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When a hot compound nucleus is formed as an intermediate state of a nuclear reaction, evapora-
tion takes place. The conventional treatment for this process considers only single or sequential
emission of particles. However, for very high excitation energy of the compound nucleus, other
emission channels with several particles emitted simultaneously can be open. In the present work
we introduce these channels in competition with the fission process in the decay chains of the
compound hot nucleus formed in a spallation reaction. A Monte Carlo simulation is employed
to determine the average yield of emitted particles along the decay chain. The neutron, proton,
alpha and fission yields are obtained in the new version of the evaporation process and they are
compared to yields of the conventional treatment with sequential single particle emission. The
relevance of the different channels in competition is also shown.
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1. INTRODUCTION

Nuclear evaporation is the decay process usually employed for a hot intermediate compound
nucleus formed in a nuclear reaction. For example, when high energy probes hit a heavy target,
transferring a sufficiently high amount of energy, a spallation reaction takes place, involving the
evaporation process. Presently great interest has been dedicated to this type of reaction, which is
used to describe the neutron generation for the newest proposed generation of nuclear reactors,
the Accelerator Driven System (ADSJ]f[17]. The system is composed of a particle accelerator
coupled to a reactor. The accelerated beam of charged particles collides with nuclei in the reactor
medium, generating neutrons by spallation reactions. This neutron generation process works as an
external source to induce fission in the reactor cycle. The main interest for this device arises due
to the fact that it operates in a sub-critical regime, burning radioactive nuclear waste originated in
conventional machines. However, as a relatively new proposal, and involving high energy beams,
the ADS requires a deeper study, particularly concerning the spallation reaction.

When a charged particle bombards a target nucleus, a rapid cascade phase occurs with ejec-
tion of few nucleon leading to the formation of a hot residual nucleus. At this point the evaporation
of particles begins through an evaporative decay chain. The fission reaction of the nucleus in the
chain is considered in competition with the emission of neutrons, protons and alpha particles. For
a typical beam energy of ADS system (around 1 GeV for proton beam), the formed compound
nucleus can reach an excitation energy of a few hundred MeV, which is high enough to permit
not only single emission, but also simultaneous particle evaporaiioch simultaneous emission
channels should be investigated and constitute an open issue to be explored. The evaporation reac-
tion chain includes many nuclei far from the beta stability line with no experimental data available.
The nuclear properties of these nuclei are the object of intense theoretical and experimental phys-
ical research nowadays in order to understand the structure of these exotic nuclei. Consequently,
in some calculations we have to deal with reasonable work in hypotheses or extrapolated results
extracted from current model.

In the next section, the conventional and the multiparticle simultaneous evaporation are de-
scribed. The results of our calculation with the implementation of simultaneous particle emission
for the evaporation process using a Monte Carlo simulation is presented in section 3. We briefly
present our conclusions in section 4.

2. EVAPORATION PROCESSES WITH SINGLE AND MULTIPLE
SIMULTANEOUS EMISSION

In a conventional treatment of nuclear evaporation, particles are emitted sequentially along the
evaporative decay chain. The usual Weisskopf evaporation mtjdslthe canonical prescription
to determine the probabilities of single particle emission, givefilb¥2]:
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where

M= onexp(2[/ak] —2[vaE ) (2.2)

The level density parameter for neutron emission is obtained by the Fermi gas approximation
for a nuclear system, and reads,

E*
whereAM (in MeV) is the shell correction extracted from the mass formg and

an= é{1+ [1— exp(—0.05E")] aM } (2.3)

a=0.114A+0.098A3MeV 1 (2.4)

is a systematic phenomenological parametrization for the asymptotic valiye Afsmall correc-
tion due to the effect of the pairing energy is represented by additional terms ixIrgHere the
level density for emission of other particles is given by,

ay = lkan (2.5)
wherery is a dimensionless constant (used asrp = 1, according to Ref.1§] ). In Eq. (2.2) , %
is a constant related to the spin degenerecency factor given by,

OkIMk

K= m (2.6)

with gx = 2 (for neutrons and protons) aigd = 1 (for o particles);my is the particle mass arid
Planck’s constant and

whereE* is the energy of the residual nucleus dng, is the average kinetic energy of the emitted
particle.

The average total energy removed by the evaporation of a proton or alpha particle from cascade
residual nucleus was calculated ad][

= E* — (Sc+W

Fow = (St Vi 42 =) (2.8)
For neutrons we tak® = 0 in the above expressidf andV are the separation energy and
potential barrier, respectively.

We introduce multiple simultaneous emission in the evaporation chain as illustrated in Fig. 1.
The first attempts to describe multiple simultaneous emissions were carried out by Torpsini [
followed by a work of Beardd].
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Figure 1: This figure show a pictoric representation of simultaneous multiparticle emission processes with
all channels considered in this work.

They discussed the density of final states in phase space, without an direct application to a
reaction process to determine the effect of the processes on the patrticles yields. As a first attempt
to estimate this effect, we will consider that the probability of multiple simultaneous emission is
determined by a Poisson like probability, determined as a product of the probabilities associated to
the emission of each emitted particle.

W= U W (2.9)

To determine the remaining excitation energy of the residual nucleus after each multiple emis-
sion we have to consider the energy carried away by the set of emitted particles, by evaluating
the separation energies of the whole set of emitted particle and an approximate Coulomb potential
barrier for the charged particles. The potential barrier for a charged particle (protons and alphas) in
the i-th decay channel is taken as,

Zi(Z—Zi)eZ
ro(A— A3+ Al

Vi = CK; (2.10)

where the subscriptspecifies the channel and the supersgrigenotes the reduced radius param-
eter associated to a set of outgoing particles. Namghg 1.2 fm is the radius parameter for the
residual nucleusr,g = 1.14 fm for j-channels involving protons without alphas ai§d= 2.14 fm

for j-channels including at least one alpha among the emitted particle.



Simultaneous multiparticle emission Leonardo P. G. De Assis

The effective barrier penetrability factd;, for the i-th channel witm-protons andn-alphas,
is given by,

Ki = KIK™, (2.11)

whereKp andK, are the proton and alpha barrier penetrability, respectively.
The separation energy of multiple particle emitted in the i-channel is,

S=mZ-Z,A-A)+3 m-mZA). (2.12)

whereZ’ andA’ are the total electric and baryonic charge, respectively, of emitted patrticles.
The individual masses of these patrticles are tige

In equation .10, C = 1— E*/B(Z,A) represents the thermal correction to the charged-
particle Coulomb barrierl[3] of the decaying nucleus witB(Z;, Ay) being its binding energy.

A Monte Carlo calculation is employed to simulate the decay chain by sampling the channel
among the whole set of considered decay processes (single, multiple emissions and fission chan-
nels). When fission occurs the chain is ended. After each step of particle emission, the remaining
excitation energy of the nucleus is determined and a new branch of the chain is created. When
no energy is available for the subsequent decay, neither fission nor evaporation can take place, a
spallation nuclear product is formed and the chain is terminated. The number of different emitted
particles along the chain is accumulated to generate the particle yield. The number of times that
thei —th channel is accessed generates the channel access number along the evaporation process.

3. RESULTS

We have run 600 thousand evaporative chain in our Monte Carlo evaluation of reaction observ-
able. The illustrative target used was ledefPb taken as the hot excited nucleus). We compare
the total particle yield obtained with the calculation considering only sequential single emission,
Fig.2, with the results of the evaporation including multiparticle emission Fig.3. In part (a) of these
figures we can see that the neutron yield for the sequential single emission calculation presents a
well located maximum around 150 MeV. The maximum number of neutrons is smaller for the case
of single particle evaporation than the maximum obtained when multiparticle emission is consid-
ered. Also we can see a more steeply decreasing neutron yield, in the high energy region, in the
case of single sequential emission. Comparing part-b of these figures, we note, in the high energy
region, that the alpha particle yield is slightly greater than the proton yield, for the case of the
single sequential emission evaporation chain, Fig. 2-b. This does not happen for the multiparticle
simultaneous emission case.
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Figure 2: In part-a we show the neutron yield as a function of the residual nucleus excitation energy for the
case of single sequential evaporative emission. In part-b the proton and alpha particle yields are displayed
for the same calculation.
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Figure 3: Inthese plots we show the particle yields for the case of the simultaneous multiparticle emissionin
the evaporative chain. In part-a the neutron yield is displayed as a function of the residual nucleus excitation
energy, and in part-b the proton and alpha patrticle yield are shown.
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Figure 4: Yield of fission process for the case of single sequential emission calculation in (Fig.4-a) and for
simultaneous multiparticle emission case, in part-b. The arrow indicate the energy when the fission yield
begins to increase.

In Fig. 4 we present we compare the total yield of fission processes for the calculations carried
out. Note the similar behaviour for both results, however with the curve for multiparticle simul-
taneous emission in part-b shifted (by almost 50 MeV) to smaller values of the residual nucleus
excitation energy, when compared with the curve for single sequential in part-a.

The average number of accesses to a given channel of multiparticle emission along the Monte
Carlo calculation is shown in Fig. 5. These curves show the relevance of the considered channels
to the calculation. They are grouped by similar magnitude of the average number of accesses. The
more relevant ones are those with pure neutron emission, single, double and ternary, and fission
processes, grouped in Fig 5(a). In the sequence, single proton and alpha emission are grouped
in part-b. The binary and ternary simultaneous emissions are present in part-c and part-d. The
less significant channels regarding the access number are the ternary emission including charged
particles in part-d.
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Figure 5: Average number of accesses to a given channel as a function of the excitation energy of the
residual nucleus, for the case of the simultaneous multiparticle evaporation calculation. The channel are
grouped according to the magnitude of the average access number, showing the probabilistic relevance of
the different channels considered in the calculation.

4. CONCLUSION

The evaporation of a hot compound nucleus is revisited by considering the inclusion of simul-
taneous multiple particle emission channels. The relevance of these processes is shown for the case
a heavy compound nucleus formed with excitation energy in the range of few MeV to three hun-
dred MeV. The average patrticle yield is determined and compared to the case of the conventional
calculation. The average number of accesses to the different channels considered in the evaporation
chain is also shown.

We call attention to the fact that here the definition of the probabilities associated with the
multiple particle emission channels was only a reasonable attempt to carrier out the calculation. In
spite of this the results are consistent with what is expected for the situation of increasing excitation
energy of the compound nucleus. A calculation using probabilities based on the phase space density
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of the patrticle final state are in progress.
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