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Detailed angular distributions of protons and « particles detected in coincidence with evaporation
residues have been measured for the reaction 28Si+22Si at 12.4, 19.7, and 30.0 MeV/nucleon. We have
separated these angular distributions into pre-equilibrium and evaporation components. The invariant
velocity distributions of pre-equilibrium protons are typical for nucleons emitted by jetting processes,
while the distributions of pre-equilibrium a particles are typical for particles produced in breakup reac-
tions. The charge and energy balance in the reaction allows us to reconstruct the average properties of
the compound nucleus and to deduce the effects of the reaction dynamics. At 12.4 MeV/nucleon only a
few pre-equilibrium light particles are emitted prior to fusion, whereas at 19.7 and 30.0 MeV/nucleon
hot nuclei are formed in breakup-fusion reactions. All of our results can be fully explained assuming
that compound nuclei do not produce evaporation residues if their excitation energy is above 4.3

MeV/nucleon.

1. INTRODUCTION

The study of the formation and decay of highly excited
nuclei has generated great interest over the past few years
[1,2]. Ever since emulsion experiments showed multiple-
heavy-ion exit channels, the phenomenon of multifrag-
mentation (the instantaneous disintegration of a highly
excited and compressed nucleus into many intermediate-
mass fragments) has received much attention. However,
the experimental evidence for multifragmentation seems
to be inconclusive at best. On the theoretical side the sit-
uation is similar. Multiple-heavy-ion exit channels can be
predicted with dynamical models that follow the trajec-
tories of nucleons inside the colliding nuclei as well as
with statistical models that contain minimal information
on nuclear interactions but assume equilibrium prior to
the decay of a hot nucleus formed during the heavy-ion
collision [3,4].

One can roughly divide the statistical models into two
classes: those that treat the decay of a highly excited nu-
cleus as an instantaneous process, multifragmentation, or
those that treat it as a sequential process, evaporation.
Despite the large differences in the assumptions on which
these models are based, the results are similar and show
the same features as inclusive measurements. Recently,
the similarity in the results of these two types of calcula-
tions has been discussed by Friedman [4]. His work indi-
cates that high multiplicities of intermediate-mass frag-
ments are not a clear experimental signature of the mul-
tifragmentation phenomenon.

On the other hand, experiments with heavy ions show
that the cross section of decay products historically asso-
ciated with fusion, evaporation residues (ER’s) and fission
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fragments, vanishes at beam energies between 30 and 40
MeV /nucleon (see, e.g., Ref. [S]). Since the excitation en-
ergy of fully fused systems in heavy-ion collisions at these
beam energies is high, on the order of the nuclear binding
energy, multifragmentation of the highly excited systems
was proposed as one of the explanations. According to
the authors of Ref. [5], however, the reaction dynamics
hinders the formation of fused nuclei. Unstudied so far is
the relative change in the strength of the fission and ER
exit channels. Previous experiments were only sensitive
to one type of decay product, fission fragments in heavy
systems, and ER’s in light systems. However, the fission
probability for light nuclei increases dramatically at high
excitation energies, whereas the fission process of heavy
nuclei at high excitation energies is hindered, since the
fission barrier is increased by the fast evaporation of neu-
trons.

One of the steps in the systematic investigation of high-
ly excited nuclei is the determination of the extreme con-
ditions under which they decay conventionally by eva-
poration or fission. At what beam energies does eva-
poration still persist, and to what nuclear excitation ener-
gy does this correspond? The two essential quantities
needed for such an exploration, the average excitation en-
ergy and the mass of the compound nucleus (CN) pro-
duced in the incomplete-fusion reaction, can be obtained
from relatively simple measurements of ER’s in coin-
cidence with light particles (LP’s) [6].

This paper presents the results of an experimental
study of the formation and decay of the CN produced in
fusionlike reactions of 2%Si+?%Si at 12.4, 19.7, and 30.0
MeV/nucleon. The beam energies were chosen such that
CN’s could be formed with excitation energies of about 3,
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5, and 7.5 MeV/nucleon, if all of the available c.m. kinet-
ic energy went into excitation energy. The highest excita-
tion energy is close to the nuclear binding energy per nu-
cleon and is therefore almost sufficient for a complete
disintegration of the CN [1]. Since we are colliding two
equal nuclei, these excitation energies are reached with a
minimal relative velocity of the projectile and target nu-
cleus. The effects of incomplete fusion are thus smaller
than in asymmetric reactions in which similar hot nuclei
are formed. Therefore, if pre-equilibrium particle emis-
sion in 288i+28Si reactions does not significantly hinder
the formation of highly excited nuclei, then it is very
probable that we will see a change in the decay mode of
hot nuclei from the evaporation of LP’s to other modes
as we increase the beam energy of the reaction.

The symmetry of the velocity distributions in the c.m.
system, which is a consequence of colliding two equal nu-
clei, is advantageous for the measurements as well as for
the analysis. The actual choice of the element Si as pro-
jectile and target was based upon three further require-
ments: (1) the fused system must decay (at moderate exci-
tation energies) primarily by LP evaporation, (2) one
should be able to manufacture clean, and isotopically
pure targets of the element, and (3) a gaseous chemical
compound of the element should exist for use in the ECR
injectors.

Applied to the present data, the method of Ref. [6] en-
abled us to obtain a better picture of the fusion process
and to find clear evidence for a limiting excitation energy
above which no CN decays to an ER. We have
developed a Monte Carlo model of the formation and de-
cay of the CN, which is fully consistent with all observ-
ables, provided we assume that nuclear decay by particle
evaporation is limited to excitation energies below 4.3
MeV /nucleon.
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In the next section of this article the experimental set-
up is described. Section III reports on the measurements
of the inclusive heavy-ion (HI) spectra from which the
ER cross sections at the three beam energies were deter-
mined. Section IV describes the analysis of the LP distri-
butions, which where measured in coincidence with ER’s.
Section V presents a Monte Carlo model for the
28Gj + 28Sj reactions that reflects the results of Sec. IV and
which is used to check our conclusions with data. A
summary can be found in Sec. VI.

II. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup used in the ex-
clusive measurements with the 19.7 and 30.0
MeV/nucleon beams. A HI detector consisting of a 10
cm long ionization chamber and a 1000 um Si detector
was placed at angles between 3° and 6° with respect to the
beam. The ionization chamber was filled with CF, at a
pressure of 21.8 Torr in the 12.4 MeV/nucleon experi-
ment and at 15.0 Torr in the 19.7 and 30.0 MeV/nucleon
experiments. The gas was continuously refreshed. Under
these conditions we were able to extract the ion energy
and charge. The beam axis and the HI detector define
the ¢=0° plane for our setup. Polar angles 6 are mea-
sured from the beam direction with positive angles lying
on the same side of the beam as the HI detector and neg-
ative angles opposite to this. A monitor detector, used
for normalization purposes, was placed at 6= —3°. LP’s
were detected with 16 telescopes of the Utrecht mul-
tidetector system [7,8]. Each telescope consisted of a 150
pum Si detector and a 3 cm CsI(Tl) crystal with photo-
diode readout. For the 12.4 MeV/nucleon coincidence
LP’s were detected with four three-

measurements,

FIG. 1. Detector configuration used in the 19.7 and 30.0 MeV/nucleon 28Si+28Si experiments. M is the beam monitor placed at
3°, FC is the Faraday cup, and T is the target. A heavy-ion detector consisting of a ionization chamber IC and a silicon detector SD
was placed at 3°. All other detectors were Si-Csl telescopes for LP detection. The angle 8 of each in-plane telescope is given. The
positive values correspond to ¢ =0° angles, the negative to ¢ = 180" angles.
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element telescopes, consisting of two Si detectors and a
CsI detector. In addition, two conventional three-
element and two-element Si telescopes were used. The
HI detector, in this case, was a prototype of the detector
used in the experiments at the higher beam energies. By
rotating the setups we could measure the LP energy dis-
tribution at 24 angles at 12.4 MeV/nucleon and at 32 an-
gles at the two higher beam energies. All of the detectors
in the 12.4 MeV/nucleon experiment were positioned in
the ¢=0° plane, whereas in the experiments at 19.7 and
30.0 MeV/nucleon eight angles were out of plane.

During and after the experiments, energy calibrations
with a sources and a precision pulser were performed.
The absolute normalization of the total ER cross section
in the 12.4 MeV/nucleon experiment was obtained from
systematics and at 19.7 and 30.0 MeV/nucleon via the
elastic scattering cross section for 28Si+ "’ Au, which was
measured with the HI detector at the same beam ener-
gies. The absolute normalization has an accuracy of
20%. The energy calibration of the CsI detectors is de-
scribed in Ref. [9]. The 28Si targets used were produced
via a novel procedure that yields clean and strong self-
supporting targets [11]. Before and after each experi-
ment the thickness and impurity of the targets was deter-
mined from the energy spectrum of elastically scattered o
and '2C particles, which were accelerated by the Utrecht
tandem Van de Graaff accelerator. The thickness of the
targets used in the experiments varied between 315 and
367 ug/cm?. The targets were contaminated mainly by C
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than 3% of the number of Si atoms at the beginning of
the experiments, and typically 10% at the end. No
effects of these impurities appeared in the analyzed data.

With the setups described above, we have measured
full angular distributions of LP’s (p,d,¢, ’He,a) in coin-
cidence with HI’s at forward angles (3°<6;;<6°. In-
clusive HI angular distributions 3° < 6y, <20° were also
measured at all beam energies with the LP detectors re-
moved from the setup. The inclusive ER distributions at
12.4 MeV/nucleon were measured with a detector that
also determines the mass number of the particles [10].
However, its solid angle was too low to be used in the
coincidence experiments.

Our data set consisted of coincidences between a LP
telescope and the HI detector, coincidences between any
pair of LP detectors, and of scaled-down singles in the
LP, monitor, and HI detectors. Tables I and II give an
overview of the data measured. The dead time of the ac-
quisition system was kept around 10%.

III. INCLUSIVE RESULTS

In Figs. 2, 3, and 4 inclusive HI velocity-spectra mea-
sured at 12.4, 19.7, and 30.0 MeV/nucleon are shown as a
function of Zy;. For Zy; =15 the yield and the width of
the Maxwellian shaped ER laboratory velocity distribu-
tion can be determined easily. Near the velocity of the
c.m. system, where this distribution reaches its max-
imum, there is only a small contribution from nuclei

and O. The total concentration of contaminants was less  created in peripheral or deep-inelastic processes. For
TABLE I. Overview of the 2Si+28Si exclusive LP-HI data.

Beam energy (MeV/nucleon) 12.4 19.7 30.0

Number of LP detectors 8 16

Number of HI detection angles 1 2

Number of LP detection angles 24 32

Number of LP-HI pairs 24 64

HI detection angles 6 (deg), 5 4 3

¢=O° 6 6

LP detection angles 0 (deg), 15 25 35 15 21 30 36 45 51

¢=0° 45 55 65 60 66 135 141 150 156
75 95 115
150 160 169

LP detection angles 6 (deg), 5 12.5 16.1 9 15 24 30 39 45

¢$=180° 22.2 25.8 32.2 54 60 129 135 144 150
35.8 45.3 55
65 110 160

LP detection angles (deg), (16.7, 64.0) (33.2, 65.9) (15.1, 95.6)

6,0) (16.7, 116.0) (33.2, 114.1) (20.1, 50.0)

(31.2, 105.2) (36.1, 58.2)
HI charge numbers 9,...,24 6,...,21 8 ...,21
LP p.d,t,°He,a p.d,t,*He,a
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TABLE II. Overview of 28Si+28Si inclusive HI data.

Beam energy (MeV /nucleon) 12.4 19.7 30.0
HI angles (deg) 5,6,7,8 3,5,7,9 3,4,6,7
9,10,11,12, 10,11,12,13, 8,9,10,11,
13,14,15,16 18,23 12,16,20
17,18,19
HI charge numbers z 9-24 6-21 8-21
HI mass numbers A 18—-47

Zy < 15, however, the spectra contain overlapping con-
tributions from quasielastic, deep-inelastic, and fusionlike
processes. Our decomposition of these spectra into these
components follows the method outlined in Ref. [12].
From the amplitudes and widths of the inclusive ER ve-
locity distributions, we determined the angular depen-
dence of the differential ER cross section
d?’0gr/dZgrdQ (see, e.g., Fig. 5). Then, via an integra-
tion over a solid angle, we obtained the ER cross section
as a function of Zgy, i.e., dogg/dZgg, as shown in Fig.
6. Figures 5 and 6 also show the results of Monte Carlo
calculations, which will be discussed in Sec. V.

The cross sections dogg/dZgg, measured at 19.7

BSi + "G 12.4 MeV /nucleon

9 |100 18
s0
5}

20
Counts

17

S0

50

13 20
250 100
3}

50

Velocity [cm/ns]

FIG. 2. HI velocity spectra measured at 5° for the 28Si+ 28Sj
reaction at 12.4 MeV/nucleon. The charge of the HI is give in
the upper right-hand corner.

MeV/nucleon, peak at a lower value (Zgg =14) than at
12.4 MeV/nucleon (Zgg =19). A decrease of the most
probable Zyp value with higher incident energies can be
explained as an effect of the higher excitation energy of
the CN, which results in a longer decay chain and, hence,
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FIG. 3. Sum of the HI velocity spectra measured at 4° and 6°
for the ?*Si+?*Si reaction at 19.7 MeV/nucleon. The charge of
the HI is given in the upper right-hand corner.
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FIG. 4. Sum of the HI velocity spectra measured at 3° and 6°
for the 28Si—+2%Si reaction at 30.0 MeV/nucleon. The charge of
the HI is given in the upper right-hand corner.

a smaller average charge of the ER. This trend is repro-
duced by the statistical-model code CASCADE [13]: the
most probable Zgy value lies at Zgg =20, 17, and 14 for
complete fusion reactions of 288i+28Si at 12.4, 19.7, and
30.0 MeV/nucleon, respectively. To first order, pre-
equilibrium emission does not change these values. The
average initial change of the CN in this case is expected
to be smaller, but so too is the excitation energy. The
measured ER charge distribution at 30.0 MeV/nucleon
does not follow the expected trend. At this energy the
most probable ER charge, Zgi =15, is close to the value
found at 19.7 MeV /nucleon.

In Fig. 7 the total ER cross section for 28Si+28Si reac-
tions is plotted as a function of the beam energy. The tri-
angles are the cross sections reported in Ref. [14]. The
circles are our own data (there is no point at 12.4
MeV /nucleon, since we determined our ER cross section
at this energy from systematics). The solid line shows the
calculated fusion cross section corresponding to
I =44% [15]. The dashed line describes the ER contri-
bution to the fusion cross section as calculated by the sta-
tistical model GEMINI [16]. This model is also able to cal-

28Gi +28Si reactions at 19.7 and 30.0 MeV/nucleon as a function
of detection angle for various Zgg. The solid and dotted histo-
grams show the results of the Monte Carlo and the alternative
Monte Carlo model, respectively (see Sec. V).

culate the cross sections of fission products. Above 20.0
MeV/nucleon the measured ER cross sections are de-
creasing much faster than either a smooth extrapolation
of the data from lower energies or the calculations would
indicate. The ER cross section at 30.0 MeV/nucleon is a
about a factor of 10 lower than one might expect from
systematics.

The rapid decrease of the cross section for fusion prod-
ucts with rising bombarding energies is known for other
reactions as well, most notably for “°Ar-induced reactions
(see, e.g., [17-20]). This phenomenon can be explained
by the concept of a maximum excitation energy (per nu-
cleon) that a nucleus can sustain [19,21].

IV. EXCLUSIVE RESULTS

In this section we present the angular distributions of
LP’s measured in coincidence with ER’s. Combining the
LP data with the information we have on the ER’s allows
us to deduce some of the properties of the CN’s and of
the fusion mechanism.

A. Off-line analysis

In the off-line analysis of the exclusive LP-HI measure-
ments, ER’s were identified by gates on the HI data.
Then, for each detector angle, energy spectra of the coin-
cident protons and a particles were generated.

In the analysis of the exclusive data taken at 12.4
MeV/nucleon ER’s with Zgg =15 were identified by a
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FIG. 6. Inclusive evaporation residue cross sections for
28Gi +28Sj reactions at 12.4, 19.7, and 30.0 MeV/nucleon as a
function of Zgg. The experimental results are indicated by the
closed points, the solid and dotted histograms show the results
of the Monte Carlo and the alternative Monte Carlo model, re-
spectively (see Sec. V).
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FIG. 7. Evaporation residue cross sections for 28Si+22Si re-
actions as a function of the beam energy per nucleon. The tri-
angles represent the measurements of Ref. [14], the circles are
from this work. The solid line gives the fusion cross section cal-
culated for /.;, =44#. The dashed line shows the calculated ER
cross sections for the complete fusion process (see text).
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FIG. 8. Widths of the ER velocity distributions measured in
the 28Si+2%Si experiments at 12.4, 19.7, and 30.0 MeV/nucleon.
The circles represent the experimental results, the squares con-
nected with the solid lines and the triangles connected with the
dashed lines represent the results of the Monte Carlo and the al-
ternative Monte Carlo model, respectively (see Sec. V). The
widths obtained from the analysis of exclusive proton and « dis-
tributions are indicated by the full and dashed arrows, respec-
tively (see Sec. IV).

two-dimensional gate on the AE and E signals in the HI
detector. The inclusive HI spectra presented in Fig. 2
show that this gate selects almost uniquely all ER’s; only
a small admixture of HI’s from peripheral reactions are
included. However, the prototype HI detector used for
the coincidence experiments had a Z resolution of about
1 charge unit, and therefore some HI's with Zy;=14,
mostly from peripheral reactions, were selected too.

In the experiments at 19.7 and 30.0 MeV/nucleon the
resolution of the HI detector was much improved. The
conditions Zy; = 15 and

Vem ~VrwHM <VHI <Vem. TVFwHM

were used to select ER’s. The quantity vewyy is the full
width at half maximum (FWHM) of the inclusive ER ve-
locity distribution. The experimental widths of the ER
velocity distribution, from which vgwpy =2.350gg, is
calculated, are shown as a function of Zy; in Fig. 8.
Since approximately 50% of all HI’s have Zgg =15 (see
Fig. 6), these gates select about half of the ER’s formed at
19.7 and 30.0 MeV /nucleon.



44 FUSION OF %Si NUCLEI AT 12.4, 19.7, AND 30.0. ..

In the exclusive experiments the HI detector, having
an opening angle of 1.8°, was positioned at 5° in the ex-
periment at 12.4 MeV/nucleon, at 4° and 6° in the experi-
ment at 19.7 MeV/nucleon and at 3° and 6° in the experi-
ment at 30.0 MeV/nucleon. These angles were chosen
such that the angular range of maximum dogg/d6 was
covered. For each combination of angles between the LP
telescopes and the HI detector (see Table I) LP energy
spectra were generated. For the 19.7 MeV/nucleon data,
only the results based on the measurements of LP’s coin-
cident with ER’s measured at the 4° HI-detector setting
are presented, since we obtain identical results from the
analysis of the LP spectra measured in coincidence with
ER’s at the 6° setting. To increase the statistics of the LP
spectra in the 30.0 MeV/nucleon experiment, the LP
spectra measured in coincidence with ER’s detected at 3°
and 6° were summed. We have checked that this im-
proves the statistical accuracy without changing the re-
sults. The analysis presented in this paper is focused on
the results obtained for protons and a particles, since the
summed yield of all other particles measured was at least
a factor of 10 smaller, and omission of these does not

]

d20' o vEc.m.e 1
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affect the determination of the average charge and excita-
tion energy of the CN’s [6].

B. Description of exclusive LP spectra

In this work we have used the coincidence moving
source model from Ref. [22] to describe the exclusive LP
yield. The model decomposes the LP yield into a pre-
equilibrium and an evaporation part and takes the
kinematical constraint of the coincidence requirement
into account. The parameters of the model are deter-
mined by a fit to the experimental LP distributions. In
symmetric reactions the LP distributions have a fore-aft
symmetry in the c.m. system, which greatly reduces the
number of free parameters in the model.

In our analysis we made a modification in the evapora-
tion part of the expressions derived in Ref. [22], and, in
view of the identical role played by the projectile and tar-
get nucleus in the fusion process, we extended the ap-
proach of Ref. [22] to include a target source of pre-
equilibrium particles. We have taken the following form
for the distribution of evaporated particles in the c.m.
system of an excited nucleus:

(1)

dEc.m. d‘Q‘cm

— — . 4
14e Eoem “EcVTc (sin%@, , +k cos?8, , )12

in which E_  is the c.m. kinetic energy of the emitted particle, 6, ,, is the c.m. polar angle of the evaporated particle,
T is the spectrum slope parameter, and E- and T determine the shape of the Coulomb barrier transmission factor.
The angular dependence of the c.m. LP distribution is governed by k: e.g., for kK =1 the c.m. distribution is isotropic,
while for k =0 the c.m. distribution has the 1/sinf,_,, shape. In the present case the ER is much heavier than the LP,
and therefore we have neglected the c.m. kinetic energy of the ER in E_ . With this form for the c.m. distribution of
evaporated particles, we can interpret T under certain circumstances as the initial temperature of the CN; see Sec.
IV G. We derive the coincidence cross section by assuming that the residues are normally distributed about the recoil
velocity produced by the emission of the observed light particle. The corresponding form of the coincidence cross sec-
tion is quite insensitive to exactly when in the chain the light particle is emitted [22]. As in Ref. [22] we find an expres-
sion for the laboratory distribution of evaporated particles with kinetic energy E; measured in coincidence with an ER:

d’og _n, |-E Y VEope o 1
dE;dQ;dQpr  F | Eem | 14e Fem ETc [k+(1—k)E, /E,,, )sin®0, |1
.2 2 2 2
Xe 07127ER) (ohr+oprp )@ |2~ |&f /(ZUER)—i-pU%R , (2)
OER

where Ny is a normalization factor and o gy is the width
of the ER laboratory velocity distribution. We introduce

A

T Ayt A, —A4° o

€

in which A4 is the ejectile mass number, Ap and A, are
the projectile and target mass numbers, and we make use
of the relation

E o =imiy+v}—2v,vcnc080,) , 4)

to compute the c.m. energy of the ejectile. In this expres-
sion vy is the average laboratory velocity of the ER (for

symmetric reactions ven=V, ., ) and v, is the laboratory
velocity of the evaporated particle. v, can be calculated
from the measured energy. The quantity p in Eq. (2) is
expressed by

p =cosOpg[(1+ €y —ev cosOy ]
—evysind; sinfggcos(d; —dgr) , (5)

with 8, and Ogy the laboratory polar angle of the LP and
ER, ¢, and ¢gy their laboratory azimuthal angles. v, is
also used in Eq. (2) and is given by

vg=(1+e€)viy+ev} —2e(1+e)weyv cosh, .  (6)
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Finally, the function ®(x) is

172
P(x)= 1]

1+erf {vi"z ] ] , @)

where erf is the error function. Note that the last term in
Eq. (5) is the source of the asymmetry in the yield for par-
ticles detected at the same (¢, =0°) and opposite
(¢, = 180°) side of the beam with respect to the ER detec-
tor.

Assuming a Gaussian velocity distribution centered at

dE;dQ;dQg  TF| m3
JER

in which Npg is a normalization factor. Furthermore,

2 2
p°/(20%g)
e ER pO’zE
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the projectile velocity vp for pre-equilibrium particles of
mass m emitted from the projectile, we find

%% <exp[ —(v—vp)?/(202/m?)]

Xexp[ —(v—vp)t/(207/m?)], ®)

with o and o, the parallel and perpendicular widths of
the momentum distribution. Assuming that the pre-
equilibrium particle is emitted from the projectile with
mass Ap prior to fusion with the target, the exclusive dis-
tribution of pre-equilibrium particles emitted from a
source with projectile velocity is [22]

—(v, —vP)’l’-/(zai’-/mz)e —(v,—vp )ﬁ/(zaﬁ/mz)e -2} /(2025)

R | » (9)

_ A
B =4 (10)
Ap—A
Ve 4t A —A ab
vo=(14+pvp—puv; , (12)
and
p =cosOg [v(1+p)vp —pvv; cosby ] —uvv; sind; sinfggcos(d; —dgg) . (13)

We can derive the expression that describes the distribution of target pre-equilibrium particles in coincidence with ER’s

in a similar way:

dor o [2E 12
dE;dQ;dQpr  TF | m?
2 2
X [(odg+oppp2)® |—LB— | /oEr
OER

with v, (=0) the laboratory velocity of the target nu-
cleus. Note that all parameters of the target and the pro-
jectile component are identical for the symmetric
288 +28i system.

We have fit the sum of Egs. (2), (9), and (14) to the ex-
clusive distributions of protons and a particles using the
x¥? minimization routine MINUIT [23]. The fitted parame-
ters are given in Table III. The errors, presented in
parentheses, are obtained from MINUIT and are given in
units of the last decimal of the parameter value. In the
fits we have set Oy; equal to the central angle of the HI
detector at 12.4 and 19.7 MeV/nucleon, while its value at
30.0 MeV/nucleon is the average of the central angles for
two HI detector settings. To reduce the number of free
parameters at 30.0 MeV/nucleon, the values of ogg, Ec,
and T obtained at 19.7 MeV/nucleon were used. The

)
+PU%.R

—(v —vT)f/(zof/mz)e —(vy, AVT)ﬁ/(Zaﬁ/mz)e —vh2 /(20%R)

(14)

parameters u and v were kept fixed at their theoretical
value. We will now discuss some of the other parameters
presented in Table III.

The calculated €’s for protons and « particles are 0.018
and 0.077, respectively. The latter is close to the values
given in Table III. The value listed there for protons is
much higher, and indicates that the first-order treatment
of the recoil effect is not sufficient to explain the observed
asymmetry in the proton angular distributions.

On the basis of a few tests, which showed that the fit
results were rather insensitive for any value of k between
0.6 and 1.0, we have set the anisotropy parameter for the
final fits k to unity, corresponding to an isotropic c.m.
distribution for evaporated particles.

In Fig. 8 the values of ogg found at 12.4 and 19.7
MeV/nucleon are compared to the values from the
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TABLE III. Parameters describing the angular distributions of LP’s measured in coincidence with
ER’s having Zgg = 15 for the 2*Si+28Si reaction at 12.4, 19.7, and 30.0 MeV/nucleon. Multiplicities for
evaporated particles My, for pre-equilibrium particle distribution in particles Mpg, and their sum M are
derived via an integration of the LP distributions that were normalized to the corresponding inclusive

ER cross sections.

Particle P P P a o o
Beam energy [MeV/n] 12.4 19.7 30.0 12.4 19.7 30.0
x2 per degree of freedom 7.7 2.31 3.17 19.9 1.73 1.19
Ou1 [degrees] 5 4 4.5 5 4 4.5
€ 0.067(1) 0.096(6) 0.038(7) 0.079(3) 0.084(2) 0.073(5)
OER [c] 0.0147 0.018(1) 0.018 0.0071(1) 0.0097(1) 0.0097
k 1.0 1.0 1.0 1.0 1.0 1.0
T [MeV] 4.65(4) 6.3(2) 6.9(2) 6.79(6) 9.5(1) 12.3(2)
Tc [MeV] 0.94(3) 0.68(5) 0.68 0.84(3) 1.59(5) 1.59
Ec [MeV] 1.39(2) 2.27(6) 2.27 6.6(1) 6.5(1) 6.5
Ng 4.32(2) 10° 8.7(4) 105 2.58(9) 10* 1.25(4) 10* 1.43(2) 10  2.46(6) 10*
m 0.037 0.037 0.037 0.166 0.166 0.166

0.491 0.491 0.491 0.461 0.461 0.461
oy [c] 0.076(2) 0.086(2) 0.127(5) 0.0258(4) 0.0385(8) 0.045(2)
gy [c] 0.054(1) 0.122(3) 0.119(4) 0.0380(4) 0.0640(8) 0.064(4)
Npge 5.71(1) 10> 4.7(6) 10*  9.0(5) 10> 1.98(8) 10* 1.29(5) 105  3.7(3) 10°
Mg, 3.9(6) 2.2(3) 2.0(3) 2.1(3) 1.1(2) 0.76(10)
Mpg 0.7(1) 0.58(9) 0.45(7) 0.56(8) 0.30(5) 0.31(5)
M 4.6(7) 2.8(4) 2.5(4) 2.6(4) 1.4(2) 1.1(2)

analysis of the inclusive ER spectra (Sec. III) and to the
results of our Monte Carlo model (Sec. IV). The compar-
ison shows that our fits to the LP spectra yield realistic
values for ogg. The value of ogy for protons (solid ar-
row) corresponds to the coincident ER’s with the lowest
Zgg, the one for a particles (dashed arrow) to ER’s with
the highest Zgg. This may indicate that a particles are
emitted preferably in the beginning of the decay chain.

A realistic result is also obtained at 12.4 and 19.7
MeV/nucleon for E.. These values are close to the
values for the Coulomb potential V. calculated by
Ve=1.44Z 3 Z,p /(1.2 A1 +1.2414). To reduce the
number of free parameters at 30.0 MeV/nucleon E, and
T were fixed to their value at 19.7 MeV/nucleon. The
values of T¢ are comparable as those listed in Ref. [22].

The measured spectra are well described by the analyti-
cal model. An example is given in Figs. 9-12 for the 19.7
MeV/nucleon data. A deviation is present in the descrip-
tion of two a spectra measured in the 12.4 MeV/nucleon
reaction at 8; =15° ¢, =0° and 6, =24°, ¢, =0° for en-
ergies above 60 MeV. The excess in the LP data is
caused by a particles emitted in coincidence with a pro-
jectilelike fragment, which could not be excluded from
the a-ER coincidences at small LP angles due to the
insufficient element resolution of the HI detector. An ex-
perimental excess in the form of a high-energy tail is also
observed in the 30.0 MeV/nucleon proton spectra at
6, =15°, ¢, =0° and 0, =15°, ¢, =180°. Due to the
small cross section of this extra yield, its contribution to
the overall proton multiplicity is below the 1% level and

will, within the present accuracy, not influence the results
that are based on this quantity.

With the parameters listed in Table III and Egs. (2),
(9), and (14) we can separate the angular distributions
into contributions of equilibrium and pre-equilibrium
particles. For all angular distributions, the yield of eva-
porated particles dominates the angular range between
45° and 60°, whereas the pre-equilibrium yield dominates
at backward angles. The existence of angles where one of
the components dominates, along with the required fore-
aft symmetry, makes the decomposition unambiguous.

C. Invariant-velocity distributions

The proton and a-particle invariant-velocity distribu-
tions shown in Fig. 13 are made using Egs. (2), (9), and
(14), which describe the LP yield at 19.7 MeV/nucleon
with the parameters given in Table III. The invariant-
velocity spectra at 12.4 and 30.0 MeV /nucleon have simi-
lar features.

In the velocity spectra the influence of the coincidence
requirement is visible as an extra yield on the left-hand
side of the picture and below the velocities of the sources
(the ER detector was placed on the right-hand side). The
pre-equilibrium «a particles are clearly emitted from two
separate sources, one at projectile and one at target veloc-
ity. The two Gaussians, by which the pre-equilibrium
proton distributions are described, have such an overlap
that they form an anisotropic elongated distribution with
its center at v, . Such a source at c.m. velocity of pre-
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FIG. 9. In-plane angular distribution for protons emitted in
coincidence with ER’s with Zgz =15 at 4° in the 19.7
MeV/nucleon 28Si+28Si reaction. The angle 6, is shown in
each spectrum. For the first two columns ¢, =0°, whereas for
the last two columns ¢, =180°. The evaporation yield is given
by the short-dashed line, the projectile pre-equilibrium yield by
the long-dashed line, and the target pre-equilibrium yield by the
dash-dotted line. The solid line gives the total yield.

equilibrium neutrons was found in the reaction
“Ar+%Ca at 20 MeV/nucleon [24]. Sources of pre-
equilibrium nucleons with c.m. velocity at half the beam
velocity are described by a microscopic quantum-
mechanical model that shows that these nucleons are
pre-equilibrium particles emitted after zero (Fermi jets),
one, or more collisions with other nucleons [24-26].

D. Momentum widths of pre-equilibrium particles

In the Friedman model [27] for the parallel momentum
width o, the detected particle is the only part of the pro-
jectile that is not absorbed by the target. If one uses an
approximate wave function that describes the relative
separation between the fragment and the remaining part
of the projectile, the model gives the parallel momentum
distribution of the fragment. For the detected projectile
fragment F with mass my and mass number 4 the o is
given by

R.J. MEDJER et al.
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FIG. 10. Out-of-plane angular distribution for protons emit-
ted in coincidence with ER’s with Zgg =15 at 4° in the 19.7
MeV/nucleon 28Si+2Si reaction. The angles 6, and ¢, are
shown in each spectrum.

# 1+y/2 #i
2 /o y ' V1—V, .
I 2xy | V1+y  pxg 1=V B - (1)
One may write up=V2mgxE, mgz=(mzgmg)/

(mg+mp), xg=1.2A4}"3, and y=ZgZpe?/(xyE,) with
Zi and mpy the charge number and mass of the absorbed
projectile residue R, respectively. E; falls between the
separation energy of the projectile into R and F and the
energy needed to separate F when it is excited to just
below its threshold for particle decay. The radius of the
fragment is given by x, and the Coulomb energy between
projectile and target is given by V. The model has been
applied successfully to describe the properties of the pro-
jectilelike fragments [27,28].

The experimental values for o and o, as well as the re-
sults of calculations with Friedman’s model [27] for ab-
sorptive breakup and Moring’s Fermi-jet model [29] are
listed in Table IV. For the a particles the agreement be-
tween Friedmans theory and experiment is within 30%.
The calculated values for the proton widths are much
higher than the values found experimentally. Although
the Friedman model is less apt for protons than for «
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FIG. 11. In-plane angular distribution for a particles emitted
in coincidence with ER’s with Zgz =15 at 4° in the 19.7
MeV /nucleon *Si+28Si reaction.

particles, this result indicates that the protons might be
produced via other mechanisms, which is consistent with
the observations made in Sec. IVC that the pre-
equilibrium protons are emitted by jetting processes and
after collisions with other nucleons. The Fermi-jet model
of Ref. [29] is only able to calculate the momentum
widths for protons and a particles. It yields values too
low for o and o, for all beam energies. Since this pure
mean-field model does not include the broadening due to
two-body interactions, the calculated values should be re-
garded as a lower limit [1].

The momentum o0, which has a meaning in
Goldhaber’s breakup model [30], is calculated from the
o and listed in Table IV. The o, from the 2*Si+**Si ex-
periments fit into the systematics [27,31], which, in con-
trast to the basic assumption of the Goldhaber model, de-
pend on the beam energy.

E. Multiplicities

Although the detectors in the three experiments cover
only a limited part of the total solid angle, our fit to the
coincident LP yield allows us to integrate the LP yield
over the LP angle and energy. The resulting value, nor-
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FIG. 12. Out-of-plane angular distribution for a particles
emitted in coincidence with ER’s with Zgy = 15 at 4° in the 19.7
MeV/nucleon 28i+2%Si reaction.

malized to the inclusive ER cross section for the same
gate on vgg and Zgg, is equal to the average number of
LP’s emitted per ER (i.e., the LP multiplicity). As long
as the fit to the data is reasonable, regardless of the as-
sumptions of that fit, the integrated LP yield deduced
from the fit is model independent; even a polynomial will
do [32]. As we showed in Ref. [6] one can determine with
reasonable accuracy (10%) the multiplicity of LP’s using
this method. For each set of fitted parameters, character-
ized by a y? value smaller than 3.5, the total extracted
multiplicities differ by at most 10%.

Table III and Fig. 14 give the multiplicities My and
Mg of the evaporated and the pre-equilibrium LP’s that
were coincident with Zgg =15 for the three beam ener-
gies. Only the values for protons and a particles are list-
ed, since they comprise more than 90% of the total
charged particle yield. My, and Mpg are the largest at
12.4 MeV/nucleon, and decrease with increasing beam
energy. The values for the total multiplicity M are
roughly a factor of 2 higher in the 12.4 MeV/nucleon ex-
periment than in the 19.7 and 30.0 MeV/nucleon experi-
ments. Since M at 19.7 and 30.0 MeV/nucleon is deter-
mined only for Zgi =15, which selects only a half of all
ER’s to be roughly twice as large and therefore at most



2636 R. J. MEIJER et al.

0.3 |
0z |
\

01 4

0.0 |

0.3 |
02 |
VH/C

[

0.0

T
-0.25 0.0 0.25 -0.25 0.0 0.25

Vl/C VL/C
FIG. 13. Invariant-velocity distribution in the laboratory

frame for protons and a particles produced in the reaction
28Gj +288i at 19.7 MeV/nucleon calculated from a fit to the data.
(a) Proton evaporation component, (b) proton pre-equilibrium
component, (c) sum of the evaporation and the pre-equilibrium
components, (d), (¢), and (f) the same for a particles. The mag-
nitude of the beam and c.m. velocity are given by the solid and
dashed lines, respectively. The invariant-velocity distribution at
12.4 and 30.0 MeV/nucleon have similar characteristics to those
pictured here.

equal to those at 12.4 MeV/nucleon. Considering that
the maximum excitation energy of fully fused systems
differs greatly between 12.4 and 30.0 MeV/nucleon, the
result comes as a surprise. However, the results present-
ed later on offer a plausible explanation.

F. Initial properties of compound nuclei

In Ref. [6] we have shown that the average initial prop-
erties of the CN can be accurately reconstructed. We
now apply the method to the case of excited nuclei pro-
duced in incomplete fusion reactions. The average
charge Zcy, mass number Acy, and excitation energy
E &y of the CN can be calculated via

Zen= 3 Z(iMp(i)+Zgy , (16)

i=p,a

4“4
Aen=2Zcx (17)
Etn= 3 [Eg(i)+m(i)c*IMg(i)
i=p,n,a
+mgge?—mene?, (18)

in which the average c.m. kinetic energy and multiplicity
of the evaporated LP’s of type i are represented by E(i)
and Mg(i), respectively, and the average charge number
of the ER is given by Zggz. As in all following calcula-
tions, we have assumed that the neutron multiplicity
equals the proton multiplicity as it must, because all de-
cay products are near the line 4 =2Z. The quantity mgg
is the mass of the nucleus with mass and charge number
AgRr =2Zgg,Zyg-

The proton and a-particle multiplicities were taken
from Table III. To first order, the neglect of the mass
and energy carried off by other H and He isotopes (less
then 10% of the proton plus a-particle yield) do not

8l Ze215 Proton -
6+ E AMC -
> r MCAMC A
4t E mc E MC 7]
2+ .

4 Z215 a 4

ZERZ15 A 1

E*CN/ACN [MeV]

1 1 1 1 1 1 1
12.4 19.7 30.0
Ebeam [MeV /nucleon]

FIG. 14. Multiplicities of protons and a particles, that are
emitted in coincidence with an ER with Zgg > 15 as a function
of beam energy for the 28Si+2%Si reaction are shown in the two
upper parts of the figure. The lower part of the figure shows the
corresponding E &y distribution. The black area gives the con-
tribution of evaporated particles, the blank area that of the pre-
equilibrium particles. The labels E and open points represent
experimental results, the labels MC and squares are from the
Monte Carlo model discussed in Sec. V, the labels AMC and tri-
angles are from the alternative Monte Carlo model also dis-
cussed in Sec. V.
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TABLE IV. Experimental and calculated momentum widths for the pre-equilibrium particle distri-
bution in 28Si+28Si reactions at 12.4, 19.7, and 30.0 MeV/nucleon. o, is calculated from the data using

the Goldhaber model.
Particle 4 P a a a
Beam energy (MeVn) 12.4 19.7 30.0 12.4 19.7 30.0
Widths
(MeV/c)
Experiment
o 71(2) 80(2) 119(5) 96(2) 144(3) 164(2)
o) 51(1) 115(2) 111(4) 142(2) 238(3) 237(8)
Friedman
(! 154 156 159 135 137 139
Modring
o 41 41 41
o, 41 41 41
Goldhaber
gy 71(2) 80(2) 119(5) 51(1) 76(2) 87(2)

affect the extracted excitation energy per nucleon. The
average LP kinetic energy E(i) was calculated by
averaging the LP kinetic energy over the c.m. energy dis-
tribution of evaporated particles, Eq. (1). For neutrons
we have applied the same procedure using the proton pa-
rameters listed in Table III with the Coulomb barrier
turned off (i.e., Ec. =0 MeV). The results of these calcula-
tions are presented in Table VI, together with results of
the Monte Carlo calculations (see Sec. V).

From this table we see that the average charge and
mass numbers and the average excitation energy per nu-
cleon of the CN at 19.7 and 30.0 MeV/nucleon are nearly
equal. However, the excitation energies at the two
highest beam energies are determined only for CN’s that
decayed to ER’s with Zgi =15, and these contribute to
only half of the total ER yield. Therefore, this experi-
mentally determined average excitation energy of CN’s
should be corrected for the yield of ER’s with Zgg < 15.
The evaporation of 4—8 nucleons or 1-2 a particles more
corresponds to 30-60 MeV or 0.7-1.5 MeV/nucleon
more excitation energy. This indicates that the average
excitation energy of CN’s decaying to ER’s at 12.4, 19.7,
and 30.0 MeV/nucleon remains rather constant at the
level of 3.7-4.5 MeV/nucleon, although much more exci-
tation energy is available at the two highest beam ener-
gies. This may be interpreted as a signature of a limita-
tion of the excitation energy of CN’s that decay to ER’s,
which is discussed in more detail in Sec. V.

G. The level density parameter

In Sec. IV F we have calculated the average CN excita-
tion energy. If we know the level density parameter a
then we can calculate the initial temperature T of the CN
via [34]
172
Etn

a

T= (19)

At excitation energies below 0.5 MeV/nucleon the value

of a is well known. It is nearly proportional to the mass
number of the nucleus, w = A ¢y /a increases only slightly
for heavier nuclei [34]. References [35,36] stated
that for a neutron cascade the slope parameter T is
close to the initial CN temperature provided that the
shape of the c.m. neutron spectrum is described by
E%® exp(—E, , /T). Fits of Eq. (1) multiplied with the

.M.

Jacobian V' E; /E_ ,, (E| is the laboratory energy of the
LP) to the proton laboratory spectra generated by the
statistical model PACE2 [37] show that T for protons is
within 0.5 MeV equal to the initial temperature of the nu-
cleus before its decay and that T is nearly independent of
the critical angular momentum /_;, of the triangular spin
distribution used in the model.

The identification of the spectrum slope parameter for
protons as the initial temperature of the CN is more
problematic if the protons are evaporated from CN’s that
are formed in an incomplete fusion reaction. In that case
the velocity of the evaporation source is distributed
around the c.m. velocity, and this results in an somewhat
larger T. Since the widths of the ER velocity distribution
are measured, one can unfold the LP spectra a correction
for this broadening. The recoil corrections are negligible
at 12.4 MeV/nucleon and would be at the most —10% at
30.0 MeV/nucleon [38]. However, the results of our
Monte Carlo calculation (see the next section) presented
in Fig. 15 shows that incomplete fusion also causes a
broad distribution in the excitation energy per nucleon at
19.7 and 30.0 MeV/nucleon, making the interpretation of
the proton slope parameter as the initial temperature im-
possible. Only the Eg&y/Acy distribution at 12.4
MeV/nucleon has a small enough width a eqn: syntax er-
ror file /usr/tmp/Pgb7200, between lines 760 and 760 to
interpret the proton slope parameter as the average initial
CN temperature. Using the result E&y /Aoy =3.4(4)
MeV from Table VI and the value T=4.65(50) taken
from Table III (the error is estimated in this section) we
find that at 12.4 MeV/nucleon w=6.4(15) MeV. This
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value is consistent with the widely used value of w =38
MeV [1]. These results indicate that the picture of the
fusion process at 12.4 MeV/nucleon is completely con-
nected with the systematics at lower energies.

Because o particle are emitted preferentially from
high-spin states and have to overcome a larger angular
momentum barrier than protons, the T of a particles is
larger than for protons (see Table III). Moreover, the
corrections due to motion of the hot nucleus (from in-
complete fusion and initial evaporations) are larger in this
case than for protons and will further increase the ob-
served 7. Hence, quantitative extractions of w from the
aT parameters are not possible.

H. Charge and energy balance

In the previous sections we have seen that the CN
formed at 12.4 MeV/nucleon contains nearly all of the 56
nucleons that are available in the reaction, while at 19.7
and 30.0 MeV/nucleon the CN that decayed to ER’s with
Zgg 2 15 contained 40—-42 nucleons. We have calculated
the average charge that is emitted in LP’s and ER’s via

Z= 3 ZWO[Mg(i)+Mpg(i)]+Zgy . (20)
i=p,a
T T T T T T T
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0.2 |- .

0.1 .
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FIG. 15. CN excitation energy distributions calculated by
the Monte Carlo model described in this paper for the 28Si + 28Si
reactions at 12.4, 19.7, and 30.0 MeV/nucleon. The closed
points reflect the probability for which a CN is formed with a
given E¢y / Ay under the assumption of the emission of a tar-
getlike and projectilelike fragment. The open points shows the
number of events for which E&y/Acy SE},/A=4.3 MeV
and Zgg > 15.
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The results are shown in Fig. 16. In the reaction at 12.4
MeV/nucleon there is no missing charge, which shows
that we were able to detect all of the charged particles
that are emitted in processes in which ER’s are produced.

At 19.7 and 30.0 MeV/nucleon about 7—-8 charge units
are missing, corresponding to 14—16 nucleons. The aver-
age missing energy AF, the energy (kinetic energy plus
rest mass) of the missing particles, is given by

AE=mpc®+Ep+mpc?+Ey
— 3 [Eg(i)+m(i)c*IMg(i)

i=p,na
— 3 [Epe(d)+m(i)c®IMpg(i) —mggc? 21
i=p,na
with Ep,mp and E;,m the c.m. kinetic energy and mass
of the projectile and target, respectively. The average ki-
netic energy of the pre-equilibrium particles Epg (i) is cal-
culated from the velocity distributions of projectile [Eq.
(8)] and target pre-equilibrium particles. The parameters
used in these calculations were taken from Table III. In
the calculation of E g(n), the neutron parameters were
taken to be identical to the proton parameters, except
that the neutron Coulomb energy was set to Ec =0 MeV.
Under the further assumption that the energy of the em-
itted ¥ rays and the average recoil energy of the ER is
about 10 MeV [6], the average kinetic energy E of the
missing nucleons is calculated from AE and shown in
Table V for three cases: (1) all of the missing nucleons
are bound into one or (2) two fragments, and (3) the miss-
ing nucleons are unbound.

At 12.4 MeV /nucleon the average kinetic energy of the
missing nucleons is zero within the zero error bars. This
result is consistent with the zero missing charge at this
beam energy and gives confidence in the results obtained
for the experiments at the other beam energies. At 19.7
and 30.0 MeV/nucleon the kinetic energy of the missing
nucleons can be quite high. In Table V we have listed the
velocities to which these kinetic energies correspond. If
the missing nucleons are not bound, their velocities will

N w
o o

S aMOIZO) + Zgg

12.4 19.7
Epeam [MeV/nucleon)

30.0

FIG. 16. Average charge balance for the 2*Si+ 2*Si reactions
at 12.4, 19.7, and 30.0 MeV/nucleon. The black area gives the
average charge number of the ER, the hatched and blank areas
give the average number of charges emitted per ER for eva-
porated and pre-equilibrium particles, respectively.
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TABLE V. Average kinetic energies E and velocities v of the missing nucleons at 12.4, 19.7, and 30.0
MeV/nucleon. E and v are calculated assuming that (1) all nucleons are unbound, (2) all missing nu-
cleons are bound in two equal fragments, and (3) all the missing nucleons are bound in a single frag-
ment. Errors in E are estimated to be in the order of 40 MeV. From the kinetic energy the c¢.m. veloci-
ty of the missing particles v is calculated for both cases. vp is the c.m. velocity of the projectile.

Beam energy (MeV/nucleon) 12.4 19.7 30.0
E (1) (MeV) —6 28 144

E (2) (MeV) —26 86 220

E (3) (MeV) —25 98 248

v (1) (cm/ns) 2(2) 4.5(7)
v (2) (cm/ns) 4.1(7) 5.5(6)
v (3) (cm/ns) 4.2(9) 5.9(7)
vp (cm/ns) 2.4 3.1 3.8

be such that they should contribute to our observed LP
yields at forward angles and backward angles. However,
any measured surplus of nucleons is already incorporated
in the charge and energy balance. Therefore, at 19.7 and
30.0 MeV /nucleon both the missing mass and missing en-
ergy must be taken away by one or more composite
particle(s) (Z =3). The Gaussian shape of the invariant
ER velocity distribution with a center at v, excludes
the possibility that all the nucleons are emitted in a single
fragment, since that would cause a central dip in the ER
velocity distributions (see also Sec. V). More than two
fragments are also unlikely because this would imply that
the average charge of the fragments would be close to
two and would therefore contribute to our observed
yields. Hence we deduce that two particles with 4 =6-8
are emitted in the early stages of the collision with veloci-
ties above that of the projectile or target in the c.m. sys-
tem. Since a high multiplicity (about 1) of 4 =6-8 frag-
ments that are coincident with ER’s is not observed by
the multidetector system, these particles must be emitted
at small forward (< 15°) and at large backward angles
(>150°).

The following picture of the fusion process emerges: at
12.4 MeV/nucleon the two Si nuclei fuse almost com-
pletely, only a few nucleons are emitted before equilibri-
um is reached. In addition to the observed pre-
equilibrium LP emission, at 19.7 and 30.0 MeV/nucleon
two fragments with 4 =6-8 are emitted in opposite
directions. Their average velocities, which are close to
the target and projectile velocity, and their multiplicities,
which are about unity for the reaction channels studied,
are similar to those observed for projectilelike and target-
like fragments produced in peripheral reactions. This
suggests that the reactions in which the fragments and
the CN are produced are mutual breakup-fusion reac-
tions in which both the projectile and the target nucleus
undergo the breakup process.

In Sec. IVF we remarked that CN’s formed at 19.7
and 30.0 MeV/nucleon have a much lower excitation en-
ergy than the total available c.m. energy. The missing
nucleons, bound into fragments, are quite energetic, and
therefore this low excitation energy might have a simple
explanation. However, the velocity distributions of pro-
jectile and target fragments in breakup reactions have ap-
proximately a Gaussian form with the most probable

fragment velocities at the velocities of the projectile and
target nucleus. Therefore, regardless of the mass of the
breakup fragments, the energy per nucleon of the CN
formed should simply be the same as for fully fused nu-
clei if binding energy effects are neglected, about 5 and
7.5 MeV /nucleon at 19.7 and 30.0 MeV/nucleon, respec-
tively. The results from Sec. IV F indicate that almost all
CN’s decaying by LP evaporation had excitation energies
well below these values. The energy balance then implies
that the fragments, which were produced in reactions in
which ER’s were produced too, should have velocities
that exceed those of the projectile or target nuclei. Thus
ER’s are formed only when the fusion dynamics is such
that the CN will have E{y /Ay lower than a certain
maximum value, the limiting excitation energy per nu-
cleon, Ef;, / A.

In such a picture the low ER cross section at 30
MeV /nucleon can be explained. In order to create a CN
with excitation energy below E} /A, at least one of the
fragment velocities must be much higher than the projec-
tile or target velocity. This velocity lies in the tails of the
Gaussian fragment velocity distribution. Consequently,
CN’s with energies below E;, / A have a low production
probability. In Ref. [33] we have demonstrated this effect
in a more qualitative manner by a schematic Monte Carlo
program that simulated the effects of the incomplete
fusion process on the properties of the CN and we de-
duced from the results that Ef /4 =4.6(5) MeV.

V. MONTE CARLO CALCULATIONS
A. Description

To check the conclusion from Sec. IV we made a
Monte Carlo model of the fusion process, which allowed
us to calculate observables that can be compared to the
experimental ones.

In the Monte Carlo model the formation and decay of
the CN’s is calculated in several steps.

(1) At 19.7 and 30.0 MeV/nucleon (not at 12.4
MeV/nucleon) two fragments are created in the breakup
of the projectile and target nucleus. The fragment veloci-
ties are chosen such that their velocity distributions have
Gaussian shapes, which are centered at the target and
projectile velocities. The widths of the velocity distribu-
tions are derived from the momentum width o, which
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we calculated from Goldhaber’s model [30] using the o
of a particles listed in Table IV. The parallel velocity
width is calculated directly from the model, while the
perpendicular width was chosen to be proportional to the
parallel velocity, with the proportionality constant o, /o
independent of the mass of the fragments. As a first
guess we have set 0,/0=1. The mass numbers of the
fragments are chosen in such a way that the distribution
of the mass number has a Gaussian form. The centroid
of this distribution 4., was taken to be equal to half of
the measured missing mass (in mass units). The width of
the mass distributions o 4  (in mass units) satisfies the

prescription that particles that could be measured in the
experiment, e.g., H and He isotopes and heavy ions with
M >8, and thus could not contribute to the missing
charge, should be seldom produced. This implies a rath-
er low valueof o , =2-3.

(2) At all beam e;;c"argies the emission of pre-equilibrium
protons and a particles is simulated. The emission prob-
ability is such that the average multiplicity of these parti-
cles is the same as found in the experiment for pre-
equilibrium particles coincident with ER’s (Zgg = 15) and
which are listed in Table III. The velocities of the pre-
equilibrium particles from the projectile source are
chosen in such a way that their c.m. velocity distribution
is given by Eq. (8), with the parameters given in Table
III. The emission of LP’s from the target is simulated in
a similar way.

(3) Then we assume that the remaining parts of the tar-
get and projectile nuclei fuse to form a CN. The initial
properties of the CN are calculated using the conserva-
tion laws for baryon number, charge, momentum, and en-
ergy.

(4) In the next step the decay of the CN by LP evapora-
tion is simulated. In order to avoid the complications in
the description of the evaporation process of highly excit-
ed nuclei (see, e.g., Ref. [39]) we have used Eq. (1) togeth-
er with the parameters listed in Table III as basis for the
computation of the branching ratios and of the energies
of the evaporated particles. At each decay step the
chance of evaporating a proton, neutron, or a particle is
proportional to the corresponding multiplicity (the multi-
plicity of neutrons is assumed to be equal to that of pro-
tons). Note that the rather successful analytical statisti-
cal model of the authors of Ref. [40] is solely based on an
identical determination of the branching ratios. The
emission angles are chosen such that the LP’s are emitted
isotropically, which is consistent with £ =1 in Table III.
The probability of evaporating a particle with a given
c.m. energy is proportional to the cross section for that
energy in the c.m. system. From this the c.m. velocity of
the particle and the velocity of the daugher nucleus is cal-
culated, using momentum conservation. The excitation
energy of the daughter nucleus is then the difference of
the total kinetic energies before and after the evaporation
plus the Q value. A decay is prohibited if any of the con-
servation laws is violated. The cascade is stopped once
these laws forbid the emission of particles.

In the last step (5) the various spectra are updated with
optional conditions such as an upper limit on E&y /4 cn»

R.J. MEIJER et al. 4

which simulates the effect of Ey,, / A4, or the lower limit
ZggpI <15, which simulates the experimental cuts on the
charge of the ER.

An inaccuracy of this method to simulate the decay of
a CN is that the multiplicities and the LP distributions
are determined for Zgy = 15 and are therefore less suited
to describe decay chains in which ER’s with Zgz <15 are
produced. For that reason we have derived the normali-
zation constant for Monte Carlo calculations from the
number of ER’s with Zgz =15 generated in the calcula-
tions and the experimental cross section for ER’s with
Zgg > 15.

We have also performed calculations in which only a
single target or projectilelike fragment, containing on
average all the missing nucleons, is emitted during the
fusion process. The results, most noticeably the volcano
shape of the ER velocity distribution, clearly show that
such a scenario is not consistent with the available data.
The authors of Ref. [24] concluded for the nearly sym-
metric reaction “°Ar+%Ca at 20.0 MeV/nucleon that
CN’s are formed in fusion reactions in which a few pre-
equilibrium particles are emitted, but no fragments.
Their analytical model for the ER mass and charge distri-
bution did not consider E / A. This scenario of the in-
complete fusion process is similar to the one we use for
the 12.4 MeV/nucleon 8Si+28Si reactions. To compare
such a scenario with the data we have made an alterna-
tive Monte Carlo model which omits the emission of the
projectilelike and targetlike fragments at 19.7 and 30.0
MeV/nucleon. The collision dynamics at these energies
in the alternative Monte Carlo model is therefore the
same as at 12.4 MeV/nucleon. Furthermore, we have set
Ef,/A=100 MeV to remove any influence of E{, /4
on the results.

B. Results

The Monte Carlo code allows us to check the con-
sistency of our scenario of the fusion process with the
measured spectra and other observables. Furthermore, it
allows us to determine Ej / A, the width of the fragment
mass distribution o A, and the ratio o /oy which we

could not determine a priori. In Table VI the values of
these parameters, for which the calculations best repro-
duce the experimental data, are listed.

In Fig. 15 the calculated full distributions of
EZn/Acy are shown together with the distribution of
E¢N/Acn limited by Eff /A =4.3 MeV and Zgg > 15.
The effect of Eff, /A at 12.4 and 19.7 MeV/nucleon is
rather small compared to the effects at 30.0
MeV/nucleon. At that beam energy the presence of
Efn/ 4 has a direct influence on the average E&y /Aoy
of reactions in which ER’s with Z; > 15 are formed, and
on their cross section. The experimental value for
E&y /Aqy (see Table VI) at 30 MeV/nucleon cannot be
reproduced without the assumption of a limiting excita-
tion energy.

From the parameters that govern the properties of the
fragments only the ratio o, /0 is significantly changed
from its initial (guessed) value o,/0=1. The calcula-
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tions show that this parameter has a limited influence on
the ER angular distribution and on the excitation energy
of the CN. Generally, a change of the fragment velocity
widths does not have a large effect on the calculated an-
gular distributions of ER’s. If the widths increase then
the average excitation energy of the CN is decreased (the
CN has on average a larger c.m. kinetic energy) and con-
sequently the recoils imparted to the ER by the evaporat-
ed particles are reduced. A similar argument explains the
observation that a change in the widths of the fragment
mass distributions has also a small effect on the widths of
the ER distribution.

The calculations also demonstrate that the experimen-
tal setup employed could not detect the fragments with
A =6-8. The projectilelike fragments are predominantly
emitted in a narrow cone (0 < 5°) around the beam axis in
which none of our detectors was able to detect them
properly, while the targetlike fragments have a velocity
close to zero in the laboratory frame and are stopped in
the AE detectors of the multidetector system.

Table VI shows that there is a rather good agreement
of most of the experimental and calculated quantities
describing the average properties of CN’s. Figure 14 in-
dicates that in the Monte Carlo model too few a particles
and too many protons are evaporated at 30.0
MeV/nucleon. In the calculations the branching ratios
were set proportional to the experimental multiplicities
and are independent of the excitation energy of the eva-
porating nucleus. Clearly, this method works fine at 12.4

and 19.7 MeV/nucleon but is insufficient at 30.0
MeV/nucleon. The experiments show (see Figs. 6 and
14) that the charge and excitation energy distributions of
the CN at 19.7 and 30.0 MeV/nucleon are almost equal.
Therefore, the difference in the branching ratios indicates
that there should be at least one other quantity, probably
the average angular momentum, by which the CN’s
differ. The alternative Monte Carlo model overestimates
the multiplicities of protons and a particles at 19.7 and
30.0 MeV/nucleon by a factor 2-3. Since the model
neglects the effect of pre-equilibrium fragment emission
as well as Ef, /A, the E ¢y /Ay is much higher, caus-
ing more particles to be evaporated. Note that the two
models differ only at the highest two beam energies (see
Sec. V A). Since the average Ay is also higher in this al-
ternative model, the Zg, distribution calculated at 30.0
MeV/nucleon is not too far off from the experimental
one; see Fig. 6. However, the Monte Carlo models also
allow us to calculate ER angular distributions. In Fig. 5
they are compared with the experimental distributions.
These comparisons work strongly in favor of our pro-
posed Monte Carlo model. The parallel widths of the ER
velocity distributions are shown in Fig. 8. Here the re-
sults of the two models are the same as 19.7
MeV/nucleon. The alternative model underestimates the
widths at 30.0 MeV/nucleon more then the proposed
one. These results clearly show that the fusion processes
studied at the beam energies of 19.7 and 30.0
MeV/nucleon are far from being “complete.”

TABLE VI. Experimental results deduced from the charge and energy balance compared with the Monte Carlo results. The input
parameters of the Monte Carlo model are given at the end of the table. Pre-equilibrium fragments with Z = 3 are not emitted at 12.4
MeV/nucleon. A4, is the average fragment mass number, o 4, is the width of the fragment mass distribution, and 7 is the average

fragment velocity. The experimental value of U is taken from Table V, case (2).

Experiment Monte Carlo

Beam energy (MeV/nucleon) 12.4 19.7 30.0 12.4 19.7 30.0

Results for Zgg =15

Zen 27(2) 21(2) 19(2) 27 21 19
Acn 54(4) 42(4) 38(4) 53 42 38
Een (MeV) 185(20) 118(20) 112(20) 149 112 110
E&N/Acx (MeV) 3.4(4) 2.8(5) 2.9(6) 2.8 2.7 2.8
Zer 19 16.5 15.7 19.2 16.6 15.5
v (cm/ns) 4.109 5.5(7) 3.42 4.6

Parameters of the Monte Carlo model

E},./A (MeV) 43 4.3 4.3
e (MeV/c) 76.0 86.0
g /O'” 0.5 0.3
Acen 6.0 7.5

(] 2.0 2.0




2642

In general, the largest deviations of the proposed
Monte Carlo model occur for Zgy <15. The deviations
reflect that the parameters, which describe the LP prop-
erties in the model, were derived from spectra of LP’s,
which were coincident with ER’s having Zyi > 15.

From Fig. 15 and Table VI we see that almost all
events generated in the Monte Carlo calculations for the
reactions at 12.4 and 19.7 MeV/nucleon have
E¢n/Acn<Ef,/A, and this result is therefore con-
sistent with the experimental result that the ER cross sec-
tions at those beam energies is not suppressed. However,
for only a small fraction f of the events at 30.0
MeV/nucleon E {y / Acy is below Ef,, / A. From Fig. 15
it is also evident that f strongly depends on E / A. The
value f=0. 1, obtained via an extrapolation of the experi-
mental ER cross sections at lower energies, would corre-
spond to Ef,, /A =4.0 MeV in our Monte Carlo model,
while for Ef,,/A=4.3 MeV (corresponding to f=0.17)
the best agreement of the model with all the other experi-
mental results is obtained. In view of the general prob-
lems associated with extrapolations (e.g., in this case a
smooth extrapolation neglects the fact that below 19.7
MeV/nucleon the fusion mechanism changes from a
fusion reaction in which only a few pre-equilibrium LP’s
are emitted into a breakup-fusion reaction) the results are
consistent.

The ability of the model to determine the value
E}.,. /A is strongly dependent on the implementation of
the reaction dynamics, most noticeably on the description
of the correlations between the two fragments and the
description of the emission of pre-equilibrium LP’s. The
rather good agreement of the results calculated with the
model, in which no correlations between the two frag-
ments are assumed and in which pre-equilibrium LP’s
have no correlation with each other or with the frag-
ments show that, if these correlations exist, then they do
not influence the gross properties of the reaction dynam-
ics.

VI. SUMMARY

Detailed inclusive heavy-ion distributions and ex-
clusive light-particle heavy-ion distributions have been
measured for the reactions 28Si+28Si at 12.4, 19.7, and
30.0 MeV/nucleon. The present work is focused on those
reaction channels in which an ER is formed. The in-
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clusive measurements show that the ER cross section at
30.0 MeV/nucleon is a factor of 10 lower than calculated
via a smooth extrapolation of ER cross sections measured
at lower energies. For light systems this has not been ob-
served before. Analytical functions based on the coin-
cidence moving source model give a good description of
the exclusive LP distributions and separate the LP yield
into a pre-equilibrium and an evaporation component.
The invariant-velocity distributions of pre-equilibrium
protons are typical for jetting processes, while these dis-
tributions of pre-equilibrium «a particles are typical for
breakup type of processes. The total LP multiplicities are
the largest at 12.4 MeV/nucleon and decrease with beam
energy. The mass and energy balance show that CN’s
that decay to ER’s with Zgi = 15 have an initial excita-
tion energy that does not exceed 3 MeV/nucleon. This
implies an average excitation energy of 3.7-4.5
MeV/nucleon for all CN’s decaying into ER’s. The bal-
ances also indicate that at 19.7 and 30.0 MeV/nucleon
for the reactions leading to ER’s, a projectile and a target
fragment with 4 =6-8 are emitted with an average c.m.
velocity that exceeds that of the projectile and target nu-
cleus. The results are consistent with a limiting excita-
tion energy for nuclei, above which the nuclei decay
mainly via other mechanisms and do not form ER’s. A
Monte Carlo simulation of the fusion process, based on
these results, reproduces the experimental observables
such as the coincident LP multiplicities, the ER angular
distribution, and the Zgi distribution assuming
Ef,/A=4.3MeV. The data allow us to test various as-
pects of the model separately: at 12.4 MeV/nucleon the
modeling of the pre-equilibrium LP emission and the de-
cay of the CN by LP evaporation is tested, at 19.7
MeV /nucleon the effects of a breakup-fusion process, and
at 30.0 MeV/nucleon the concept of a limiting excitation
energy.
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