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Study of the decay of hot nuclei formed in**¥_a-induced reactions atE/A = 45 MeV
by a hybrid dynamical-statistical calculation

B. Libby* and A. C. Mignerey
Department of Chemistry, University of Maryland, College Park, Maryland 20742

N. Colonna’ P. Roussel-ChomdzG. J. Wozniak, and L. G. Moretto
Nuclear Science Division, Lawrence Berkeley Laboratory, Berkeley, California 94720
(Received 12 June 1995

The reactions™®La + ?’Al and **%a + %Cu atE/A = 45 MeV have been modeled by combining a
Boltzmann-Nordheim-Vlasov dynamical model calculation with a statistical sequential binary decay model
code. For the reactiof®®La + 27Al, the major features of the experimental data are adequately described by
the model calculations. These features include the inclusive fragment cross sections and the total charge and
source velocity distributions of multiple fragment events. Other finer features, such as charge-Dalitz plots and
the branching ratios between events of different multiplicity, are not reproduced by the calculation. The failure
of the calculations is even greater for the reactidha + 5°Cu, in which only the source velocity distributions
of multiple fragment events are reproduced. Because the source velocity can be a measure of how much of the
target is incorporated into the projectile in inverse kinematics reactions, this suggests that the earliest stages of
the reaction, described by the dynamical calculation, are adequately characterized by the model. It is the later
stages of the reaction, when fragments are emitted, where the model calculation appears to fail. However, there
are some indications that statistical decay in the reactidira + %°Cu has occurred, whether by sequential
binary decays or some type of prompt multifragmentatj{@0556-28186)04206-9

PACS numbdss): 25.70.Pq, 24.16-i

[. INTRODUCTION model reactions in such a way that both dynamical effects
and statistical decay are treated. Unfortunately, dynamical
In recent years, the emission of complex fragmentgnodels cannot account for statistical emission of fragments

(Z2>2), also known as intermediate mass fragmémtss),  [29], and statistical decay models cannot include the dynami-

in intermediate energy heavy-ion reactions has been extergal effects that can lead to complex fragment emission before

sively studied, both experimentalft—16] and theoretically equilibrium is reached. One way around this problem is to

o try to include fluctuations in the dynami¢g4,30,31. An-
[17-24. The emission of severdinore than _twﬂ) comple_x other method is to use a dynamical model to follow the early
fragments has been loosely dubbed “multifragmentation.”

: | stages of the reaction, until equilibrium is reached. A statis-
However, many fragment final states can arise both by sejca| decay model can then be applied to follow the decay of

quential emissiorj1-4] and by simultaneous breakup of a any hot primary fragment or fragments present. In this way,
highly excited nucleug18]. Differentiating between these a better understanding of the different processes that can lead
competing mechanisms experimentally can be difficultto complex fragment emission in heavy-ion collisions at in-
which leads to the use of decay simulatigB$and reaction termediate energies can be attained. These “hybrid” models
model calculation$25—28 to help interpret the experimen- have gained popularity in helping to interpret experimental
tal data. Additionally, the same data can be interpreted bylata[32].

calculations from competing reaction modéls5,20, fur- One of the more prevalent methods of determining the
ther complicating the picture. Aside from differentiating be- dynamical evolution of the reacting system is to solve the
tween sequential and simultaneous decay mechanisms, re@ndau-Viasov (LV) [also known as the Boltzmann-
search has concentrated on the roles of dynamics aryordheim-Viasov (BNV), Boltzmann-Uehling-Uhlenbeck
statistics in the mechanism of complex fragment emission(BYY), or Vlasov-Uehling-Uhlenbeck(VUU)] equation

and the possible interplay between the fi2ol2,25—28 [33—39. These models can be derived as an approximation

In order to explore the competition between sequentiato time-dependent Hartree-Fock calculations, and have the

binary decay and “true” prompt multifragmentation, and the

interplay between statistics and dynamics, it is necessary to df
th:a""[va]:Icoll- 1

“Present address: Department of Physics and Astronomy, lowa This equation includes a term for the time evolution of the
State University, Ames, IA 50011. Mailing address: Physics De-mean fields of the colliding nuclei, along with the collision
partment, Bldg. 510-C, Brookhaven National Laboratory, Upton,integrall .y, which treats individual nucleon-nucleon colli-

NY 11973. sions. The solution of the BNV equation can be done in a full
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tion. A sufficient number of particles is required to reduce 40 r—
the effects that are due to numerical fluctuations caused by
Monte Carlo sampling of the phase space. Since most results - La+X E/A=45 MeV
are quantities averaged over the entire phase space, humeri- I mean energg’:lf flrlrglht particles
cal fluctuations should not cause large problems in the inter-

pretation of the calculation35].

In the following work, the BNV calculations are per-
formed over a range of impact parameters, and the results are
then used to parametrize inputs for theMINI statistical de-
cay code[39]. In GEMINI, all possible binary decays are in- I
cluded, and decay chains are followed until the final nuclei i |
no longer emit particles. The results of tbemini calcula- . AN :
tion are then filtered through the geometry and velocity ac- I TO-A - m =0
ceptances of the detector syst¢40,41] to allow for com-
parison between the calculated and the experimental results.
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Il. PERFORMANCE OF THE MODEL CALCULATIONS 80 80 100 120 140 160

Performance of the dynamical model calculations by the
method of Ref.[38] requires the determination of several

parameters n the mpdel: t_h_e number of test particles per FIG. 1. Calculated mean energy of light particles emitted in the
nucleon, their widths in position and momentum spaces, th?eactionsl39|_a + 27A| (diamonds and "Cu (triangles at an im-

compreSS|_b|I|ty of the ngcleus, .and the. nucleon-nucleorbact parameter db=1 fm as a function of time. The lines are to
cross section. A Skyrme interaction that yields a COMPressyide the eye.
ibility constant of 200 MeV was used. Widths in position and
momentum spaces were chosen to be 1.444 fm and 0.346 ] ] ) ]
MeV/c, respectively, which reproduce the binding energieg€ time at which to end the dynamics and switch on statis-
and radii of the target and projectile within 20%. Stability of tical decay. In other words, at what time does the reacting
the systems at nonreactirigery large impact parameters System reach equilibrium? Because the dynamical model in-
was achieved by using 40 test particles per nucleon, and thdudes light-particle emission at all stages of the reaction, the
free nucleon-nucleon cross section with its energy and anguietermination of this time is very important. If it is too early
lar dependence was uskd. in the reaction, then equilibrium has not been reached and
The calculations were performed for the systelffsa +  GEMINI is not applicable. If it is too late, then the “preequi-
27Al and %°Cu at E/A=45 MeV over a range of impact librium” stage will also include some emission of light par-
parameters and time steps of 10 émUp to a time of 210 ticles after equilibrium, and the properties of the fragn®nt
fm/c. In some cases, the dynamics were followed to longewill not be correctly determined for input teemiNI. Addi-
times in an attempt to verify certain features of the calculationally, it was assumed that shape equilibrium had been
tions. Once the dynamical calculations had been performedeached simultaneously with thermal equilibrium.
a clusterization routinf42] was used to determine the prop-  In order to determine the time at which to “freeze-out”
erties of any fragmeird) present in the calculated results. the properties of the clusters and start temini calcula-
These properties include the charge, mass, excitation energ§ons, the calculated mean energy of the light particles emit-
angular momentum, emission angle, and source velocity dfed was determined as a function of time. Figure 1 shows this
the fragmen(). It should be noted that these calculations canquantity for the reactions®La + 2’Al and %Cu at
account for fast-fission, deep-inelastic reactions, participante/A=45 MeV andb=1 fm. The lines are to guide the eye.
spectator-like reactions, anghossibly multifragmentation,  For the reaction®®L.a + 2’Al, the mean energy of the light
and so there may be several fragments present at somgarticles decreases until about 90 émaAfter which the en-
though not all, impact parameters. The clusterization routinergy is essentially constant. This change in the mean energy
also determines the energies and angles of partiplegons  indicates the time at which preequilibrium emission of light
and neutronsnot included in any cluster. particles ends, and is consistent with previously published
In order to combine the dynamical calculations with theresults of the same system at a higher eng@$}. For the
statistical decay modetEMINI, it is necessary to determine reaction 1*¥La + %°Cu, the freeze-out time is longer, ap-
proximately 100—-110 fne/. This longer time may be due to
the increase in the available energy for the reaction on the
YIn the version of the BNV code used, an error in the determina-copper target. For larger energies, it should take more
tion of the in-medium nucleon-nucleon cross section caused an umucleon-nucleon collisions to thermalize the energy, thus
derestimation of the excitation energy of the composite systenmore time. The fluctuations in the mean energy of the light
formed in the most centralb=1 fm) collisions. However, for  particles at longer times in the reactidtiLa + ®°Cu are due
larger impact parameters, identical results were obtained for botto an oscillation in the density of the fusion residue, shown
the corrected and uncorrected versions of the code. Since the bulks a function of time in Fig. 2. The composite system under-
of the complex fragments originate from collisions wiik»1, the ~ goes a compression-expansion stage, with density fluctua-
results presented in Sec. lll are unaffected. tions that eventually damp out.

time (fm/c)
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FIG. 2. Density of the composite systéin fm %) as a function
of time for the reactiont®*®L.a + "#Cu atb=1 fm. The line is to
guide the eye.
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FIG. 4. Contour plots of the distribution of nucleons in space for
the reaction'®La + 2Al at b=3 fm and times of 120, 140, 160,

Ill. RESULTS AND COMPARISON . 2 . X
and 180 fm¢. Z is the beam directiony is the out-of-plane axis.

TO EXPERIMENTAL DATA

A. Reaction *1a + */Al at E/A = 45 MeV forms and then the projectilelike and targetlike fragments
Contour plots of the time evolution of the density distri- reseparate. There can be considerable exchange of nucleons
bution of nucleons in space for the reactibiiLa + 2’Alat  between the target and projectile, along with excitation of the
E/A=45 MeV for a range of impact parameters are shown irfragments, which subsequently decay by the emission of
Fig. 3. In this figure, which is shown in the center-of-masslight particles. The picture is less clear for the intermediate
system, the projectile is at the left and the target is at théb=3 and 4 fn) impact parameters.
right at t=0. For the most central collisions, a hot fused While at first glance the reaction bt=3 fm seems to be
system is formed. This system is highly deformed becaussimilar to the more central collisions, this may not be the
the target and nucleus compress as they react and fuse. Thigse. The possibility of a fast-fission reaction mechanism
distorted nuclear system will eventually reach thermal and43] at these impact parameters warrants a closer look at the
shape equilibria and then decay statistically. At large impactlensity distribution of nucleons in space for these reactions.
parameters, the reaction is more reminiscent of deep-inelast&n extra-push model calculatigd4] indicates that for this
collisons, in which a short-lived, rotating dinuclear systemreaction fast fission should occur Atwaves corresponding
to an impact parameter between 2 and 3 fm. To further study
t=0 t = 60 t =90 t = 120 t = 150 the possibility of a fast-fission-like component in the dy-
namical calculations in this reaction, contour plots of the
i Oo

density of nucleons in space for various timegat3 fm are
shown in Fig. 4. It is clear that there are two regions of high
density of nucleons for the reaction at this impact parameter
on a time scale that is consistent with asymmetric fast fission
for systems at similar masses and enerd#3. The two
regions of high density are still present at times of up to 300
fm/c [45], but are damped out by evaporative effects at
" O larger times.
° O To determine whether a fast-fission mechanism is re-
flected in the experimental data, the propert@sarge, mass,
. angular momentum, and excitation energf the system
K OO D were determined a=3 and 4 fm by considering the hot
source produced in the calculation to be a single hot nucleus
and also by dividing in space between the two centers of
FIG. 3. Contour plots of the distribution of nucleons in space asdensity to form two hot fragments. The properties of the
a function of time for the reactio®®La + 2’Al for several impact ~ fragments) were then parametrized, including the informa-
parameters. The time steps are in units ofdménd the impact tion from the other impact parameters, ageEMINI calcula-
parametergb) are in units of fermis. tions were performed.
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FIG. 5. Experimentaldiamond$ and calculatedcircles and

square} fragment cross sections for the reactibfiLa + 27Al at
E/A.:45 MeV. The glrcles are f°.r the scenario not '”°'9d'f‘9 fasttotal detected charge and source velocity distribution:fe and
fission; the squares include fast fission. The error bars indicate tl

it ted with the fitt q f the inclusive> €VeNts for the reactiot®™La + 27Al at E/A=45 MeV. The arrow
uncertainty associated wi € Titing procedure of the INCIUSIVE at the source velocity for complete fusion between the target and
angular distributions.

projectile.

FIG. 6. Experimentalsolid line) and calculateddashed ling

The experimental fragment cross sectier(&), and the the distribution and underestimates both the width and the
cross sections calculated both with and without the fasttail. Virtually no n=4 events were produced by the calcula-
fission scenario are shown in Fig. 5. It is clear that includingtion. The model reproduces the peaks in Yhedistributions
fast fission better reproduces the cross sections for fragmentsr both then=2 and 3 events, but underestimates the tail of
with Z=<20. The absolute magnitude of the distribution isthe distribution for then=3 events. The double peak in the
reproduced by the calculations for a substantial fraction oh=2 Vg distribution is due to the abrupt change in the reac-
the emitted fragments, and the general shape of the distribéion mechanism betweebh=2 and 3 fm from fusion(or
tion is reproduced over the entire range of fragments studiedncomplete fusiohto fast fission. This leads to a discontinu-
For the rest of the results concerning this reaction, the faslity in the parametrizations of the properties of the frag-
fission scenario will be used. The properties of the fragmentsents) at the/ wave of the transition.
derived from the dynamical calculations and used as inputs Another way of characterizing reactions in which three
to GEMINI for several impact parameters are shown in Tablecomplex fragments are detected is to construct a Dalitz plot
l. of the atomic numbers of the three fragments. A schematic of

Figure 6 shows the total charge and source velocity disa charge-Dalitz plot is shown in Fig. 7. The scales in the
tributions for the experimental datésolid line) and the figure run from the edges of the triangle to the opposite ver-
model calculationgdashed ling for events with a complex tex and have a value &;/Z,, in which Z; is the charge of
fragment multiplicityn equal to 2 and 3. The calculated dis- theith fragment (=1, 2, or 3 andZ  is the total detected
tributions were filtered through the detector angular and vecharge of the event. The fragments are randomized as to
locity acceptances to compare to the experimental data; thghich is 1, 2, or 3. In addition, a minimum total detected
arrow is at the source velocity for complete fusion. Forithe charge of 30 is required to ensure good kinematic character-
= 2 events, the peak in the total detected charge distributiongation of the event. In a charge-Dalitz plot, if the yield is
Z,, is well reproduced by the calculation, but the tail at low concentrated at the vertices, then the event has one large and
Z, is vastly underpredicted. This effect is most likely due totwo small fragments. An event with three nearly equal-sized
underestimating the contamination from=3 events, be- fragments would show up in the center of the plot. Experi-
cause the lovZ,, tail is interpreted as due to=3 events for mental and calculated charge-Dalitz plots are shown in Fig.
which only two fragments were detectdd,45,53. For 8. The general trend of the experimental data, in which the
n=3 events, the model overpredicts the charge at the peak eharge-Dalitz plot is populated predominantly at the vertices,

TABLE I. Parameters derived from the dynamical calculation used as inpa&viai for heavy and light
fragments for the reactioff®a + 2’Al as a function of impact parameter.

b (fm) b (fm)

Heavy Z A E* (MeV) J (k) Light V4 A E* (MeV) J (h)
1 65 153 581 22

3 44 102 356 27 3 20 43 73 7
5 55 129 241 55 5 8 18 77 8
7 57 133 189 50 7 8 19 68 7
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TABLE II. Experimental and calculated proportions of multiple
fragment events for the reactidi®La + 27Al at E/A=45 MeV.

Multiplicity Data Calculation
2 0.909 0.938

3 0.086 0.042

4 0.005 0.00025

75/7t and_ calculatv_ed results depends on which obse_:rvables are ex-
Z3/Ztot amined. While global features, such as the inclusive frag-
ment cross sections and total charge and source velocity dis-
tributions of multiple fragment events, have been adequately
described by the calculations, finer features, such as the

. . , event branching ratios, have not.
corresponding to asymmetric decays, is reproduced by the

calculation. However, for the experimental data, the central
region, corresponding to symmetric decays, shows some
yield. On the other hand, the central region of the charge- Contour plots of the distribution of nucleons in space for
Dalitz space for the model calculations shows a large hole dihe reaction'*%.a + °Cu for a series of impact parameters
a lack of symmetric decays produced by the modeling of thigre shown in Fig. 9. The evolution of the mechanism with
reaction. increasing impact parameter is similar to that for the reaction
The agreement or disagreement between the experimentdi’La + #’Al. However, for the most central collisions
and calculated results can also be examined by determining=1 fm), a new mechanism may be occurring that is not
the branching ratios of the multiple fragment events, showrseen for the more asymmetric systéfiLa + 27Al.
in Table II. It is apparent that the model vastly underpredicts The density distributions of nucleons in space for this
the amount oh=3 and 4 events. By comparing the resultsreaction ab=1 fm are shown in Fig. 10. At=60 fm/c, the
of Figs. 5 and 6 with those presented in Fig. 8 and Table lIsystem is hot and very compressed. As the system exgands
it is apparent that the agreement between the experimental 100 fmk) fluctuations in the density distribution start to
form. The fluctuations may produce clusters of nucleons in

space {=140 fmk), which might be the onset of a multi-

FIG. 7. Schematic diagram of a charge-Dalitz plot.

B. Reaction *%La + %°Cu at E/A = 45 MeV

I fragmentation process. However, these clusters do not sepa-
31 bAtA rate but condense back into a highly distorted system by
1 t=300 fmk. There is some evidence that multifragmenta-
s @ tion can occur on a longer time scale 800—350 fm¢ after
N maximum compression46] than indicated in the present
N a study. Thus it is unclear whether dynamical multifragmenta-
g tion actually occurs for this reaction.
s Figure 9 also shows that for the central collisions the
1 highly compressed system is approaching a disklike shape.
ol The formation of a disk of nucleons and its subsequent mul-
| tifragmentation may be due to Rayleigh-Taylor-like surface
—— T instabilitites [47]. In these instabilities, multifragmentation
1 MODE t=20 t =60 t =90 t = 120 t = 150
g- —
. ® 100 Q0|0 (0
N Lo -
S 100 O || & | &
@ |
| (@) —=1® f -
; C ool 0 £ L,
T 01 03 05 07 09
0.577(Z2/Zsot) + 1.155(Z3/Zsot) - OO 0 & GO ~ O

FIG. 8. Experimental(top) and calculated(bottom charge-
Dalitz plots for the reactiod®®L.a + 2’Al at E/A=45 MeV. FIG. 9. Same as Fig. 3 for the reactiéfiLa + "¥Cu.



2998 B. LIBBY et al. 53

1.4 1000_ T T T T T T T T | T T T T | T T T T ]
t=60 fm/c t=100 fm/c = ]
500 — ¢ data ]
E i u 0 t=100 fm/c |
N @ % t=110 fm/c
. L
Q
g
-1.4 =
N 100—
1.4 2 -
=140 fm/c 5 -
50 —
E
>
-14 !!!!!!!!!!!!!! 10 I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
-1.4 X (fm) 1.4 -1.4 X (tm) 1.4 0 10 7 20 30 40

FIG. 10. Distribution of nucleons in space for the reaction
139 a + "™Cu atb=1 fm and times of 60, 100, 140, and 300 fm/
c. X is the in-plane axisY is the out-of-plane axis.

FIG. 11. Experimenta({diamond$ and calculatedsquares and
starg fragment cross sections for the reactidiiLa + "*Cu at
E/A=45 MeV. The calculated cross sections are for two different

. . values of the freeze-out time. The error bars are the same as in Fig.
occurs because of the interactions between the two surfacgs

of the disk. The disk breaks into spherical fragments which
have a lower total surface energy than the disk. Other dythe heaviest fragments and an increase in the cross section of
namical model calculations for reactions of similar systemshe lighter products. The peak in the calculated cross section
and energies show the formation of bubbles, rings, or evedistribution can be attributed to the fission of the hot nuclear
donuts of nucleons during the evolution of the reacfiér—  system that was formed in the central collision. However, it
50]. The formation of fragments in this reaction could alsois not possible to adequately treat the multifragmentation
be related to spinodal decomposition of the sysféd]. scenario by this model. The disagreement between the cal-
It is very difficult to determine the properties of the sev- culated and experimental fragment cross sections in the re-
eral fragmentsZ, A, velocity, and anglethat may or may action **%La + ®°Cu is in contrast to the results obtained for
not have been produced in the multifragmentation scenarithe reaction'®*3La + 2’Al, in which both the magnitude and
for the central collisions. Therefore, the central collisionsthe shape of the fragment cross section distribution were ad-
were considered to proceed as in the reactidiLa + equately described. This change in the results shows the evo-
27Al, in which a single hot source was formed. The proper-lution of possible mechanisms for the emission of complex
ties of the fragments derived from the dynamical calculationgragments as the reacting system becomes more symmetric
and used as inputs ®EMINI for this reaction for several of and heavier, and as the available energy increases.
the impact parameters studied are shown in Table Ill. The To obtain a better understanding of where the calculations
fragment cross sections were then determined and comparedhy be failing for the heavier target, the total detected
to the actual experimental cross sections, shown in Fig. 1lkcharge and source velocity distributions of multiple fragment
The calculated yield of heavy fragments is higher than theevents were determined, and then compared to the experi-
experimental yield, while the yield of lighter fragments is mental data after filtering through the detector acceptance, as
lower. A multifragmentation scenario in the model, whethershown in Fig. 12. Surprisingly, the source velocity distribu-
in the dynamics or in the statistical decay portion of thetions for then=2 and 3 events are fairly well reproduced by
calculation, would cause a decrease in the cross section tfie calculation. This is very similar to the results of the cal-

TABLE lll. Parameters derived from the dynamical calculation used as inputenmi for heavy and
light fragments for the reactiof®®.a + ®°Cu as a function of impact parameter.

b (fm) b (fm)

Heavy Z A E* (MeV) J (k) Light V4 A E* (MeV) J (h)

1 67 153 811 42

3 61 138 632 73 3 8 14 50 2

5 54 120 413 74 5 15 32 117 10
7 53 118 151 45 7 22 46 125 20
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culation for the reaction**La + 27Al. In an incomplete

fusion model of inverse kinematics reactions, the source ve- E*—l/z (1/MeV1/2)

locity is a function of the degree of fusion between the target

and projectile and is thus an experimental observable depen- , , ,

dent on reaction dynamics. One can then derive the source NG 13- Natral logarithm of the rati(3)/P(2) as a function

mass from the source velocity. In this case, the experimentdll 1/E” " for the reactions®La + */Al, *V, "Cu, and**La at

source mass is between 150 and 170 u. This source si A=45 MeV and for the results calculated in this paper. The lines
. are least-squares fits to the data.

closely matches the total source mas@esavy plus light

shown in Table Ill. This agreement between the experimen- ) o )

tal and calculated source velocity distributions shows that th& (3)/P(2) as a function of ]JE_* is linear [53,54, with

earliest stages of the reaction are effectively treated by thE(3) the probability of decay into three fragments and

dynamical calculation. On the other hand, neither the peakB(2) the probability of decay into two fragments. Such a

nor the tails of theZ , distribution are reproduced by the Plotis sh%/vn In F'2971 135I°r the experlrr113ental data from the

calculation. For thev=2 events, the experimental distribu- '€actions La + Al S, "Cu, and La agSE/A=45

tion is peaked at a much lower value than the calculationMeV [7,45,53, and also for the reactiof?L.a + °°Cu mod-

Recalling that the modeling of this reaction did not use agled in this paper. These yields have not been corrected for

possible multifragmentation scenario that may be occurringfficiency as was done in R¢63]. However, the main result

for central collisions, the lack of agreement between the calof the efficiency correction was to change the magnitudes of

culation and the experiment could be interpreted as evidendbe ratios, not the general trend of the dgga].

that some type of multifragmentation is occurring for this _ The behavior of the data in Fig. 13 is similar to that of

reaction. The mechanism of this multifragmentation proces§i9- 3 in Ref.[53]. The lines in Fig. 13 are the results of

is an important question that has not been answered by thedB€ar least-squares fits to the data. The data in Fig. 13 are
calculations. linear over excitation energies ranging from about 3 to 7

MeV/nucleon, with the fit to the data from the reaction
139 a + 27Al (dashed linghaving a shallower slope than the
fit to the data from the other reactions. It is also possible to
The experimental results shown in this paper have beefit the data for the heavier targets to two linear functions
previously presented in the context of the systematics oinstead of one, with the cusp at an excitation energy of about
139 a-induced reactions at intermediate enerdig#5,53. 5 MeV/nucleon, shown in Fig. 14. The function used to fit
In these reactions there is an indication of statistical decay ahe lower excitation energies has a similar slope to the reac-
highly excited nuclei, shown by the dependence of the multion on the 2’Al target over the same range of excitation
tiple fragment event branching ratios on the inferred excitaenergy, while the line used to fit the higher excitation ener-
tion energy per nucleon of the decaying system, and not ogies has a steeper slope. Because the slope is related to the
the projectile-target combination or the bombarding energy‘potential energy” of the system at freeze-o[63], this
[7,45,53. Statistical descriptions of chemical reactions oftenchange in slope at an excitation energy of 5 MeV/nucleon
follow an Arrhenius rate law, in which the rate is propor- could be an indication of a change in the decay mechanism
tional to exp(1T), whereT is the temperature. In nuclear of the heavier systems at higher excitation energies. There is
matter,T is proportional toE* %2, and the rate can be con- some indication of similar behavior for th&Al target, but
sidered the probability of multiple fragment emission. Thus,data at higher excitation energies are lacking. The difference
the statistical nature of the emission of three fragments main the results between th&€Al target and the heavier targets
be demonstrated if a plot of the natural logarithm of the ratiois most likely due to the lack of an efficiency correction to

IV. DISCUSSION
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coverages for the two studies. In the lanthanum-induced re-
action, the detector system covered angles close to the graz-
ing angle(1.7°), and so the heaviest fragments were easily
detected45]. Thus, the predominant decay channel detected
for the n=3 events was to one heavy and two light frag-
ments[45]. However, the latter experiment did not detect
fragments emitted at laboratory angles less than [23;28|.

In reverse kinematics reactions, the heavy fragments are
emitted at small laboratory angles. By not including frag-
ments emitted at small laboratory angles, the asymmetric de-
cay channels have been suppressed, leaving only the more
symmetric decays.

In the comparison between experimental and calculated
results in the Xe-induced reaction, similar results to those
presented in this paper were shown. These results included a
failure to reproduce the magnitudes of the inclusive fragment
cross sections and the total charge distributions for the
0 Cu n=3 events. However, the general shape of the fragment
LA La cross sections was reproduced. By using a statistical multi-
S O T TSN R S O R fragmentation calculation linked to the dynamical one, better

0.02 0.03 0.04 0.05 0.08 agreement between the experimental and calculated results
=1/2 1/2 was achieved28].
E (1/MeV™"*) While the reaction*®La + 27Al can be fairly well under-
stood by the application of this hybrid calculation, the situa-

FIG. 14. Same as Fig. 13, except using two separate leastion is less clear for the study of the reactidi®La +
squares fits to the data for the heavier targets. 85Cu. The hot composite system that is formed in central

collisions is highly nonsphericaland possibly fragmented
the data presented in Figs. 13 and 14. The lack of agreemefitie to dynamical instabiliti¢sand undergoes density oscil-
between the experimental and calculated data for the reactidations well past the time when thermal equilibrium is
139 a2 + Cu is another indication that the breakup of thereached. The use @EmINI is only prescribed for spherical
composite system is not properly treated in the model usedluclei near equilibrium density89]. While these conditions

The use of a hybrid dynamical-statistical calculation tomay have been met in the study of the reactidfLa +
help interpret experimental data from other systems has métAl, it is clear from Figs. 2, 9, and 10 that they have not
with varying degrees of success. This approach seems feeen met for the reactiob®La + ®°Cu. By showing that the
work best in studying the reactions of very asymmetric syssource velocity distribution, which can infer a source size,
tems, such as the reactidf®La + 27Al at E/A=45 MeV in  for the multiple fragment events in the lanthanum-induced
this paper and aE/A=55 MeV [25,26. These reactions reaction is adequately reproduced by the dynamical calcula-
have been shown to proceed by an incomplete fusion mech&on, this paper has explicitly shown that the early stages of
nism [7,45,53, with a source velocity between that of the the reaction are well characterized by the dynamical calcula-
projectile and the complete fusion product. For these reaction. It is only at the fragment emission stage that this cal-
tions, the available energy in the center of mass is still fairlyculation fails to reproduce the results sensitive to the mecha-
low, on the order of 3-5 MeV/nucleofdepending on the nism of fragment emission.
degree of fusionand the emitting source can be well char-
acterized in terms of source velocity and total charge
[7,45,52. The study of the reaction*yLa + 27Al at
E/A=55 MeV [25,26 reached similar results to those pre- The results of Figs. 13 and 14, Refg,45,53 suggest
sented in this paper. The hybrid calculation reproduces exthat complex fragment emission is dominated by statistics,
perimental features such as the inclusive fragment cross sebut provides no evidence on whether the process is sequen-
tions and the total charge and source velocity distributions ofial or prompt. To further investigate the relative roles of
multiple fragment events. dynamics and statistics a hybrid model consisting of a first

As the reacting system becomes more symmetric, thetage that describes the dynamics of the collision and second
available energy increases, and the hybrid approach of dystage that describes the sequential decay of the primary prod-
namics plus sequential binary decay may no longer be appluct(s) was utilized. This approach works best for systems
cable. Results similar to those presented in Fig. 10 were alsihat are still at faily low excitation energy, but fails when the
exhibited in the study of the reactiod®.a + 53Cu at E/A  excitation energy increases. The present study shows the im-
= 55 MeV[26] and **Xe + %5Cu atE/A=45 MeV[27,28.  portance of determining the source velocity distribution of
There is some agreement between the calculated results tife multiple fragment events in the study of complex frag-
the reaction®¥La + %°Cu atE/A=45 MeV presented in this ment emission at intermediate energies. For the reaction
paper and the reactiod®Xe + %°Cu at E/A=45 MeV  ¥%a + %Cu atE/A=45 MeV, for which there is not a
[27,28. Differences in the experimental results arise frommatch between fragment cross sections or total charge distri-
differences in the detector system thresholds and anguldautions determined experimentally and by the model, there is
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good agreement in the source velocity distributions. In thedescription of the fragment emission stage, whether due to a
geometric incomplete fusion model, the source velocity is alynamical disassembly of a highly excited source or to limi-
measure of the degree of fusion between the target and preations of the sequential binary decay calculation.

jectile. In other words, the source velocity is a variable sen-

sitive to the reaction dynamics. The agreement between the

experimental data and the calculated data in the determina- ACKNOWLEDGMENT

tion of the source velocity for this reaction shows that the
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