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1. Introduction B ,

Low energy. heavy-ion collisions, extending in energy from the neighborhood of the
Coulomb barrier up to a few MeV/nucleon, are very gentle interactions in which a few
low frequency degrees of freedom play a dominant role. In these processes, the main
issue is whether the dinuclear system manages to fuse (giving rise to a compound
nucleus) or having failed to do.so,r.whéther it reseparates into two fragments with
charge, mass, energy, and angular momentum transfers chgaracteri.sti_c' of a
deep-inelastic collision. - . i

‘The-time evolution. of the dinuclear system occurs.in a multidimensional space
consisting of relative distance, mass and charge asymmetry, a few shape degrees of
freedom, and: a few angular momentum bearing modes. In these coordinates, a
paramount role: is played by. the pdtential energy and by the viscosity tensor which,
each in its own way, keep the kinetic energy under rather tight control. As a result of
this  delicate .interplay of kinetic energy, potential energy and viscosity, the amount of
fusion strongly d:ependsupon the kinetic energy and.effective fissility of the system,
while .deep-inelastic processes are characterized by large -energy and angular
momentum dissipations and by large-thermal-like fluctuations. -

- -As one progresses towards. higher energies, in the range of 10.to 100
MeV/nucleon, now identified as the intermediate-energy regime, one should observe
a variety of changes taking place. From a purely macroscopic point of view, one
expects an increasing dominance of inertial effects associated with the increased
kinetic: energy in the entrance channel, and a declining role of those modes
characterized either by low' frequency or by:long relaxation times, -or-by. both: - A
peculiar but straightforward consequence of this, state of affairs is a possible
simplification of the primary macroscopic reaction mechanism due-to the progressive
disappearance of-many degrees of freedom relevant at lower energies, like mass
asymmetry, shape degrees of freedom, and intrinsic angular momentum modes.

An extreme simplification suggested by experiment could be the following: for a
given impact parameter either-occluded volume of the:-two overlapping spheres (target‘
and projectile) may be sheared away in the collision, the energy: of the newly created
surface, as ‘well as the inertias' of the relevant pieces, determining which of the two
occluded pieces will be sheared off 1). The sheared-off piece may then amalgamate
with the intact partner to produce an incomblete-fusion product, while the residue of the
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abraded partner tends to retain its motion, less and less perturbed by the shearing
actioh, the faster the shearing process becomes. Asymmetric systems are more
susceptible to this kind of reaction, the smaller nucleus bearing the brunt of the
shearing process. |

Figure 1 shows the predicted impaét parameters, as a function of bombarding
energy, at which the breakup of either the target or the projectile is possible in the
reaction Nb + Be. These impact parameters were calculated using the model of Ref. 1.
For each impact parameter, there is a lower energy limit below which neither of the two
occluded parts can be sheared off. This sets the lower limit of the breakup processes
and the upper limit of complete fusion-deep inelastic processes. This limit moves to
lower energies with increasing impact parameter for obvious geometric reasons. At
the largest impact parameters these shear-off processes can occur at very low
energies, and are known as direct‘or quasi-elastic reactions. At the upper energy
range, incomplete fusion ends. The process ceases to be binary, as both occluded
pieces can be sheared off their respective parents. This gives rise to the so called and
better explored fireball regime characterized by a hot intermediate (fireball) formed by
the amalgamation of the two occluded regions, and by the two spectator pieces 2).
With these general qualitative ideas in mind, one can proceed to explore the
experimental situation as it has developed in the past few years.

Prompted by preliminary results with first generation heavy ion machines, a large
amount of work has been performed on the subject of linear momentum transfer by
measuring fission-fragment folding angle distributions 3-5). The observed momentum
transfer, which is complete at lower energies, progressively becomes more incomplete
as the bombarding energy increases. This is in general accordance with the
incomplete fusion model outlined above although this model is by no means
completely accepted. Difficulties in characterizing the fissioning system, among other
things, prevent one from establishing a direct correlation between impact parameter,
mass transfer and momentum transfer.

Similar trends in the measured momentum transfer as a function of bombarding
energy have been obtained in studying the evaporation residues 6-8). Heavy
forward-moving products suggest the formation of hot compound nuclei in an
incomplete fusion process, which undergo massive evaporation, leaving behind heavy
remnants.
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Complex fragments with masses intermediate between alpha particles and fission
fragments are also produced in fair abundance in intermediate-ehergy reactions.
However, some difficulty has been encountered in determining their origin and the
mechanism of their production. A putative power-law dependence of their mass (or
charge) distribution 9-15) has prompted some authors to associate them with a
liquid-vapor phase transition 18) or, more precisely with the critical opalescence
occurring in the vicinity of the critical point. This belief has lead to an experimental |
inference of the critical temperature and density and has promoted a revival of the
Fisher theory of droplet condensation 17) by a number of theorists 18-20). More daring
authors have identified the process as a cold fragmentation 21) or shattering of nublei
under shock in analogy with the Shattering of glass or other suitably brittle material. In
this, as in the previous cases, the inclusive mass distribution was adequately fit by the
theory. An ihsb‘e'c’:tion of the associated kinetic energy spéctra is not very conclusive.
The spectra 'Can_be pérameterizéd in terms of emission from moving source(s) 14-15).
However, the interpretation of the fitted parameters is not clear. |

‘The thermal-like behavior of the kinetic energy spectra and yields of complex
fragments in high energy proton induced reactions 9:10:13) has led to the recognition
that compound nuclei can in fact emit the whole range of complex fragments from 4He
to fission fragments. One theory that arose 22) was formulated as a generalization of
fission with explicit treatment of the mass asymmetry degree of freedom.” For any given -
mass asymmetry, it is possible to find a constrained or conditional saddle-point that,
like the ordinary saddle-point in fission, controls the decay rate at that particular
asymmetry. The locus of the conditional saddles constitutes the ridgeline whose
energy profile determines, together with the excitation energy or temperature, the
shape of the mass distribution. In recent experiments 23-2%), the low energy emission
of complex fragments has been characterized as a true compound nucleus process
and the associated conditional barriers have been extracted and used to test recent
refinements in the liquid-drop model 26).

The experimental confirmation of the compound nucleus origin of complex
fragments at low bombardihg energy leads to the fact that the emission probability of
these fragments should rapidly increase with increasing excitation energy. In
particular, if very hot nuclei were produced' in intermediate-energy reactions, they
would decay rather abundantly by the emission of complex fragments. This can be
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readily understood from the Boltzman-like dependence of the decay width r upon the

potential energy V and the saddle-point temperature T, namely I a exp(-V/T). An

example of this feature is given in Fig. 2 where it is shown qualitatively how the

fragment yields are expected to depend on the excitation energy of the e'm'itting |
system. The fragment yields increase several orders of magnitude as the excitation

energy increases from 50 to 400 MeV. At the high excitation energies, the yields for all

asymmetries become more comparable.

At present, there is a singular lack of compound nucleus signétures in the
available intermediate-energy heavy-ion data. This confused situation can be
attributed to the broad range of velocities associated with target-like and projectile-like
fragments produced over a broad range of impact parameters with a related range of
momentum transfers. A desirable reduction in the range of impact parameters dan be
achieved by using very asymmetric entrance channels. This may alsb help minimize
or even eliminate the role of the source associated with the light partner. Furthermore,
by utilizing reverse-kinematics, one can detect all of the source fragments in a
relatively small laboratory angular range.

These reasons led to the choice of the reactions 93Nb + °Be & 27Al at 25.4 and
30.3 MeV/u in reverse-kinematics for our initial attempt to establish whether compound
nucleus decay plays any role in the production of complex fragments at intermediate
energies.

The paper is organized as follows: In Sec. 2, the experimental details are given.
The results of the inclusive measurements are shown and discussed in Sec. 3.
Coincidence measurements are presented and discussed in Sec. 4. Finally the
conclusions are summarized in Sec. 5.

Part of this work has been published elsewhere 27,

2. Experimental Method
The experiment was performed at the Bevalac of the Lawrence Berkeley
Laboratory. Beams of 107 particles per pulse of 93Nb with energies of 25.4 and 30.3
MeV/u impinged on targets of 9Be (2.6 mg/cm?) and 27Al (3.8 mg/cm?). The thin
targets ensured that the projectile's energy loss within the targets was small (less than
3% of the initial beam energy).
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Particles were detected in two medium area E-AE telescopes placed on either side
of the beam. The energy loss of a particle entering the telescope was measured with a_
gas ionization chamber and the residual energy was measured with a 2 mm thick,
Li-drifted Si detector. The diameter of the active area of the Si detectors was 6.8 cm..

The ionization chambers were operated with a gas mixture of 90% Ar and 10% CH, at

a pressure of 200 torr. The telescopes were position sensitive in two dimensions. The
in-plane position signal was obtained from the voltage division across a Pd resistive
layer evaporated on the front surface of the Si detector. The out-of-plane pdsition was
determined from the drift time of the electrons in the gas ionization chamber. Detector
1 was centered at 5.5° and had an acceptance angle of 5° The other telescope -
(Detector 2) was centered at -9° with an acceptance angle of 6°. ,
. The energy calibration for the Si detectors was obtained using elastrcally scattered
Nb projectiles from a 3 mg/cm? Au target. Cahbratron points were obtained with Nb
beams of energy from 11.4 to 30.3 MeV/u. The lower energy beams were produced by
degradmg the 30 3 MeV/u beam with Al degraders. The energy loss wrthln the
degraders was calculated from the tables of Ref. 28. Correctlons were made for the
pulse- height-defect using the systematlcs of Moulton et al. 29)
The gas ionization chambers were also cahbrated at the same time.
Measurements of the resudual energy of elastncally scattered beam particles, wrth and
without gas in the |on|zat|on chamber, allowed the energy loss within the gas section to
be deduced. These energy losses were used as calibration points.
~ Corrections were also made to account for energy losses in the Mylar window of

the ionization chamber and the Au absorber foils used for suppressingn electrons and
X-rays. The energy calibrations were accurate to 2%. , | _ |

The position calibration was determined with a mask consisting of a matrix o_f 2.5
mm diameter holes separated by 5§ mm. The typi'cal position resolutidn vobtained was t
0.2°. However, the determination of the scattering angles was Iimited to an accuracy of
+0.59 due the large size of the beam spot. Cross sections were normalized with
respect to thet'b.eam charge collected in a Faraday cup. Inclusive and coincidence

events between the two telescopes were recorded on magnetrc tape and analyzed
off-line .
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Figures 3 & 4 show representative E-AE spectra obtained with the detector at 5.5°.
Ridges corresponding to different atomic numbers can be seen, especially in the
spectrum for 30.3 MeV/u Nb on Al reaction. The Z resolution is less than one Z unit
F.W.H.M. for atomic numbers less than 30. For the 25.4 MeV/u Nb + Be reaction, the
more energetic lighter fragments (Z < 9) punched through the Si detector and did not
deposit their full energy. The punch through-line is not evident in the 30.3 MeV/u Nb

+Al spectrum due to a higher AE threshold .

3. Inclusive data

3.1 VELOCITY DIAGRAMS

The use of reverse-kinematic reactions provides a clear signature for the
production of complex fragments by a binary decay mechanism. To illustrate this point,
let us consider the kinematics diagram shown in Fig. 5a. The vector Vg represents the
velocity of a system which is the source of the complex fragments. Such a system
could be formed in an inelastic interaction of the target and projectile nuclei such as a
complete or incomplete fusion reaction. Because of the large asymmetry of the
entrance channel, the source velocity (V) is only slightly less than the beam velocity
and hence quite large. A particular compléx fragment, produced by a statistical, binary

decay of the source system, is emitted with a well characterized velocity (V)
determined moétly by the Coulomb repulsion between it and its partner. The locus of

all possible emission velocity vectors (V) is represented by the circle in Fig. 5a. The

fragments observed at a laboratory angle 6, smaller than a critical value, have two
velocities (represented by vectors V, and Vy, in Fig. 5a.). The high velocity solution (V)

corresponds to a forward emission in the center-of-mass and the low velocity solution

(V) corresponds to backward emission in the center-of-mass. If the reaction

mechanism, involved in the present reactions, does in fact produce compound nuclei
with a narrow distribution of velocities, one ought to observe such double solutions.
This is indeed the case in the reactions under consideration. The two solutions are
clearly visible in Figs. 3 and 4.

Conversely, if complex fragments were produced in a multifragmentation process,
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where typically more than two fragments are produced per event, then a particular
fragment is no longer emitted with a well characterized velocity in the source frame of
reference. Emission velocities ranging from zero up to the two-body decay value are
possible. Hence fragments produced by multi-fragmentation should fill up the
kinematic rings -associated with the two-body decay events. The distribution of
laboratory velocities would no longer show two distinct solutions, but would consist of
events covering an extended range of velocities. The existence of two kinematic
solutions for the complex fragments is thus a clear signature for a binary decay
production mechanism. _

In order to verify the kinematics for complex fragment emission, a velocity was
derived for each detected particle. This velocity was evaluated from the particle's
measured energy by assuming a single mass for each Z species. In estimating these
masses, it should be stressed that the primary fragments can have large excitation
energies and so sequential evaporation of light particles from these fragments is an
important effect. The statistical code PACE 30) was used to simulate this evaporation
process for primary fragments with a large range of Z, A and excitation'energy. The
average atomic charge <Z> of the secondary fragments was found to be well
correlated to their average atomic number <A>. For Z<40 the dependence of <A> on
<Z> is well reproduced by the relation

<A> = 2.08 <Z> + 0.0029 <Z>'. | 4 ()

This.result was found to be independent of the initial Z, A and excitation energy as long
as the excitation energy was large enough ( E'/A >1 MeV ). In order to gain
confidence in Equation 1, one can compare its predictions against experiment. The
‘isotope distributions of Z=8, 14 & 20 fragments producedin the similar reaction Kr + C
-at E/A = 35 MeV 31) are particularly suitable for comparison-as the production

mechanism of these fragments is most likely the same as in the present work.

Equation 1 reproduces the mean A of these distributions to within £ 0.2 mass-units.

The second moment of these distributions is ~1 mass-units. Over the range of

fragments 5<Z < 40, Equation 1 is estimated to be accurate to within + 0.5 mass-units.

Includin'g the uncertain'ty in the energy calibration, this implies a total uncertainty of
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2% in deriving the average velocities of these fragments.

Fig. 6 shows contours of the invariant cross sections in the Z-velocity plane
obtained with Detector 1 at 5.5°. The dashed lines indicate the largest velocity for
which fragments still stop in the Si detector. For fragments with velocities above this
value, the total fragment energy was not measured. For the reactions with the Be
target, an attempt was made to reconstruct the total energy of these events from their
energy loss in the Si detector. This reconstruction is not very accurate, it was only
done for display purposes, and was not used in any further analysis.

Both the E-AE maps of Figs. 3 & 4 and the contour map of the invariant cross
sections in the Z-velocity plane given in Fig. 6 suggest the presence of three
components. The first component is concentrated at large Z-values in the general
vicinity of the projectile Zévalue and is predominantly found at small angles. In fact it is
visible only in the most forward setting of the telescopes. This component appears to
be the evaporation residues of very hot compound nuclei whose angular distribution
extends as far as the inner part of the most forward telescope. In order to verify this
hypothesis, a simulation with the evaporation code PACE was performed for the 25.4
MeV/u Nb + Be reaction. A compound nucleus was assumed to be formed in an

incomplete fusion reaction (initial system A=100;Z =48 ; E = 148 MeV i Jmay = 42

max
fi) and was allowed to evaporate. The histogram of the evaporation residue angular
distribution is shown in Fig. 7. The effect of the finite angular resolution of the
experiment has been included. This figure suggests that about 0.1% of the overall
angular distribution was seen by our detector in its most forward angular setting.

The second component covers a much larger range of atomic numbers and is
concentrated into two velocity ridges of nearly equal intensity. This component is the
object of our present study and will be discussed extensively.

The third component is visible at small atomic numbers (Z < 10 for the reactions
with the Be target, Z < 15 for the reactions with the Al target) and at low velocities. As it
extends to larger Z values for the reactions with the Al target than for the reactions with
the Be target, it seems to be target related. In normal kinematics, this component
corresponds to the high energy tail which is observed for atomic numbers near the
projectile, and which is considered to be projectile related. Admittedly the origin of this

component is not clear. While it is reminiscent of quasi-elastic and deep-inelastic
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reactions, its extension to atomic numbers larger than the target is somewhat puzzling.
Because of the large asymmetries of the entrance channels, one might expect a mass
transfer in the opposite direction. Similarly, the possibility of a piece of the projectile
being picked up promptly by the target is also dubious. because the rather large
excitation energy generated in the product should lead to its total disintegration. A way
out of this quandary may be found in the motion of the nucleon clusters to be
transferred inside the projectile.  The clusters that are moving 'backwards in the
center-of-mass of the projectile can be transferred without depositing much energy,
thus allowing the resulting nucleus to survive complete d|S|ntegrat|on

Let us now return to the second component on whnch the present study focuses

Even a cursory glance at the two ndges in the E- AE data shown in Flgs 3&4
~ conveys the idea of a fast movmg smgle source emlttmg fragments more .or less
|sotrop|ca||y wnth a constant, sharp center-of-mass velocity. The two veIocuty
components are readuly understood as the two klnematlc solutions expected at a smalI
Iaboratory angle when a fast movmg source decays mto two fragments :

A more stnkmg representatlon of. these kmematlcs features |s shown in Frg 5b
which is a density plot of the invariant cross section (92 6/dV) 9V ) in the V-V plane
" for fragments with 11 < Z < 17. Events from both detectors ‘are included in this plot
allowing a coverage of laboratory angles from 30 to 120 Flgure 5b shows clearly a
portion of the Coulomb ring’ ‘similar to the velocnty diagram dxsplayed in Fig. 5a. A
portion of the ring is missing due to the limited angular coverage of the detectors. The
width of the'Coulomb ring is due to the inclusion of a range of fragment Z-values, each
with their own Coulomb ring of a different radtus and to the spreadrng out of the

‘individual fragment rings by sequentral evaporation and Coulomb fluctuatlons

“From Fig. 5a, using srmple geometric arguments one can show:

_'Y'Va + Vb'
S 2 cosH

This suggests that the source velocity V¢ can be obtained simply from the inclusive
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velocity distributions. In practice, our detectors subtended a finite range of angles and
the fragment velocity distributions have finite widths associated with them. A
simulation incorporating these effects showed that the source velocity could be
determined to less than 0.4% from

_Xa+Xb

Vo=—%— )

where X, and X, are the centroids of two gaussians fitted to the V|,,/cos® spectra.

Source velocities were derived for Z-species where the velocity spectra of the more
forward angle detector (Detector 1) showed two, easily separated solutions and where
the third, target-like component was not present. The experimental source velocities
are shown in Fig. 8. The error bars on the experiméntal points indicate only the errors
associated with the extraction procedure. The source velocities are rather
independent of Z-value suggesting a common source for all of the fragments. This is
similar to experimental source velocities obtained by Auger et al. 31) for the reactions
35 MeV/u 84Kr on 12C and 27Al. For the Kr + Al reaction, Auger et al . find that the
source velocities display a small dependence on the fragment A-value. Their data
suggest that for the more asymmetric mass splits, the associated mass transfers are on
average larger. The source velocities for the Nb + Al reactions in this work, would not
be inconsistent with an equivalent dependence on charge division.

The dotted lines in Fig. 8 represent the weighted mean of the experimental source
velocities and the associated error bars represent the total systematic error from the
energy calibration and mass parameterization. The source velocities give an
indication on the degree of fusion in these reactions. The velocity corresponding to
complete fusion is represented by the heavy dashed lines in Fig. 8. For an incomplete
fusion reaction, the source velocity lies between this velocity and the beam velocity.
The larger the source velocity, the less is the degree of fusion. The experimental
source velocities indicate a high degree of fusion.

The average mass of the sources was estimated as



-11-

" : beam o ’ ' - ' '
<AS>=,AP <VS> . . L , “)

where Ap is the mass of the projectile and.Vy,n, is the beam velocity. This equation

was derived from momentum conservation, setting the momentum of the residual
portion(s) of the target to zero. A more precise evaluation from the model of Ref. 1,
leads to average masses which are within 2% of those obtained with this equation.
The ‘average source masses obtained from 'Equation’ 4, using the mean source
velocities, are listed in Table 1. This table also lists the average total charge of the
source <Z.> assuming that the fraction of the target mass transferred is equal to the
fractlon of the target Ztransferred - - | o

The correspondmg momentum transfers in normal klnematrcs a|so Ilsted in Table
1, are all consistent with the Viola systematics 32) which predicts 68 to 76 % of full
momentum transfer. However, for the reactions with the Be target, the data are not
inconsistent with complete momentum transfer. It is difficult to measure accurately the
degree of fusion in this reverse- -kinematics reaction because the dlfference in source
vvelocmes between zero and full momentum transfer |s small (= 9%)

The center-of-mass emission velocrty of the fragments was obtalned by an
event by -event transformatlon of the Iaboratory velocities into the frame assocnated
‘with the average source velocity for each}reactlon. | Flgure 9 shows the first moment

(<V¢>) of the emission veIocity distributions as a function of Z-value In the same

figure, the second moments are aIso presented they quI be dlscussed later. The
:results for both targets, are very similar at the two bombardlng energles For
“companson the sohd curves show a sumple calculatlon where the emission velocmes
are denved solely from the Coulomb repulsion of the two fragments after SCISSIOI’] The

~scission conflguratlon was assumed to be two spheres whose centers are separated
by 1.2(A113+A,13)+2 fm and where the Z split for each mass split is given by charge

equilibration. This parameterization was found to reproduce emission velocities of
complex fragments from compound nuclei at lower bomoarding energies 24y, .

At these higher excitation energies, it is important to'include corrections due to the
sequentlal evaporation of hght partlcles from the primary fragments To first order

sequential evaporatlon does not change the average velocnty ofa fragment but it can
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change the Z-value of the fragment. The estimation of the charge loss due to
evaporation will be discussed later. The solid curves in Fig. 9 were calculated for the
25.4 MeV/u bombarding energy and include the effect of sequential evaporation.' The
calculations for the higher bombarding energy (not shown) are almost identical, as the
corresponding sources were similar (Table 1). The agreement with the data is very
good despite the fact that no angular momentum effects have been taken into account.
In a way, this situation is very similar to that encountered for fully relaxed products in
deep inelastic reactions, where Coulomb-like energies are always encountered
despite large variations in the angular momentum. A partial compensation to an
increase in angular momentum due to an increase in deformation is to be expected,
but no quantitative verification of this effect is available as yet.

Coulomb velocities, calculated for symmetric division, using the Viola systematics
of total fission kinetic energy 33) are indicated in Fig. 9. These are also in excellent
agreement with the experimental data.

3.2. ANGULAR DISTRIBUTIONS

The inclusive velocity spectra of complex fragments indicates that the fragments
were emitted with Coulomb-like velocities in the binary division of intermediate
systems formed in fusion-like reactions. This result is similar to those obtained at lower
bombarding energies where complex fragments were characterized as decay products
of compound nuclei produced in complete fusion reactions.

At these higher bombarding energies, it is of interest to establish whether the
intermediate systems have attained complete relaxation and hence could be properly
called compound nuclei. A necessary requirement for compound nucleus decay is the
forward-backward symmetry of the angular distributions. One can ‘test this
forward-backward symmetry by comparing the yields of the high and low velocity
kinematic solutions which correspond to emission forward and backward from the

source system. The expected angular distribution for compound nuclear decay from a

rapidly rotating system has approximately a 1/sin® form in the frame of the source

system.

Fig. 10 shows the ratid of the center-of-mass differential cross sections do/d6,

obtained from the forward and backward kinematic solutions, as a function of fragment
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Z-value. These ratios are consistent with a value of unity, and hence the yields are
consistent with a 1/sin® dependence of the angular distribution. This indicates a

complete relaxation in the rotational degrees of freedom of the source.

3.3. CHARGE DISTRIBUTIONS AND CROSS SECTIONS

The ultimate 'test of compound nucleus decay can be made by comparing the
experimental crbss sections to the predictions of the statistical model. The essence of
compound nucleus decay does not lie in the kinetic energy spectra or angular
distributions of the product. Rather it is associated with the statistical competition
between the decay channels. This automatically includes predictions for the kinetic
energies and angular distributions. Consequently, it is in the absolute cross sections
that one must search for the ultimate confirmation of the compound nucleus
hypothesis.

The angle lntegrated Cross sectnons were obtamed from the yields of the forward

and backward solutions by assuming a 1/sin@ angular distribution. For fragments of
low Z, where the third, target-like component was present, only the yields from the high
energy solution were used as these are presumably free of contamination by this
additional component. Angle-integrated cross sections for the target-like component
could not be determined as its angular distribution is unknown. The cross sections, as
a function of fragment Z-value, are shown in Fig. 11 together with the cross sections for
the reaction 8.4 MeV/u Nb + Be from Ref. 24. The errors bars shown represent only
the statistical error. The systematic error is estimated to be +25%. There is very little
difference in both the shape and magnitude of these cross sections between the 25.4
and 30 3 MeV/u bombarding energies for each target However, there is a large
mcrease in the cross sectlons as the bombarding energy is increased from 8.4 to 25.4
MeV/u for the Be target. The cross sections also show a large dependence on the
target mass. The cross sections for the Al target are approximately a factor of 50 times
larger than those for the Be target. | |

These cross sections are of course associated with the secondary fragments. The
perturbation of the primary chargé'distributions by sequential evaporation is not
expected to change their gross features. However, the finer structure which is visible,

such- as the systematic increase in C yields and decrease in F yields relative to the
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general smooth trends, is probably associated with sequential evaporation.

The total cross sections summed over all binary divisions with Z > 5 represents
approximately 1% of the total geometric cross section for the reactions with the Be
target and 30% for the reactions with the Al target.

Cross sections have also been calculated with the statistical mode!l using the
transition state formalism for complex fragment emission. Following the approach of
Moretto 22), one can calculate the decay width for binary division of the compound

system into fragments Z4,A; and Z,,A, as

T(Z,A,Z,A,) = L j p*(E"-E, )& J) de (5)

2n p(E"-E, (J), )

where p and p* are the level densities of the compound nucleus and of the
saddle-point configuration, respectively, E (J) and Eg,4(J) are the deformation plus

rotational energies of the equilibrium and conditional saddle-point configurations,

respectively. This expression can be approximated by

T e
T(Z,A,Z,A,) = p*(E"-E

2n p(E"-E, (J), J)

saghJ) (6)

where T is the temperature of the system at the conditional saddle-point configuration.

in order to calculate T, one needs an estimate of the E ,4(J). In the mass region of

interest, the conditional saddle-points can be approximated by two nearly touching

spheres. Thus, as a first approximation, the saddle-point energies were calculated as:

E + Q

sad ECoul d’ | (7)

where E¢, , is the Coulomb energy between the two spheres and Q4 is the Q-value of

the binary division calculated using liquid-drop masses. The separation between the
surfaces of the spheres, chosen so as to reproduce the liquid-drop-model barriers for
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symmetric division 34), was approximately 2 fm for the systems of interest. Barriers

calculated .in this manner reproduce asymmetric liquid-drop barriers for 1101n as

calculated by Sierk 26). The angular momentum dependence was included using the

rigid body moment-of-inertia of the saddle-point configuration, which gives excellent

agreement with the Rotating Liquid-Drop-Model barriers 35) except at the largest

angular momenta. These "quUid-drop" barriers are, however, expected to be too large

~as they neglect the nuclear force between the the two nascent fragments. A full

treatment of the conditional saddle-points configurations has been made by Sierk 25)
for the system 110In using the Finite-Range Mode! which incorporates finite range
surface-surface interactions. As finite-range barriers were unavailable for the nuclei

under consideration, approximate values were obtained by scaling the "liquid-drop”

barriers in such a way as to reproduce the symmetric finite-range barriers 36). However
for 110n, the barriers obtained by this procedure, for the very asymmetric splits, are -
still larger than the corresponding finite-range barriers calculated by Sierk. For Z=5

fragments, the difference is about 5 MeV.. It is estimated, that for the asymmetric
divisions, the yields calculated with the scaled liquid-drop barriers may be up to a
factor of 3 smaller than the corresponding yields that would be calculated with

finite-range barriers.

For the large excitation energies associated with these reactions, multi-chance
emission of complex fragments can be an important effect. The evaporation code
PACE was used to calculate the the E*,J populations of intermediate systems
produced in the decay of the compound nucleus by light particle evaporation. The
complex fragment cross sections from the compound nucleus and each of these
intermediate systems were calculated using the decay widths of Equation 6 and the
total decay width calculated by PACE. All binary decays which give rise to primary
fragments contained in the nuclear mass table of Wépstra and Bos 37) were allowed in
the statistical model calculatiohs. No depletion in the populations of sequential
intermediate systems due to complex fragment emission was considered. This may
result in an over estimation of the cross sections for the reactions with the Al target by
up to a factor of 2. However, the effect is much smaller for the reactions with the Be
target. ,

As a starting point is these calculations, one needs to know the initial Z, A, E*, J

distributions of the compound systems produced in the incomplete fusion reactions.
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For lack of any experimental guidance in estimating these distributions, the simple
abrasion model of Ref. 1, which was discussed in the introduction, was employed. The
dependence of the excitation energy and transferred angular momentum upon the
entrance channel L-wave predicted is illustrated in Fig.12 for the 30.3 MeV/u Nb + Be
reaction. In the model, complete fusion occurs for all impact parameters below a
critical value. For L-waves above this value the non-occluded portion of the target is
sheared off and there is a sharp drop in both the transferred angular momentum and
the excitation energy of the fusion-like product. This results in a sharp drop in the
complex fragment decay probability. However, incomplete fusion products can
contribute significantly to the total complex fragment yields due to their larger
geometric cross sections. This is illustrated in Fig.13, where calculated cross sections
for Z=20 fragments are shown as a function of the entrance channel L-wave. For the
Nb + Be reaction, most of the yield is predicted to be produced by L-waves which
result in complete fusion. The sharp drop in the complex fragment decay probability
due to the onset of incomplete fusion is clearly seen. However for the reactions with
the Al target, the calculations suggest that the total yield is dominated by the
incomplete fusion component; after the onset of incomplete fusion the cross section
drops rapidly, but quickly rises again due to the increasing geometrical cross sections
of the larger L-waves.

In Table 2, the experimental source velocities are compared to the predictions of
these calculations. For all reactions, the predicted source velocities are smaller than
the experimental quantities. Better agreement with experiment source velocities may
be achieved by incorporating the prompt emission of light particles (Fermi jets) 38:39.7)
into the incomplete fusion model. This would result in a decrease in the momentum
transfer even for the central collisions. It would also reduce the excitation energy of
the fusion-like products. However, this may not have a great effect on the predicted
cross sections. Figure 14 shows the predicted complex fragment decay probability as
a function of E~ and J. For the Nb + Al reactions, most of the complex fragment yield is
predicted to be produced by fusion-like products with angular momenta from 50 to 60

fi. For such J values, the predicted complex fragment yield becomes flat with

increasing excitation energy. Complete fusion results in 610 MeV and 490 MeV of
excitation energy for 30.3 MeV/u and 25.4 MeV/u reactions with the Al target,
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respectively. A large amount of excitation energy could be lost by Fermi jet processes
and not change the decay probabllrty However if such processes remove significant
amounts of angular momentum, this effect would decrease the decay probablllty
substantially. | -

The calculated complex fragment cross sections are cOmpared to the experimental
data in Fig.11. In view of the many assumptions ‘associated with these calculations
and the smphcuty of the mcomplete fusion model, the calculated cross sectlons are in
excellent’ agreement with experiment. In ‘spite of the many uncertalntres the
calculations account quantitatiVely for the large differences in the complex fragment |
cross sections between the reactions with the Be and Al targets, and also for the large
increase in cross sections relative to the 8.4 MeV/u data The conclusion of this
analysis provides the most powerful argument in favor of the compound nucleus
hypothesis; namely tHe fact that the Cross sectlons are consnstent wnth the compound
nucleus branchrng ratios. - '

3.4. EXCITATION ENERGIES

The data 'suggest the formation of a hot equilibrated compound system in an
incomplete fusion reaction. Following the assumptions used to calculate the source
mass, the average excitation energy of the compound systems is given by

<As> -Ap

<A > beam
S

+<Q>, -. - (8

*
<Es> =

where <Q>is the average Q-value for the various possible exist channels associated
with the experimental mass transfer. In this work, the Q-values used were -5.4 MeV for
the reactions with the Be target-and -30 MeV for the reactions with the Al target. The
derived excitation energies.are listed in Table 1. These excitation energies are
remarkably large. At their highest values, they are a sizable fraction of the total nuclear
binding energies The corresponding temperatures on the one hand, are approaching
the bmdrng energy per nucleon and on the other hand, are a good fractlon of the
Fermi energies. These compound nuclen are mdeed much hotter than those typrcally

found at lower bombardmg energles, and one may wonder if their behavior deviates in -
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any way from that observed at the lower energies.

The present technique could be extended to higher bombarding energies in order
to verify the range of existence of compound nuclei and to search for new processes
that may occur above the limit of compound nucleus stability. The same technique,
when used in conjunction with light particle coincidences, can lead to valuable
information on the evolution of compound nucleus properties with excitation energy.
Typical effects one would be looking for are changes in the Coulomb barriers and
variations in branching ratios due to the rapid changes of the relevant thermodynamic
functions as one approaches the critical point from below. o

3.5. VELOCITY FLUCTUATIONS _

The compound systems formed in these reactions decay largely via light particle
evaporation Ieading to the formation of evaporation residues. However, a fraction of
the nuclei undergo binary division forming complex fragments. These fragments are

emitted with Coulomb velocities. The second moment of the primary fragment V,

distributions are due to the fluctuations in the Coulomb energy at the scission point
arising from fluctuations in various bound collective degrees of freedom.

Following the formalism of Moretto 22), the width associated with this effect is -
approximately

T
Ocoul = \/_(31_"'2p_2) + (n+1) T , (9)

where p; and p, are amplifying parameters associated with the spheroidal oscillation

of each nascent fragment, n is the number of hon-amplifying modes, and T is the
temperature of the system at the saddle-scission point. Amplifying factors were derived
from a two-spheroid liquid-drop model. They were calculated for a saddle-point

configuration with angular momentum of 30 and 50 i for the reactions with the Be and

Al targets, respectively. However, the dependence of thé calculated amplifying factors
on the angular momentum is not large. (An increase of the angular momentum by 10 f

results in an increase of = 10% in the amplifying factors.) The widths derived from
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these amplifying factors, using n=1 and temperatures obtained from the excitation
energies in Table 1, are shown in Fig. 9 (curve "1") for 25.4 MeV/u reactions.

The emission velocity of the primary fragments is perturbed by the sequential

evaporation ot Iight particles. The contribution of this effect to experimental Ve

distributions was estimated by means of the evaporation code PACE. The excitation

energy of the primary fragments E*, was calculated from the following formula which

assumes equal temperatures of the two fragments after scission:

E*= f

' = L (E + Q- Eg (10)

s Coul)

Z|

S

Here Ajis the atomic mass of the primary fragment, A and E*s‘are the atomic mass

and excitation energy of the composite system frorn Table 1 and Q,q and Eggy are the

same quantities as in Eq.7. The width due to sequentlal evaporatlon was calculated

from the R.M.S reoonl velomty Viecoil predlcted by PACE, as

| '.Ge\ta‘p = ‘/_3_ . " ' (11)

The results of the calculation of Cevap aré shown in Fig.9 as curve"2". Curve "3" shows

the width due to the 'range' of primary fragment Z-vélues associated with each
secondary Z-value. The magnitude of this oomponent was estimated from the PACE
simulations. The resultant total moment obtained from the three components added in
quadrature is indicated by the curve "T* in the figure.

For the 25.4 MeV/u Nb + Be reactions, these moments ac'count for most of the
experimentally determined quantities. However, for the 25.4 MeV/u Nb +Al reaction,
the calculated moments are significantly- smaller than the experimental data. This may
- reflect the uncertainties associated with these calculations or may be due to the effect
of pre-scission evaporation and/or to a distribution of source velocities, both of which

could contribute to the experimental widths.
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i 4. Coincidence data.
4.1 21-22 CORRELATIONS

The binary character of complex fragment emission, clearly visible in the velocity

spectra, is also seen in the coincidence measurements. Figure 15 shows the Z, - Z,
correlation of coincidence events where Z; and Z, are the atomic charges of the

particles recorded in detector 1 and 2, respectively. Most of the events lie in bands

corresponding to an approximate constant sum of Z, and Z,. This can be seen more
clearly in Fig. 16, where the spectra of Z; + Z, are shown. For comparison, the solid
curve in Fig. 15 and the arrows in Fig. 16 correspond to a value of Z, + Z, equal to the

~average atomic number of the source listed in Table 1. Of course, one should not
expect to observe the total Z of the incomplete-fusion product because of the inevitable
sequential evaporation from the hot primary fragments. One can check the internal
consistency of our picture by calculating the secondary charge loss due to evaporation.
This was done with the evaporation code PACE. The results are shown in Fig. 15,
where the range of the products expected from sequential evaporation are indicated by
the hatched regions. The widths of these regions correspond to approximately iS
standard deviations of the predicted secondary charge distribution associated with
each primary fragment. These regions enclose a large fraction of the experimental
data. The population of the hatched regions by the experimental data is weighted
towards asymmetric divisions where the heavier fragment is detected in Detector 1 and
the lighter fragment is detector in Detector 2. The more favorable selection of these
events over the other possibilities is trivially due to the asymmetric placement of the
detectors about the beam axis. For the reactions with the Al target, the few events to
the left of the binary bands could be due to higher multiplicity decays. However, they
amount to no more than 5% of the total number of coincidence events (see Fig. 16).

Even more illuminating is Fig. 17, where the average sum of the charges <Z, + Z,>
is plotted versus Z,. The dashed lines indicate the average charge of the source

estimated from the experimental source velocity. The solid curves indicate the
calculated residual charge after sequential evaporation. This was obtained by
subtracting the average charge loss predicted by PACE for each mass split from the
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average source charge. These calculated values of <Z, +Z5> are not too sensitive to

the exact amount of momentum transfer. A smaller momentum transfer implies a
larger charge loss in the incomplete fusion process. This is balanced, to a {Iarge
degree, by a reduction in the charge removed by sequential evaporation due to 'tzh'é
decrease in the excitation energy of the primary fragments. The uncertainty associated
with the extracted momentum transfer gives rise to a change in the calculated values of

<Z4 + Zy> of only 1.5 Z-units for all reactions. In Fig. 17, the agreement between the

calculations and the data is quite good, despite the broad range of excitation energies
covered by our reactions and the associated range of charge losses, which is 2-4 Z
units for the 9Be target and 13 - 15 Z-units for the 27Al targets. ‘

The significance of this agreement is in the consistency of the following sequence

of inferences: 1) source velocity — mass transfer — excitation energy — secondary
charge loss. The question remains as to whether the charge loss occurs before or after
the binary decay. While the previous calculations assumed that the secondary decay
occurred after complex fragment emission, the predicted residual charge is not very
. sensitive to a sizable amount of pre-scission evaporation.

4.2 COINCIDENCE EFFICIENCY

The coincidence efficiency (ratio of coincidence yield to the inclusive yield ) for
Detecter 1 is plotted in Fig. 18 as a function of the fragment Z-value. Despite the
modest sizes of the detectors, these efficiencies are reasonably large (10 - 20%) for a
range of charge divisions. This is due to the strong kinematic focusing in
reverse-kinematics reactions.

The coincidence efficiency has also been evaluated with a Monte Carlo simulation
of binary decay followed by sequential evaporation. In the simulation, the fragments
are emitted from a system travelling along the beam axis with the experimental source
velocity. The fragments are emitted with Coulomb velocities which included the effect
of the fluctuations in the Coulomb energy. The net effect of the sequential evaporation
of light particles is assumed to result in a recoil velocity distribution which is isotropic
and has a gaussian form'along each of the three principal directions. This simulation
incorporated our detector geometry and included the effects of the finite beam spot size

as well as the divergence of the beam at the target. The results of the simulation are
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show by the solid curves in Fig. 18. They are in reasonable agreement with the
experimental data. This means that essentially all the inclusive events are accounted

for by the coincidence events. In other words, essentially all the observed inclusive

events are physical binary events. The extra coincidence yield for Z, < 20 in the Nb +

Al reactions is due to the higher multiplicity decays; an inspection of Fig. 15 clearly

shows that there are very few binary events in this region.

5. Conclusions
-The present work demonstrates, that in these very asymmetric reactions,
compound nucleus emission represents the main source of complex fragments with
Z-values greater that the target Z-value and it is also an important source for the lighter
fragments. Such compound nuclei are produced in fusion-like reactions with very
large excitation energies. Complex fragment emission is a very powerful tool for the
study of extremely hot compound nuclei at the limit of their existence.

This work was supported by the Director, Office of Energy Research, Division of
Nuclear Physics of the Office of High Energy and Nuclear Physics of the U. S.
Department of Energy under Contract DE-AC03-76SF00098.
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Table 1. The average atomic number, atomic charge, excitation energy, excitation

energy per nucleon, and temperature o6f the source and the linear momentum transfer

extracted for the reactions of this work. Both the statistical and systematic error (in

parentheses) are presented for each of these quantities .

E/A (MeV)
Target

<P/Pbeam>

in normal kin.
<Ag>
<Zg>
<E'>  (MeV)
<E*/A> (MeV)

<>t (Mev)

254

gBe

0.64+0.10 (+0.20) 0.70+0.10 (+0.20) 0.73+0.05 (+0.10) .

98.8+1.0(x2.0)

43.6+0.5(1.0)

13420(40)

1.430.2(+0.4)

3.30.2(+0.4)

30.3

9Be

99.4+1.0(+2.0)

43.8+0.5(+1.0)
175+25(+50)
1.9+0.2(+0.5)

3.7+0.2(x0.4)

254

2741

112.9+1.3(22.6)

50.5+0.6(+1.4)

385+25(+50)

3.4+0.2(+0.5)

5.2+0.2(+0.3)

30.3

27|

0.6520.05 (+0.10)

110.6+1.3(+2.6)

49.5+0.6(+1.4)

418+30(60)

3.7+0.2(x0.5)

5.5+0.2(+0.4)

t a=A/8 MeV-1
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Table 2. Experimental and calculated source velocities as a ratio of the complete -
fusion velocity. Both the statistical and systematic error (in parentheses) are presented
for the experimental results.

E/A(®3Nb) Target V/V VoV
(MeV) Experiment Calculated
25.4 Be 1.0310.01(+0.02) 1.00
30.3 Be 1.03+0.01(+0.02) 1.00
25.4 Al 1.06+0.01(£0.02) 1.03

303 Al 1.0940.01(+0.02) 1.05
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Figure Captions - -
The predicted impact parameters, as a function of bombarding enekgy, at
which it is possible to shear-off part of the target or projectile in the
reaction Nb + Be (calculated from Ref.1 ).

“Schematic plot of how the mass distribution .of complex ' fragments
- emitted from a compound nucleus (A=100) varies with the excitation

energy of the compound nucleus. Mass distributions are shown here for a
light compound nucleus which has a minimum in the yield: for symmetric
division. As the excitation energy  increases, the yield dramatically
increases and the distributions become flatter.

Density plot of E-AE for the reaction 25.4 MeV/u Nb on Be for particles
detected from 3°to0 8°. |

Density plot of E-AE for the reaction 30.3 MeV/u Nb on Al for particles

~ detected from 3° to 8°.

a) Schematic representation of the kinematics for compound-nucleus

fragment emission in reverse-kinematics. b) Density plot of the invariant

 cross section (3%6/0V AV | ) in the V'”-VJ_ plane for fragments of 11 < Z <

17 for the reactionv‘30.3 MeV/u Nb on Be.

. Contours of the invariant cross section in the Z- velocity plane. Data

below the dashed curves for the Be targets correspond to events where
the fragments did not stOp in the E detector.

Evaporatuon -residue angular dlstnbutlon for the reaction 25.4 MeV/u Nb
on Be as calculated with the code PACE.



Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.
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Source velocities extracted from the inclusive data as a function of the
fragment Z-value. The error bars associated with the experimental points
show only the uncertainty of the extréction procedure (see text). The
dotted lines shows the weighted mean of the experimen'_(al.data. The
error bars associated with these lines represent the total systematic error.

Extracted first and second moments of the center-of-mass emission
velocity distributions of complex fragments plotted as a function df the
fragment Z-value for both the Nb + Be and Al reactions at 25.4 and 30.3
MeV/u.. The solid curves shows the results of a simple calculation of
Coulomb velocities (see text). Emission velocities for symmetric division
calculated from the Viola systematics 33) are indicated. Curves 1, 2, & 3
represent the estimated widths associated with: 1) fluctuations in the
Coulomb energy; 2) sequential evaporation from the primary fragments;
and 3) the range of primary Z-values .éssociated ‘with each
secondary Z-value. Curve "T" shows the total width from these three
components added in quadrature.

Ratios of do/d6 for the high and low velocity kine:matic sblutions as a
function of the fragment Z-value. A- ratio .of unity corresponds to a 1/sin6

distribution in do/dQ.

Angle-integrated cross sections (extracted from this work and Ref. 24)
plotted as a function of the fragment Z-value. These data are compared to

statistical model calculations shown by the solid curves.

The excitation energy of the cdmpoun‘d syste'm produced in the fusion-like
reaction plotted as a function of the transferred angular momentum of
compound nuclei predicted by the geometric incomplete fusion model of
Ref. 1 for 30.3 MeV/u Nb on Be reaction. The entrance channel L-waves

corresponding to various regions of E andJ arevindicated.



Fig. 13.

Fig. 14.

Fig. 15.

Fig.16.

Fig. 17.

Fig. 18.
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Calculated cross sections for Z=20 complex fragme'nts produced in the
reactions 25.4 MeV/u Nb on Be & Al targets, plotted as a function of
entrance channel L-wave.

Predicted probability of emitting a Z=20 fragment in the decay of the
compound nucleus 120xe as a function of excitation energy. The
curves correspond to different transferred angular momenta.

Scatter plots of the experimental Z,-Z, correlation for coincidence

fragments. The solid lines correspond to the estimated total charge of the
source systems given in Table 1. The shaded area represents an
estimate of the regions where binary events should lie following

sequential evaporation from the primary fragments (see text).

The relative yield of coincidence events plotted as a function of the sum
of the atomic charges of the two coincident fragments. The arrows
correspond to an estimation of the initial Z-value of the compound nucleus
produced in each reaction. |

The mean sum, <Z,+Z,> of coincidence events plotted as a function of

the fragment atomic number in Detector 2. The dashed lines indicate the
average charge of the source system estimated from the mass transfer.
The charge loss for binary events due to sequential evaporation was

estimated using the evaporation code PACE, and the residual Z, + Z,

values are indicated by the solid curves.

The coincidence efficiency (ratio of the coincidence yield to the inclusive
yield) measured in Detector 1 plotted as a function of the fragment Z-value
in Detector 1. The solid curves show the results of a Monte Carlo

simulation (see text).
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