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Photofissility of Actinide Nuclei at Intermediate Energies
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We analyze the recent experimental data on photofissility for 22’Np, 28U, and 2*>Th at incident pho-
ton energies above 200 MeV. For this analysis, we developed a Monte Carlo algorithm for the nuclear
evaporation process in photonuclear reactions. This code is used in association with the multicollisional
model for the photon-induced intranuclear cascade process. Our results show a good quantitative and
qualitative agreement with the experimental data. It is shown that the emission of protons and alpha par-
ticles at the evaporation stage is an important component for the nonsaturation of actinide photofissility

up to, at least, 1 GeV.
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It has been widely believed that the fissility (W) of ac-
tinide nuclei should saturate at 100% for energies above
~100 MeV [1-4]. Such a possibility is so appealing and
convincing that several groups have been proposing re-
search projects devoted to the systematic investigation of
the photoabsorption process at intermediate and high en-
ergies. In fact, since W = 1, photofission cross section
measurements would propitiate a good evaluation for the
total nuclear photoabsorption cross section [4—6], and this
would configure the easiest and most direct method of pho-
toabsorption cross section measurement for the heavy nu-
clei. However, as pointed out elsewhere [S—7], the total
nuclear photoabsorption cross section is an important and
interesting source of information on the role played by the
nuclear medium in the intrinsic properties and interaction
aspects of the nucleons, as well as on the earlier stages
of the “shadowing” effect, a manifestation of the hadronic
nature of the photon.

The first disturbance in this optimistic scenario came,
however, with the experimental results for the photofissility
of 232Th. It was found that W is ~60% to ~80% of that for
238U in the energy interval 200—1200 MeV [4]. Because
of some precedents associated with the photoprocess in
232Th, as the well-known “thorium anomalies” manifest-
ing at low and intermediate energies [8—10], it could be
conjectured that the nonsaturation of the *Th photofissil-
ity, at energies as high as 1.2 GeV, is another sort of unex-
plained anomaly exhibited by this nuclide. In this regard,
a phenomenological description of the photofissility [10],
suggested that the nonsaturation of photofissility in *Th
could be a consequence of its higher nuclear transparency
comparatively to that of 23U, and a model based on the nu-
clear structure was proposed in Ref. [11] to explain these
photofissility results. The second difficulty came from
photofission results for 2’Np reported by the Novosibirsk
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group in the early nineties [3]. Quite disturbing at that
time, the results revealed a photofissility for 22’Np, in the
energy interval 60—240 MeV, nearly 30% higher than that
for 238U. These results were confirmed quite recently by
Sanabria and collaborators [12], in a photofission experi-
ment carried out in Saskatoon. No convincing explanation
has thus far been presented for these findings. Finally, in a
recent experiment performed at the Photon Tagging Facil-
ity in Hall B at the Thomas Jefferson Laboratory, Cetina
et al. [13] thoroughly demonstrated that the photofission
cross section for 28U is about 80% of that for 2’Np up
to ~4 GeV. Again, neither a qualitative nor a quantitative
explanation has been proposed. These findings claim for a
convincing explanation given their several implications on
nuclear structure aspects [1,4,11,], on compound nucleus
formation mechanisms [10], and on the potentialities of
the fission channel as a probe to infer new nuclear reaction
characteristics [4,5].

In this Letter, we present for the first time a complete
and detailed calculation of the photofissility for actinide
nuclei. This is achieved by using a combination of the mul-
ticollisional Monte Carlo calculation (MCMC —described
in Ref. [14]) for the photon-induced intranuclear cascade
process, and a new Monte Carlo algorithm developed by
us for the evaporation-fission process, which includes not
only the neutron evaporation vs fission competition but also
takes into account the evaporation of protons and alpha par-
ticles. We have applied these calculational procedures to
obtain the photofissility of 2*’Np, 23U, and 2*2Th. As dis-
cussed below, our results provide a good description of the
experimental absolute and relative photofissilities from 0.2
to 1 GeV. We did not extend the calculation above 1 GeV
because a significant shadowing effect takes place at higher
energies, starting below 1.5 GeV [13,15], and this effect is
not yet included in our intranuclear cascade calculation.
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The MCMC method propitiates a more realistic descrip-
tion of the intranuclear cascade process, comparatively
to the traditional methods [16,17], since it gives a time-
ordered evolution of the cascade by taking into account the
nucleus configuration at each instant of time. The evalua-
tion of the collisional probabilities among the nucleons, as
well as the secondaries arising from these collisions, is car-
ried out [14]. Such a realistic description results in a higher
multiplicity of protons and neutrons leading, thus, to the
formation of less massive compound nuclei as compared
with those coming from traditional intranuclear cascade
calculations. This aspect is the key to the photofissility
nonsaturation clue, because lighter nuclei have lower fis-
sion probabilities. We were, then, motivated to develop an
algorithm for the evaporation process, which is a comple-
ment to the multicollisional algorithm. With the former, we
calculate the evaporation-fission competition taking place
in the compound nuclei, which is obtained from the latter.
The compound nucleus, (A., Z.), has excitation energy, E.,
which is in accordance with the results of a previous analy-
sis on the subject [10].

The probability for the emission of a particle j with
kinetic energy between Ej; and Ey + dEj is calculated
according to the Weisskopf statistical model [18], and the
necessary level densities are calculated from the Fermi gas
expression.

Within this model we obtain the k-particle emission
probability relatively to j-particle emission, that is,

% <y}><§k><ak>exp{2[(akEk)l/2 (ajE;)l/z](}l;

where Ej = E* — (B; + V) is the nuclear excitation en-
ergy after the emission of a partlcle Jj. The particle’s bind-
ing energy, B;, and Coulomb potential, V;, are described
below.

The level density parameter for neutron emission is
[19,20]

= (0.134A-1.21) X 107%A%2 MeV™!, (2

and for all other particle emission this quantity is related
to a, by

aj = rjan, 3)

where r; is a dimensionless constant. The shell model
corrections [20] are not taken into account, since they are
small at intermediate excitation energies and are likely to
cancel with each other on the average over all possible
nuclei created during the reaction.

We use the fission width, I'y, from the liquid drop model
for fission by Bohr and Wheeler [21,22], and the neutron
emission width, I',, from Weisskopf [18].

For proton emission we get

12 = () eplatan P10y 2 = 7).

n

and for alpha particle emission,
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The Coulomb potential for proton and for alpha particles
is calculated according to Refs. [23,24], where a Coulomb
barrier correction due to the nuclear temperature is
included.

The fission barrier and the neutron binding energy are
calculated according to Ref. [20], while the proton and
alpha particle binding energies are calculated through the
nuclear mass formula [25].

The present Monte Carlo code for evaporation fission
calculates, at each step i of the evaporation process, the
nuclear fission probability, F;, defined as

F”)z
1+(H)l+( L)+ (7

Then, the particle j that will evaporate (neutron, proton, or
alpha particle) is chosen randomly, according to its relative
branching ratio, I';/I',. Once one of these particles is
chosen, the mass and atomic numbers are recalculated by
Aiv1 =A; — AA;jand Z; | = Z; — AZ;, where AA; and
AZ; are, respectively, the mass and atomic numbers of the
ejected particle at the ith step in the evaporation process.
Also, the nuclear excitation energy is modified according
to the expression

E',=E' —B, — T, @)

1

(6)

where B; and T; are the separation and the asymptotic
kinetic energies of the particle being ejected, respectively.
For neutrons T = 2 MeV, for protons T = V,, and for
alpha particles T = V,,.

Expression (7) ensures that the nuclear excitation energy
will be, at each step in the evaporation chain, smaller than
in the previous step. This process continues until the exci-
tation energy available in the nucleus is not enough to emit
any of the possible evaporating particles. At this point the
evaporation process stops, and we can calculate the nuclear
fissility by the expression

i—1
W=Z|:l_!)(1 —F,-):|Fi. 8)
i j=

By using the model described above, we have calculated
the fissility for 232Th relative to 2*¥U, and that for *8U
and 2*”Th relative to >*’Np. Although the multicollisional
code, in its present version, is more accurate for energies
above 500 MeV, we noticed that the relevant distributions
of A., Z., and E. for the compound nuclei are approxi-
mately independent of the incident photon energies in the
intermediate energy range [14]. Therefore, we extended
our model down to 200 MeV as the lower limit of our
calculation.

In Fig. 1 we show the fissility for 2*2Th relative to
238U, and compare it with the data from Ref. [4]. We ob-
serve a striking agreement between our calculation and the
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FIG. 1. Relative fissility for 22Th with respect to that for 233U.
The solid line is our present result, and the dotted lines show the
upper and lower limits considering the 4% uncertainty associa-
ted with both the intranuclear cascade and nuclear evaporation/
fission statistical evaluation. The experimental data are taken
from Ref. [4].

experimental data, mainly above ~400 MeV. The small
deviation at lower energies may be attributed to the use of
the multicollisional Monte Carlo at energies below its pre-
dicted limit of operation.

In Fig. 2 we show our results for the relative fissility for
232Th and 238U with respect to 2*’Np, and the experimen-
tal data to allow for a comparison. We observe that, as
in the previous case, our results give a good description of
the slowly varying behavior of the relative fissility for 28U
and 232Th from 200 to 1000 MeV, the approximate satura-
tion being thus reproduced. Also, the absolute value is in
good agreement with the data for both nuclei, with values
ranging from ~0.45 to ~0.60 for 2*Th and from ~0.75
to ~0.90 for 233U.

These results show that our nuclear-evaporation/fission
model, associated with the multicollisional Monte Carlo
for the intranuclear cascade process, gives a good descrip-
tion for the photofissility data and clearly demonstrates
the important role played by the proton and alpha particle
emissions during the evaporation stage in the nonsatura-
tion of the photofissility. In fact, we performed the fissility
calculations allowing only neutron evaporation, and the re-
sults, presented in Fig. 3, largely overestimate the experi-
mental fissilities.

The absolute fissility is rather difficult to determine
experimentally, since it depends on the measurement of
two different quantities, namely, the total photoabsorption
cross section and the photofission cross section. Even for
those nuclei having both cross sections measured, the ab-
solute fissility is uncertain due to the systematic errors in
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FIG. 2. Relative fissility for 22Th and 2*®U with respect to
that for 2’Np. Solid and dotted lines have the same meaning
as in Fig. 1. The experimental data are taken from Ref. [13].
The dashed and dash-dotted lines are the results of our calcula-
tions for 2*2Th and 2*3U, respectively, considering that only neu-
trons can be emitted during the evaporation/fission competition
process.

the experimental data from different laboratories which use
different techniques.

However, at photon energies between 140 and
1000 MeV, these problems are partially overcome by the
fact that the photoabsorption cross section is practically
proportional to the nuclear mass number, A [4—6]. This
allows the definition of a universal curve for the bound
nucleon photoabsorption cross section, o ,(E), which is
related to the total nuclear photoabsorption cross section,

U'y,A(E), by
U'y,A(E) = Uy,a(E)A~ 9)

These quantities are related to the photofission cross
section, o, ((E), by

0y f(E) = Aoy (E)W . (10)

The calculated fissility is shown in Fig. 3a, where we ob-
serve that W is higher than ~0.9 for 2’Np in the entire en-
ergy range, while saturating, at energies above 400 MeV,
around W = 0.85 for 2%®U, and, for 3*Th, around
W = 0.55 only above 500 MeV.

By using Eq. (10) we calculated the bound nucleon pho-
toabsorption cross section for 2’Np, 233U, and 2*2Th. The
results, shown in Fig. 3b, are compared with the universal
curve, which is composed of an upper and a lower limit
for o, , obtained from the experimental photoabsorption
cross sections for C, Al, Cu, Sn, and Pb, using the photo-
hadronic technique (see [26] and references therein). The

182701-3



VOLUME 87, NUMBER 18

PHYSICAL REVIEW LETTERS

29 OCTOBER 2001

2 F _——
AL
L 08F -7 - -
L E 4
507EF7
% 0.6 F
o) E
<05
0.4 F
0.3 Bl i b e i
200 300 400 500 600 700 800 900 1000
E(MeV)
2500 F
2 s
< 400 F
~ s
<300 F
200 f
100 f
O:.I....I....I....I....I....I....I....I....I.
200 300 400 500 600 700 800 900 1000
E(MeV)
FIG. 3. (a) The nuclear calculated fissility as a function of the

incident photon energy for 2’Np (solid line), 2*3U (dashed line),
and 2*2Th (dotted line). (b) The bound nucleon photoabsorption
cross section (see text), as a function of the incident photon
energy, for 2’Np (solid circles), 2**U (open circles), and *>Th
(full squares). The solid lines represent the upper and lower
limits for the bound nucleon photoabsorption cross section, as
can be deduced from the data reported in [26].

agreement between the calculated photoabsorption cross
sections and the universal curve is quite good, particularly
above ~350 MeV. Below this energy, our results overesti-
mate the upper bound of the universal curve, probably due
to the lower fissility values that we calculated. This behav-
ior is attributed to the fact that, below 350 MeV, we are
considerably out of the 500 MeV limit for the intranuclear
cascade algorithm used here.

In conclusion, we have shown that the long-standing
problem of the actinide nuclei fissility, which saturates at
values smaller than 100% even at relatively high energies,
can be understood from the combination of the MCMC
model for the photon-induced intranuclear cascade process
and our statistical model for the evaporation/fission pro-
cess, which includes the evaporation of protons and alpha
particles.

Besides shedding light on the photofissility issue, the
present work could motivate the study of heavier actinides
such as, e.g., americium and plutonium, in order to ver-
ify how their photofissilities respond to the emission of
protons, alpha particles, and also heavier cluster emissions
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(such as lithium, boron, etc.), in both preequilibrium and
evaporating stages. The former, in particular, is closely re-
lated to the important nuclear transparency issue (see, e.g.,
the discussion presented in Refs. [10,11]).
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