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ABSTRACT

The very high energy (5 GeV to 20 TeV) hadron-nucleus differential particle
production model found in the Monte Carlo transport code FLUKAB87 has been
adapted for inclusion in the transport code HETC88. The empirical selection of
intranuclear cascade nucleons has been modified to provide simple correlations with
the randomly selected number of hadron-nucleon collisions. A standard method
of calculating the excitation energy of the compound nucleus preceding an added
evaporation step by assuming the particles are produced in a one-dimensional
nuclear well is applied. This method, coupled with the above correlations, leads to
improved correlations of the excitation energy with the A and Z of the compound
nucleus, and then to greatly improved distributions of the residual nuclei following
evaporation. The frequency distributions of low energy (# < .7) charged particles
show good agreement with experiment for 200 GeV protons incident on emmulsions.
Average multiplicities of shower and grey particles after evaporation for protons
and pions incident on several elements are also compared with experiment.






1. INTRODUCTION

Particle production spectra and mmtiplicitieb from high-energy (hundreds
and thousands of GeV) hadron-nucleus collisions are of particular interest in
%hlddmg ('alculatzons for accelerators such as the pr@posed Superconducting Super
Collider,»? and also in high energy calorimeter calculations of energy deposition and
ﬂu&tuaﬁmn‘s A mnlti-chain fragmentation model using quark physics and generating
exclusive events has been implemented into a cross section code, EVENTI),
embedded in the transport code FLUKA by J. Ranft et al. (see Ref. 3 and references
included therein). This model is based on work of A. Capella 2t al. (sce Hef. 4
and included references). An intranuclear cascade secondary nucleon component
was also included in EVENTQ to account for particles produced by lower energy
secondary collisions. These nucleons are not, as yet, caleulated by a direct cascade
calculation similar to that used at energies below 3.5 GeV in the transport code
HETC82.5°

In the available versions of EVENTQ the cascade nucleons are chosen first
and are fitted by simple procedures giving the total kinetic energy to be used (the
same in each collision), and the nucleon energy spectra to be sampled from. No
correlation of these nucleons with the number of collisions in the high energy maodel
is provided. The particles are emitted isotropically. Energy is conserved, but rmt
momentum, except on the average. A fixed amount of energy is also set aside t
account for the excitation and kinetic energies of the compound nucleus.

A modified EVENTQ was developed specifically for incorporation into the high
energy transport codes HETC82% and HETCS88® and comparisons with experiment
have been obtained with both codes. In particular, unlike FLUKA very low energy
particles (<50 MeV) are followed, making evaporation calculations necessary.

Earlier calculations® of the exutamon and kinetic energies of the compuuud
nuclei before cvaporation provided correlations of these energies with the number of
particles escaping an assumed one-dimensional nuclear well. However, the residual
nuclei distributions following evaporation did not agree with experiment because a.
large munber of cascade nucleons could be chosen hmdc the well when the muimber
of high energy collisions was small {one or *n\mﬁ) Many of these escaped the well,
adding their potential energies to the energies of the (,ompm.md nucleus. Lxutmmn
energies that peaked at valies too large, coupled with compound nuclei atomic mass
number distributions that did not peak at atomic mass numbers near that of the
target nucleus led to incorrect A7 distributions for the final residual nuclei. This
also meant that the evaporation particle energy spectra and multiplicities could he
incorrect.

A very simple method of including the required cascade particle correlations
is described in Section 2.1. The total kinetic encrgy given to cascade nucleons in
individual collisions was correlated with the number of high energy hadren collisions
which were chosen in advance. In this way, the munber of cascade nucleons, and
in particular, the number of grey tracks, were correlated with the number of high-
energy collisions. That a mespondcnre of this kind should exist was pointed out
by Babecki and Nowak.? The kinetic energy given to cascade nucleons was modified
to bring the calculated average 111111t11)11c1t1€< of grey charged particles (.26 < 8 <
.7) into better agreement with the experimental data of Faessler'® at 150 GeV. The
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energy spectra and direction cosines of the selected nucleons inside the nuclear well
are still taken to be those given by Ranft. The details of the nuclear well model are
given in Section 2.2.

Calculated average multiplicities for 50 and 150 GeV protons colliding with
several nuclei are compared with the experimental data of Faessler'? in Section 3.1.
Also, the frequency distributions of grey and black particles resulting from 200 GeV
protons and pions in emulsions are compared with the data of Babecki and Nowak.®
In Section 3.2., the mass yield distributions for 29 GeV proton-silver collisions are
compared with the data of Katcoff et al.,!! and the mass yield distributions for 300
GeV proton-silver collisions are compared with the data of Porile et al.1?

In Section 3.3., the rapidity distribution for 200 GeV proton-argon collisions is
compared with the data of DeMarzo et al.!3



2. INTRANUCLEAR CASCADE NUCLEONS

2.1 CORRELATION OF TOTAL CASCADE KINETIC ENERGY
WITH COLLISIONS INSIDE THE WELL

A typical frequency distribution of hadron-hadron collisions in the high encrgy
caleulation for 200 GeV/c protouns incident on emulsions is shown in Fig. 1. This
was sampled from a cur HhLL tive distribution adapted by Ranft from the work of
Nelsson and Stenlund.'* 1t is parameterized by an average number of collisions,
7, and limited to a maximum of 13 collisions. One collision is always initiated by
the valence quarks of the original projectile and the remaining N,.. collisions by
pi-zero-like mesons composed of sea quarks. The total number of collisions is N,
= Ngeg + 1.

In the new EVENTQ, (currently, EVENTQ.HETC.88), these collisions are
chosen in advance, along with the type of target nucleon and its Fermi kinetic
energy; Npror and Ny, are the number of target protons and neutrons, respectively.

Then
Acom = Ar Nprm -Nneuta (1)
Zeom = Lp — Npratv

are computed initially, where Ap and Zr are atomic mass number and charge
nuinber of the target nucleus. ,

The total kinetic energies, E.,(E, A7), to be expended in cascade neutron and
proton kinetic energies are taken from FLUKAS7 and are given in Ref. 15; F is the
incident particle kinetic energy. These energies are somnewhat larger for neutrons
than for protous, so that the cascade neutron multiplicity exceeds that of the cascade
protons.

The average energy E., is then multxphgd by a new fraction, Fract (Ap,1J),
where IJ denotes the type of incident hadron, e.g., a meson or a hadron with
baryon number unequal to zero. Tables of these fractions are given in Ref. 15
Thiey were chosen to make the final average multiplicities of grey particles agree
with the experimental data of Faessler,'® which is largely independent of E for E >
30 GeV. The value of Fract for silver, Ay = 107, 1z 0.874 for baryons and 0.656 for
mesong, with smaller values as Ay decreases.

The correlation is introduced by caleulation of an additional factor, Py, so that
the actual total cascade kinetic energy available for each collision, E,, is given by

B, = Pg* Fract « £,
Pg = cuseaf(v — 1.0 — ext),
cxt = 0.25, @)
(Noca — ezt — 0.3) < ensea < (N, — ext +0.5).
where cnsea is chosen randormly from a histogram of unit width about the value
Ngeo — ext. Thus, the average of Pg over many collisions for a given target and

initial energy, e.g., over a distribution such as that shown in Fig. 1, should be umtv
(the histogram average of cnsea is N,oq — ezt and the collision ave rage of V., is

3
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- 1.0). However, Fig. 1 shows that N,., = 0 for many collisions, which are purely
valence collisions. Since a negative value of Py is not wanted, cnsea is set equal to
zero when negative. Then, with ezt = .25, cnsea > 0 occurs only 25% of the time
when N,.o = 0. However, if the denomnator of Py is negative or zero, the value
Pg = 1.0 is used. Thus, the average value of Pg ranges fmm 1.0 to 1.2, which is
one reason a renormalizing fraction, Fract, is needed. A second reason is the need
to not deplete the small Ay nucler.

The value of ex? was chosen to give a crude approximation to guasi-elastic
scattering cases, and other reactions leading to only two or three secondaries, which
contribute to the high values of the final residual nuclet A-distributions near Ay
(see Figs. & and 9).

In order to obtain this peak, it was also necessary to retain a carryover feature
of the original EVENT(}, in which any proton cascade kinetic energy not used up
in one collision is added to E. for pmtons in the next collision, and the same for
neutrons.

Selection of intranuclear cascade particles and their kinetic energies begins with
a neutron, followed by a proton, then a neutron, etc. After each selection, Aiom
and Z.om are diminished so that

4(&\)1’” ? Zcom + ?
i ®)

=z >
Leom 2

The hmiting conditions are necessary o insure the compound nucleus is not
completely depleted when the target is a light element such as carbon or oxygen.
Alternate selection continues until the energy available for protons is used up;
then only neutrons are chosen until the neutron energy is used up, or the limiting
conditions on Agom and Z.,m are met. After the one-dimeunsional cutoff nuclear well
is introduced to cutoff some emergent particles (mostly black cascade nucleons),
any compound nucleus with A ., < Zeom or Zoom < 018 rejected, and the collision
redone.

The kinetic energy distributions for cascade neutrons and protons are unchanged
from those used in FLUKAS7, and are given in Ref. 15. Prior to the selection of
cascade nucleons, an amonnt of energy, TV, is set aside to account for compound
nuclens energies, However, TV = 0.0 is used when the particles are assumed to
be born inside a cutolf nuclear well, because the well is used to provide nuclear
excitation.

Energy and momentium conservation inside the wells are given by the free space
expressions found in the original EVENTQ, except for AE, .0,

Eoue = Erp +m,
N
2l M Y g
=H, +AE, pe1 =TV — Z(Fi ~ ;) (4)
=l
f)nuc = [EI{E(EA’*E + 2'”7'0)]1f# J?’?o,/l}tjﬁ

where F¥,,. and me are the energy and momentum of the projectile entering
the fragmentation model; m, is 1ts mass and Frp its kinetic energy, with P,
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calculated from them and taken in the direction of the incoming projectile. For

this projectile, E, and 130 are the incoming initial energy and momentum; E, is
incremented by AFE, yeu if it is not a meson, with AE, ,.u equal to the nuclear

well depth for the incoming particle. Also, a Aﬁo,wcll can be calculated to satisfy

kinematics. The number of cascade nucleons is N, with m,, E! and P;’ the mass,
total energy, and momentum of a cascade nucleon. Only the kinetic energies of
the cascade nucleons are subtracted from the initial energy, so their mass energies
must be assumed initially present. Errors exist in the momentum conservation
at this stage, partly because the cascade nucleons are chosen isotropically, but
mainly because they are chosen first, i.e., if their momentum is subtracted from
By Aﬁo,wel!; the result is not Pp,. of Eq. (4).

The Fermi total energies and momenta of the target nucleons in Ranft’s collision
well are assumed initially present, so are added to E, . and Ppy,. and then expended

in high energy secondary particle production. Here, K Epy, my, and Ppy are the
Fermi kinetic energy, mass, and momentum of a target nucleon.

coll

N N,
Eoue+ Z (A’~EF,k + mk) = Z E;76011 + Ferr
k=1 s=1

Neon N,
Pnuc + 2 PF,k = ZP;,COII + I)e'r'r

k=1 8
The energy and momentum of the N, high energy particles are E; _,,; and P;’,CO I
The errors in energy and momentum conservation, E., and ﬁerr, are not zero at
this stage for several reasons, including the use of single precision in HETC, and
some systematic errors. Some, but not all, of the systematic errors in FLUKAS82
were eliminated in FLUKAS87; a few more that were corrected in HETC82 were
again corrected in HETCS88.

The error Fepp was first computed from Eq. (5) and then removed by dividing
it equally among the kinetic energies of the high energy secondaries. The momenta
are then recomputed, keeping directions unchanged. (Of course, overall momentum
conservation using the cascade particles still fails by as much as several GeV.) This
procedure is followed because the excitation plus kinetic energies of the compound
nuclei before evaporation are calculated using energy conservation and need to be
correct to within at least 20 MeV. Some tables of errors in energy and momentum
conservation before this renormalization are given in Ref. 15.

Conservation of charge, baryon number, and strangeness is carried out in the
high-energy hadron-hadron collision model, HADEVT. Using the fact that the sea
collisions are initiated by mesons with zero charge, baryon number, and strangeness,
similar conservation laws can be written for all the secondaries produced before the
cutoff well is applied. Thus, Ny, is the total baryon number for all secondaries,
including intranuclear cascade particles,

NIAN.
-Nbar = Neoll + Nc + Ibar,o = Z Ibarav (6)

g=1
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where Ijer,o is the baryon number of the incident particle and Ibar, the same for
secondary particle, s. Of course, Ibar = 0 for mesons, +1 for baryons, and -1 for
antibaryons.

It is clear that N, is now correlated with the number of high-energy collisions,
Neou1, because the total kinetic energy expended in creating the cascade nucleons
was correlated with N,,;;. Then, the total number of all secondaries inside the well,
N! + N, is correlated with Ny, and so is Ny,

In the absence of a well, the compound nucleus, atomic mass number, A,
and Z, charge number, are calculated at this peint by baryon number and charge
conservation,

AC - AT + Iba'ro - Nbar;

_ . (7)
ZC = ZT + Zo - Nchg7
where '
N:+Nc Nc Ncn”
Newg= >, Za=20+ > Zct+ Y Zi
8=1 c=1 k=1

and Z, is the charge of secondary s, Z, the charge of incident projectile, Z, the
charge of a cascade particle, and Z; the charge of a target nucleon. The difference
Ar — Ac is now correlated with the number of high-energy collisions.

2.2 THE NUCLEAR WELLS AND COMPOUND NUCLEUS
ENERGIES

The idea of nuclear wells has been implemented in the Monte Carlo intranuclear
cascade code, BERT,!® which is a part of HETC for nucleons with kinetic energies
less than 3.5 GeV and for pions with kinetic energies less than 2.5 GeV. A nuclear
well was used by Ranft!” when Fermi kinetic energies (different for neutrons and
protons) were assumed present initially for the target nucleons in the high energy
collisions. However, Ranft did not use cutoff wells or Coulomb barriers to be applied
to particles escaping the nucleus. This is partially because of the philosophy that
high energy particles may exist as part of jets or complex fragments inside the
nucleus and actually not be formed until after a certain delay time has elapsed,
e.g., until they are outside the nucleus. On the other hand, the delay time is short
enough for lower energy particles so that they are formed inside the nucleus and do
collide again, providing the intranuclear cascade nucleons. These supposedly are
formed inside the well, and give up energy upon escaping to the compound nucleus,
which then exists in an excited state.

The purpose of the cutoff wells is just this: to provide variable correlated nuclear
excitation energies that will lead to correct mass number distributions, and to reduce
the multiplicity of escaping low energy nucleons, because they will be replaced by
evaporation particles.

In order to have approximate energy conservation for the potentials, it was
decided to assume potential energies corresponding to the left side of Eq. (6) are
present initially and to make the secondary potential energies zero for mesons and
for antibaryon pairs, insofar as it is possible to identify these. Of course, in a self-
consistent model, the remaining potential energies should be computed from the
maximum Fermi energies used by Ranft for the N, collisions. This was not done
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because these collision Fermi wells were found to be too deep to provide correct
excitation energies and multiplicities. Changing them would reduce the energy
available for the high energy collisions and the multiplicity results for these and was
not done.

The energies, F,, of the secondary particles escaping the well (these now
include intranuclear cascade particles) are decreased by an amount V, equal to
the appropriate cutoff well depth calculated from a degenerate Fermi gas. That is

Vs =0.0 ; Iesons
= KFE§mazp + BE ; charged baryons and antibaryons
= KEFpuaz,n + BE ; neutral baryons and antibaryons (8)
= 0.0 ; baryon - antibaryon pairs

BE =T70MeV
with AE, wen = V, for the incident particle in Eq. (4) and BE is an average binding

energy.
The nuclear radius, r, in the Fermi gas calculation is given in Fermi’s by

1/3
Po= roAT/

ro = 1.3

Then, the maximum Fermi momenta are Pg ., (in MeV/c)

Ppmar = An * [ZT/AT]U3 ; protons
= An* [(Ar — Z7) /AT]I/3 ; neutrons (10)
An = 291.3 forvr, = 1.3,
= 400.0 for Ranft well.
The maximum Fermi kinetic energies are given by the usual relation:
KEpmar = [P oz + me)t? — my. (11)

All escaping positively charged particles are also required to have a kinetic energy
exceeding the well depth V, plus a Coulomb barrier given by

Coulmb = 1.4412 Z3/° /r MeV. (12)

The total energy F'r of the residual compound nucleus before evaporation is
given by energy conservation

N.!ec
Ep=E,+Mr— Y E,

g==1

=Ugr+ KEgr + Mpg.

(13)
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where My and Mg are the mass of the target nucleus and the residual compound
nucleus; Ny, is the number of escaping secondaries; Ug and K Ep are the excitation
and kinetic energies of the compound nucleus. Subtracting V,

Nyec N, N, N, Nyeo
Z E,= Z E.;,col! “+ Z EC - E E;,r - E V‘*' (14)
s==} g=1 e r==l : 5

where N, is the number of secondaries (including mesons) retained in the nucleus;
E! _ is the total energy of the retained particles.

"It is possible to define an average binding energy in a history, Beav, using an
analysis of the energy conservation in the modified EVENTQ. Let Np,ry be the
number of emitted baryons, omitting baryon pairs,

NBQC
Niary = Z | Ihar, | =2 Npair,

s=1
15
Nco” ( )

N, N
Beav = MR+ch+ Z my ’—mer - Mp /N[,a,.y.,
c=1 k=1 r=1

The masses Mg and My are computed using Wapstral® mass tables; m,. is the
mass of a retained particle; Ny is the number of retained baryons or antibaryons.
Nopair is the number of emitted pairs; a pair is assumed (somewhat incorrectly) to
be emitted every time an antibaryon is emitted, except for the case of an incident
antibaryon.

The average value of Beav generally ranges from 1-12 MeV depending upon the
values of E and Ay, but Beav itself shows very wide variations. Nevertheless, it
is clear that both Ny, and Beav are correlated with Neoy, since N. and Ny both
are.

Using energy conservation inside the well, with Eqs. 4, 5, 7, 8, gives an alternate
expression for the sum of excitation and kinetic energies of the residual compound
nucleus,

Ur+ KEg =TV + E,y

Nsrz::
+ Z Ve - ZS'Eo,well
g=1 )
. (16)
Ncoll Nb Nmes
~ > KEpx+ ) KE 4+ > En
k=1 r=1 m==1

— Npary * Beav.
When the cutoff well is omitted,
Neont

Ur+KEg =TV + Eepr = »_ KEpj — Npary * Beav.
k=1
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Here TV + E..r = 0 when the well is used; KEg is the Fermi kinetic energy
selected from the Ranft collision well for the target nucleon k; and K E. is the
kinetic energy of the r’th particle (excluding mesons) that is retained inside the
nucleus because it does not have encugh energy to escape from the well and the
Coulomb barrier. N,,.s is the number of retained positively charged mesons and
E,. the total energy of the retained meson.

Care must be taken to keep Ug + K Eg positive since the cutoff wells in V; and
collision wells in Fermi K E are not the same. The relatively deep collision well in
the original EVENTQ causes the K Ep; terms to be large, thus augmenting the
shower multiplicities, but use of the deep well for cutoff reduces the grey particle
multiplicity significantly. The partition of Ug and K Eg is accomplished by using
momentum conservation for the compound nucleus, even though momentum is not
conserved inside the well.

NBEC
PR - Po o PS’
8==1
My = [B% — PRl'/* 2 Mg, (an
I\"ER = ER - M;‘{,
Ur = M}, — Mg,
=0, if M} < Mp.

The momentum P; of the escaping secondaries is computed from the energy E, and
taken to have the same direction cosines as inside the well. Here, M}, is a defined
excited mass of the compound nucleus given by the kinematic relation between Eg
and Pp, and the kinetic energy K Eg is the difference between Ep and M} the
excitation energy Ug is the difference between excited mass and rest mass of the
compound nucleus.

The A and Z of the compound nucleus are now:

Niee Npr
Ar = Ap + ITbar, — Z Ibar, = Ag — z Ibar,,
8=1 =1
N.sec NR ’ (18)
Zp=Ar+2Zo~ Y Z =Zc—Y_ Z,
8s=1 8=1

Since many cascade nucleons are retained in the well, these distributions are
more nearly peaked near Ar and Zp than are those of Eq. (7).
Evaporation calculations were carried out using a previously developed

evaporation model.’® The 4 and Z of the final residual nucleus are now
ARes = AR - Neva s

’ (19)

ZRes - ZR - Zevap-

where Neyqp is the number of evaporation nucleons, with each nucleon in the light

lons ernitted being counted in Neyap; Zewvap is the total charge of the evaporation
products.



3. RESULTS AND COMPARISONS
WITH EXPERIMENT

3.1 MULTIPLICITIES

In Fig. 2 the calculated average multiplicities are compared with measured
multiplicities taken from Faessler'” of shower (8 > .7) and grey (.25 < # < .7)
particles. They are shown as functions of atomic mass number for 150- and 50-
GeV/c incident protons. In Fig. 3 similar results are shown for 150- and 50-GeV/c
incident 7. Shower particles are given by the upper solid lines in these figures that
are drawn through the experimental points to aid in interpreting the results. The
error bars on the measured data in Figs. 2 and 3 are of the order of the size of the
plotted points and the statistical errors on the calculated values are of the order of
the size of the plotted points.

The high-energy cross section model in FLUKAS87 includes diffractive
collisions,?® which occur randomly 30% of the time, for both valence and sea
collisions. This diffractive effect has improved the agreement with experiment for
shower particles produced by incident 7 to some extent, as compared with previous
results of Ranft and Ritter®! and of Alsmiller et al.® for the EVENTQ82 program.

It has been well established for some time that the experimentally determined
multiplicity of grey charged particles is independent of incident energy at the higher
incident energies.!® This fact is shown by the experimental data in Figs. 2 and 3
and 1s also reproduced very well by the new correlated calculational model over the
entire range of energies and atomic mass number considered.

In Fig. 4 and Fig. 5 the calculated frequency distribution of grey and hlack
charged particles after evaporation resulting from 200-GeV protons in nuclear
emulsion are compared with the experimental data of Babecki and Nowak.® Similar
comparisons are given in Figs. 6 and 7 for 200 GeV incident positively charged
pions. The calculation used the composition of dry Ilford G5 emulsions®® given in
Table 1. In the figure, the calculated and experimental multiplicities obtained from
distributions are also given.

Table 1
Emulsion Composition

Element Wt. in g/cm?®

Silver 2.025
Bromine 1.496

Todine 0.026
Carbon 0.30
Hydrogen 0.049
Oxygen 0.20

Sulfur 0.011
Nitrogen 0.073

11
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multiplicities for 150 GeV /c and 50 GeV /c proton-silver collisions vs. atomic mass
number.
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For both incident protons and positively charged pions, the calculated and
experimental distributions of grey charged particles agree very well. Thus, the
model gives not only a reliable estimate of the average number of grey particles
produced, but alse reliably gives the fluctuations about the average. The good
agreement is due to the correlations introduced, as shown by the similarity between
Fig. 1 and Fig. 4.

The agreement between calculated and experimental data for black particles is
generally close, but not as good as for grey particles. The calculated distributions
are lower than the experimental data in the multiplicity range v = 2-5 and are
higher for v > 16. Consequently, the calculated averages exceed the experimental
by one or two particles. This is not surprising since most of the black tracks are due
to evaporation particles of energy less than a few MeV. The calculations include a
small percentage of deuterons, tritons, 3He, and alphas.

3.2 RESIDUAL NUCLEI MASS YIELD DISTRIBUTIONS

In Fig. 8 the measured partial cross sections for producing various residual
nuclei are shown versus atomic mass number for 29 GeV proton-silver collisions.!!
Also shown in Fig. 8 are the calculated partial cross sections. The total cross
section of 1172 mb used in the calculation is approximately equal to the value
obtained experimentally by summing the partial cross sections for the production
of all nuclei. In the figure, the error bars on the calculated results are statistical
only and represent one standard deviation. Error bars are shown for only a few of
the histogram values to avoid overcomplicating the figure. The calculated error bars
where not shown are of the same order of magnitude as those shown. The agreement
between the calculated and experimental data in Fig. 8 is quite good. In particular,
the calculated results reproduce reasonably well the peak in the distribution at mass
number near the target mass number. In Fig. 9 the measured!? and calculated
results are shown for 300 GeV proton-silver collisions. The total cross section was
1180 mb. The agreement is not as good at 300 GeV as at 29 GeV, but is still quite
reasonable.

3.3 RAPIDITY

The rapidity of a secondary particle in the laboratory system is

E+ Py
=05 In |2
Y n[E-Pn]’

where E is the total energy and P;; the momentum component parallel to incoming
projectile direction. In Fig. 10 the charged particle rapidity calculations for 200
GeV/c proton-argon collisions are compared with the data of DeMarzo et al.'3
The peaks at the left do not include all of the evaporation or any black particle
contributions. Specifically, protons or heavy particles with momentum less than
200 MeV/c and mesons with momentum less than 35 MeV/c are omitted. The
calculated histogram has a multiplicity of 13.6 particles, whereas the measured
multiplicity 1s 15.0 particles. This difference reflects a difference in calculated and
measured shower particle multiplicities of as much as 20% as shown also in Fig. 2.
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4. SUMMARY

The modifications introduced into the high-energy (5 GeV to 20 TeV) hadron-
nucleus differential particle production model found in the Monte Carlo transport
code FLUKARSY, have been described and comparisons of calculated results obtained
with the revised model and experimental data have presented. The modifications
are primarily associated with the intranuclear cascade component of the hadron-
nucleus collisions and are for the purpose of improving the agreement between
the low energy (<400 MeV) produced particles and experimental data. With
the revised model the frequency distributions of low energy (8 < 0.7) charged
particles as well as the multiplicities from hadron-nucleus collisions have been
brought into better agreement with experimental data. Also, the distribution
of residual nuclei from high-energy hadron-nucleus collisions are in much better
agreement with experimental data. It should be noted that before the revisions
were made the calculated residual nuclei distributions were in serious disagreement,
with experimental data.®
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APPENDIX A

The expressions for the average total kinetic energy, expended on intranuclear
cascade nucleons) are taken from the functions called by subroutine EVENTQ in
the transport code FLUKAS87 (see also Ref. 23). If Ay is the target nucleus atomic
number and E the projectile kinetic energy,

Ec, = 2.5A%fnfaf,
where, for £ > 10 GeV,

fn =0.1104 protons,

= (.190 neutrons.

For £ < 10 GeV, and IT =1 or 2,
fv = 0.5+ A(IT)[1.0 + (log,, E)?)D(IT)
A(1) =1.0;D(1) = 0.14 protons,
A(2) = 1.3;D(2) = 0.19 neutrons,

fa = fe(1.0 — 0.001A7),
where, for £ > 10 GeV,

fe=.21 protons,
=.20 neutrons,
and, for F < 10 GeV,
fe=011+40.01F protons,
= 0.104+ 0.01F neutrons.
If £E> 5.0 fa,
f =1.0.

If £ <50 fa,

_ (10— (10 + B/fs)exp(~E/£4)

f (1.0 — oxp(— B/ f)

For E < 125 MeV,
Eq, = 0.0.

The kinetic energies are sampled from
E = —fsln(R),

where R 1s a random number between 0.0 and 1.0.
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APPENDIX B

The fractions used in Eq. (2) to multiply the average total kinetic energy given
to intranuclear cascade nucleons are given in Table B.1 for incoming baryons and
in Table B.2 for incoming mesons.

Table B.1
The fraction multiplying Fco, the average total kinetic energy
given to intranuclear cascade nucleons for incoming baryons
on target nucleus Ar

Ar Fract At Fract Ar Fract
1-12 0.25 44 0.61 76 0.805
13 0.26 45 0.62 77 0.810
14 0.28 46 0.63 78 0.812
15 0.29 47 0.635 79 0.815
16 0.30 48 0.64 80 0.82
17 0.315 49 0.65 81 0.822
18 0.33 50 0.66 82 0.824
19 0.34 51 0.67 83 0.825
20 0.35 52 0.675 84 0.825
21 0.36 53 0.68 85 0.83
22 0.38 54 0.69 86 0.832
23 0.39 55 0.70 87 0.834
24 0.40 56 0.71 88 0.836
25 0.41 57 0.715 89 0.838
26 0.42 58 0.72 90 0.840
27 0.43 59 0.725 91 0.843
28 0.44 60 0.73 92 0.836
29 0.46 61 0.735 93 0.849
30 0.47 62 0.74 94 0.852
31 0.48 63 0.75 95 0.855
32 0.49 64 0.755 96 0.856
33 0.50 65 0.76 97 0.857
34 0.51 66 0.767 98 0.858
35 0.52 67 0.77 99 0.859
36 0.53 68 0.77 100 0.86
37 0.54 69 0.775 101 0.862
38 0.55 70 0.78 102 0.864
39 0.56 41 0.783 103 0.866
40 0.57 72 0.786 104 0.868
41 0.58 73 0.79 105 0.870
42 0.59 74 0.795 106 0.872
43 0.60 75 0.80 107 0.874

If 108 < Ar 206,

Fractpargon = 0.739 + 1.26 x 107 - Ar.
If 207 < A7 < 250,

Fractyaryon = 1.0.
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The fractions for incoming mesons are given in Table B.2.

Ap Fract
1-12 0.25
13 0.262
14 0.274
15 0.285
16 0.295
17 0.305
18 0.315
19 0.327
20 0.34
21 0.345
22 0.35
23 0.36
24 0.37
25 0.38
26 0.385
27 0.39
28 0.398
29 0.406

If 64 < A < 250,

Fractpeson = 0.75 Fractygryon-

Table B.2
Incoming Mesons
Arp Fract
30 0.415
31 0.420
32 0.425
33 0.430
34 0.435

35 0.44
36 0.446
37 0.452
38 0.458
39 0.464
40 0.47
41 0.474
42 0.478
43 0.482
44 0.486
45 0.49
46 0.495
47 0.50

27

Fract

0.505
0.510
0.515
0.519
0.523
0.526
0.520
0.533
0.537
0.54
0.543
0.547
0.55
0.555
0.559
0.5625



APPENDIX C

Table C.1 gives the frequency of errors in total energy conservation in the lab
system inside the cutoff well for 200 GeV/c p-Argon collisions. The total number
of histories was 2500. All collisions for which the error in conservation for any
four-momentum component was greater than two percent in the target nucleon
rest system were rejected and recalculated, so are missing from this table. The
total number of such rejections was 35, or 1.4%. The errors shown in the table
can possibly be explained as due to the use of single precision. Small errors in
the rest systems of decaying resonances are greatly augmented by the Lorentz
transformations at high energies.

Tables C.2 and C.3 give the frequency of errors in momentum conservation.

The errors are much larger because the selection process for intranuclear cascade
nucleons does not conserve momentum.

Table C.1

Frequency of Errors in Total Energy Conservation
200 GeV/c p-Argon Collisions

Error Frequency Error Frequency
(MeV) (MeV)

5.0 1,278 -5.0 359
10.0 70 -10.0 80
15.0 48 -15.0 o8
20.0 48 -20.0 41
25.0 38 -25.0 28
30.0 37 -30.0 24
35.0 30 -35.0 25
40.0 28 -40.0 20
45.0 20 -45.0 20
50.0 16 -50.0 17
55.0 15 -55.0 14
60.0 11 -60.0 15
65.0 9 -65.0 12
70.0 7 -70.0 12
75.0 5 -75.0 7

100.0 25 -100.0 14
200.0 17 -200.0 31
250.0 0 -250.0 2
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Table C.2

Frequency of Errors in Longitudinal Momentum Conservation
200 GeV/c p-Argon Collisions

Error Frequency Error Frequency
(MeV/c) (MeV/c)
100 151 -100 150
200 131 -200 119
300 139 -300 112
400 146 -400 115
500 118 -500 90
600 121 -600 82
700 120 -700 73
800 102 -800 55
900 85 -900 37
1000 65 -1000 40
1100 64 -1100 31
1200 57 -1200 27
1300 42 -1300 15
1400 39 -1400 14
1500 32 -1500 7
1600 18 -1600 5
1700 16 -1700 2
1800 10 -1800 3
1900 13 -1900 1
2000 7 -2000 2
2100 12 -2100 0
2200 8 -2200 2
3000 20 -3000 0
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Table C.3

Frequency of Errors in Transverse Momentum Component Conservation
200 GeV /c p-Argon Collisions

Error Frequency Error Frequency
(MeV/c) (MeV/c)
100 155 -100 142
200 168 -200 144
300 146 -300 146
400 134 -400 163
500 127 -500 113
600 116 -600 100
700 79 -700 101
800 72 -800 81
900 56 -900 60
1000 55 -1000 43
1100 38 -1100 47
1200 28 -1200 25
1300 20 -1300 27
1400 22 -1400 20
1500 13 -1500 8
1600 8 -1600 )
1700 8 -1700 7
1800 5} -1800 )
1900 3 -1900 )
2000 3 -2000 4
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