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Charged-particle evaporation from hot %4Yb compound nuclei and the role of °He emission
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A systematic study of the decay properties!®fyb compound nuclei with excitation energies of 100—300
MeV was performed. The emission patterns of light charged particles detected in coincidence with evaporation
residues produced iffNi+ 1°Mo and %0+ 148sm reactions have been measured and compared to statistical
model predictions. There is found to be significant disagreement between the experiment and the model
calculations in the magnitude of the multiplicities and the peak position in the energy spectra. For deuterons
and tritons, significant nonstatistical components were present at all excitation energies. The proton energy
spectrum did not exhibit any entrance-channel dependence at an excitation enerhyliMeV. However for
a particles, there is an enhancement in the spectrum at the lowest kinetic energies for the more symmetric
reaction. It is suggested that the emission and subsequent deCijedfagments, can account for a large
fraction of the apparent, and often reported, decrease in the Coulomb barrier farticle emission.
[S0556-28187)02408-4

PACS numbegps): 25.70.Jj, 24.60.Dr

I. INTRODUCTION and high-energyy rays have shown dependences on the en-
trance channel's mass asymmefi?2,14. If interpreted in

The study of the decay properties of hot nuclei producederms of fusion dynamics, the data imply longer time scales
in heavy-ion collisions is an active field of investigation. For for the shape equilibration than is predicted. At higher bom-
reactions which are associated with compound nucleus excbarding energies where decay rates for light particle emission
tation energies of less than 300 MeV, data are routinely comare much larger, the observation that the shape ofdhe
pared to predictions of statistical model calculations. A sub-jarticle energy spectrum is independent of entrance-channel
stantial number of studies have concluded that the peaks wofiass asymmetr}6,8] has cast some doubts on the extent to
the experimental charged-particle energy spectra are shiftashich fusion dynamics influences the deexcitation process.
down in energy compared to predictions for the statistical Other discrepancies between statistical model simulations
decay of spherical nucldil—8]. This shift has often been and experimental data exist. Gorg al. [4] report experi-
interpreted as a lowering of the average Coulomb barrier dusental charged-particle multiplicities at large excitation en-
to deformation or due to a large surface diffuseness. Howergies which are significantly lower than statistical model
ever, the interpretation of results for lighter systefis3]  estimates. Another study found that evaporation residues
have been controversig®,10]. were, on average, more neutron deficient than expgdtad

Dynamical fusion modelg§11] predict that the initial The extent to which charged particle multiplicities are cor-
fused object can be quite deformed and the time period rerectly predicted at large excitation energies is clearly in need
quired for shape equilibration can be lofl z9. Charged- of further study.
particle emission during this period will be affected by this ~ With these considerations in mind, we have continued an
deformation[12] and may contribute to the lowering of the investigation of the energy spectra and angular distributions
Coulomb barrierd13]. The nature of the predicted fusion of charged particles detected in coincidence with evaporation
dynamics depends greatly on the entrance-channel masssidues to study the decay Bf*Yb compound nuclei. In our
asymmetry. Entrance channels with mass asymmetriesriginal study[16,17], the %%b compound nuclei were
greater than that of the Businaro-Gallone peaks in thdormed with an excitation energy of 54 MeV and the domi-
potential-energy surface are associated with shorter fusionant decay modes were well described by statistical model
times and little deformation during fusion. On the othercalculations. Only the rare deuteron and triton decay chan-
hand, those with smaller mass-asymmetries have longer furels were found to have a significant dependence on the
sion times, during which the fused system is more deformedentrance-channel mass asymmégtg|. In the present work,
These predictions lead to a dependence of the deexcitatidhe 5Ni+ 1°Mo reaction is used to follow the decay prop-
process on the entrance-channel mass asymmetry. erties of 1%%Yb compound nuclei fronE* =100 to 280 MeV.

For reactions with bombarding energies near their fusiorin conjunction with this, a search for an entrance-channel
barrier, experimental investigations of the yield of energeti-dependence of the deexcitation process is made*at170
cally “expensive” decay products such as deuterons, tritonsMeV using the same set of reactions as the original study;

160+ 185m and ®Ni+ °Mo. These two reactions have
mass asymmetries which straddle the Businaro-Gallone
*Present address: Rudjer Boskovic Institute, Zagreb, Republic ofalue.
Croatia. In this work, we also will present an alternative explana-
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TABLE I. For each of the reactions studied in this work, the  TABLE II. Center angle for each Microball ring and the number
compound nucleus excitation energy is listed as well as the distanc&f detectors per ring.
between the target and PPAC and the resulting angular acceptance:

of the PPAC. Ring Center angle No. of detectors

Excitation PPAC-target PPAC 1

E/A energy distance angular range 2 21° 10

Projectile  (MeV) (MeV) (cm) (deg 3 36° 12

4 52° 12

B\ 5.0 102 36.1 1.56.6 5 70° 14

B\ 6.8 170 36.1 1.56.6 6 90° 14
a\ 9.0 258 27.0 1.98.9 7

B\ 10.0 296 36.1 156.6 8 135° 10

%0 13.4 170 20.1 26117 9 159° 6

16.3 3.2-16.8

. L . covering the full angular range from 14° to 171° except for
tion of the apparent reduction in the Coulomb barriers ob—a break from 100° to 123°. The central angle of each ring is

served in the energg spectra efparticles. The emission of jisteq in Table I1. In order to eliminate the large counting rate
the particle-unstabléHe ground state will be shown in sta- 4,6 {o elastically scattered projectiles, Pb absorbers were
tistical model calculations to account for a large fraction Ofplaced in front of the C£T1) crystals in rings 2 and 3 with
the low-energya particles observed at large excitation ener-ihicknesses of-133 and 74 mglcrh respectively. For all
gies. . . ther detectors, 5 mg/cinSn-Pb absorbers were used to re-
The e_xperlm_ental apparatus used for t_he dgtec_:non Odyce the counting rate from electrons and x rays.
evaporation residues and light charged particles is dlscusseéj-l-he light output of the CTI) crystals was assumed to
Idn Sdec. ”.' '_I'helz res;ltls arz_pr_esen_ted and com dp_ared to Ste}(}éry linearly with particle energy for the hydrogen isotopes.
ard statistical model predictions in Sec. lll. A discussion ofrpg apgoute calibrations of the light output of all detectors

possible explanations, includimHe emission, can be found
in Sec. IV. Finally in Sec. V, the conclusions of this work are
summarized and suggestions for the directions of furthe
studies are presented.

culated from the tables of Janfil9]. For « particles, the
functional dependence of the light output on energy was
faken from Ref[18], with coefficients modified in order to
fit data points obtained from £2U « source and from elas-

tically scatteredr particle beams of energies 21, 35, and 42
Il. EXPERIMENTAL METHOD MeV.

The decay of the compound nucletféYb was studied by
bombarding beams d¥Ni and 0 projectiles on targets of
1_°°I\/Io (0.30.mg/crﬁ) and #8%sm (0.86 mg/cnt), respec- Il RESULTS
tively. The nickel beams of bombarding energigA=5.0,
6.8, 9.0, and 10.0 MeV and the oxygen beams of The energy spectra and angular distributions of charged
E/A=13.4 MeV were extracted from the ALTAS accelerator particles and evaporation residues will be presented in this
facility at the Argonne National Laboratory. The beams weresection. As they are presented they will be compared to pre-
bunched with pulse widths of less than 1 ns. dictions of standard statistical model calculations. By stan-
Evaporation residues were detected in an annular parallglard we mean, calculations typically used by other authors
plate avalanche countdPPAQ centered at zero degrees When comparing to data including oniy p, d, t, *He, «,
with its anode subdivided into six concentric rings. The dis-y-ray, and symmetric fission decay channels. In this case, the
tance between the counter and the target was adjusted, dealculations were performed with the statistical model code
pending on the reaction, to obtain an optimum sampling ofsEMINI [20,21]. The level density parameter was obtained
the residue angular distribution. The maximum and mini-from Lestone’s temperature-dependent parametrizd@2@ah
mum angles covered by the PPAC are listed in Table | formodified to account for the fading influence of the ground-
each reaction. Evaporation residues were separated frogtate shell correctionf23]. Transmission coefficients were
other reaction products by measurements of their energy los¥tained from the incoming-wave boundary-condition calcu-
in the PPAC gas volume and the time of flight to the PPAC Jations[24] using real nuclear potential obtained from global
Absolute evaporation residue cross sections were determinexgptical model fit§ 25—-29.
from the beam charge collected in a Faraday cup. Particle emission angles were obtained from a quantum
Light charged particles evaporated from the compoundnechanical treatment, the projection of the initial compound
nuclei were detected with the Microball C8l) array(Reac- nucleus spin along the beam axis was assumed to be zero
tion version [18]. The first ring of the Microball was re- (m=0). The projections of the spins of all particles and their
moved to avoid shadowing the PPAC and the seventh ringrbital angular momenta were chosen using Clebsch-Gordan
was not operational in this experiment. Therefore, lightcoefficients. Thed angle of an emitted particle with angular
charged particles were detected in seven rings of detectorsomentum quantum numbens and /, was taken to have
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FIG. 1. Experimental evaporation residue angular distributionsyayimum partial waves contributing to evaporation residue produc-

H H H64n1; 1 101 : iotin . N A .
obtained in the®Ni+ %Mo reactions are compared to the statisti- (o are plotted as a function of the compound nucleus excitation

cal model predictions indicated by the curves. The dashed curvesnergy. The two curves indicate statistical model predictions ob-
were obtained from calculations includirigle emission while, for tained witha, /a,=1.00 (dotted curvi and 1.06(solid curve.
the solid curves, this fragment was excluded. For clarity, the results
for the higher bombarding energies have been scaled by the indi- The effect of multiple scattering of the evaporation resi-
cated factors. dues in the target was investigated. The magnitude of the
scattering was estimated from Rdf31,32 and was found to
the distribution| P!™[ cos()]1%sin(¢), whereP™ is the associ- have little effect on the shapes of the angular distributions.
ated Legendre polynomial of the first kind. Finally to take The predictions in Fig. 1 include the predicted smearing due
into account the experimental biases, only simulated eventg this effect.

which pass a “detector filter” were used for comparison  Evaporation residue cross sections were obtained by inte-

with experimental data. grating the angular distributions. They are plotted as solid
points in Fig. 2a) as a function of the excitation energy of
A. 5Ni+ %Mo the compound nucleus. The error bars contain the systematic

uncertainties mentioned previously plus the uncertainty asso-
ciated with extrapolating the angular distributions to zero
Angular distributions of evaporation residues obtaineddegrees. This uncertainty is largest for theA=5.0 MeV
from the four ®Ni-induced reactions are shown in Fig. 1. reaction where the&emiNI predictions suggest that 34% of
The angular ranges subtended by each annular ring of thie residues passed inside of the inner edge of the PPAC and
PPAC are indicated by the horizontal error bars. The verticathus were not detected. This bias in selecting the evaporation
error bars show only the statistical uncertainty. The systemresidues will have consequences when discussing the mea-
atic uncertainty due to absolute normalization of the Faradagured angular distributions af particles in Sec. Ill A 4.
cup and to the estimate of the average residue charge state Also plotted in Fig. 2a) are %Ni+°Mo evaporation
[30] is =25%. The standard statistical model predictions,residue cross sections measured by Rehai.[33] for bom-
indicated by the solid curves, have been normalized to théarding energies located near the Coulomb barrier. In con-
yield in the first two rings. They do a reasonable job oftrast to these lower energy results, the residue cross sections
reproducing the shape of the angular distributions. Howeverat the higher energies are no longer rising rapidly, but de-
for theE/A=9.0 and 10.0 MeV reactions, the predicted dis-crease slowly with increasing bombarding energy. This be-
tributions are slightly narrower than the experimental data. havior is expected when the partial waves associated with

1. Evaporation residues
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evaporation residues are limited by competition with equilib-effects are small, larger’ waves are predicted to have in-
rium fission or nonequilibrium exit channels such as fastcreaseda particle emission and decreaspg,t emission.

fission or deep inelastic scattering. If the maximum partialThe predictedp,d,t, and @ multiplicities differ by at most
waves associated with residue formation saturate at a valug, for the two values o /a,. In the following sections,

/o, then the residue cross section is approximately only GEMINI predictions witha, /a,,=1.00 will be presented,
however, the general conclusions drawn from comparisons
oer=TX(/ 9+ 1)?, (1) of the statistical model predictions with the data are identical

for a;/a,=1.06. The largest effect of changirg/a, is on
assuming a sharp transition from residue formation to fissiornthe « particle angular distributions which will be discussed
The residue cross section therefore decreases with increasiitgSec. Il A 4.
bombarding energy due to theEL/,, energy dependence of )
the quantityx®. The quantity/, is plotted in Fig. ?b) and 2. Proton evaporation

we see that it saturates at65/. The measured angular distributions and energy spectra for
In reality /; may only approximately saturate. This is charged particles measured in coincidence with evaporation
illustrated by the curves in Fig. 2 which were obtained fromresidues were transformed event-by-event into the reaction
two statistical model calculations, one whexga,, the ra-  center-of-mass frame.m). Because of the large compound
tio of level density parameters at the saddle point and at thaucleus velocity, of those particles emitted backwards, only
equilibrium deformation, is unity(dotted curvg and the those with the largest emission velocities have laboratory
other is foras/a,=1.06 (solid curveg. Neither of these two energies sufficient to exceed the particle identification

curves is exactly flat, however, and more importantly, theythreshold. Therefore, for rings 8 and 9 of the Microkitie
indicate that the data are consistent with intermediate valuesvo most backward ringsonly the exponential tails of en-

of a;/a,. This result may suggest that competition with ergy spectra were measured.
equilibrium fission is limiting/,. Alternatively one may as- For protons, the associated center-of-mass energy spectra
sume that fusion reactions are restricted fowaves for  obtained with each Microball ring are very similar in shape
which the initial fission barrier is larger than the initial tem- and magnitude. To highlight the similarity in shape, the en-
perature(a condition necessary for strict application of the ergy spectra for each ring were scaled to the yield in ring 3.
transition state theory of statistical fissjorUsing Sierk's  These spectra are displayed in Fig. 3 for the four bombarding
fission barrierg34] the limiting value of/, for fusion reac-  energies. The degree to which the spectra are similar can be
tions from this condition is~70 # which is also consistent gauged by the overlap of all the curves. Note for rings 8 and
with the data. However, the above condition may be todd where only the exponential tails of the spectra were above
simplistic especially if the fusion time is long and significant threshold, one can only conclude that the slope of these tails
angular momentum is removed by particle evaporation durare consistent with those from the other rings.
ing this phase. As an alternative condition, we have assumed A detailed examination of the spectra reveals that the
that fusion is still possible if after some delay time associatedargest deviations between rings occurs for the very high-
with the fusion dynamics, the angular momentum-dependerdgnergy tails of theE/A=9.0 and 10.0 MeV data. Here, the
fission barrier becomes larger than the temperature of thidrward-angle rings show slightly harder tails indicating the
system. Within this scenarigemINI simulations predict that onset of pre-equilibrium emission. This effect will be dis-
delay times of 20 zs or greater would generate an unobservaslissed later, but it should be stressed that these angle-
enhancement in the residue yield at the two highest bomdependent deviations are very small and overall the shape of
barding energies. The angular momentum loss during théhe proton energy spectra are almost independent of angle.
delay time was calculated both with a spherical composite The magnitude of the differential proton multiplicity also
system and with a highly deformed prolate shape with ahows little angular dependence. The proton angular distri-
three to one ratio of major to minor axes. The lack of anbutions are displayed in Fig. 4. The differential proton mul-
enhancement in the residue cross section suggests that fiplicity for each ring, obtained by the integrating the asso-
/ waves of magnitude 70or greater, either the delay period ciated energy spectra, are plotted versus the average proton
is too small to allow for the development of a pocket in thecenter-of-mass angle. For rings 8 and 9, the shapes of the
potential energy surface or that the collision dynamics do noproton spectra determined with the other rings were used to
allow the system to fall into this pocket. extrapolate below the low-energy threshold. Within the ex-
The saturation iy is important as it implies that the perimental uncertainties, these center-of-mass angular distri-
partial-wave distributions associated with evaporation resibutions are isotropic, consistent with statistical emission.
dues are approximately equivalent for the four bombarding=rom the average values dfrvd( (indicated by the lines in
energies. Therefore, any bombarding energy dependence Big. 4), the proton multiplicities, plotted in Fig. 5, were ex-
the charged-particle multiplicities and angular distributionstracted. ThesemINI predictions, which are indicated by the
are associated with either the evolution of the excitation eneurve in this figure, follow an excitation energy dependence
ergy or fusion dynamics, but not with differences in the spinwhich is similar to that exhibited by the experimental multi-
distributions. The two values af;/a,, were chosen to span plicities. However, these predicted multiplicities are consis-
the uncertainty associated with the experimental values aiently 40—60 % larger than the experimental values.
ogr Or /. As such, calculations with these two values of The GEMINI simulations predict that the proton angular
as/a, are useful to determine how the uncertainty in thedistributions are isotropic, as was found experimentally. In
partial-wave distributions affects the predicted charged parFig. 6, the simulated energy spectra are compared to the
ticle multiplicities and angular distributions. In general the experimental results obtained from ring 5, for which any
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FIG. 3. Experimental proton energy spectra obtained from th

pre-equilibrium component is negligible. At all four bom-
barding energies, the predicted spectra are in agreement with
the data only at the very lowest proton enerdi&s8 MeV),
otherwise the calculated differential multiplicities are consis-
tently larger. As a consequence, the simulated peak yield and
the average proton energy arel MeV larger than the ex-
perimental values. However, the simulations do reproduce
the slope of the exponential tail at all four bombarding ener-
gies.

3. Deuteron and triton emission

Deuterons and tritons detected in coincidence with evapo-
ration residues, show features which are even more difficult
to reconcile with statistical model predictions. In fact, they
clearly have a relatively large nonstatistical component. This
is illustrated in Fig. 7 where energy spectra for the three
hydrogen isotopes detected in tB2A=9.0 MeV reaction
are shown for rings 2 and &he most forward and most
backward Microball rings For protons, one finds that the
high-energy tails are consistent in slope and magnitude, ex-
cept at the very highest proton energies where a small non-
statistical component enhances the forward angles.

In contrast, for deuterons and tritons one finds the expo-
nential tails in the two rings differ in magnitude by a factor
of ~2. Therefore, these exponential tails have center-of-
mass angular distributions which are forward peaked and in-
consistent with the expected behavior for statistical emission,
i.e., symmetry about,. ,,=90°. Also shown in Fig. 7 are
energy spectra predicted by teemini calculations. In con-
trast to the case for protons, the experimental spectra, for the
forward angles at least, exhibit much harder exponential tails

dhan predicted. In fact, the slopes of the tails are larger than

64N+ 19\ reactions for each of the indicated Microball rings and that predicted fofirst chanceemission. Clearly, high-energy
bombarding energies. To highlight the similarity in shapes, thedeuteron and triton emission is dominated by nonst{itlst|cal
curves have been normalized to the yield measured for ring 3 d@rocesses. Even more surprisingly, these observations are
each bombarding energy. Symbols are used for rings 6, 7, and 8 fue at all four bombarding energies, including the lowest. In
indicate the values of the low-energy threshold. For clarity, theFig. 8, the deuteron energy spectra, determined from rings 2
results from the higher bombarding energies have been scaled ®nd 9, are shown as a function of bombarding energy. The
the indicated factors.

forward peaked angular distributions of the high-energy tail
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FIG. 5. Experimental multiplicities of pro-
tons, deuterons, and tritons measured in the
84Ni+ %Mo reactions as a function of compound
nucleus excitation energy. The curves indicate
the statistical model predictions obtained by in-
cluding (dashed curve and excluding (solid
curve ®He emission.

FIG. 7. Experiment energy spectra measured with rings 2 and 9
FIG. 6. Comparison of experiment proton energy spectra meaef the Microball obtained for protons, deuterons, and tritons in the
sured with ring 5 of the Microball to standard statistical model E/A=9.0 MeV ®Ni+ Mo reaction. The curves indicate the re-
predictions for theé®*Ni+ 1Mo reactions. For clarity, the results for sults obtained from statistical model simulations. For clarity, the
the higher bombarding energies have been scaled by the indicatedsults for deuterons and protons have been scaled by the indicated

factors.
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and its much harder slope, relative to the statistical model
predictions, are clearly present even at the lowest bombard-
ing energy.

To estimate the total deuteron and triton multiplicities,
two approaches were followed. First for an upper limit, one
can assume that the dominant lower energy deuterons and
tritons are essentially all due to statistical emission. In that
case, their angular distribution should be symmetric about
0. m=90°. The differential multiplicities from rings 2 to 6,
where the complete energy spectra were measured, were
therefore fit with the sum of zeroth- and second-order Leg-
endre polynomials which have the appropriate symmetry.
For the lower limit, it was assumed that the shape of the
energy spectra is independent of angle. The shapes of for-
ward angle spectra were then used to extrapolate below the
low-energy threshold in rings 8 and 9. The resulting forward
peaked angular distributions were then fit with the sum of
zeroth-, first-, and second-order Legendre polynomials.

The final angular distributions and the two fits are dis-
played in Figs. 9 and 10 for deuterons and tritons, respec-
tively. The differential multiplicities, depicted by the square
symbols, were obtained from the extrapolation procedure
and were only used in the second fit. The two fits produce
quite different results a¥. ,,=180°, however, when inte-
grating the total multiplicity this difference turns out to be of
minor importance as the differential multiplicities are
weighted by sing. ;) and the total multiplicities differ by no
more than 10%. Note that the angular distributions obtained
for E/A=5.0 MeV are slightly peaked & ,,=90°. This is
a consequence of the bias introduced by the range of evapo-
ration residue angles sampled by the PPAC. This bias will be
discussed further in the next section.

FIG. 8. Experimental deuteron energy spectra measured in rings 1h€ deuteron and triton multiplicities are plotted as a

2 and 9 of the Microball for thé“Ni+ 1°Mo reactions. For clarity,

function of excitation energy in Fig. 5. As the magnitude of

the results for the higher bombarding energies have been scaled bge statistical component could not be extracted, these data
the indicated factors. The curves show the predictions of the statigalso represent maximum limits for this quantity. In any case,
tical model calculations.

the plotted data are a factor of 2 or 3 lower than dEmINI
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FIG. 9. Experimental deuteron angular distri-
butions measured in th&Ni+ %Mo reactions
for the indicated bombarding energies. The re-
sults depicted by the square symbols were ob-
tained by using the shapes of the forward angle
spectra to extrapolate below the low-energy
threshold. The curves show fits to the angular dis-
tributions obtained with and without the extrapo-
lated data pointgésee text
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predictions. However as with the protons, the relative exci-
tation energy dependence is correctly calculated. L L B B R

alpha
"\ particles

4. a particle evaporation ’

0
a particles, because their mass is greater and their Cou- 10

lomb barrier is larger, induce a more substantial recoil mo-
tion to the decaying system than do the other charged par-
ticles. As such they have a much larger influence on the final
evaporation residue angle and hence there emission pattern -
are much more biased when this range of angles is restrictec !

by the detector acceptance. Care was taken to include this m 10~1
bias in the statistical model simulations before comparing to 7'

the data.

The measure@data points center-of-mass energy spectra
and the results from the standard calculatisolid curve are
displayed in Fig. 11 fora particles detected in ring 5
(6: m~90°). As with the protons, the simulations reproduce
the slope of the exponential tail. However, unlike the pro-
tons, the experimental magnitude of the tail is approximately
reproduced in the simulations. F&B¥A=5.0 MeV, the sta-
tistical model predictions reproduce both the low- and high-
energy regions. However, as the bombarding energy in-
creases, thesemINI calculations increasingly underpredict
the low-energy region and, relative to the experimental 10~3
value, the position of the peak is shifted up higher in energy.

The « particle angular distributions are displayed in Fig.

12. As for the other particles, the shapes of the energy spec-
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tra measured at forward angles were used to extrapolate pas TN TR T Y ‘J L
the low-energy threshold in rings 8 and 9. The resulting an- 0 10 20 30 40 50
gular distributions are approximately symmetric about E (MeV)

0. m=90° and are well fit with a combination of zeroth- and c.m.

second-order Legendre polynomidkee figurg Therefore FIG. 11. Experimentak particle energy spectra obtained from

they show no evidence of any substantial nonequi”briumring 5 of the Microball in the indicate@*Ni+ 1°Mo reactions. The

component. The total multiplicities are also plotted as a funCtryes show the predictions of statistical model calculations. The

tion of excitation energy in Fig. 5. Unlike the other chargedsgjig curves were obtained when only the evaporation of particle-
particles, the magnitude of these experimental multiplicitiesstaple fragments was considered in tvini code. For the other
are in fair agreement with the standard statistical model calcurves(dotted and dashgdhe evaporation of the particle-unstable
culations. ®He ground state was also included in the statistical model calcu-

The bias introduced by the selected range of residugtions. The dashed curve is associated with the loWée Cou-
angles is largest fdE/A=5.0 MeV. To explore this bias, the lomb barrier(see text
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0.30

0.20

FIG. 12. Experimentat particle angular dis-
tributions measured in the indicate§Ni+
100Mo reactions. The results depicted by the
square symbols were obtained by using the
shapes of the forward angle spectra to extrapolate
below the low-energy threshold. The curves are
fits used to determine the total multiplicity.
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angular distributions, gated on evaporation residue angléo be associated with very large valuesRafs. The unbiased
(65D, are plotted in Fig. 13. The distributions show a rapidangular distribution will therefore have a much more pro-
change in shape and magnitudes§ increases. This behav- nounced minimum a¥.,=90° than is evident from the
ior is readily understood: to obtain the largest residue anglegresent work. The effect is smaller for the other bombarding
multiple « particle emission is required and of course theseenergies as the dependenceRafs on 7 is not as strong
are emitted ab, ,~90° (collinearly). Hence the angular dis- and the fraction of the residues which pass inside the inner
tributions are peaked ne#. ,,=90°. For the smallest resi- edge of the PPAC is expected to be reduced by a factor of 2
due anglesg particle emission af. ,,~90° must clearly be Or more.
suppressed and the angular distributions must display a mini- The experimental bias also affects the measured multi-
mum nearé, , =90°. plicities. Figure 15 shows the dependence of the experimen-
To quantify this effect, the ratidRgs of the differential  tal a particle and proton multiplicities on the residue angle.
multiplicities from rings 9 and 5 is determined. This is ap- For the lowest bombarding energy, theparticle multiplic-
proximately the ratio of the angular distributions at ity decreases rapidly @857 decreases. The range of residue
0.m»=180 and 90°. These ratios are plotted as a function ofingles accepted by the PPAC therefore selects out events
residue angle in Fig. 14 for the four bombarding energieswith larger « particle multiplicities. In the simulation this
For E/A=5.0 MeV, it was predicted that approximately 34% bias results in a 30% increase in the average multiplicity for
(Sec. Il A’ of residues passed inside the inner edge of th&e/A=5.0 MeV. The dependence of the multiplicities on
PPAC and were not detected. From the experimental depem? is much smaller for the other bombarding energies and
dence ofRg5 0n AER, one expects these evaporation residueso this effect should be reduced. In these cases the simula-

5.000

91}3; (deg) T

. - 6.2 (x80)_|
o~ 1000 S5 g ¥ 53 §x40§ ]
I‘(;,' 0.500 w 4.3 (x20)— FIG. 13. Experimentak particle angular dis-
~ % 3.4 éXB; 1 tributions obtained from theE/A=5.0 MeV
g e o e g7 2.6 (x4 ®Ni+ %Mo reaction gated on the indicated
>~ - e, e ] evaporation residue detection angles. The curves
Eﬁ 0.100 B e ) E E show fits to these data used to determine the total
o 0.050 — ] 1.8 — multiplicity. For clarity, the curves have been

scaled by the indicated factors.
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I I I I IR multiplicities reasonably well, though as noted in Sec.
— ] Il A 2, the magnitude of the proton multiplicity is consis-

— 2.0 tently overpredicted by the simulations.
The GEMINI calculations approximately reproduce the
1.0 shapes of the measured angular distributions. The predicted

values ofRy;5 are compared to the experimental results in

0.5 Fig. 14. The predictions show some sensitivity to the value
2.0 of the maximum partial wave/(,) which contributes to resi-
due formation(see Sec. lll AL Results obtained with
1.0 5.0 a;/a,=1.00 and 1.06 are indicated by the dotted and solid
curves, respectively. The former of these is associated with
0.5 the larger/, values and is in better agreement with the ex-
‘020-0 2.0 perimental data. Inclusion of even higher partial waves
;10 oL 10 would further improve the agreement at the largest bombard-
a't e ) ing energies. Both calculations give approximately the cor-
50 05 rect dependence g5 on OER.
2.0 , 0.2 B. 150+ 1485m
1.0 :_5_ _ _ _________ — For the oxygen-induced reaction, because of the larger
— = beam velocity, incomplete fusion processes become more
05— 3 important. An examination of the energy spectra of all
— ] charged particles detected in coincidence with evaporation
0nl I | residues reveals a strong nonstatistical component at the for-
. e ward angles, especially far particles. Therefore in this pa-
0.1 Lo PR AUV B S per only the spectra obtained from rings 8 and 9, the most

0 2 4 6 8 10 backwards rings of the Microball, will be presented.
ER
01ap (deg)

1. Evaporation residues

FIG. 14. Experimental ratios of the differential particle mul- Before examining the energy spectra, it is important to
tiplicities measured in rings 9 and 5 of the Microball plotted as ayetermine the degree of fusion associated with these events.
e e et o o oo v e velocy of h evaporation residues vere measured a

. X . ; o PPAC-target distancé€46 and 20 cmto check for any
calculations obtained with;/a,=1.06 and 1.00, respectively. I - NP i
arge systematic errors. Absolute time-of-flight measure
ments were obtained using elastic scattering to determine the
tions predict, at most, a 4% increase in the average detecteiine zero. The time zero is expected to be similar for resi-
multiplicities relative to the unbiased results. The bias has @lues and elastically scattered projectiles as they both pro
negligible influence for the proton at all bombarding ener-duce signals of similar pulse height in the PPAC, i.e., there
gies. Note, thesEmMINI simulation indicated by the curves in are no walk corrections. In calculating the systematic uncer-
Fig. 15 reproduce theE)EF; dependence of the experimental tainty, the error in determining the time zero is assumed to

TVTT | UL | TT T T | T T 1T I TTT TFTT | TTrTT | LI I.I T TTT
20.0— protons —— alpha particles—
L 10(x4)
100 s%ssss —HE —
2 50 oo [Ty AD S
o | 0 § 4L i
é e FIG. 15. Average multiplicities of proton and
& RO~ ee® [ lE o «a particles measured as a function of evaporation
= 1.0 s ] residue detection angle for the indicatéNi+
= Y E 6 é(Xl 5)5 E 3 1090 reactions. For clarity, the results from the
= 05F o 0 ’ i ] higher bombarding energies have been scaled by
i ° ""c,m.,o r 8 b the indicated factors.
L O..... 1F 5 .
o ¢
0.2 — o —
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060 T T T T T T T T T

0.55 FIG. 16. Experimental average evaporation
residue (open symbols and compound nucleus
(solid symbol$ velocity components along the
beam axis measured in tHéO+ 18Sm reaction.
The dotted lines indicate the reaction center-of-
mass velocity and the solid curves show the pre-
dictions of theGeEmINnI simulations. The results
are shown when either a proton, a heavier hydro-
gen isotope, or aw particle is detected in rings 8
and 9, the most backward Microball rings.
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be less than 2 ns. Corrections for the average energy loss gorrected data to theemINI predictions, the average velocity
the thick Sm target were obtained from RES1]. of the fused system was determined to be 6.984 times
The average component of the residue velocity along théhe complete fusion value. The close proximity of this num-
beam axis is plotted in Fig. 1@®pen data poinjsas a func-  ber to the limiting complete fusion value suggests that the
tion of #EX when either a proton, a heavier hydrogen isotopeassociated distribution of compound nucleus excitation ener-
or an « particle is detected in rings 8 or 9. The results ob-gies is very narrow. From incomplete fusion logic, the aver-
tained with the target-PPAC separations of 20 and 16 cm ara@ge excitation energy is found to be 169.1.6 MeV and
indicated by the circular and square data points, respectivelyhus this data set is well matched to tB2A=6.8 MeV
These two sets of measurements are in very good agreemeffNi+ %Mo reaction which has an excitation energy of
well within the 0.024 cm/ns systematic uncertainty. Most of170.4 MeV. To the extent that there is no incomplete fusion
the measured residue velocities are greater than the centdén-the oxygen induced reactions and to which the compound
of-mass velocity for the reaction indicated by the dotted linenuclei spin distributions associated with evaporation residue
The systematic increase in this velocity with the mass of thdormation are limited by fission competitiofSec. 11l A 1),
coincident light particle, suggests that this is a bias due to th#éhen the spin distributions for the two entrance channels will
recoil motions imparted when these coincident particles weralso match. However, the consequences of incomplete fusion
emitted backwards. Therefore to obtain the initial velocitiesare not clear, it may further limit the spin distribution in the
of the fused systems, these recoil effects must be subtractedxygen induced reactiofsee latey.
The solid data points show the results of an event-by-event
recoil correction. They no longer show any dependence on
the charged-particle mass and are consistent with the center- 2. Charged particle emission
of-mass velocity for all but the largest values @iﬁ The Energy spectra of charged particldsom rings 8 and 9
GEMINI_predictions, shown by the solid curves, indicate thatdetected in coincidence with evaporation residues were again
this 657z dependence is expected. From the ratio of the recoileonstructed. No attempt was made to extract absolute differ-

A I
_ 0de, 4 . .
107% "T0e e o Ni+Mo (ring 3)
—~ L L) 8 [] - . :
I 51 04 . * 0+Sm (ring 9) o
] of o_ ™ )
Tm 8o .
o _ =
S _3 ° . FIG. 17. Comparision of the proton energy
~ 107° F o E spectra measured in th&°0+*%Sm and the
S ' " Co °s, ] E/A=6.8 MeV ®Ni+ %Mo reactions. The pre-
= S 7] dictions of the statistical model calculations are
~o o %, ° _ indicated by the dotted curve.
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§ 3 i ° ] FIG. 18. Comparision of the deuteron energy
~ o 4 ] spectra measured in thé°0+%Sm and the
= o b ° 0e - E/A=6.8 MeV ®Ni+ Mo reactions. The pre-
% ; o dictions of the statistical model calculations are
~ o e : indicated by the dotted curve.
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ential multiplicities as the inclusive yield of evaporation resi- old. As with the corresponding NiMo data, these exponen-
dues is expected to be associated with events of lower avetial tails are much harder than tteemiNI predictions as il-
age momentum transfer than those selected by thkistrated in Fig. 18 for deuterons. It is therefore likely that
requirement of coincident charge patrticles in rings 8 and 9the detected deuterons and tritons are predominately non-
Rather, all differential multiplicities were scaled so that thestatistical. The magnitude of the differential multiplicities
value for protons reproduced the corresponding result obformalized relative to protonshown in Fig. 18 is larger at
tained in theE/A=6.8 MeV %Ni+ %Mo reaction. The re- backward angles for the lighter projectile. However, it is not
sulting spectra for protons obtained from ring 9 are plotted irsurprising that this nonstatistical component is entrance-
Fig. 17 (solid symbol$. The data obtained from ring 8 are channel dependent.
essentially identical. For comparison, the corresponding The emission ofa particles also shows an entrance-
spectrum obtained with ring 3 from the matchingtNMo  channel dependence, but unlike the deuterons and tritons this
reaction is indicated by the open symbols. The shapes of theéependence is not clearly associated with a nonstatistical
proton spectra from the matched reactions agree well wittomponent. To illustrate this entrance-channel effect, let us
each other. The largest differences are Eqr,,>20 MeV first concentrate on the shape of the energy spectra as these
where a nonstatistical tail is evident for the oxygen inducedhre little affected by the bias induced by the PPAC accep-
reaction. Both experimental spectra are in disagreement wittance. In order to convince the reader that the differences in
the GEMINI predictions indicated by the dotted curve. the energy spectra are of greater magnitude than the experi-
For the heavier hydrogen isotopes, again only the highmental uncertainties, the spectra are plotted as shaded bands
energy tails of the spectra are above the low-energy threslin Fig. 19. These bands span the maximum and minimum

1072 I L I | ]

T GEMINI E*=170 MeV-
T sp ]
@ - Y Ni+Mo 7
L 3t |
% FIG. 19. Comparision of the particle energy
~ 2" BEEO+Sm spectra measured in th&%0+%Sm and the
c E/A=6.8 MeV ®Ni+ 1Mo reactions. The pre-
E dictions of the statistical model calculations are
rU . .
< 10_3 B indicated by the dotted curve.
g -

7 —

5K alpha particles

AN § - A
0 10 20 30



56 CHARGED-PARTICLE EVAPORATION FROM HOT*®%b . .. 885

values of the relative differential multiplicitiegormalized served experimentally. This disagreement has been noted in
to same argaobtained from rings 2-5 and 8,9 for the a number of other studi¢®,4—8 and is often attributed to a
Ni+Mo and O+Sm reactions, respectively. The bands thereteduction in the Coulomb barrier. However, it is not at all
fore represent the uncertainty due to both the statistical anglear that the mechanism responsible for this disagreement is
systematic errors. For the-Bm reaction, the uncertainty in  the same for both protons and particles. For instance, the
the compound nucleus velocity also contributes to a smalghit petween the experimental and predicted peak positions
Uncertainty in the determination of the em|tted partide show little dependence on the bombarding energy for pro-
energy. Therefore spectra transformed with compoundons. whereas for particles, there is no shift at the lowest
nucleus velocities of 0.94 gnd 1.00 times the complgte fUSiO'bombarding energy and it steadily grows as the bombarding
value (Sec. IlIB 1) were included when constructing the energy increases. Also the predicted magnitude of the expo-
band for the G-Sm reaction. nential tails is approximately correct far particles, whereas
The entrance-channel dependence of the shape of the 8itiey are overpredicted by 50% for protons.
ergy gpectra is s.mall in Fig. 19. The spectrum obtained with  one feature of the proton and particle spectra which is
the Ni+Mo reaction has a larger yield for the lowestpar- el reproduced in the statistical model simulations is the
ticle energies. While the slopes of the exponential tails arg|ope of the exponential tails. This feature is related to the
similar for the two experimental spectra, both of these specghice of level density parameter and indicates that the ex-
tra peak at lower energies than themiNi prediction which  perimental data are consistent with Lestone’s temperature-
is indicated by the dotted curve. . ~ dependent parametrizatig@2] used in thecemiNi calcula-
In comparing the ratio o& particle to proton yields, ring  tions. In this parametrization, the level density parameter
9 will be used as the averageparticle emission angles are gecreases from/8.7 to A/9.8 MeV ! as the excitation en-
very similar, i.e.{ 6. m)=162° and 167° for the oxygen- and grgy increases from 100 to 280 MeV. Both the magnitude
nickel-induced reactions, respectively. The measured ratio oind the temperature dependence affect the predicted slope.
a particle to proton differential multiplicites are 0.91 For example, if a temperature-independent value is assumed,
+0.07 and 0.9%0.07, respectively. However, these resultSthen the slightly lower value oA/11 MeV~! is needed to
are associated with different biases due to the PPAC accepptain the same results for tiéA=9.0 MeV reaction. This
tance. U_sing thel;M|N| simulations to correct for this effect, temperature-independent value is consistent with other val-
the unbiased ratio ot particle to proton yields at these yes extracted from slightly lower mass systems at large ex-
backward angles is 219% lower in the G-Sm reaction as citation energie$36,37).
compared to the NiMo reaction. Gonin et al. [4] have subtracted particle spectra mea-
Both the small differences between theparticle energy syred aE/A~ 9 and 11 MeV in the®®Ni+ 19Mo reactions.
Spectra and between the backward relative yleldS indicat?'he resuiting “quasi_first_chance emission” Spectrum was
that there is an entrance-channel dependence in the decayfg{ind to be consistent with a lower level density parameter
these systems. However, it is by no means clear that this isf A/13.8 MeV 1. This subtraction procedure was attempted
related to the effect of fusion dynamics on the decay procesg, this work, but the results obtained from the different Mi-
and/or a violation of the Bohr independence hypothesis. Alxroball rings were not consistent. It is likely that the experi-
though the compound nuclei excitation energies obtained iphental bias associated with the PPAC acceptamtch is
the reactionS are We” matched, |t iS not Certain that th|S i%ifferent at different bombarding energjmuses the faiiure
true for the initial spin distributions. The particle angular  of this procedure.
diStI’ibUtiOhS are Strongly dependent on the |n|t|a| Spin diStri- The role Of fusion dynamics is not Cieariy defined by this
bution (Sec. lll A 4), and the lower relativer particle yield  work. The evaporation of charged particles during the period
measured at the backward angle in the 8m reaction may pefore the fusion-induced collective modeeformation or
indicate that the initial compound nucleus spin distribution iscompression-extensiomre fully damped, is expected to in-
limited to lower values. In complete fusion reactions, thefluence the average Coulomb barrier and decay rates. These
maximum/ waves associated with evaporation residues ar@ollective modes are expected to be dependent on the
limited by statistical fission competitiofBec. Ill A 1). How-  entrance-channel mass asymmetry and therefore lead to a
ever, in the G-Sm reaction, incomplete fusion processesyjolation of the Bohr independence hypothesis. No entrance-
may be relatively more prevalent at these largevaves  channel dependence of the shape of the proton energy spec-
giving rise to compound nuclei of reduced spin. tra was observed fd* ~170 MeV. This is not surprising as
large deformations are necessary to substantially change the
average proton Coulomb barrigs]. Futhermore, a signifi-
cant fraction of the low-energy protons are emitted very late
IV. DISCUSSION in the decay after the dominant neutron evaporation channel
drives the system to the neutron-deficient region. As such,
The standard statistical model calculations did not satisproton emission is less affected by fusion dynamics during
factorily reproduce the experimental charged-particle datdhe early stage of the decay.
presented in the previous section. Although the data were A small entrance-channel effect was observed for dhe
compared with predictions from the codsEMINI, similar  particles, however, it is not clear whether this is due to a
results and conclusions were obtained with the cedaP  violation of the Bohr independence hypothesis or due to a
[35]. mismatch in the compound nucleus spin distributions. Low-
For both the protons and particles, the peak in the en- energya particle emission was enhanced in the more sym-
ergy spectra is predicted to occur at larger energies than olretric Ni+Mo reaction, consistent with fusion models
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which predict that the more symmetric entrance channelsnechanisms which might account for some of the discrepan-
lead to systems with larger initial deformatiof%2], and cies between the experimental data and the model predic-
hence have lower average Coulomb barriers. On the othdions. These are discussed in the following sections.

hand, the incomplete fusion process may deplete the popula-

tion of compound nuclei at the highest spins in the oxygen-

induced reaction. If this is the case, the emission of the

lowest-energyx particles is clearly more important at these A. Temperature dependence of the symmetry energy

high spins. To add to the confusion, it should be noted that at

higher excitation energies{(300 MeV) no entrance-channel
dependence of the shape of theparticle spectra was ob-
served for similar reactions covering a wider range o

Consideration was given to the effect of a predicted in-
crease in the symmetry energy associated with the tempera-
fure dependence of effective nucleon mass in the surface of

entrance-channel mass asymmé8y. Note also the lack of the nucleug38]. The kinetic part of the symmetry energy is

an effect for the more limited range of asymmetries in Ref_related to the level spacing at the Fermi surface and so it is
[6] for E* =194 MeV also related to the level density paramdtaT)]. The fol-

lowing temperature-dependent term was therefore included

At lower excitation energiesH* ~50 MeV) for the same . . L ; .
giesH V) e{vhen calculating binding energies in tBemINI simulations:

set of reactions studied in this work, the ratio of deuteron an

triton to proton yields were found to be dependent on the

entrance-channel mass asymmdttg]. It was not possible _ -

to confirm whether this effect is present at the higher excita- E‘S‘;‘m(T) =17

tion energy energies encountered in this work, due to the

presence of the strong nonstatistical component in the deu-

teron and triton spectra. The increase in the symmetry energy at the larger tempera-
Another important result of this work, is the overpredic- tures, drives thed valley of stability closer tdN=2Z and so

tion of the multiplicities for hydrogen isotopes. Although the enhances neutron and reduces proton emission. However,

deuterons and tritons contain a significant nonstatistical corntaking a(T) from Ref.[22], the magnitude of the effect was

tribution, the magnitude of the statistical component is atvery small. For theE/A=9.0 MeV Ni+Mo reaction, the

least a factor of 2 smaller than the statistical model predicpredicted proton multiplicity decreases by only 5% and the

tions (Sec. Il A 3). For protons, only the yield of the very tritons increase by 7%. The effect for tritons is of course in

lowest kinetic energies are correctly predicteB. (<6  the wrong direction to reproduce the experimental data. Un-

MeV) and these are predominantly emitted at the very lowesfess the temperature dependencézélfm(T) is much larger

excitation energiesg* <30 MeV) as discussed above. As and some extra mechanism is invoked to reduce the triton

the more energetically “expensive” deuteron and triton probability (see the next sectignthis effect is of little im-
emissions occur only at the highest excitation energies, ongortance in understanding the data.

may generalize and infer that the emission probability of all
hydrogen isotopes is overpredicted in the statistical model
for excitation energies greater tharB0 MeV. The suppres-
sion of proton emissions from all but the lowest excitation
energies, changes the ratio of high- to low-energy protons,
and so accounts for the shift in the peak position between the In a previous work, we have shown that a significant re-
measured and predicted energy spectra. The mechanism afiction in the predicted deuteron and triton multiplicities
sociated with this reduction in emission probabilities for hy-could be obtained39] by using transmission coefficients
drogen isotopes is not clear, especially since the magnitudealculated with the direct-reaction approach to fusion
of the a particle multiplicity is correctly predicted. (DRAF) method [40]. In the DRAF method, the optical

In the neighboring'®®b compound system formed with model imaginary potential is subdivided into an inner fusion
the very similar®Ni+ 1Mo (E/A~9 and 11 MeV reac- part and an outer direct-reaction part. Transmission coeffi-
tion, Goninet al.[4] also report lower experimental charged cients for fusion are calculated as the fraction of the incom-
particles multiplicities than predicted by statistical modeling flux which is absorbed by the fusion part of the imagi-
codes. However, it is difficult to fully reconcile these results nary potential. The DRAF transmission coefficients are not
with those of this work for the same range of excitationpurely barrier penetration probabilities, but contain informa-
energies E* =251-293 MeV. For one thing, the experi- tion about the competition between fusion and direct reaction
mental proton multiplicities reported by Gongt al. for the  channels. For example, at large kinetic energies where the
more neutron-deficient®b system, are actually smaller barrier penetration factor is unity, the DRAF transmission
than that obtained in this work. Futhermore, in this work thecoefficients in thed+*Nb system[39] approach a value
a particle multiplicity is in agreement with expectations, closer to one half. The other 50% of the flux is associated
whereas the value reported by Gorehal. is a factor of  with absorption by the direct-reaction channels.
~3 less than statistical model predictions. It is difficult to  Before using DRAF transmission coefficients one must
envision how such a large difference in the decay propertiefirst consider the relevance of the competition of fusion and
could occur with the addition of four neutrons to the projec-direct reactions to the inverse evaporation process. To this
tile. end it is important to note that the bulk of the direct reaction

In an attempt to further understand the results obtained ighannels involve the breakup of the deuteron due to its in-
this work, we have explored, with mixed success, threderaction with the target's Coulomb fiel@gl]. Given the

1

am a0 N* @

B. Deuteron and triton breakup
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high probability of such an interaction for trajectories whichisolated resonance in tHe-matrix formalism[42] with pa-

can lead to fusion, it is not unreasonable to infer that there isameters taken from Ref43]. As for all other decays, a

also a large breakup probability for the inverse evaporatioguantum treatment was used to choose the emission angles

process. Therefore the DRAF transmission coefficients mugif both steps. The second step is assumed tg-eave

be interpreted as containing barrier penetration and approxAecay.

mate breakup probabilities. Transmission coefficients were calculated with the
There is at present no experimental deuteron-fusion of"coming-wave boundary-condition approximation using ap-

triton-fusion cross sections to constrain DRAF calculations?ropriate Coulomb and centrifugal potential. However, the

for the mass region of interest in this work. A breakup prob-choice of the nuclear potential introduces the largest uncer-

ability of 50% or greater would be consistent with uploertalnty into the final calculations. As af]rst guess, the nuplear

potential was taken from a global optical model analysis of

limits obtained in this work for the statistical components. 5L elasti Gadl. Thi dure is iustified for th
However, protons produced in the breakup of these frag- i elastic scattering44]. This procedure is justified for the

ments would further exacerbate the disagreement betweé}\eighboring nchefHe,_where elastic scattering data can be
experimental and calculated proton multiplicities. Therefore reproduced with"Li optical model parameterfst5,44. The

. : .. _'Coulomb barrier determined from this nuclear potential is 2
independent of the magnitude of the deuteron and trltorMeV lower than the value used far particle emissior(18
breakup probabilities, some other mecharf®@must be in-

ked f tull d i £ th S babilities f MeV). However, the Coulomb barrier foPHe emission
Voked Tor a Tufl description ot Ineé emission probabiiities for might be even lower than this a¥He is predicted to be
hydrogen isotopes.

spatially even more extended th&He. In Ref.[47], °He is

predicted to have an rms neutron radius of 3.0 fm compared
C. Emission of °He to the value 2.6 fm predicted fdiHe. With this in mind, a
One possible mechanism which may contribute to soméecond set of transmission coefficients was calculated with

of the low-energya particles observed at the higher bom- the diffuseness of the nuclear potential increased by 30%.
barding energies is the emission of particle unstable states"€ resulting Coulomb barrier is decreased by an additional

which sequentially decay producing particles. The most f2 MGY' ChaIcT(Ija;uhons fW'th the F\go sets of trag;smssmn fC oetfr;
likely candidate for this scenario is ground-stdtde emis- clents shou erelore provide a reasonab’e range for the

sion. There are a number reasons whyarticles produced expected magnitude 0He emission and its influence on the

from the decay of°He fragments will enhance the low- a particle’s energy spectrum.

) fth tra. Firsfivde h Before comparing the calculations to the data, it is impor-
energy region of the energy spectra. Firstide has a more tant to note that the short lifetime of tmHe fragment has

diffuse neutron dpnsity digtribut'ion compared to .the ratherbeen neglected and it is assumed to decay outside of the
compact a particle configuration. Consequentially the jhquence of the Coulomb field of the decaying system. This
nuclear potentiatbetween it and the emitting systgmwill s ot entirely correct; th8He fragment is predicted to decay
have a larger radius and hence the height of the Coulomgt 5 distance of-35 fm, on average, from the center of the
barrier will be reduced. Futhermore when thide nucleus  emitting nucleus. This distance is large enough that our sepa-
decays, the resulting particle retains, on average, only 80% ration of the emission and subsequent decay steps is mean-
of the °He kinetic energy and if thige particle is emitted ingful, but it will lead to an underprediction of the particle
backwards from the decayintHe fragment its energy will energy: Thea particle has a higheZ/A ratio than®He and
be even smaller. hence experiences a larger acceleration by the Coulomb
The separation energy for the removal oftde fragment field. Decay in the presence of the Coulomb field therefore
is significantly larger than that for am particle, i.e., 7.7 leads to largew particle and smaller neutron energies than
MeV compared to— 2.7 MeV for decay from'%%b. There- are simulated in the&EMmINI calculations. The magnitude of
fore, the emission probability is only significant at the largerthis effect is~1 MeV, on average, for the particles, which
excitation energies. This large separation energy is partiallys similar in magnitude to our uncertainty in the Coulomb
compensated by the reduced Coulomb barrier, as alreadyarrier. Also interactions of theHe fragment with the Cou-
noted, and a larger spi3/2 % for >He compared to zero for lomb field may decrease its lifetime and further increase the
a particles resulting in a spin-weighting factor &2-1) «a particle energy. Therefore we have not tried to incorporate
which favors®He emission by a factor of 4. Also because of this effect into the calculations at this time.
it's larger spin and greater mass, the evaporation 6Ha The predictedr particle energy spectra obtained with the
fragment can remove more angular momentum from the detwo sets of transmission coefficients are indicated by the dot-
caying system. This increases the emission probability ted and dashed curves in Fig. 11. The dashed curves are
at the higher compound nucleus spins where the level densigssociated with the lowePHe Coulomb barrier and, as a
has a strong angular momentum dependence. consequence, it produces the larger effect. At the lowest
To obtain quantitative estimates of the influendde  bombarding energy, the predictétie multiplicity is negli-
emission, the computer codeMINI was modified to include gible and the calculated energy spectrum is essentially unaf-
this decay mode and treat its subsequent breakup. In calctected by the inclusion oPHe emission. However, theHe
lating the total decay width foPHe emission and the distri- multiplicity is predicted to increase rapidly with excitation
bution of the relativex-n kinetic energy in the second step, energy, and the inclusion oHe emission substantially im-
the Hauser-Feshback formalism was extended to include gproves the agreement between the simulations and data at the
integral over the line shape associated with this resonandgigher energies. In fact, the calculations with the lower Cou-
(width=0.6 MeV). The line shape was taken to be that of anlomb barrier are in very good agreement with the data at all
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bombarding energies and at the two highest bombarding en- The emission oPHe fragments has been observed to ac-

ergies, these calculations predict tRate emission accounts company the spontaneous fission BfCf [48] and thea

for ~30% of thea particles. particles produced from the decay of these fragments account
The large recoil motions associated withle emission for ~11% of the long-ranger particles which are detected

increases the predicted width of the evaporation residue arin coincidence with the fission fragments. It is interesting to

gular distributions. The simulated angular distributions, indi-note that for these long-range particles, there is also an

cated by the dashed curves in Fig. 1 for the calculations wittapparent enhancement in the low-energy region of their en-

lower °He Coulomb barrier, are also in better agreementergy spectra which has been attributed to the contribution

with the experimental data. The charged-particle multiplici-from these®He « particles[49].

ties obtained with the same calculations are indicated by the

dashed curves in Fig. 5. The multiplicities of hydrogen iso- V. CONCLUSIONS

topes are essentially unaffected by the inclusion °bfe

emission and thea particle multiplicities are increased | X o ) . i
slightly, but still consistent with the experiment values. particles detected in coincidence with evaporation residues

i 10 16, 14
The inclusion of °He emission, therefore improves the has bee!’] measured f6fNi+**Mo an.d ,O+ SSm reac-
agreement between the simulations and the experimentfPnS Which produce compound nuclei with excitation energy
data. This is true for both the energy spectranoparticles from 100 to 280 MeV. Standard statistical model calcula-

and for the evaporation residue angular distributions. Th&lONS incorporating only the evaporation of stable light par-
largest uncertainty in predicting tHHe multiplicity is asso- ticles were not able to reproduce the shape and magnitude of

ciated with the choice of the Coulomb barrier. However, theSN€r@y spectra for all charged particles. For deuterons and

calculations presented in this section, which cover a reasorif'tons. the energy spectra show large nonstatistical compo-

able range of values for this quantity, indicate tRee emis- nents, e\c/jen Ifor the I?wgst bo%bgrdijngd enedr%/,ﬂ(?S.O
sion can account for a significant fraction of the enhanceMeV) and only upper Imits could be deduced for the mag-
ment in the low-energy portion of the particle energy nitude of the statistical component. Nevertheless, these upper

spectrum and thus contributes to the apparent decrease in ti@its are significantly lower than statistical model estimates.
Coulomb barrier. For protons andx particles, the predicted position of the
The predicted®He emission probability shows a small peak in Fhe energy spectra was shifted up i_n_gnergy relative
dependence on the compound nucleus spin. To investigat@ experiment data. The total proton multiplicities were also
the effect of reducing the maximum spin in the-Gm reac-  overpredicted in the calculations.
tion, let us concentrate on the calculation with the lower Oxygen- and nickel-induced reactions were matched to
Coulomb barrier. In Fig. 11, 19% of the particles originate ~produceE* =170 MeV compound nuclei. The resulting pro-
from °He decay forE/A=6.8 MeV Ni+Mo reaction. This ton energy spectra were found, within the experimental un-
value is averaged over the compound nucleus spin distribusertainties, to have identical shapes apart from the presence
tion. To estimate the largest possible effect, let us assume faf a nonstatistical component. However, #agarticle spec-
the O+Sm reaction that we are limited to spin zero systemstra were found to display a small entrance-channel effect; the
In that case, the fraction of particles originating from spectrum for the more symmetric reactions extends down to
°He decay drops to 14%. This change in probability withlower kinetic energies. The interpretation of this result is not
spin is too small to account for the observed entranceebvious, as it is not clear how well the initial compound
channel dependence of the particle’s energy spectra and nucleus spin distributions were matched for the two entrance
suggests there is still room for fusion dynamics to play somehannels given our lack of understanding of the incomplete
role in explaining this effect. However, it is important to fusion processes which contributes to residue production in
experimentally investigate the magnitude e emission, the O+Sm reaction.
before any quantitative conclusions regarding modifications Although the apparent decrease dn particle emission
to the Coulomb barrier due to deformation of other dynami-barriers may indicate that fusion dynamics affect the deexci-
cal effects can be made. In any case, this indicates dhat tation process, it was shown that a significant fraction of this
particles might not be the best probe of such effects at theecrease could be accounted for within the statistical model
higher bombarding energies. by including the emission ofHe nuclei. Statistical calcula-
The effect of other particle-unstable fragments was alsaions indicated that the sequential decay of this fragment
considered. The emission of the"2first excited state of enhances the low-energy portion of thearticle spectra and
®He will also give rise to low-energy particles, however, at the highest excitation energies*(= 280 MeV) up to 30%
the GEMINI calculations suggest that the multiplicity of this of the o particles may originate from such decays. However,
fragment is insignificant;- 100 times less than the value for the emission of’He fragments is unable to account for the
°He at E*=258 MeV. The evaporation of ground-state observed entrance-channel dependence ofdthgarticle’s
SLi is expected to be more probable, its yieldEt =258 energy spectra and suggests there is still room for fusion
MeV is predicted to be a factor of 6 lower than the®’He  dynamics to play some role in explaining the energy spectra.
yield. However, the kinetic energies af particles produced A full understanding of the decay of the highly excited
from the decay of these fragments will not be as low as thoseompound nuclei produced in this work is not obtained. The
from °He decay due to the larger Coulomb barrier fii mechanism responsible for the overprediction of the emis-
evaporation. ThereforeLi emission does not contribute to sion probabilities for hydrogen isotopes is not known. Ex-
the enhancement of lowest-energyparticles. periments are needed to determine the magnitudéHsf

The angular distributions and energy spectra of charged
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emission and to systematically search for entrance-channekcited states iff*’Li is negligible for the range of excitation
effects as a function of excitation energy. We have quesenergies studied in this work.

tioned the sensitivity of both proton ardparticles as probes

for the effects of fusion dynamics on the deexcitation pro-

cess. It would be useful to establish whether deuterons and ACKNOWLEDGMENTS

tritons are any better. Clearly one needs to determine
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