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Abstract

The HETC code package allows modelling of complex nuclear facilities involving particles
up to the few GeV energy region. In 1976, the package was implemented to support the
engineering design of the target-moderator-refiector system for the ISIS pulsed spallation
neutron source. The planned (and subsequently used) target material was uranium but the
‘high-energy’ part of the HETC package did not treat fission. A treatment of fission was built
into the code and the current state of this is described.
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1 Introduction

The current interest in accelerator-based transmutation of active waste and the relevance of fission to
its study make it timely to describe in some detail the fission treatment in the version of the HETC!
package used at PSl.

The engineering of components for use in and around regions bombarded by high-power density
accelerator beams requires knowledge of heating rates, activation and damage rates. The components
range in complexity from beam windows, secondary targets, beam dumps, etc. to ‘spallation facilities’
(e.g. neutron sources). The HETC code package (in its several versions) provides a basic Monte-Carlo
nuclear physics ‘tool-kit' to enable essential engineering design parameters to be calculated and also
to carry out the nuclear design of the spallation facility itself.

A version of the HETC? package was obtained by the author from RSIC (Radiation Shielding Information
Centre, Oak Ridge National Laboratory) in 1976 for use in supporting the engineering and neutronic
design for the target-moderator-refiector system of the ISIS3 pulsed neutron source. As uranium was to
be the target material and the package in the form obtained did not allow for high-energy particle induced
fission, a treatment had to be built in. That uranium was a good choice for the target material from the
standpoint of neutronic performance was known from experimental studies*; the open questions were
ones of detail and, principally, target dimensions’ optimisation from the point of view of both neutronic
performance and engineering of the neutron source.

The fission treatment has already been described® and was made available to the spallation neutron
source community through the International Collaboration on Advanced Neutron Sources (ICANS): it is
not known to the author which of the several versions of the HETC package have it built in or included
as an option. Medium energy particle induced fission is likely to be significant in examining waste
transmutation and users of versions of HETC with this fission treatment need to satisfy themselves
that it is adequate. To assist in this process, a detailed description of the parameterisation is given
here. Comparison of calculational results with experimental values carried out recently®, led to some
adjustment of parameter values.

2 The Treatment of Medium-Energy Particle Induced Fission

The emphasis is on fission induced by nucleons above about 15 MeV and pions above 2 MeV. In this
energy region very little experimental information is available and reliance has to be put on theoretical
estimates. Below this energy region, sufficient cross-section data exists. The essentials of the calcu-
lational model are similar to those of earlier studies by Dostrovsky et al.”, Lindner & Turkevitch® and
Hahn & Hermann®. The treatment invokes no new ‘physics’ and is applicable to light particles over a
wide energy range: this has turned out to be useful for testing purposes.

2.1 Generalities

The essential physics of particle-nucleus interactions is handled in HETC by subroutine versions of
the Bertini MECC code'® and the evaporation code of Dresner!! which together are a calculational
realisation of the Serber!? model. Apart from some minor changes (to be described below), these
codes are accepted as the basis of the description of the interaction. In particular, it should be noted
that pre-equilibrium emission is not included in the modelling of the particle-nucleus interaction.

Fission is a collective nuclear effect and takes place on a timescale that is long compared to the
medium-energy intranuclear cascade; that is, fission will only be significant as a channel in competition
with nucleon cluster evaporation. The end state of a nucleus after the intranuclear cascade can have
high excitation energy (100 or more MeV) and proton & neutron numbers significantly below that of the
struck nucleus. The end state for any one incident-particle + energy + struck-nucleus system is also
highly variable. The subsequent evaporation process also can involve the ejection of several 10’s of
nucleons. That is, any treatment of the fission process as a competitor to evaporation has to be wide
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ranging in Z, A and E*.

The version of the Dresner code incorporated into HETC uses a somewhat reduced statistical model
treatment. In particular (i) nuclear spin is not considered, (i) gamma emission is not treated as a
competitive process, (iii) a slowly varying level density parameter of {% at low to 1"—3 at high mass
is used and (iv) evaporation is restricted to neutrons, protons, deuterons, tritons, 3 He-nuclei and a-

particles.

2.2 The Calculational Model for Fission

The logical flow of the overall particle-nucleus interaction with fission is shown in Fig. 1 and is the basis
of the present calculational model. To calculate with it, two things have to be decided:

(i) the fission probability: writing I'. and I'; for the widths for evaporation and fission at some point
in the de-excitation cycle, then the fission probability (P;) is given by:-

Iy

pp = — 71
5T T, 4T,

(1)
(ii) the post-scission fragment nuclear state: charge, mass and excitation & recoil energies
(Z,A, ", Trcc)

In making the parameterisation, the wide range of nuclear states for potential fissioning nuclei has to
be kept in mind.

General Assumptions

The following general assumptions are made about the fission process:-

(i) The fission width depends only on the state of the nucleus and not on how it arrived there.
The agreement between results of studies with a variety of projectiles to reach similar fissioning
system states e.g. refs. 13, 14, supports this for the light projectiles transported in HETC. As part
of the testing, the calculational model has also been applied to «-particle induced fission.

(i) Fission competes at all stages of nuclear de-excitation.

(ii) Only binary fission will occur. In terms of the calculational flow (see Fig. 1), this means that fission
is locked-off for the fission fragments.

(iv) The mass split is always complete. The two fragments will conserve baryons and charge. This
means that, for example, the fission’ neutrons will come from either evaporation prior to fission or
from the fission fragments. Bowman et al.!® found that 90% of the neutrons from the spontaneous
fission of 252C f came from the fully accelerated fragments.

(v) Fission for nuclei with Z less than 70 is not considered. Apart from not wasting computer time on
insignificant contributions, this avoids restricting global correlations to yielding ‘sensible’ values
over the complete range of nuclei.

Fission Probability:

The treatment has been split between the elements above and below Z = 83. There are two reasons:
(i) there is very little experimental information on fission in the region Z = 85 to 88, (ii) the marked rise
in the fission barrier for nuclei with 272 below about 34 (see Fig. 2) together with the disappearance
of assymetric mass splitting, indicates that a change in the character of the fission process occurs. If
experimental information were available, a split between regions about 272 ~ 34 would more sensible.

Fission is only being considered for heavy nuclei for which evaporation is dominated by neutron emis-
sion. This means that the evaporation may be adequately represented by the width for neutron emis-
sion, I',,.
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Figure 1: The logical flow for evaporation including fission.

202



404
354
30
254

204 . trelen o gl

Fission Bamer [Mev]

TRt lalepnpeteg et

DI

0 T T T v T T v u T T v —

28 30 32 3 3¢ 38 40

Figure 2: Measured fission barriers as a function of Z*/A. The data comes from Dahlinger et al.1¢

Table-I

Present Values for the Constants in Equation 2.

V4 89 90 91 92 93 94 95 96 97 98 99 100
Ao(Z) | 221.6 2258 230.1 2344 238.63 241.34 243.04 245.52 246.84 250.18 254.0 257.8
C(2) 0.154 0.175 0.169 0.165 0.165 0.15735 0.16597 0.17588 0.18018 0.19568 0.16313  0.17123

Both evaporation and fission are described in terms of the statistical model (Weisskopf!”, Bohr &
Wheeler!3) and fission experiments (e.g. Back et al.!®, Czyzewski et al.?°, Burnett et al.?’) analysed
with it to yield fission barriers.

For the high Z region, fission barriers are low and the expressions are complicated by the need to treat
(double humped) barrier penetration, single particle effects and gamma emission competition and, as
such, are unsuitable for use in Monte-Carlo. In the Z region above 88, the observation of Vandenbosch
& Huizenga!? that % is closely independent of excitation energy above a few MeV is exploited; they
also obtained a good correlation of the width ratio with fissioning nucleus mass (A) which may be
quantified as follows

Logio (%) = O(2) - (A~ 4o(2)) @)

where C(Z) and Ao(Z) are constants dependent on the nuclear charge (Z) only. The values of these
constants presently used are given in Table-l (Note: some adjustment of values have been made since

the first version®)

A constant fission barrier height of 6 MeV is used, based mainly on the experimental results of
Back et al.!®, Back et al.?? and Gavron et al.?3. Barrier penetration is not considered; that is, the
fission probability is calculated only for excitation energies > 6 MeV and is zero below.

In the region Z below 89 and down to a code minimum of 70, neutron emission and fission widths are
calculated using the statistical model with an energy-independent pre-exponential factor for the level
density and inverse-reaction cross-sections for neutrons as used for the Dresner code. For a nucleus
with Z, A and excitation energy E*:-

In _ o3 (PLolon5n) +11) ®)

Ly Io(ay,Sy)
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where k = —ﬂ";ﬂl g a statistical factor (= 2 for neutrons), m is the neutron mass and r is the nuclear
radius constant (taken to be 1.35 fm) and Z, and Z, are the statistical integrals given by:-

1
Io@,S) = o-(1+(S—1)exp)

= (s1-0 - 05+ 25D

8a2
where

Sn = 2m
1

@ = g(A-1)

Sy = fas(E* - Ey)

a, and a; are the level density parameters for neutron emission and fission respectively, £, is the neu-
tron separation energy, E; is the fission barrier height and E* is the excitation energy. The constants
a and 3 come from the inverse reaction cross-section parameterisation used by Dresner:

o(e) = 'n'rDAaa(1+ )
a = 193+076
of = 166-005

3

Values for the fission barrier, E;, and the level density parameter for fission, a;, have been obtamed
from a global parameterisation of fits, using £; and a; as variables, to measured values of from

Huizenga et al.?*, Raisbeck & Cobble?® and Burnett et al.?!. The global parameterisations have been
made in terms of E, (the neutron separation energy), a, the level density parameter for neutron
emission (a, = % turned out to be more appropriate to obtaining a reasonable global fit than the

value in the Dresner code) and £ (= X) and are:

E;—E, = 1.9624+0.2185(38.222 — X)? 4)
Z—f = 1.0893+ 0.011(X — 31.086)? (5)

In the evaluation of the equation for the fission barrier, the quadratic term is dropped should an X' of
greater than 38.222 occur!

The statistical model fits have been made with excitation energy independant level density parameters.
As a; > a,, this leads to ever increasing values for —1- and fission probabilities tending to 1 for all
nuclei. That ay should tend to a,, at high excitation energles comes out of calculations of level densities
based on single particle schemes?®. Statistical model! fits including these show good agreement with
measurement?%:27. No satisfactory global prescription applicable to the case in hand could be found.

The most satisfactory prescription found so far is to reduce the fission probability by an approximate
estimate for the number of chances; that is, for an average emission energy Q. (the sum of the Q
value and the average kinetic energy) and an excitation energy E*, the fission probability is computed

from c
Py = —5— where C = mzn(lO Q.

ST ) ©®)

The final problem to be solved was the severe suppression of charged particle emission particularly in
the high Z region. This is caused by the bias of evaporation to emission of neutrons plus the increase
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of fissionability as the mass (at a given Z) is reduced. Following investigations of both fission cross-
sections and spallation product mass distribution in comparison with available data under a variety of
prescriptions, the following two changes were adopted:-

¢ To introduce an excitation energy dependent coulomb barrier in accordance with the prescription
of Le Couteur?® to help evaporation of charged particles at higher excitation energies.

¢ To restrict fission competition to neutron emission only (see Fig. 1). That is, when the evaporation
sampling algorithm selects charged particle emission, by-pass fission competition.

2.3 Post-Scission Parameter Selection

The choice of charge, mass, excitation energy and recoil kinetic energy for the two fission fragments
is based on available systematics. Their choice will affect the subsequent neutron yield and the final
nuclide distribution. The ordering of the following roughly refiects the increasing difficulty of finding
clear guidance in making parameter selection.

Recoil Kinetic Energy: Fission occurs as a roughly adiabatic process leading to no significant impart-
ing of kinetic energy during passage over the saddle point. The kinetic energy is obtained from the
coulomb repulsion between the two fragments when the scission is complete. A clear correlation be-
tween the sum kinetic energy of the two fragments (E,,;) and the coulomb parameter Al;- (Vandenbosch

& Huizenga?®, Unik et al.3° , Hyde?!) leads to the adoption of:

Etot = 01065 (%) + 201 (7)
A + A3

Experimental data?®:3°:32:33,34 gyggests that the distribution is gaussian with a FWHM width of 15%.

The picking of the recoil energy follows after the split has been selected (Z,, A;, Z; and A,) and is
partitioned using energy and momentum conservation in the C.M. system.

Charges: Of the two possibilities, equal charge density or equal displacement from stability, there
would seem to be no clear advantage for either. The picking is made after selection of the masses
and based on equal distance from stability. The most stable charge number for a nucleus of mass A,
Z,, is given approximately by:- 4

Z(A)= ———
)= 5 Consea3

Then one charge is selected on the basis

21 = 2,(A) + 57 - Zu(A1) - Z,(42)) 0

and smeared with a gaussian of width 2 charge units. The other charge follows from conservation of
Z

Mass: For fission in the high Z region, the mass distribution for low excitation energy starts by being
asymmetric with one mass at about 140 independent of the fissioning nucleus mass. As the excitation
energy of the fissioning nucleus rises, an increasing contribution from symmetric mass splitting is
observed. In the lower Z fissioning systems the mass split always seems centered about the half
mass. An empirical relationship for the relative proportions of symmetric and asymmetric fission at a
given excitation energy, E*, suggested by experimental data is used:-

Symm

FfAsym =2.05- 10" *exp®3°E” (9)

f

For asymmetric fission, the mass of the heavy fragment is picked from a gaussian of variance 6.5 mass
units centered on a mass of 140.
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For symmetric fission, a mass split about %A is used with a gaussian spread of variance dependant
on excitation energy above the fission barrier (Neuzil & Fairhall®%):-

Feymm = 0.425(0.935+ (E* — E;)(1 — 0.05(E* — Ey))) (10)

For consistency, the fission barrier values for Z > 88 and/or 4= > 35 are taken from Seaborg &

Vandenbosch3¢:- )

VA
E;=18.1-0.36=-+e¢ (11)
and where ¢ = 0.7 for odd-odd nuclei, 0.4 for even-even nuclei and zero otherwise.

Outside this region, the values for E; come from the global systematic of equation 4. The picking
procedure is protected to give a minimum mass of 5 for either fragment. The mass of one fragment
only is picked (that of the higher in the case of asymmetric fission) and the other comes by conservation
of A.

Excitation Energy: The excitation energy is based on distributing the excess of the binding energy
release over the recoil kinetic energy (i.e. conserving energy over the scission process) on an equal
density per nucleon basis; i.e. ﬁt to fragment of mass A, etc.

If the excitation energy is predicted to be negative, the whole picking procedure is repeated: this is the
only check that the selected split is physically reasonable.

2.4 Other HET Changes
Two modifications to a test version of the MECC/DRES codes have been introduced:-

e The upper mass limit of MECC in the original HETC is 239. The control subroutine of the MECC
code (BERT) has been modified to allow masses up to 269 to be treated. Data for the nuclear
density distribution (average radii, densities and well depths) have been derived by extrapolation
of the high mass fixed data.

¢ Q-values are based on mass data from the 1983 evaluation of Wapstra & Audi®? in place of the
original data for DRES (based on the 1966 evaluation Mattauch et al.3%) which only extended to
a mass of 250. Data is stored in a library for +£10 charges about the most stable Z for a given A.
Extrapolation to fill out missing values is based on a local fit to the form of the Cameron®® mass
formula. As for the original version of DRES, Q-values for nuclei outside the tabulated masses
are derived from the Cameron mass formula.

3 Comparison of Calculated Values with Measurement

The treatment of fission seems to have been adequate for its original goal, as the ISIS system seems to
perform*®4! much as predicted*?. Further evidence for reasonable agreement with experiment comes
from measured fertile-to-fissile conversion and fission rates in thick targets of depleted uranium and
thorium by 800 MeV protons made at Los Alamos?3,

The comparisons above are for large scale systems where many aspects of the full material cascade
contribute, giving opportunity for error compensation.

3.1 Cross-sections for Fissionable Nuclei

A selection of cross-sections calculated with the evaporation code as modified to include fission have
already been presented in reference 6 and only one or two that illustrate specific points will be included
in this paper (references to the original figures will be given as FA92/Fig-X). The majority of the es-
timates come from Monte-Carlo with the number of events limited to reduce statistical error to below
about 10%.
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Figure 3: Fast neutron cross sections for 2*. The calculated cross-sections are shown on
curves taken from BNL-325.

Comparison of fission cross-sections only are inadequate; in particular, all channels are relevant for
activation estimates. The main goal is to treat fission in the energy range above about 15 MeV, which

implies high excitation energies for the nuclei.

Fission of nuclei with high excitation energies have been studied experimentally mainly with ions. To
allow these measurements to be included in the checking of the model, a locally written code for cal-
culating light-ion interaction cross-sections using the Thomas** method has been used in combination
with the fission-evaporation code. Potential function parameters are taken from Igo*® for a-particles.
The a-particle induced fission cross-sections used as the basis for the parameterisation of the statistical
model as re-calculated may be seen in in FA92/Fig 19.

Further a-particle cross-sections for heavy elements may be seen in FA92/Fig 20 for fission and spal-
lation of 238[7 46:47.48 gnd 238 Py, 49 and a selection of (a, 4n) cross-sections®!:3%:52 in FA92/Fig 21. The
agreement in the case of 23U (**2Pu as primary excited nucleus) is quite reasonable although the
downward trend of the calculated spallation cross-section hints at overestimate for the fission prob-
ability for the lighter Pu isotopes. In the case of 242Cm as primary excited nucleus, the calculation
underestimates the spallation cross-section by more than an order of magnitude (but it should be noted
that the spallation cross-section is less than 4% of that for fission). The (a, 4n) cross-sections give a
strong indication that the combined evaporation-fission treatment is modelling the measured process.

Some neutron induced cross-sections (mainly fission), calculated using the compound nucleus model
with total cross-sections taken from ENDF/B-IV in the energy range up to 20 MeV and with MECC
above, were given in FA92/Figs 22 to 25. These basically show the quality of the Vandenbosch &
Huizenga!? correlation but also that the evaporation treatment at low excitation energies is quite rea-
sonable. In general the agreement is considered reasonable although for very high Z there is a strong
indication that the parameterisation is not as good as at lower values: this might be expected due to
the restricted amount of data available. The results for 233U (shown in Fig. 3) highlight the inadequacy
of the overall particle-nucleus treatment for the energy region where the transition from full compound-
nucleus to full Serber model takes place.

Reasonable agreement with experimental results for medium-energy proton induced fission cross-
sections®:56.57.58 ig also obtained (see FA92/Fig 26).

207



3.2 Mass Distribution

As medium-energy fission is a combination of contributions from several fissioning nuclei, both the
fission and spallation product yields are relevant. Measurements of both fission and spallation products
for the same patrticle-nucleus system have been found only for 33 bombarded by 340 MeV protons:
some of the fission products were measured by Stevenson et al.>3 and some spallation products by
Lindner & Osborn®t. The calculated and measured results are shown in Fig. 4. The two experiments
disagree on the total fission cross-section, 1590 mb from Stevenson et al. and 1370 mb from Lindner
& Osborn. The calculation gives 1330 mb.

The width for the fission products mass distribution is a little higher than the measured values (the
calculated cross-sections at the peak are about 40% lower) and comparisons for spot nuclides are up
to a factor of 10 lower.

Quite good agreement for the high-mass end of the spallation products is obtained and spot-nuclide
cross-section values are within a factor of 2 to 4. For the total production rate of the heavy elements
the agreement is also quite good (Np, 0.4 for measured over calculated; U, 1.1; Pa, 1.3; Th, 2.1; Ac,
1.2). The sum production cross-section for the mass 210 nuclides At, Po, and Bi was measured to be
4.5 mb (calculation gave 5.1 mb but shifts the peak production to At). This gives a tentative indication
that a rise in cross-section toward the region mass 200 may be real: this occurs in the calculation
from fission competition to neutron emission only. As this low mass region is only reached via charged
particle emission it is relatively little affected by fission as may be seen in Fig. 4 from the fictional
spallation yield curve as calculated with fission disabled.

4 Final Comments

The inclusion of a fission treatment into HETC was motivated by practical needs. The treatment has
been made as far as possible using either correlations from experiment and/or based on reasonable
physical arguments. However, two particularly inadequate aspects remain: the need (i) to reduce the
fission probability as obtained from the statistical model extrapolation and (ii) to by-pass fission in the
case of charged particle emission. To what extent these are compensating for less-than-adequate
treatments elsewhere in the overall particle-nucleus model is not known. That quite good agreement
with measured fission cross-sections is obtained over a wide range of nuclei and excitation energies
is some compensation.
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Figure 19: A selection of a-particle induced fission cross-sections for elements up to Bi. The dots are experimental
data and come from Raisbeck & Cobble [88], Huizenger et al. [89] and Burnett et al. [90]. The lines are the results

of calculation.
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Figure 21: Calculated and measured (a,4n) cross-sections for 226pq {102], 2307p [102], 227h [96] and 2Hom
[103]. For reference, the calculated fission cross-sections are included as an insert.
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Figure 22: Fast neutron induced fission cross-sections.
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Figure 23: Fast neutron induced fission cross-sections.
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Figure 24: Fast neutron induced fission cross-sections.
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Figure 25: Fast neutron induced fission cross-sections.
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