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The LAHET Code System: Introduction,
Development, and Benchmarking

R. E. Prael
Radiation Transport Group X-6
Los Alamos National Laboratory
Los Alamos, NM, USA

Abstract

Au introduction to the LAHET code systein is presented, showing the function
of rach code and their interrelation. A summary is made of the principal physics
models used in LAHET. Some recent results in benchmarking are shown for small-
angle neutron emission from 7Li for 800 MeV protons incident, neutron emission

from "Be at several incident proton energies, and actinide and subactinide fission
ratios,

Introduction

LAIT is a Monte Carlo code for the transport and interaction of nucleons, pions,
mons, light iony, and antinueleons in complex geometry[1]; it may also be used without
particle fransport to generate particle production cross sections, LAHET is the resalt
of a major effort at Los Alamos National Laboratory to develop a code system based on
the LANL version of the HE'TC Monte Carlo code for the transport of nucleons, pions,
and muons, which was originally developed at Oak Ridge National Laboratory[2] Due
to the many new ‘eatures added at LANL, the present code has been renamed LAHET,
and the system of codes based on LAHET designated as the LAHIT Cade System
(LCS)I]. The linkage of the codes of the LOS, with use of interface files, is shown in
lipure 1,

Particle tracking uses the general geometry model of the LANL MONP codef3].
LATET shaves the geometry deseription and input of MOCNP, except for lattices and for
repeated stenctures, Consequently, the plotting features of MONP may he wsed (o die
play the peamettic deseription of a problem, LAHET draws on MONI for many codia,
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features. Charged particle transport uses continuous slowing down with range strag
gling and multiple scattering adapted to MONP geometry.  [on addition, a LAHET
history file may be used to generate a surface sonree for a subsequent. LAHET calenla
tion. and a LAHET history file from a nucleon/pion problem may be used as a source
for a subsequent muon transport calculation.

IPHT s a code to generate (by the Monte (farlo method) a photon source file from
LAHET output for input to HMCNP. The file includes deexcitation gammas and neatral
pion decay gammas .

Newutrons appearing in LAHET below 20 MeV are written to a source file for trans-
port with IIMCNP. The photon source file generated by PHT may be merged with the
neutron source file Lo provide a source for a coupled neutron/photon HIMCNP run,

HMONP is a modification of MONP which accepts an external neutron/photon
source created by LAHET and/or PII'T. Neutron tran: ort from 20 MeV to thermal
and all photon/electron transport is done with HMCONP. [IMCONI may also be used for
coupled neatron/proton/photon multigroup calculations with a very limited number of
isotopes at energies below 100MeV.

Within the LCS, cross section output is generated from LAHET history lile output
by the XSEX utility code. For the caleulation of cross sections, LAHET is run in a non
transport, mode, with the interaction physies invoked at the sonree particle energy. The
source energy may be deseribed by a tabulated disiribution, providing cross sections
averaged over an energy distribution. The XSEX code iy then used to process a history
lile, generating double-differential and energy- and angle integrated cross sections or
vields.

HTAPE is a general-purpose editor for the LAHET Eistory file, Fdits include surface
careent. amd Hux, neutron volume flux, particle production spectra, energy deposition
and balance, distribution of residual nuelei and excitation, gas production, and pulse
shape charactenstics, HTAPE i also used to edit surface crossing data from HMOND
and merge it with LAHIET results,

In addition, an unoflicial adaptation of the EGS code for the transport. of high
energy photons and electrons is available which employs MNP geometry and particle
tracking and which interfaces with the LAHET Code System through a photon sonree
flile,

The principal applications of the LAHET Code Systeom have heen

o aceelerator tarpet and shielding desipn;
e desipn of experiments and instrumentation;
o dazape Nom commie 1ay environment;

o dosape Trom medical aceelerators;



o [easibility studies for accelerator breeding;
o feasibility studies for accelerator transmutation of waste;
e maderator design for accelerator-driven neutron sources.

Linplementation of the LCS requires complete FORTRAN 77 capability, inclnding
character manipulation. The CRAY( CT5S) using CFTLIR is used for primary devel-
opment and some production calculations at LANL. A CRAY (UNICOS) productior
capability maintained at LANL and NFRSC. The VAX/VMS version is in active use
a LANL and at many locations outside the laboratory. Today, most LCS usage al
LANL and elsewhere is done on UNIX work stations; the L('S has been successfully
implemented on SGI, Convex, SUN, IBM, HDP, and DEC/ULTRIX systems.

Physics Models in LAHET

The Bertini model[4] (from HETC) describes the nucleon-nucleus interaction below 3.5
GeV oand the pion-nucleon interaction below 2.5 GeV: a sealing law approximation is
used to continne the interaction energy to arbitrarily high energies, although a reason
able upper limit is about 10 GeV.

As an alternative to the Bertini intranuclear cascade model, LAHET' contains the
INC' routines from the ISABEL code. ‘The ISABEL INC model is an extension by
Yariv and Fracukel[5] of the VEGAS code[6] It has the capability of treating nucleus
nuecleus interactions as well as particle nucleus interactions. It allows for interactions
("CAS CAS™) between particles both of which are excited above the Fermi seaf7]. The
nudlear density is represented by up to 16 density steps, rather than three as in the
Bertini INC. It also allows antiproton annibifation[20], with emission of kaons and
pions. As presently implemented in LAHFT, enly projectiles with A < 4 are allowed,
and antiproton annihilation is not presently allowed in particle transport problems, ‘I'he
upper incident energy limit is 1 GeV per nucleon, The choiee of INC s o nser option:
the Berting INC' s the default,

Subsequent, deexcitation of the residual nueleus may optionally employ a multi
stage preequilibrinm exciton model{9]. The MPA s invoked at the completion of the
INC, with an initial particle hole configuration and excitation energy determined by the
oulcame of the cascade, AL each stage in Lthe MPM, the excited nuclens may emil a
neatron, proton, deateron, triton, 'He, or alpha; alternatively, the nuclear configuration
ny evolve toward an equilibrinm exeiton nnmber by inereasing the exciton pumber by
one particle hole pair. The NPM tervinates upon reaching the equilibrinm exciton
smber; the evaporation model (or the Fermi beeakup model) i then apphied to the
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residual nucleus with the remaining excitation energy. The linkage of the MPM 1o each
of the INC' models is discussed in [10].

In the implementation of the MPM, the inverse reaction cross sections are repre-
sented by the parameterization of (‘hatterjee[11]. The potentials from which the inverse
reaction cross sections are obtained are those selected by Kalbach{12] for the PRIZC'0)-
N2 code.

Further deexcitation is treated by a Fermi breakup model (for A up to !8) or by the
evaporation model of Dresner[13] for heavier nuclei. LAIIET includes as user options
two models for fission induced by high energy interactions: the ORNL model[14}, and
the Rutherford Appelton Laboratory model by Atchison[15]; the fission models are
employed with the evaporation model.

In LAHET, the Fermi breakup model[16] (FBM) has replaced the evaporation model
for the disintegration of light nuclei; it treats the deexcitation process as a sequence of
simultancous breakups of the excited nucleus into two or more products, each of which
may be a stable or unstable nucleus or a nucdeon. Any unstable product nucleus is
subject to subsequent breakup. The probability for a given breakup channel is primarily
determined from the available phase space, with probabilitics for two-body channels
modilied by Coulomb barrier, angular momentum, and isospin factors. The model is
applied only for residual nuclei with A € 17, replacing the evaporation model for these
nmaclei. In the LAHET implementation, only two- and three-body breakup channels
are considered; it is an abbreviated form of a more extensive implementation of the
Fermi breakup model, with up to 7-body simultaneous breakup, used previously for
cross section caleulations on light nuelei[! 7).

T'hree optional level density formulations have been implemented. In the default.
case, the level density parameter «a, is obtained from the energy dependent formulation
of Ignatyuk[I18] as implemented in GNASH[19]. The other options in LAHET are the
madel originally used in the evaporation model of HETC[13] and a mass dependent
alternative (Jiilich) more receutly developed for use in HETC[20]. In ligure 2, the low
and high-excitation limits of the energy dependent mwodel are shown, along with the
Jitlich maodel, for nuclei near the line of stability. In figure 3, the original HET'C model
is illustrated.

LAHET differs from HETC in the use of eutofl energies for particles escaping from
the nueleus during the intrapuclear cascade. For either INCY model, the neatron cutoff
cnergy is uniformly distributed between zero and fwiee the mean binding energy. ‘The
Coulomb barrier is randomly distributed in a form simulating a Coulomb barrier trans
mission probability; the maximmm of the Coulomb barrier and the neutron eutoll s
then used as the proton cutofl. The sampling for the catofl energies is performed onee
for each projectile tarpet interaction: the barriers thus defined are then applied to every
particle emission in the resulting cascade, This procedure, adimittedly artificial, has the
cllect of preventing, a discontinnity in the particle emission spectrum while preserving,

G



100003 T T —

= T T T T -3
. 800 MeV Protens an "Li ]
R Neutron Ernission at ® Degrees ]
- data: J aen -
solid: [SA modal A
7 dash: Bertini model
L1000+ :
100—: E
] ]
10 T 1 — T | T T
00 200.0 400.0 60C.0 800.0 10000 12000 14000 1800.0
Neutron Momentum (MeV/c)
Figure 4: Neutron cmission at 9°.
10000 3 T I — T T T T
] 800 MeV Protons on "Li1 7
Neutron Emission at 8 Degrees
. data: Je aen s

molid: ISA model
dash: Bertini model

10 1 1 | 1 | 1 !
0.0 200.0 400.0 600.0 nNOO0.0 1N00.0 12000 14G0.0 106000.0)

Neulron Momentum (MeV/o)

Figure H: Neutron emission at 6°,



800 MeV Protons on ’Li
Neutron Emisaion at 4 Degrees
data: J asen
] solid: ISABEL model
dash: Bertini model

10000 i - . — . : . —

|

-
[®)
(o]
o)
L ool 1
L L1

1
b4 gaul

L

[ury
(]
(o]

Lo rigaal

A E |

-

10 T T T T T T il
0.0 200.0 400.0 600.0 8000 10000 12000 1400.0 1800.0

Neutron Momentum (MeV/c)

Figure 6: Neutron emission at 4°,
10000 - . — : : . —
A00 MoV Protons on LI

dash: Dertini modol

sl

10

I 1 I’ 1 1 L : i
0.0 2000 4000 G00.0 8000 10000 12000 14000 1600.0

Neautron Mormenturm (MeVA:)

I'igure 7@ Neatron emission at 3°.



100004 —T T T T

T T 1

800 MeV Prolons on 7Lt -
Neut'.ron:l Emission at 1: Degrems
ata: : -

] -
molid: ISABEL rhodel H -
dash: Bertini rhodel i
4 ’ PR
1000 ;

g

Lo 1 iaanl

microbarns/sr—{MeV/c)

100

[eem—
]

el
Lorraand

i |
L

10 T — T T T T B
0.0 2000 4000 8000 8000 10000 12000 1400.0 18000

Neutron Momentum (MeV/c)

Figure 8: Neutron ernission at 1°,

10000 3 =T — — T T T T —T =
b 800 MeV Protona on "Li ; a
. Neutron Emission ay U'Degreee ' p
- data: espn .. -
N solid: 1SABEL model :
desh: Dertirji model _

10004 | .

. i ]

B Y . r- v -y
4000 6000 8000 1000.0 12000 14000 16800.0

Neutron Momsntuin (MeV/A:)

Figure 9; Neutron emission at (0°,



quite we'l the mean particle emission rates.

Another small addition to the intranuclear cascade procedure is applied to (p.n) anid
(n.p) INC reactions only. In this case, the outgoing particle cnergy is correct=d by the
binding energy d:fference in the entrance and exit channels. The modification greatly
improves the realisn in the high energy cmission spectrum and significantly improves
the overall energy balance in the INC.

Comparison of Small-angle Neutron Einission in the
Bertini and ISABEL INC Models

Figures 4 through 9 show calculations made for neutron emission from 800 MeV protons
on "Li, with a comparison to small angle data[21]. Results from using both the ISABEI,
and Bertini moc'els are shown. As one moves from 9° to 0° , the two models seem 1o
treat the yuasielastic peak very much the same. However, the emission due Lo resonance
decay is shifted into the most forward (1° to 0° ) angles by the Bertini model. (This
effect of the angular distributions for the decay products is rather well known, but is
excellently exhibited by these calculations.)

The [SABEL scems to represent the data without any apparent artifact. and the
limitations of the model scem to apply cqually throughout this angular range. The
overall neutron emission from the Bertini model is about 20% larger than from the
ISABEL model. The presence of the forward angle discrepancy in the Bertini model
may have no major practical efflect on many calculations, but the user should he aware
of the effect and make his own judgement on its relevance for his calculations.

Neutron Emission from Protons Incident on [3¢

In the past, LCS benchmark reports have been issued for 113 MeV and 256 MeV
protons on thin[22] and thick[23] targets, comparing neutron emission data at several
angies with experiment.  These caleulations have been continued to 597 MeV and 800
MeV, and full results should be soon published. In these caleulations, a comparison
is tade between the Bertini and ISABEL INC models, and the effects of other code
options are examined.

Caleulations made for *Be show the greatest diserepancies for low energy emission
for amy nuiterial studied. Results at four energies at 60° and 30° are shown in figares
10 and 11 "The diserepancies are no great surprise, since such o amall nucleus hardly
salislies the statistical assumptions of the models. The calculations shown represent.
the “hest choice™ of LAHFT options: the ISABEL INC, the preeguilibrinm model
(which has little effect on suchia light nuelens), and the Fermi breaknp model (Lo avoid
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the “statistical” evaporation model). However, the discrepancy is almost the same
with either INC model, with or without the preequilibrium model, or even using the

evaporation model! No discrepancy of such magnitude is observed for calculations with
natural boron.

Calculation of Fission Cross Sections

The data from neutron-induced fission experiments performed at Los Alamos National
lLaboratory over the energy rauge 15 MeV to 400 MeV is nearing publication[24]. The
fission cross section ratio data (relative to 2*U) provide excellent benchmarking oppor-
tunities for the fission models used in LAHET and other codes.
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Results for #%1'h are shown in figure 12, Only the RAL model treats this case, ‘T'he
comparison shown illustrates the effect of the preequilibrinm model, ‘The preequilib
riner model provides loss of hoth charge and excitation energy bhefore the fission model
is tnvoked and significantly reduces the fission probability at higher energies. However,
lission in thorinm at higher incident pooticle energies depends on the subactinde iz

sion rontines in the RAL model, which are nneh less reliable that the actinide fission
trealment,
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In figures 1.3 through 18, calculations compare the Bertiri INC with RAL fission[15],
the Bertini INC with ORNL fission[14], and the ISABEL INC with RAL fission. In these
cases, the choice of INC madel does not greatly afect the calculated fission probability
(within the rather large statistical errors of the calculation). However, the QORNL
model has a nen-zero fission probability only for residual nuclei (after the INC stage)
with Z > 91. Thus the overall fission probability denps rapidly at high incident particle
energies when significant charge is lost from the residual nucleus. This effect is not seen
for a ratio for uranium isotopes, where the target material for both the numerator and
denominator has the same Z. Where the numerator and « caominator refer to targel
materials with different Z, the cffect is casily scen (figures 16 and 17).

At low cnough energies to be valid, the ORNL model gives better results for Py
but worse results for #*’Np. Overall, results for uranium isotopes are comparable, It
may be noted that there is no reason that the code shonld not aceess the ORNL model
when it applies and access the RAL model otherwise, if that were considered desirable,
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Fipures 19 and 20 illustrate the vse of the subactinide fission rontines of the R\
moddel for nentron indoced fission in ™PhEX] The solid lines in the two ligures Show
the pesnlts for the two different INCY miodels, with all other features chosen (o be the
defanlt, The effect of the preequihbrinm model i very evident in ligure 19, The
caleulated crone section s vey v loe s even without the |||'m'c|lli|i|l|‘i|lll| model, and the n-e



of the preequilibrium model reduces it still further. These results strongly indicate that
more attention should be devoted to developing a subactinide fission model, consistent
with the use of the preequilibrium model, or adapting a better treatment from some
other code.

In figure 20, the effects of the level density options are shown. (The HIETC level
density results, for B0 = 8.0, 10., and 14.0, ar~ shown by the dotted lines, from high
to low respectively). The use of the [IETC level density, with B0 in the range from
8.0 to 10.0, is quite consistent with the energy-dependent LAUET metnod. In tiis
case, the Jiilich model produces radically lower results. This suggests that, although
the Jiilich model may be a good representation at low excitation in many cases, the

HE'TC model with an appropriate value of B0 nay be a better representation at high
excitation energies.
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I may also he noted that a trae test of the fission model atone is not the calealation
of the lission croas sections or the fission cross section ratios, bat rather the lission vield

with respect to the nonelastic cross section, It i the latter that, the models attempt 1o
simmlate.
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