere placed in front of five of the the first element of the SST’s. Additional energy markers
telescopes, to shield against low energy electrons and xraysame from*48Gd (3.18 MeV «), and ?'%Pb (6.05 MeV and
A beam stopping lead cover foil of 53 mg/émas placed 8.78 MeV «) sources. Elastic scattering dH, ?H, *He, and
in front of the 5° in-plane telescope, to stop any elastically*He beams(of known energy from a Au target provided
scattered beam. The acceptance of each telescope was d®&ergy calibrations in the 30—60 MeV range. Normalizations
fined by thick aluminum collimators, with apertures approxi- between runs and experiments were carried out using the
mately 1 cm diameter. total beam charge measured by a Faraday cup.

064612-2



LIGHT CHARGED PARTICLE EMISSION IN THE . . . PHYSICAL REVIEW C 60 064612

280 MeV 40Ar + 27A1 670 MeV 55Mn + 12C
100 - 100 ¢ -
b Proton ] i Proton ]
_Gé % o] Lﬁ}m
Q
Z I . A3 10 F o -
2 2 i °
) o) O °
S 0 £ [a °
64 A (2] m ]
o]
é 1 F 0@ - § 1 -
A 5% °® ° 0 A <22°>
] <57°> 90 <45°>
o <112°> o ° <90°>
0.1 0.1 P
0 5 10 15 20 25 30 0 5 10 15 20 25 30
EC m MeV) Ec m MeV)
280 MeV 40Ar + 27A1 670 MeV 55Mn + 12C
10 ] 100 ¢ E
; Alpha } i Alpha }
~~ 1 ~~
o L 10 =
3] ]
201 2
3 g
g g ! ;
g 0.01 g
3 3
O O
N’O % 0.1 i 13°
0.001 A <l57>
0 <41°>
o <103°>
0.0001 0.01 ""l'"'I"'lllllllll'llllll
0 10 20 30 40 50 60
E¢ ;. (MeV) , E¢ . (MeV)

FIG. 2. Inclusive'H and “He c.m. energy spectra from the 280 Mé&RAr+27Al and 670 MeV *Mn+ *°C reactions, as labeled. The
three superimposed spectra in each panel correspond to different average c.m. angles, as indicated, yet have the same shape.

ll. RESULTS laboratory energy spectra often exhibit two kinematic solu-
tions[10]. In transforming spectra to the c.m. system, data
from both kinematic solutions were taken into account.
Figure 2 gives comparisons of the shapes of thHg*He As Fig. 2 shows, for each case the shapes of the particle
center-of-masgc.m) energy spectra for the two reactions energy spectra are essentially independent of c.m. angle,
studied. The 280 MeVf°Ar + 2’Al data are on the left side of with high-energy slopes corresponding to relatively low ef-
the figure, and the 670 Me¥PMn+ 2C data are on the right. fective temperatures. This behavior provides strong evidence
The upper two plot frames are for protons and the lower twdor the statistical evaporation from thermally equilibrated
are fora’s. In each plot frame the data consist of a superpocompound nuclei. Invariant cross-section mdpd]| (not
sition of energy spectra measured at three laboratory angleshown herg and c.m. angular distributiongsee later
corresponding to average c.m. angles as indica®ecause of 'H/*He are also consistent with predominantly evapora-
of the strongly reversed kinematics in these reactions, théve emission. Because of the strongly reversed kinematics

A. Evidence for statistical emission
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[10] in these reactions, the nonevaporative emissions tend t&pectra have high energy slopes which are somewhat harder
be focussed backwards in the laboratory, where they are nd¢han the data. Since the proton energy spectra are not very
observed by our detectors. sensitive to the initial spin, the spin distribution parameter
Jmax cannot be determined with much certainty from these
comparisons.
The « particles in Fig. 3 are much more sensitive to the
Simulation codes can be very powerful tools in the analy-initial angular momentum in the entrance channel. Here, the
sis of experimental data. They can aid in the identificationcalculated curves obtained féy,,=234, 2%, and 27 are
and deconvolution of multiple emission sources from comdust distinguishable and the spin /b4urve is excessively
plex reactions, predict angular distributions, and multiplici-broad. These fits to the experimental alpha spectra indicate
ties, and test our theoretical models against experimentdhat & spin on the order afy, =25 is associated with the

data. If the physics of the models employed in the calculaformation of the compound nucleus in the 280 MERAr

27 H H
tions is sound, simulation code comparisons to experimentaT Al reaction. The curves of spin 23and 2.71 haye been
hosen to demonstrate the resolution to which this compara-

data can be used to extract properties of the reactions whi e method can select the spin involved. These spins repre-

are noF dir.ect'ly measurable. Examples of such quantities &t the lower and upper bounds of the spin parameter en-
the spin distributions, average temperature of the compositgyred into theLiLiTa N95 simulation code, and vield a spin
system, level density parameters, and emission barrier chagarameter “best” value ofd,,=254+2f. The spin 54
acteristics. value is that derived from fusion cross section systematics

We shall first present results from calculations with the[13] and is unable to reproduce any of the energy spectra.
statistical model codelILITA_N95 [6,7], and compare the — Figure 4 comparesiLITA_N95 simulations to the 670
model predictions with our experimental data. Then a similaMeV *>Mn+ '%C data. The layout is the same as employed in
comparison will be carried out using a second statisticaFig. 3. The spins chosen for these comparisons Jrg
model codevODGAN [8], which contains the same physical =234, 25i, 274, and 37, where spins 23, 25, and 27
ingredients(and parametefsas LILITA_N95, but differs in  are chosen to fit the spectral data, and spifi 87closer to
computational methodology. Energy spectra, angular distrithe value derived from fusion cross section estimates )42
butions, and particle cross section ratios will be compared13].
between experiment and model calculations, to extract the The proton comparisons in Fig. 4 show the same charac-
spin distributions of the 280 MeV°Ar+2’Al and 670 MeV teristics as did the proton comparisons of tffér-+27Al
®Mn+17C reactions, and to test the ability of these codesreaction above. Namely,LITA N95 overestimates the slope
and hence their physics content, to predict the evaporativef the high energy side of the spectrum producing curves
deexcitation behavior of these low mass systems. FoAthe which are too broad to fit the data, and showing little sensi-
=67 systems as studied here, the rotational enEtgy is a tivity to spin.
significant fraction of the total excitation ener, a situ- The 670 MeV>*Mn+12C « energy spectra are shown in
ation which may stretch the applicability of standard statisthe lower half of Fig. 4. This provides the best test of the
tical models in which the formulation of the Fermi gas level model simulations, as the laboratory energy spectrum exhib-
density assumeg,,<E* [12]. its much of the second kinematic solutiph0]. The spin

It was demonstrated in Fig. 2 above that thl/*He  parameter required to fit these spectra can be easily
center-of-mass energy spectra for both the 280 M&xr bounded, spin 23 falls just below the data points, spin”27
+27Al and 670 MeV **Mn+ °C reactions were superimpos- grazes the top, and spin 25uns through the data points
able, with the proper normalization factors. This implies thatquite well. A spin of 37 is much too large to reproduce the
any given center of mass energy spectrum is representativenergy spectra. Thus we find that a spin parametrization of
of the others and could, through the appropriate transformad,,,,=254 +2# can characterize the 670 Me\?°Mn
tion, reproduce any one of the laboratory energy spectra+°C « energy spectra.
Therefore, in the comparisons to follow, one representative Since the parameter choice df,,=25 +2# fits both
energy spectrum was chosen to be compared with thehe 280 MeV “°Ar+27Al and 670 MeV **Mn+12C reac-
LILITA_N95 output. tions, the center-of-mass energy spectra for the two reactions

Figure 3 compares the energy spectra from the 280 MeVnust be very similar. Figure Gop) is a superposition of two
40Ar+27Al reaction to LILITA_N95 simulations. The upper center-of-mass proton energy spectra, and Figpdtom is
half of the figure is for protons, and the lower half is for  a superposition of two center-of-maasenergy spectra. In
particles. The open circles are the experimental data, and theach case there is an inclusive energy spectrum from the 280
curves areLILITA_N95 simulations for triangular spin distri- MeV %%Ar+2’Al and 670 MeV **Mn+12C reactions, nor-
butions fromJ;,j,=0 to Ja=23k, 254, 27h, and 54. malized to their respective peaks. The proton spectra agree
The latter spin was estimated from fusion cross section dateather well up to about 7 MeV, but there are significant de-
[13]. The left frames are laboratory energy spectra at 15°yiations in the high energy portions of the spectra, where the
and the right frames are the corresponding center-of-mas®Mn-+2C curve falls off much faster than th&Ar+ 27Al
transformations. The proton simulations in Fig. 3 show littlespectrum. Thex spectra in the lower part of Fig. 5, however,
spin dependence, as spinsf232%:, and 27 are nearly match very well in all energy regions.
indistinguishable, and spin Bdyields an energy spectrum Since the proton energy spectra simulatedLinyrA_N95
which is only slightly broader. All of the calculated proton were not very sensitive to the spin input parameter, and since

B. Comparisons of inclusive measurements taLILITA_N95
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FIG. 3. Inclusive protor(top) and « (bottor) energy spectra for the 280 Me¥PAr+ 27Al reaction, compared withiLITA_No5 simula-

tions (curves for spin parameters af,,,=23, 25, 27, and 4. The left(right) panels show laboratoric.m.) energy spectra for both data
and calculations.

the 670 MeV®Mn+2C and 280 MeV*°Ar + 27Al reactions  recalling the sensitivity ofILITA_N95’s « spectra to the spin,
are matched in excitation energy, one might expect bettewe find no evidence from the spectra to suggest that there is
overlap of the proton spectra than shown in Fidtdp). We  a significant difference in the spin distributions between the
suspect there might be a calibration problem with the 67®80 MeV “°Ar+27Al and 670 MeV **Mn+'%C systems.
MeV >*Mn+ 12C proton energy spectra, whose high energyThis is surprising, since the two entrance channels were se-
slopes depend strongly on the thick Si stopping detectors d¢cted specifically to produce different spin distributions.

the back of the SST’s. Fat’s measured in these same tele- It is not difficult to demonstrate that the 280 Me¥fAr
scopes, the shorter ranges effectively minimize such effectst ’Al and 670 MeV **Mn+*°C reactions really do yield
Focusing on thex particle spectra in Fig. %bottom), and  composite nuclear systems with significantly different spin
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FIG. 4. Inclusive protor(top) and alpha(bottom) energy spectra for the 670 Me¥Mn-+12C reaction, compared withiLITA_N95
simulations(curves for spin parameters af,,,,=23, 25, 27, and 3%. The left(right) panels show laboratorfg.m.) energy spectra for both
data and calculations.

distributions. Figure 6 gives a superposition of the inclusivetra nearly as well. The proton energy spectra generated by

c.m. a angular distributions for the two reactions, normal- LILITA_N95 are too broad and are not appreciably narrowed

ized to each other gt ,)=0°. It is clear that the data for by lowering the spin parametdr,,,. A more effective way

the 280 MeV “°Ar+27Al reaction exhibits greater angular to adjust the high energy slope is through a reduction of the

anisotropy, as would be expected from a larger valug,gf ~ nuclear temperature. This can be accomplished by increasing

in the entrance channel. We shall return to a more quantitathe level density parametexr asT= \/U/a, whereT is the

tive discussion of the particle angular distributions below. nuclear temperature and is the excitation energy of the
Given the parameters derived from successfully fitting thedaughter nucleus. In the context of the Fermi gas model, the

a spectraLILITA_N95 is unable to fit the proton energy spec- level density parameter can have values ranging fim
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° energy spectra overlaid withLITA_N95 simulations run with
001 Lmcteiiil ettt O, barrier curvatures ranging frofiw =0 through 4. In the case

of Aw=0, the transmission coefficients reduce to the sharp
cutoff approximation where only particles whose energies
exceed the Coulomb plus centrifugal barriers are emitted.
FIG. 5. Comparison of inclusive particle c.m. energy spectraThe proton spectrum is fit very well by values #of=0 or
between the 280 MeV°Ar+2’Al and the 670 MeV*Mn+'C 1, and thea spectrum is fit nicely by:w=3. Although the
reactions. The top panel compares proton spectra and the bottogpectra| data in Fig. 8 is from the 670 Me¥Mn+ 12C re-
panel compares spectra. action, a review of Fig. 5 implies that the above observations
will apply equally well to the 280 MeV*°Ar + 2’Al reaction.
=A/15 MeV 'toa=A/8 MeV ![12,14—16. The simula- The angular distributions derived from center-of-mass en-
tions in Figs. 4—-6 used a level density parameteraof ergy spectra also contain information about the spin of the
=A/10 MeV 1. If this value is changed toa composite system. As the experimental angular distributions
=A/8 MeV ™1, the energy spectra fall off more rapidly. Fig- are calculated by integration of the center of mass energy
ure 7 demonstrates this by comparing theTa_N95 spectra  spectra, they are less likely to be strongly affected by uncer-
at a laboratory angle of 15° with th&Mn+1°C data. The tainties in the energy calibrations than the high energy slopes
high energy portion of the proton spectrum is matched moref the energy spectra. Figure 9 displays the proton and
closely with this new value od. The « particle energy spec- c.m. angular distributions from both the 280 MeffAr
tra are affected in the same way as the proton spectra, and?’Al and 670 MeV **Mn+12C experiments. Each plot
the curve that fit witta=A/10 MeV ! now falls below the contains a set of experimental data points with three simu-
experimental data, wheam=A/8 MeV ! is used instead. If lated curves superimposed. The spin values used in these
this latter value of the level density is more realistic for thisLILITA_N95 simulations aré),,,=40%, 544, and 6@ for the
system, the calculated spectra could be adjusted by in- “°Ar+27Al reaction, andJ,—=25, 374, and 4@ for the
creasing the spin to approximately 728thereby restoring  **Mn+'C reaction.
agreement with the data. The proton angular distributions are relatively flat indicat-
The low energy side of the proton energy spectra are nang that there is little dependence on emitter spin in the simu-
significantly affected by changing the level density param{ations. Thea angular distributions exhibit much more an-
eter. In this energy region, it is the barrier curvature associisotropy than do the protons, and the sensitivity of the
ated with the transmission coefficients which determines theimulation to the spin parameter can be seen. The data are

E. . (MeV)
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FIG. 7. Inclusive'H and “He spectral datédlaboratory system
for the 670 MeV **Mn+1%C reaction, compared withiLita_nes  found for the “°Ar+27Al reaction above, but still signifi-
simulations usingl,,,=25% and level density parameteass=A/8  cantly higher than derived from fitting the energy spectra.
anda=A/10, as indicated.

C. Comparisons of inclusive measurements t@IODGAN

consistent with symmetry about 90° in the ¢.m. Thangu- In light of discrepancies found in comparisons of several
lar distribution for the*°Ar + 27Al reaction can be fit reason- jfferent statistical model codelsl 7], it is worthwhile to
ably well with J,=54%, although a value of G0does just make comparisons with experimental data using more than
about as well. This comparison yields a spin parametrizatiogne statistical model code. Such a procedure may serve to
of 547 +67. The main point is that a spin of the order of increase one’s confidence in the codes as well as confirm
544 is required to fit this angular distribution, and a spin of consistency in the properties derived from the data using
25h, which fit the energy spectra, gives far too shallow athese codes. SinagobcaN [8], by design, contains the same
curve. The spin 25 curve is not plotted in this frame, how- basic physics asILITA_N95 (i.e., the same formulations of
ever, it can be seen in t8Mn+ 2C frame to the right along the level-density and the transmission coefficignisis a
with the spin 4@ curve. The scales and frame sizes aregood choice for making additional comparisons. Further-
identical so that a visual manipulation can be made. Thusnore, MODGAN has several new features, such as deuteron
the spin 2% will appear as much above the spinf4Burve  and triton particle evaporation, which have not been exten-
in the “°Ar+2’Al frame as it does above the spinf4@urve  sively tested against experimental data.
in the 670 MeV **Mn+ *2C frame. Figures 10 and 11 display inclusive proton, deuteron, tri-
For the 670 MeV**Mn+1°C reaction, the data are fit very ton anda energy spectra for the 280 MefPAr+27Al reac-
nicely by the spin 37 curve. The spin 40 curve would also tion. The open circles are the experimental data, and the
fit reasonably well, and with a slightly higher normalization curves areMODGAN simulations with spin parametets,
would pass through the data points. These comparisons yield 254, 374, and 54. In each of the two figures, lab spectra
a spin value ofJ,,=37h*=3%, substantially lower than are given on the left and the corresponding c.m. spectra are
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FIG. 9. Comparisons of inclusiveH and “He c.m. angular distributions withLiTA_N95 simulations for the 280 MeVf°Ar +27Al and
670 MeV 5*Mn+ 12C reactions. Simulations are shown for several values of the spin paralpgters indicated.

on the right. The proton energy spectra are reproduced mod- Figures 12 and 13 make the sameDGAN comparisons
erately well by all three simulations, reaffirming their insen-to the 670 MeV ®*Mn+ 12C energy spectra as Figs. 10 and
sitivity to angular momentum, and in agreement with thell did for the 280 MeV “°Ar+2’Al reaction. Figure 12
results fromLILITA_N95 shown in Fig. 3. The deuteron spec- shows laboratory and center-of-mass spectra for protons and
tra have more sensitivity to the spin than the protons. Thaleuterons. The experimental center-of-mass spectra are actu-
low energy sides of the spectra are overestimated by thally combinations of data taken from two spectra measured
calculations, and the high energy sides are best matched witit different laboratory angles, to yield a more complete en-
a spin of 54. The lower spin values would fit better if a ergy spectrum. In this comparison, the proton spectra simu-
barrier adjustment was made in the model to shift the curvekated by MODGAN are broader than the data. The deuteron
to higher energiefl]. The triton energy spectra behave simi- laboratory and center-of-mass spectra indicate similar fea-
larly to the deuteron spectra, with even greater dependendares, however, the high energy slope is better reproduced
on angular momentum, as can be seen from the spread in thising a spin of 2& in the simulation.

simulation curves. The low energy sides are overestimated Figure 13 compares the triton and energy spectra to

by the simulations and a spin of 8ost closely reproduces MODGAN predictions. As with the protons and deuterons, the
the high energy data. A shift in the effective emission barriertriton laboratory energy spectrum at 15° was instrumentally
seems to be required here also to fit the data. The low energyuncated and the center-of-mass spectrum was constructed
sides of the alpha spectra are fitted MgDGAN and the en- using two additional lab angles normalized to the overlap-
tire spectral shapes are very well reproduced using a spin gfing points. This triton spectrum, similar to the triton spec-
257, in agreement with the earlienitA_N9s comparison in  trum in the 280 MeV “%Ar+27Al reaction, is fit (without

Fig. 3. barrier readjustmeptusing a spin of 37 and is overesti-
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FIG. 10. InclusiveH and ?H energy spectra for the 280 Me¥JAr+27Al reaction, compared witmobGaN simulations using spin
parameterd,,,=25, 37, and 54. Protons are shown in the upper panels and deuterons in the lower panels, with laboratory spectra on the
left and c.m. spectra on the right.

mated on the low energy side leading to a shallower trouglangular distributions obtained using spins of 25, 37, and
between the first and second kinematic solutions in the labds4#. In each case, the anisotropy of each curve increases
ratory spectrum. Thex spectrum, on the other hand, is re- with increasing spin. When superimposing the calculations
produced very nicely over the entire energy range with a spimnd the data, the simulated curves were normalized to each
of 25h. other at 0°, and adjusted to best fit the data. As can be seen,

Angular distribution comparisons for the 280 MéAr  the spin 54 curve gives the best reproduction of tHéAr
+27Al reaction are presented in Fig. 14, and those for the+2’Al data, and the spin 37 curve yields good agreement
670 MeV *>Mn+ 1%C reaction are displayed in Fig. 15. The with the >*Mn+2C data points. These spin valued,
open circles are experimental data for the indicated particle=54% and 37) are the same as determined ear{mze Fig.
(proton, deuteron, triton, and), and the curves aneODGAN 9) from theLILITA_N95 simulations.
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In addition to calculations of energy spectra and angulatated byLILITA_N95 andMODGAN are, respectively, 0.45 and
distributions, statistical model simulation codes predict par{Q.36 for spin 2%, 0.66 and 0.58 for spin %7 and 1.21 and
ticle multiplicities, which may also be compared with experi- 1 og for spin 54. (In the simulations, the multiplicity ratio

mental .mea.surements. Tm.l'TA—N% code is .part|cularly ._depends on the entrance channel spin and the composition of
useful in this respect, as it generates detailed event met e system, but not on the individual identities of the reacting
which may subsequently be sorted using selective criteria, : ’ .

Y d y J clei) The 280 MeV“*%Ar+ 2’Al experimentala/proton ra-

such as the number of occurrences and coincidences of '&'C ! h X .
given particle type or pair. From these quantities, ratios of/© 1S matched byL'L'TAgN% ?lmulatlon_s using a spin of
particle multiplicities can be obtained, eliminating the need®#:, and the 670 Me\® Mn+ 2C.exper|menta| results can
for absolute cross sections when making comparisons to e¥te matched byILITA_N95 with a spin of 4%. MODGAN gives
perimental data. somewhat lower ratios for the same spin parametrizations,
The a/proton ratios for the 280 Me\t°Ar+2’Al and 670  but the differences are fairly small and probably indicative of
MeV °>Mn+ 12C reactions are measured as 146.12 and the reliability of the calculated multiplicity ratios. These val-
0.79 = 0.12, respectively. The corresponding ratios calcu-ues are in very good agreement with the spins derived from
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FIG. 12. Inclusive’H and 2H energy spectra for the 670 Me¥Mn+'2C reaction, compared witliopGaN simulations using spin
parameterd,,,=25, 37, and 54. Protons are shown in the upper panels and deuterons in the lower panels, with laboratory spectra on the
left and c.m. spectra on the right.

the angular distribution data for the two reactions, in contrastomputer codes discussed abowe|TA_N95 and MODGAN,
to the much lower spins suggested by thenergy spectra. each take account of these effects by means of built-in em-
pirical formulations of the particle emission barriers. Hence

IV. DISCUSSION the resulting simulations are able to reproduce the peak po-
sitions in the experimental spectra rather well.
Reduced emission barrief4] play an important role in The effective barrier parametrization that has been ap-

the fitting of light particle energy spectra with statistical plied to the proton emission simulations can also be applied
model simulations. Systematic studidg indicate that pro- to deuteron and triton emission, scaling by the reduced
ton evaporation from emitters near atomic number(®k  masses. When this is done, the maxima in the simulated
present cageexhibit effective barriers substantially lower spectra appear at slightly lower energies than the experimen-
than corresponding fusion barridrk8], whereas fow emis-  tal data. The experimental deuteron c.m. energy spectra ap-
sion in thisZ region the difference is very smdll]. The two  pear shifted about 1 MeV higher in energy, compared to the
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FIG. 13. Inclusive®H and “He energy spectra for the 670 Me¥Mn+ °C reaction, compared witliobGan simulations using spin
parameterd,,,=25, 37, and 54. Tritons are shown in the upper panels and alphas in the lower panels, with laboratory spectra on the left
and c.m. spectra on the right.

simulations, and the experimental triton c.m. spectra are ap- | 24,2
proximately 2 MeV higher in energy. These observations are —,
true for both the 280 MeV*Ar+2/Al and the 670 MeV 271
Mn+12C reactions, and with eitherMODGAN or

LILITA_N95. This systematic behavior among the evaporatechamely, the square of the spin divided by the moment of
Z=1 isotopes, namely, good fits with the proton spectra, butnertia 3 and the temperatur@. Therefore, while we have
significantly less barrier reductions required féd and H, chosen to vary the spifin the simulationsin order to match
has been reported and discussed previo[s)g]. It can be the experimental energy spectra, we could instead have
understood in terms of higher nuclear-matter densities beingchieved the same effect by increasing the moment of inertia

1)

required for the coalescence of composite partiflds (i.e., by allowing for significant deformation of the highly
The spin of the composite emitté; enters the model excited composite nuclei

calculations through the Fermi gas level den§it§,19—-23, The angular distributions can be described in terms of a

and through the centrifugal barrier. It always appears in thes, parametef24,25 where the angular distribution is pro-

form of a ratio portional to expB,sirtd), and the angle is measured with
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FIG. 14. Comparisons aflobGAN simulations with light particle inclusive angular distributions for the 280 M&Xr-+27Al reaction.
The simulated curves are for several values of the spin paradgieas indicated.

respect to the spin direction. This parametgs, has the The simulation codes cannot, however, predict the appar-

form ent low proton emission barriergThis is why empirical
evaporation barrierfl] were used to fit the particle specjra.
One possible explanation for this might be nuclear deforma-

’ 2 tion. A nuclear distortion would increase the moment of in-
ertia as the compound system deformed from an idealistic

whereu is the reduced mass of the system at the instant o$pherical shape, and a significantly increased moment of in-
particle emission. Equatiof?) predicts that increasing the ertia would not be inconsistent with the observed trends in
spin increases the anisotropy, and decreasing the temperatuhe experimental data.

also increases the anisotropy. The 190 M&%&r+27Al re- There have been several studies in which the effects of
action studied by La Raret al.[26] has anx singles anisot- nuclear deformation have been investigafdd26,27. In

ropy ratio for 15°/90° of 2.22. The 280 MeVAr+2’Al  these works, the spin was fixed by using fusion cross section
reaction has a value of 2.98 for this same quantity indicatinglata and the energy spectra were then fit by allowing the
that there is a larger anisotropy involved in the 280 MeVnucleus to deform. It was found that with a sufficiently de-
“%Ar+27Al reaction than there is in the 190 MeV°Ar  formed nucleus, ther energy spectra and the proton amd
+27Al reaction. This is consistent with the behavior of the angular distributions could be reproduced. However,the pro-
B, parameter, as the 190 MeVAr+2’Al reaction has a ton energy spectra could not be reproduced by the simula-
20% smalleri?/T ratio than does the 280 Me¥PAr+2’Al  tions, as no reasonable distortion would produce a large
reaction. enough reduction in the proton emission barrier. Similar ob-

h21?

_ pR?
’BZ_ZJT

J+ uR?
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FIG. 15. Comparisons aflobGAN simulations with light particle inclusive angular distributions for the 670 M&8Mn-+1%C reaction.
The simulated curves are for several values of the spin paradgieas indicated.

servations have been reported previol&llyfor a somewhat quite sensitive to emitter spin. For both reactions, the spin

heavier composite systemA{-96) than the one being con- distributions required, in the calculational models, to repro-
sidered here. duce the data are in agreement with the angular distribution

results(and not the energy spectra
V. CONCLUSIONS Though the shapes of the center-of-massnergy spectra
for these two reactions are essentially the same, the respec-

In this investigation we have found that the statisticaltive angular distributions have substantially different
model is not capable of reproducing both the experimemtal anisotropies. This indicates emissions from parents with very
energy spectra and angular distributions with a single set dfifferent spin distributions, in agreement with the spin ranges
input parameters. Two different values of the spjn are  derived from fusion cross section estimates.
required. A spin of) =25 £ 2% is needed to fit the en- The energy spectra of light charged particles from the 280
ergy spectra for both the 280 Me¥/Ar+27Al and the 670  MeV “°Ar + 2’Al reaction, with an excitation energy of 127
MeV *Mn+*2C reactions. A spin of 4 is required to fit MeV, have high energy slopes which are not as steep as
the « angular distribution from the 280 MeV°Ar+2’Al  those from the 190 MeV*%Ar+2Al system[26], with an
reaction and a spin of #7is needed to fit the angular distri- excitation energy of 91 MeV. This is consistent with the
bution from the 670 MeV**Mn+ 12C reaction. The proton predictions of the statistical model, which indicates that both
energy spectra and angular distributions are not very senshigher temperatures and larger spins are involved at the
tive to the spin, making it difficult to choose one spin value higher excitation energy.
over another. However, the spins which fit the energy Reduced evaporation barriefs] are required to fit the
spectra and angular distributions are consistent with the prggroton energy spectra. The deuterons and tritons, however,
ton data as well. The ratio of particle multiplicities is also which also areZ=1 patrticles, do not seem to need as strong
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a reduction as suggested by the modified charge dependengmperties for the same systemg., charged particle energy
of the protons. In this charge region of emitters, the reducedpectra, angular distributions, multiplicitiesn order to gain
barrier fora particles is very similar to its fusion barrigt], a significant test of the model.
and simulatedr spectra using the fusion barridik8] can fit
the experimental data equally well.
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