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Abstract. We study the effects of fissioning nuclei mass- and energy-distributions on
the formation of fragments for fission induced by high energy probes. A Monte Carlo
code called CRISP was used for obtaining mass distributions and spectra of the fissioning
nuclei for reactions induced by 660 MeV protons on 241Am and on 239Np, by 500 MeV
protons on 208Pb, and by Bremsstrahlung photons with end-point energies at 50 MeV and
3500 MeV on 238U. The results show that even at high excitation energies, asymmetric
fission may still contribute significantly to the fission cross section of actinide nuclei,
while it is the dominante mode in the case of lead. However, more precise data for high
energy fission on actinide are necessary in order to allow definite conclusions.

1 Introduction

The well-known multimode approach to calculate fission fragments masses is an interesting way to
study fission dynamics. According to this model, fragment mass distributions are given by a sum of
gaussian distributuions corresponding to the different modes through which fission may take place,
and we can write the mass distribution as [1]
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where the summation runs over the asymmetric modes. The parameters for the symmetric mode are
KS, AS and ΓS, while KH(L)

i , AH(L)
i and ΓH(L)

i are the parameters for the heavy (light) fragment produced
in the asymmetric mode i. For the atomic number distribution the parametrization used is [2]

Z0 = µ1 + µ2A (2)

for the most probable atomic number of the fragment, and
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ΓZ = ν1 + ν2A (3)

for the width of the atomic number distribution. µ1, µ2, ν1 and ν2 are fitting parameters. In the discus-
sion below the dependence of distributions on the atomic number Z will not be relevant.

Yield, position and width parameters for each mode in equation (1) and µ1, µ2, ν1 and ν2 in (2)
and (3) are usually considered free parameters for fitting procedure. This method has been used for de-
scribing spontaneous fission [3], low-energy induced fission [4–6], fission induced by thermal-neutrons
[7–9] and 12 MeV protons [10], and even for fission induced by intermediate energy probes such as
190 MeV protons [11], neutrons at energies up to 200 MeV [12], and also by heavy-ions [13,14]. A
systematic study of the values obtained for the parameters in formula (1) by fitting to experimental
data for spontaneous or low energy fission of several nuclei was performed by Böckstiegel et al.[6],
showing that those parameters can be described by smooth functions of the fissioning nucleus mass
number. More recently, equation 1 has been applied for describing 238U fission induced by photons
from Bremsstrahlung [15] with end-point energies of 50 MeV and 3500 MeV , and fission induced by
660 MeV protons on 241Am and 237Np [16].

In recent papers [17,18] we discussed about the effects of the mass- and energy-distributions on
the final fragment mass distributions. We have shown that in fission induced by high energy probes, as
protons and photons, the fissioning nuclei are quite different from the target nucleus due to the emission
of particles during intranuclear cascade and during the evaporation steps before fission occurs. In fact,
we show the mass distributions of the fissioning nuclei for fission induced by 660 MeV on 241Am and
on 239Np and by Bremmstrahlung photons with endpoint energies of 50 MeV and 3500 MeV on 238U
in Figure 1, and for fission induced by 500 MeV protons on 208Pb in Figure 1

It is easy to observe the large mass distribution for the fissioning nuclei, with masses that can
be rather smaller than the target nuclei one. Also, we notice that these mass distribution depends on
the probe used. In fact the distributions for fission induced by protons on Am and Np are larger than
that for the case of photons on U. These differents can be attributed to the dominance of low energy
photons in the Bremmstrahlung spectrum, but also to the different reaction mechanisms for protons
and photons. Since photon-nucleus interaction is weak as compared to proton-nucleus interaction, the
former interacts in the whole nuclear volume, while the later interacts on the nuclear surface.

Comparing Figures 1 and 2 we can conclude that there is also a dependence of the mass distribu-
tions on the target. Even for similar energies (500 MeV and 600 MeV), the distribution obtained in
the case of Pb is narrower than those for Am and Np. We can understand these results if we recall
that fission probabilities are much higher for nuclei with masses above A ≈ 230, and decreases very
fast as A decreases below 230(see, for instance, Ref. [19]). Therefore, in the reactions on Np, Am or
U there is a considerable probability for fission even after the emission of several nucleons during the
intranuclear and evaporation steps, while in the reactions on Pb the fission probabilities decreases very
fast as nucleons are emitted. Thus, the mass distribution of the fissioning nuclei in the case of Pb is
dominated by fission probability, while in the case of actinide nuclei it is dominated by the nucleon
emission.

Therefore, at intermediate and high energies, the fragment mass distributions are folded into the
fissioning-system mass distributions. A more realistic calculation of fission fragment mass distribution
must take into account the broad mass distributions of the fissioning nuclei. As it will be shown in the
following, these distributions not only affect the calculated fragment mass distributions, but also are
dependent on the probe used and on its incident energy.

Even after the emission of several particles during the intranuclear cascade and evaporation pro-
cesses, the fissioning nucleus is higly excited. In Figures 3 and 4 we observe that for reactions induced
by 660 MeV or 500 MeV protons the fission occurs at excitation energies around 150 MeV. For fission
induced by Bremmstrahlung the excitantion energies are lower due to the dominance of low energy
photons in the Bremmstrahlung spectrum, but in the case of end-point energy at 3500 MeV, it is still
possible to find fissioning nuclei at excitantion energies above 200 MeV.

In [17,18] we have shown how to unfold the contributions due to fission modes and to fissioning-
nuclei distribution in the fragment-mass distribution by using Monte Carlo method. CRISP is a Monte
Carlo code for simulating nuclear reactions [20] that uses a two step process. First, an intranuclear
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cascade is simulated following a time-ordered sequence of collisions in a many-body system [21,22],
and when the intranuclear cascade is finished the evaporation of nucleons and alpha-particles starts in
competition with fission [23].

In the simulation, reactions can be initiated by intermediate and high energy protons [22] or pho-
tons [24–26]. It has been extended to energies up to 3.5 GeV [27], and it was shown that the CRISP
code can give good results for total photonuclear absorption cross sections from approximately 50
MeV, where the quasi-deuteron absorption mechanism is dominant, up to 3.5 GeV, where the so-
called photon-hadronization mechanism is dominant, leading to a shadowing effect in the cross section
[27]. One important feature in the simulation of the intranuclear cascade is the Pauli blocking mech-
anism, which avoids violation of the Pauli principle. In CRISP a strict verification of this principle
is performed at each step of the cascade, resulting in a more realistic simulation of the process. The
advantages of such an approach have been discussed elsewhere (see [20] and references therein).

In the evaporation/fission competition that follows intranuclear cascade, Weisskopf’s model is
adopted for calculating the branching ratios of the evaporating channels, which includes evaporation
of neutrons, protons and alpha-particles [23,25,26] and Bohr-Wheeler-model is adopted for fission.
The code has provided photofission cross sections in good agreement with experimental data [20]. The
CRISP code has already been used for evaluating mass distributions of fragments for fission induced
by photons at intermediate energies [28], and to calculate spallation yields and neutron multiplicities
for reactions induced by high energy protons [29], giving results in good agreement with experimen-
tal data. Also, the code has already been used in studies of the ADS (Accelerator Driving System)
nuclear-reactors [29–32]. Recently the CRISP code has been used to study the effects of final state
interaction in the decay of hypernuclei [33,34].
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Fig. 1. Mass distribution of the fissioning nucleus in reactions induced by 660 MeV protons on 241Am (a) and
237Np (b) target nuclei and in fission of 238U induced by Bremsstrahlung with end-point energies of 50 MeV (c)
and 3500 MeV (d) as obtained by the CRISP code.
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Fig. 2. Mass distribution of the fissioning nucleus in reactions induced by 500 MeV protons on 208Pb target
nucleus as obtained by the CRISP code.

Table 1. Values for some of the relevant parameters in the multimode formula for the fission-fragment mass
distributions. The low-energy parameters are those obtained from the systematic study for spontaneous and low-
energy fission[6] (here the errors are estimated range); those for 241Am and 237Np are results of fittings for 660
MeV protons[16], and the parameters for uranium are those obtained from fittings to data of fission induced by
Bremsstrahlung photons with end-point energies of 50 MeV and 3500 MeV [15].

parameter low-energy 241Am 237Np 238U (50 MeV) 238U (3500 MeV)

ΓS 10.0 ± 2 15.0 ± 0.9 13.7 ± 1.0 12.0 ± 0.48 12.0 ± 0.48
AH

1 135.0 ± 1 133.5 ± 0.72 133.0 ± 0.98 133.32 ± 1.03 133.32 ± 1.03
ΓH

1 3.75 ± 2 4.2 ± 0.5 4.5 ± 0.4 3.54 ± 0.4 3.54 ± 0.4
AH

2 141.0 ± 2 139.0 ± 1.17 138.0 ± 1.03 137.5 ± 1.41 137.5 ± 1.41
ΓH

2 5.0 ± 1 7.0 ± 0.5 6.5 ± 0.6 6.0 ± 0.21 6.0 ± 0.21
Type 2 calculation

KS(mb) — 2970.0 ± 20.5 2590.0 ± 23.3 23.75 ± 0.7 23.75 ± 0.7
K1(mb) — 45.8 ± 0.2 49.0 ± 0.3 7.5 ± 0.04 7.5 ± 0.04
K2(mb) — 220.5 ± 1.5 252.0 ± 1.3 140.0 ± 7.2 140.0 ± 7.2

In the systematic study carried out by Böckstiegel et al.[6] for spontaneous fission and low-energy
reactions, the fissioning nuclei can be considered identical to the initial (or target) nuclei, and thus the
problem due to fissioning nuclei properties does not arise. On the other hand, fittings to fission data
obtained for high energies lead to values of the parameters that deviate from the systematic at low-
energy fission. Based on this systematics for low-energy or spontaneous fission, one gets the estimated
values for the relevant parameters in (4), which are shown in Table 1 (upper part), and compare them
to the corresponding values obtained by fittings of high-energy fission data. One can see that for high
energy reactions the width obtained for the symmetric channel is systematically higher than those
obtained with low energy or spontaneous fission data, and the position for the peak in the asymmetric
fission masses are shifted down with respect to the systematic values. This is an evidence of the effect
of fissioning system distributions on the values obtained in the multimode analysis.

Using the CRISP code it is possible to separate the effects of the fission-channel width and those
of the mass-distribution of the fissioning nucleus because the fission process is considered for each
individual fissioning nucleus. To this end we rewrite Equation 1 in the form
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where pi is the probability that fission occurs through the ith mode which is related to the intensities
Ki by the relation

pi =
Ki∑
i Ki

(5)

the index i = S , 1, 2 corresponding to the modes S L, S 1 and S 2, respectively. The light fragments
are obtained according to AL = Af − AH and ZL = Z0 − ZH. The Z dependence of the probability is
explicitly shown in (4) for the sake of completeness only, since it will not be relevant in the results
presented in this work. Notice that in the expression (4) the symmetric fragment mass, AS, is no more
a free parameter, but it is completely determined by simulations with the CRISP code till the fission
point.
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Fig. 3. Excitation energy distributions of the fissioning nuclei obtained with the CRISP code for different fission
reactions of heavy nuclei as indicated.

For the determination of the fission fragments masses it is necessary to attribute values for the
parameters used in the multimode approach, which is not a trivial problem for high energy induced
fission. As observed in Figure 1, the mass number of fissioning nuclei varies over a broad range, and
the multimode parameters that appear in equation (4) are not determined for all of them. Also, as
shown in Figure 3, the excitation energy of the fissioning nuclei are in many cases around hundreds of
MeV, and the parameters are not determined at these energies.
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Fig. 4. Excitation energy of fissioning nuclei for 500 MeV on 208Pb

In the present work we extend the analysis performed in Ref [17] and discuss also the possibility
of symmetric fission dominance at high energies. It was believed that at low energies fission should be
predominantly asymmetric, while at high energies the symmetric mode should be dominant because
at these energies the effects due to nuclear structure would be washed out. However, Siegler et al. [35]
showed that there is an important contribution of the symmetric mode even at energies around 5 MeV.
But it was still argued that at energies above ∼ 50 MeV only the symmetric mode should be relevant.
Therefore the first type of calculations performed here (Type 1) assumes that pS = 1, p1 = p2 = 0.
For the other parameters, the values from the systematics [6] are used. Following [17], the second
calculation (Type 2) is performed by using for KS, K1 and K2 the values found by Demekhina et al. and
Karapetyan et al. [15,16], presented in Table 1 (lower part), to calculate the corresponding probabilities
through equation (5), while keeping all other parameters unchanged. Finally, a third calculation (Type
3) is performed considering the probabilities p(S,1,2) as gaussian functions of the fissioning nucleus
mass number, which are obtained by fitting the systematic values from Böckstiegel et al. [6] and using
linear extrapolation to lower masses (A < 220). Again all other parameters are kept unchanged as in
the other calculations.
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Fig. 5. Fragment-mass distribution for fission induced by 660 MeV protons on 241Am (a) and 237Np (b) targets
considering calculation Type 1 (r) with values from the systematics [6] for the symmetric mode only and Type
2 (—) using the values for KS, K1 and K2 presented in Table 1 (lower part). Best fit found in [16] are represented
by the dotted line (. . . ). All results are compared with experimental data (◦) [16].

In Figures 5 and 6 the results obtained are shown and are compared to experimental data and to the
fitted distributions from [15,16]. It is possible to observe that for all reactions studied here the simple
assumption that the symmetric mode is dominant above ∼ 50 MeV (Type 1) results in distributions
that are in disagreement with experiments. Type 2 and Type 3 calculations are quite different from the
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Fig. 6. Fragment-mass distribution for fission of 238U induced by bremmstrahlung of 50 MeV (a) and 3500 MeV
(b) end-point energies considering calculation Type 1 (·- ·- ·) with values from the systematics [6] for the symmet-
ric mode only, Type 2 (—) using the values for KS, K1 and K2 presented in Table 1 (lower part) and Type 3 (r)
performed considering the probabilities p(S,1,2) as gaussian functions of the fissioning nucleus mass number. The
dotted line (. . . ) represents the best fit of the formula (1) as done by Demekhina et al. [15] and open circules (◦)
are their experimental results.

calculations according to references [15,16]. This result shows that the effects of the fissioning nucleus
mass distributions are significant, and that it must be included in a realistic calculation.

The comparison with the experimental data shows that the calculations describe correctly the po-
sition and width of the fragment mass distributions. More precise data would be useful for extracting
physical information about the fission process.

Precise measurements of fragment mass distributions were obtained for fission induced by high
energy protons at GSI [36]. Now we apply the same method to describe the experimental results
obtained for the reaction p (500 MeV) + 208Pb. Unfortunately, there is not any systematic study of
the multimodal parameters in the mass region of interest in this case, therefore we suppose that the
symmetric fission mode is dominant.
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Fig. 7. Fragment-mass distribution for fission induced by 500 MeV protons on 208Pb as simulated by CRISP (•).
Experimental data are from GSI [36] (◦).

The results presented in Figure 7 show a fair agreement between calculation and experiment. The
calculated distribution reproduces the shape of the experimental distribution remarkably well, but there
is a shift of 9.82 ± 0.05 mass units of the overall distribution toward the high mass region. This shift
could be corrected by including the emission of prompt neutrons during the fission process and includ-
ing the evaporation of nucleons and clusters from the fission fragments.

There is an apparent puzzle in the conclusions obtained so far, since using the symmetric fission
dominance prescription we do not reproduce the results for actinide nuclei, but have much better
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Table 2. Values of the relevant parameters found for the best agreement between simulated and experimental data
for the fission of 208Pb induced by 500 MeV protons. Errors indicated represent superior limit for uncertainties.

parameter value

a1 0.01 ± 0.05
a2 121.68 ± 0.05
a3 0.23 ± 0.05
a4 125.66 ± 0.05
a5 14.93 ± 0.05
a6 3.97 ± 0.05
a7 5.21 ± 0.05

results for lead. However, the systematics at low energies [6] already shows that for nuclei with mass
numbers around 220 the symmetric mode is dominante. Therefore one could suppose that fission at
those excitation energies are still sensitive to the nuclear structure.

Of course we do not claim here that this is the case, since more precise results for actinide fission
fragment mass distributions at high energies are necessary in order to extract informations about the
fission dynamics.
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