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Particle production in nucleon induced reactions above 14 MeV with
an intranuclear cascade model
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We present an intranuclear cascade (INC) model which includes the dynamics of the cascade particles and
uses in-medium N N elastic cross sections. Our model is still based on the impulse approximation and does not
have the complexity of other sophisticated nuclear models. Nevertheless, its results of angle-energy distributions
of emitted nucleons in continuum are in good agreement with experimental data for nucleon induced reactions
from low intermediate energy to high energy, between 14 MeV and 1.6 GeV, and for light to heavy target nuclei.
Comparisons with results of Bertini’s INC model and of a previous version of our INC model show the clear
contribution of the combined effects of better dynamics and the in-medium N N cross sections. From our results,
we conclude that our INC model effectively includes the preequilibrium emission.
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I. INTRODUCTION

Particle production in nonelastic reactions induced by
nucleons has been under investigation for a long time. Serber
suggested that nonelastic reactions of intermediate energy
hadrons on nuclei may be modeled as a two-step process [1].
He described the first step as a cascade of collisions initiated
by the incident particle with the bound nucleons of the target
nucleus and propagated by the struck nucleons. In this step,
some particles of high energy may be emitted and, at the end,
the remaining nucleus can have an excess of internal energy
called excitation energy. This is the basis of the intranuclear
cascade (INC) model and of the semiclassical preequilibrium
model. In the second step, the remaining excited nucleus
dissipates its excess of energy by a mechanism that can be
viewed as the evaporation of nucleons and light charged
particles. The evaporation is in competition with fission for
heavy target nuclei and with y decay. Moreover, evaporation
may be replaced by other processes such as fragmentation for
light target nuclei or for very high excitation energy.

Even though the INC models [2-11] and some semi-
classical preequilibrium models [12—-15] may present strong
similarities, they differ on physics: the time treatment of the
cascade of the binary collisions in the {7, p} phase space
requires a Monte Carlo method in the INC model, while
in the preequilibrium models, the calculation of particle-
hole evolution in energy dimension does not necessarily
need stochastic methods even if a Monte Carlo approach of
preequilibrium exists [16]. INC and preequilibrium models
have also complementary ranges of incident energy. The INC
approach takes into account the production of hadrons other
than the nucleons (pions and other unstable particles such as
A resonances) and works well at high energy up to several
GeV. The lower energy limit is expected to be around 100—
150 MeV [1] above which the impulse approximation is
verified. The results of the older INC models are, however,
in poor agreement with data at low intermediate energy
(below 300 MeV typically) [17-21]. On the contrary, the
preequilibrium models deal with nucleon and light nuclei
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emission below the pion production threshold around
200 MeV.

Despite these discrepancies, the INC and deexcitation mod-
els are often used in macroscopic transport codes such as HETC
[22], LAHET [23], and MCNPX [24] to generate the products of
nonelastic reaction in the intermediate energy range. Indeed,
because of the high number of final channels in the particle-
nucleus interaction at intermediate and high energy, hadronic
cross sections and the differential distribution of particle
production are not stored in databases, but rather the Monte
Carlo events are calculated on-the-fly by nuclear models. For
practical uses such as the simulation of thick target irradiation,
such Monte Carlo nuclear models have to combine results of
good quality with fast computing time. The lower running
energy of the high energy code (stemming from nuclear
models) is mainly driven by the upper limit of the evaluated
data in low energy macroscopic transport codes like MCNP
[25]. Data libraries are generally evaluated below 20 MeV;
however, recent studies of accelerator driven systems push
this energy limit up to 150 MeV [26], at least for the most
important elements.

To improve the results, an additional preequilibrium model
is generally included between the INC and deexcitation stages
[16,23,24]. On the other hand, other sophisticated nuclear
dynamics models such as the Boltzmann-Uehling-Uhlenback
(BUU) [27], Boltzmann-Nordheim-Vlasov (BNV) [28], and
quantum molecular dynamics (QMD) [29] models have been
used for many years to simulate heavy ion reactions above
the Fermi energy. They overtook the INC model in the
intermediate energy range in heavy ion physics [30] since they
deal with the generation and evolution of the mean field in a
self-consistent way. Their results are also in good agreement
with experimental data in the spallation field (see Refs. [31-33]
for the QMD model) at high and low intermediate energy.
However, their computing time is very long compared with
INC codes, and thus it limits their use in HETC-like codes
to simulate nonelastic reactions in macroscopic targets. From
this practical point of view, the INC models remain the most
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interesting tools for the simulation of high energy nonelastic
reactions.

Nevertheless, one may use those sophisticated nuclear
models as guidelines and to improve the standard INC
approach with some of their physics. We present in this paper
the current version of code for our INC model, named BRIC,
which is derived from an older version [34] and includes such
improvements, the main ones being a better treatment of the
dynamics and the in-medium NN cross sections. We use it
to simulate nonelastic reactions induced by nucleons on large
ranges of incident energies and target nuclei. For instance,
we built nuclear databases for soft error studies in micro-
electronics [35,36], and we have studied specific spallation
reactions [37]. Above all, it is important that our INC model
provide results in overall good agreement with experimental
data and with calculations of preequilibrium models down to at
least 100—200 MeV. Another important reason is intrinsic to the
INC calculation: low energy intranuclear particles, typically
below 100-200 MeV, are statistically present at any time of
the INC stage whatever the incident energy. They even often
occur at the first collision due to kinematics. By improving
reactions at low incident energy, we obtain greater reliability
in our data on the emission of low energy nucleons.

This paper is organized as follows. The current version
of our INC model is described in Sec. II. After briefly
detailing the framework of our calculations and the older
version of our code, we compare their respective results for
particle production with experimental data in Sec. III. The
improvements of the results coming from the combined effects
of better dynamics and in-medium NN cross sections are
presented and discussed from low intermediate energy to high
energy. Then in Sec. IV we suggest some modifications that
could improve our model.

II. DESCRIPTION OF OUR INTRANUCLEAR
CASCADE MODEL

In our present INC model, incident and outgoing particles
are hadrons: nucleons, pions, and A resonances, each with
their isospin degrees of freedom. They are defined as Dirac
functions in phase space {r;, p;} with classical trajectories.
Their positions and momenta depend on time ¢ and are
expressed in the laboratory frame. The series of intranuclear
scatterings are limited to the uncorrelated binary collisions.
The other processes taken into account are the formation and
decay of A resonances, and pion production and absorption
through the A resonance. The range of the incident energy
extends up to a few GeV; relativistic kinematics is then used for
all incident energies to ensure energy-momentum conservation
at the binary collisions.

We will now detail the initialization of the target nucleus
and incident hadron and then present the transport algorithm.

A. Initialization in phase space

For a target nucleus of atomic mass A and charge Z,
the nucleons are distributed inside a spherical potential.
Each of them has a random position, energy-momentum, and
isospin according to the matter density distribution, the local
momentum distribution, and charge conservation, respectively.
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1. Position

At time 7y the center of mass of the target nucleus is
arbitrarily set to |Fg(fo)| = O in the laboratory frame, where
G is the index for the center of mass. The initial position
7i(tp) of nucleon i in the nucleus is randomly sampled from a
Woods-Saxon matter density:

Po(A)

r—R,(A)’ ( 1)
a(A)

p(r) =
1 4+ exp

with the mean radius R, (A) and the diffuseness a(A) depend-
ing on the target mass A.

The parametrizations of @ and R,, as functions of the A mass
for stable nuclei [38] have been deduced from the adjustment of
the Woods-Saxon function on the density matter distributions
calculated with the Hartree-Fock-Bogoliubov (HFB) model of
Berger et al. [39].

po(A) in Eq. (1) comes from the integration fOR“““‘ p(r)rdr
where the maximal radius Rjin; is deduced from the condition

P(Riimit) = €,0(0), ()

where €, equals 0.005 by default, which corresponds to
Riimit = Rin(A) +5.29a(A).

2. Momentum

The momentum of nucleon i of the target nucleus is
randomly sampled in the sphere of radius pp(r), which is
the Fermi momentum at the nucleon position r = |F; — Fg|:

pr(r) = er(r)ler(r) + 2m], &)

where m is the nucleon mass. The Fermi kinetic energy e (r)
is deduced from the spherical potential V (r) and the binding
energy epind, such that

ep(r) = =V(r) + epina

The constraint ep(r) > 0 sets the minimal energy to extract a
bound nucleon from the nucleus equal to or greater than eping.

with  eg(r)> 0. @)

3. Definition of updated nucleus

In our time-dependent approach, global variables describ-
ing the system are useful in defining the potential V(r) at
time ¢. The updated nucleus at time ¢ is defined as the sum
of all hadrons in the nuclear volume of radius Rj;y;; centered
at rg(t). The updated mass and charge numbers come from
conservation of the baryon and charge numbers:

ny(1)

Aupd(t) = Alarg + (1 - (Shmcrr)ahmc - Z ai,
! 5)

ny(t) 1y (1)

Z Zj + Z 2k
j=1 k=1

(Avtarg» Ziarg) and (ay,, , Zp,,.) are the mass and charge numbers
of the initial target nucleus and of the incident hadron,
respectively, and &, = 0 if the incident hadron hj,c is a
nucleon, or 6y, » = 1 if it is a pion. (a;, z;) are the mass

Zupd(t) = Ztarg + Zne —
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and charge numbers of the jth outgoing nucleon, and z; is
the charge of the kth outgoing pion. ny(¢) and n,(t) are the
multiplicities of the outgoing nucleons and pions at time #. The
mass of the updated nucleus is M (Aypa) = Aupa(£)(1 — eping)-

4. Potential

The potential comes from the spatial average of the soft
part of the interactions between all hadrons, whereas the
collision term simulates the hard core part. We have chosen an
energy-independent definition of the potential with spherical
symmetry:

p(r)
0o(A)

Vy and V¢ are the nuclear and Coulomb components of
the potential, respectively. The p(r)*/? dependence of Vy(r)
comes from the Fermi gas approximation. In our calculations
of nucleon induced reactions, we assume that the density
p(r) does not change significantly with time, and we use the
approximation p(r)(t) = p(r)(fo). The amplitude V of Vy(r)
is independent of the mass A and is equal to —48 MeV for
the baryons (nucleons and A’s), and to O for the pions. The
potential of the charged pions is then simply V(7).

Ve(r) is the Coulomb field calculated for a uniform sphere
of radius R¢ and charge (Zypq — 247), Where z4¢ is the charge of
the quasifree hadron inside the potential range. R is defined
by the condition V(R¢) = e,g’i’rfd, where eéfn)d is the binding
energy of protons. For instance, the Coulomb potential of
ATt compared with the potential of a quasifree proton for
the same Zypg is VS ) = 2(Zupa — 2)/(Zupa — DV, This
Zpq and then the Coulomb potential V¢ (r) are updated when
a charged hadron goes out. In the present work, we keep
the same Coulomb radius Rc when Z,g or Ayp change.
The Coulomb barrier of a charged baryon is defined by the
condition V(r) > 0.

2/3
V(r)=Vn@r)+ Vc@r) = Vo ( ) + Ve(r).  (6)

5. Incident hadron

At time fo, the position 7y, of the incident hadron is
initialized at a random impact parameter bj,. and a random
polar angle at the surface of the nucleus (ri,c = Rjimit) With the
condition Fipe - Pine < 0. The starting time of a reaction, fo, is
arbitrarily fixed to O fm/c. The kinetic energy of an incident
nucleon is simply increased by V (Ryim;) to calculate the energy
balance at the end of the INC stage, and the momentum | pinc|
is scaled accordingly to keep energy-momentum conservation.

B. Transport algorithm

1. Bound (spectator) nucleons and quasifree hadrons

Two classes of particles are defined in our approach: the
bound nucleons and all the other particles. The nucleons that
have a kinetic energy lower than their potential value Vy(r)
are bound nucleons and stay static in phase space. The other
particles, particularly nucleons with kinetic energy higher than
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Vi (r), move in the potential according to equations of motion
detailed below. They are called quasifree because they have
enough energy to exit the nuclear volume (a positive charged
particle can cross the Coulomb barrier by tunneling according
to a transmission coefficient, as will be shown later). If they
leave the nucleus, they become outgoing particles. The A’s and
pions are regarded as quasifree particles whatever their kinetic
energy since they can interact inelastically with a nucleon.
The state of a nucleon, bound or quasifree, changes only when
it collides with another hadron. At time 7y = 0, the incident
hadron is the only quasifree particle.

2. Equations of motion

The position and momentum of a quasifree hadron between
two processes (collision, resonance decay, or reflexion at nu-
cleus surface) are given classically by the following equations
of motion (we assume ¢ = 1):

P _ S, v e 7
— = -V, V(i —7sl),

dt ! ¢

dri  p;

ari _ Pi 8
dt E; ®)

where the total energy of the hadron E; is used to take account
of the relativistic kinematics.

This kind of equation of motion is intrinsically treated in
sophisticated dynamics models such as the BUU model [27]
or others (e.g., BNV [28]) and may be even found in the INC
model [40]. We point out now the main differences between
our approach and these models:

(1) Only the quasifree hadrons obey these equations in phase
space.
(i) Hadrons are Dirac functions in phase space, so we do not
use the N-test-particle method proposed by Wong [41]
and used in the BUU model [42].
(iii) The potential V is not calculated self-consistently during
the cascade stage, but it is the parametrization (6).

The two first points are required to minimize computing time;
furthermore, we do not expect a large evolution of the bound
nucleons distribution before the end of the INC stage in hadron
induced reactions. For the third point, the deformation of the
shape of V(r) in Eq. (6) can be assumed to also be small
in hadron induced reaction. But above all, the single-particle
approach implicitly used in INC models is not adapted to
computing the density and potential self-consistently.

The trajectory of a quasifree hadron in the position space is
curvilinear between two time steps f, and 7,1, that is,

(Vi V) (A

pi(tn) At ’
Ei(tn) 2

Ei(tn)

Fitas1) = ri(ty) + ©))

and its momentum changes accordingly to

Filtas1) = pita) — (Vs V) ()AL

The total energy of the quasifree hadron is updated assuming
it is on the mass-shell.
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The momentum and position of the nucleus center of mass
are then calculated as

ﬁG(thrl) = ﬁG(tn) + Z ( Vi, V)(tn)Atv
k quasifree
ﬁG(tn-H) + ﬁG(tn)

2M (Aupa)

F6(ths1) = Fg(ty) +

The drift of the c.m. position 7 is, of course, higher for light
target nuclei than for medium and heavy nuclei.

The time step At is by default 1 fm/c if no process occurs
for the quasifree hadron, or it is the time interval to its next
process, then in this case it is less than 1 fm/c. We checked that
the results are statistically the same for lower default values
of At and for 1 fm/c. The conservation of global energy is
required at each time step to obtain a good energy balance at
the end of the INC stage.

3. Reflexion at the surface of the nucleus

The refraction of quasifree hadrons inside the potential is
implicitly dealt with by the equations of motion. However, the
quantum reflexion of a particle on the potential well has to be
added for both neutral and charged particles.

For each particle that would reach the edge of the nucleus
at Rymi, We compute a transmission factor Tywgp in the WKB
approximation [43] with the potential V (r) [Eq. (6)]. Although
it is not symmetric, the potential is sufficiently smoothed to
assume that the final transmission factor below, near, and above
the top of the potential is close to T = Twgs/[1 + Twks] [44].

This transmission factor 7 is applied to the candidate
outgoing particle. If the candidate particle is not allowed to
leave out the nuclear volume, its momentum is reflected inside
the nucleus at the surface according to the optical law: the
longitudinal momentum along the axis joining the center of
nucleus to the point of reflexion is reversed after reflexion.

C. Collision term

The positions of binary collisions are calculated in space
with the algorithm of the distance of closest approach: a
collision occurs if

dij(tmin) = |7_:1 (fmin) — ;i(tmin)l < Otot/ 7T,

where r;(t) is given by Eq. (9), tmin is the time of closest
approach (d;; is minimal at ¢ = f,), and oy is the total cross
section of the ij pair. This method is often used to simulate the
hard core part of the hadron-hadron interaction when hadrons
are described as points in phase space, as in INC and BUU
models [9,40,42,45], or as Gaussians in phase space, as in
QMD models [29].

In our calculation, the distance of closest approach d;; (fmin)
is defined in the laboratory frame and not in the center of mass
of the two colliding particles as in the model of Cugnon [46]
and Wolf ez al. [45]. The covariant calculation proposed by Ko-
dama et al. [47] is not used here because most of the collisions
occur between a quasifree hadron and a spectator nucleon.
Their impact parameter b depends on the initial positions of the
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spectator nucleons and then on the local density. In the nucleus
rest frame, the ordering of these collisions with a bound
nucleon is straightforward. The problem of collision ordering
in a no-covariant calculation should be more important for the
scattering of two quasifree hadrons. Since the number of such
scatterings are less significant in hadron induced reactions than
in heavy ion physics, we stay in the laboratory frame to order
the scatterings.
The following hadronics reactions are treated explicitly:

(i) NN = NN
(i) AA — AA
(iii) NN = NA
(iv) N7 = A.

(elastic scattering)
(elastic scattering)

Other reactions in which the N* resonance appears, such as
Am = N* and the double pion production, are not included.
From the physics point of view, the upper limit of the incident
energy is then around 1.5 GeV for the nucleon induced reaction
and around 300 MeV for the pion induced reaction; our code
of the INC model can nevertheless compute above these limits
up to 10-15 GeV. The pion-pion elastic scattering is not dealt
with in the present model.

All differential and integrated cross sections discussed here
depend on the isospins of initial and final hadrons.

1. NN elastic cross section

We adopt in-medium cross sections for the nucleon-nucleon
elastic channel. Indeed, they differ noticeably from the free
cross sections at low c.m. energy. However, we have the
choice of several calculations of in-medium cross sections.
Some depend on the density [48], others on the temperature
[49].

The density-dependent in-medium cross sections of Li and
Machleidt [48] have already been used with the INC model
of Bertini [50]. The authors of Ref. [50] reported that using
the in-medium cross sections improves the angular spectra of
produced neutrons in comparison with calculations with the
free cross sections. Moreover, the parametrizations of Li and
Machleidt are well adapted to our approach, because the matter
density is well defined at any point of the nucleus in our model.
For these two reasons, we have chosen their parametrization
that we recall below.

The elastic cross sections o (,n) Ocl(pp) are the free ones

ae(f?;ez) and oe(lféep)) scaled by factors f,, and f,,. respectively,
that depend on the kinetic energy eja, of the incident nucleon
in the rest frame of the target nucleon and on the local

density p [48]:
1+ 0.0034 ella'sl o>

n 5 - 5 10

Jpn(etav, p) 112155 pl (10)
1 +0.1667 ¢/ p3

) = 4 11

fpp(elab P) 1+9-704,01'2 (11)

The free elastic 0™ and o™ and total cross sec-

el(pn) el(pp)
tions are parametric functions of the c.m. energy ./s =

/2m(ejap + 2m) of the two colliding nucleons that we have
fitted on experimental data.
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To perform calculations above 800 MeV/c (epp >
300 MeV), we assume a linear interpolation of the density-
dependent factors from 800 to 1100 MeV/c:

(i, p)
f Prap < 800MeV/c
== P800 e e < 1100 MeV /e
1100 — 800
1 1100 < prap.

(12)

The energy intervals of this interpolation have been chosen
to connect smoothly our parametrization of the elastic cross
sections fitted on experimental data and the in-medium elastic
cross sections of Li and Machleidt.
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2. Differential NN elastic cross sections

The differential cross sections of elastic scattering in the
NN c.m. frame are parametric functions of the relativistic
invariant 7 = 2p? (1 — cosf.,) fitted on experimental data
of the free processes. The pp and nn elastic differential cross
section is parametrized with

(free)

o s . .
doyy _ el () Bl ay, - Bl ),
aQ Nop

where N, is a normalization factor, N}, =2 [(e®»" +
app - eBml )dS2. The fit of the parametric function (13) on
experimental data gave a sets of values for the parame-
ters app, By, B;,p. Each set of values was then fitted to
give the energy-dependent parametrizations, where ey, is in
MeV,

13)

0 ey < 300
-8 3
5 9.87 x 107° (eja, — 300) 300 < ey < 670
s) = -3
pp 4.56 x 10 (elab — 670) + 4.76 670 < elap < 1100
-1
3% 10°
7.4 (1 + W) 1100 < ey,
0.2 en < 670 (14)
app(s) = 1 97.02 x 103 exp ( —2x 1072 €1ab) +0.053 670 < e, < 1100
0.28exp (— 1.5 x 107 e145) 1100 < e,
0 ety < 670
B, (5) = { (2=510)* exp (— w610 670 < ey < 1100
1.94exp (—7 x 10~ 1) 1100 < egp.
[
The parametrization of the np elastic differential cross I', =110 MeV, and
section is detailed in Ref. [34]. 52
v(g) = 5, (17)
Br+4q

3. NA cross sections

We deduce the inelastic cross sections o(NN — NA)
from ot(oftr?;; Ny~ ae(lfie]s;\,), each channel with its isospin factor
[45,51]. In this inelastic NN collision, the mass of the A
is randomly sampled from the momentum-dependent Breit-

Wigner distribution [52], that is,
AMZT* (M)
(M? — M2)* + 4M2T2(M)

() )
q-) M \v(g)

where ¢ is the c.m. momentum in the 7 N channel. The index
r refers to the values calculated at mass My = 1232 MeV,

f(M) = (15)

with

(16)

with 8, = 300 MeV.

The parametric function of do/dQ(NN — N’A), the
distribution of N’ angle in the c.m. frame of the colliding
nucleons, is the one proposed by Cugnon et al. for np inelastic
collision [53] and a polynomial function for pp and nn inelas-
tic collisions. Rupp and collaborators [54] showed indeed that
the double differential cross section d?c/d2d M+, depends
on the invariant mass M (7 " p) in the pp — 7 pn reaction at
800 MeV. They fitted the distribution

A+ Bcos?6 + Ccos* o (18)

on their data and obtained a C/A ratio consistent with zero
and a B/ A ratio decreasing when the M (7 p) mass increases.
We follow the same prescription for the pp — A* n, pp —
A p reactions and the isospin corresponding nn reactions. We
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assume that there is only an § state in the low c.m. momentum
of A, and that the B/A and C/A parametric functions are

B 7

My = S— (19)
A I+ exp (F25577)

C 4

_(MA) = Mr—11001 ° (20)
A I +exp (*257%)

where M, is the mass of the A resonance that was sampled
from Eq. (195).

The A resonance either decays into pion and nucleon or
is absorbed in a NA — NN collision. The decay process
proceeds after a time fgecay Sampled according to its lifetime

A’f]—i% in the nucleus frame with I' defined by Eq. (16)
if no NA collision happens before fgecay. A pion-nucleon
P-wave state is assumed after the decay and takes into
account isospin conservation. For the resonance absorption,
the cross section is calculated with the detailed balance
principle [45,55]. Pion absorption occurs when the distance
of minimal approach dypion verifies the condition dypion <
Jo(Npion)/m, o(Npion) being the free cross section. The
produced A resonance in pion absorption has a lifetime
inversely proportional to Eq. (16).

For the scarce A A collisions, we use oy s (v/s) = op n(V/5),
where o’ stands for the elastic cross section o, and the
differential elastic cross section doe/d<2. We do not take into
account the inelastic AA channels since no other hadronic
resonance is taken into account in our present model.

Final state of the hadron-hadron scattering in nuclear
medium is completely defined after the application of Pauli
blocking.

4. Pauli blocking

In the cascade model of Cugnon and the dynamic models
of heavy ion inelastic reaction such as BUU or QMD, Pauli
blocking is based on the occupation rate in phase space. This
method simulates efficiently the Pauli exclusion principle but
is more adapted for the N-test-particle approach [42] than for
single-particle models like INC. In our model, the assumption
that the bound nucleons stay static in phase space produces a
default with such a definition of Pauli blocking: a fraction of
the events have a negative excitation energy (the excitation
energy is deduced from conservation laws as it will be
shown in Sec. IID); moreover, the fraction of such events
increases when the incident energy decreases. For instance,
around 2% of events have on average —10 MeV of excitation
energy for a 1 GeV proton incident on lead (we have seen
negative values down to —75 MeV). This is the result of the
energy transfer from the nucleus to the incident hadron that
escapes the nucleus (the bound nucleon after N N collision has
a lower energy than before the collision). If such an energy
transfer may be expected some time after the beginning of the
cascade when some holes were created in the nuclear medium,
it should be forbidden for the incident hadron since it must see
an unperturbed nucleus with an entire occupation of the levels
below the Fermi energy.

Since the default with the occupation rate definition grows
when the incident energy decreases, the Pauli blocking is
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implemented in what we call the sharp cutoff definition
which is generally used in other cascade models [2,4,6,7]:
the momentum p,ge, of the nucleon after collision is compared
with the local Fermi momentum p at position r of the nucleon
according to

fsharp(pafterv ) = 0(patter — PF(1)), (21

where 6 is the Heaviside function. The collision process with
one (or two) nucleon in final state is not allowed if the factor
1 — fsharp €quals O for at least one final nucleon.

It is interesting to notice that the difference of the excitation
energy at the end of the cascade for the two definitions of Pauli
blocking (occupation rate or sharp cutoff) is not negligible. For
instance, the mean excitation energy in the 800 MeV proton
induced reaction on lead is about 109 MeV with the occupation
rate definition and 154 MeV with the sharp cutoff definition.
That corresponds to a difference of around 5 neutrons for
the mean multiplicity of evaporated neutrons, since the latter
depends greatly on the excitation energy at the end of the
cascade stage.

Though a more accurate Pauli blocking should stand
between these two definitions, the sharp cutoff Pauli blocking
is used by default in our calculations.

5. Qvalue

In a quasielastic nucleon-nucleus reaction, the upper limit
of the spectra of produced nucleons depend on the Q value
of the reaction X (N, N'). Most INC models overestimate the
upper limit of the differential cross sections do/dE, of the
(p, xn) reaction when |Q(p, n)| is large (see, for instance,
Refs. [56,57]). This discrepancy may occur also in the (2, xp)
reaction. The main reason for this artifact comes from the use
of the same binding energy epinq for protons and neutrons of
the target nucleus.

To improve the upper limit part of the spectra, we take into
account the Q value in the first effective Njyc Npoung €lastic
collision of the reaction induced by the incident nucleon Njyc.
An effective collision means that it is allowed by the Pauli
exclusion principle. The Q value is taken into account for any
nucleon induced reaction. No correction has been included for
pion induced reactions at this moment.

D. Conservation laws and end of the INC stage

Similar to the way we defined the updated mass A,¢ and
charge Z,pq (Sec. II A3), the excitation energy Ue of the
system may be defined at time ¢ by

Uexc(t) = €inc + Shi.,crrmrr + (1 - Shmcrr)ebind

ny (1) (1)
- ( Z(ej + epind) + Z(ek + mrr)) — Erec,

j=1 k=1
(22)
where ey, is the kinetic energies of the incident hadron of type

hine, and e; and e; the kinetic energies of the jth outgoing
hadron and the kth outgoing pion, respectively. m, is the pion
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mass. The recoil energy E.. of the updated nucleus is deduced
from momentum conservation as

P2 ny+ny;

Epe= — ™ with Pre = Pipe — bl
rec ZM(Aupd) rec Pinc ; Pi

since the target nucleus has no momentum at time 7y = 0.

1. Excitation energy of bound nucleons

The expression Uec(t) [Eq. (22)] has to be interpreted
as the excess energy of the overall nucleus [Aypa(t), Zupa(t)]
compared to its rest mass. From now on, it is called the total
excitation energy since it is measured from the outside of
the system at time ¢. In this definition, there is no difference
between the quasifree hadrons and the bound nucleons in the
potential well. As a consequence, U (#) starts at a high value,
the incident energy ej,. (plus the mass of pion in case of
pion induced reaction), and decreases with time. The solid
lines in Fig. 1 show the mean values of the total excitation
energy distribution as a function of time (Ue)(?) for six
proton induced reactions on 2Pb. At early time, the nuclear
volume contains not only the bound nucleons but also the fast
quasifree hadrons. As the latter escape the volume, the mean
excitation energy decreases rapidly to reach an asymptotic
value. In the case of the 800 MeV proton on ***Pb, the mean
energy (Uexc)(f) converges to 154 MeV after 80 fm/c. For the
45 MeV reaction, a compound nucleus is formed with
(Usxe)(t) ~ 40 MeV before 100 fm/c. This indicates that at
these low incident energies, a large part of incident protons are
captured by the target nucleus in the INC step.

However, the fact that U () starts with a high mean value
at #p = 0 fm/c is rather an unpleasant property. Indeed, one
may expect that the nucleus at the start of the cascade is not
excited with all the incident energy but gets small quantities of
energy at each intranuclear collision. The hadrons which are

208
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FIG. 1. Time-dependent mean excitation energies (Uc.) and
(Eexc) defined by Egs. (22) and (23), respectively, for proton induced
reactions on 2 Pb at six incident energies.
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largely above the Fermi energy should not be included in the
excited nucleus definition, since they have enough energy to
go out of the nuclear volume at any time and they can leave
it if no process prevents them. Equation (22) should only be
considered at the end of the cascade stage instead of at any
time 7.

This suggests that we define a preresidual nucleus com-
posed of bound nucleons only. The preresidual nucleus is
different from the updated nucleus (Aypg, Zypa) since the
updated nucleus includes the bound nucleons and the quasifree
hadrons that are inside the nuclear volume. Then, the excitation
energy of the preresidual nucleus has to converge to Uexc(fcyr)
event by event where 7, is the time that stops the cascade
stage as we discuss in the next section.

We define the excitation energy of the preresidual nucleus
as the sum of the energy losses of the quasifree particles in the
bound system at each collision:

Eexe(t) = Y (er(n) — e t) + Y (e (te) — ep(re))

b,t>ty c,t>t,.

D Sepqrt) + Y Seqroclte). (23)

b,t>t,

c.t>t,

Here, e;; (1;) is the kinetic energy of the bound nucleon b before
its effective collision at time #, with a quasifree particle, and
e; (t.) is the kinetic energy of the nucleon c¢ that is captured
(or becomes bound) after its effective collision at time ¢.. And
ep(r;) is the local Fermi energy at position r; of nucleon i.

Then, ey gi(fy) = (erp(rp) — € () is the amount of
energy needed to extract the bound nucleon from the Fermi sea
when the bound — quasifree transition occurs in a collision,
while Segr..(t.) = (e (t.) — er(rc)) is the energy left in the
preresidual nucleus in a quasifree — captured transition.

The bound — captured transition occurs in an effective col-
lision induced by a quasifree hadron when the bound nucleon
goes in the gap between the Fermi energy and the top of the
potential well Vi (r). The energy left in the preresidual nucleus
is then calculated with these time and position conditions (r, =
rpste = 1p), giving dej, (1p) = (er(rp) — € (1)) + (. () —
ep(re)) = (e (tp) — e; (1)). This energy deposition is implic-
itly included in (23) when the bound— captured transition
occurs.

The hashed lines of Fig. 1 are the mean excitation energy
(Eexc) of the preresidual nucleus as a function of time for
the proton on lead reaction at six incident energies. With the
approach based on the freezing of spectator (bound) nucleons
and the sharp cutoff Pauli blocking, it is an increasing function
of time with an asymptotic value. One may notice that this
asymptotic value is lower than that of (Ue.). This difference
has two causes: first, some quasifree hadrons are still in the
nuclear volume at time #, then a part of the kinetic energy of
the quasifree nucleons and the mass excess of A’s and pions
inside the nucleus is included in the U (t) expression, while
it is not taken into account in E.,.(7); second, the recoil and
binding energies are absent in the calculation of Eexc(#). The
two excitation energies agree event by event when these two
missing terms are taken into account.

024611-7



H. DUARTE

208

Pb (p,x)

E_ =45 MeV E_ =80 MeV

VAN BT B B LA
0 100 200 300 400 0O
- E,=160 MeV

PRI R RIS R
100 200 300 400
E,=256 MeV

2 fm/c)

(arbitrary units, At:

Cd v v v by v 1wy 1y 07y Ca o Ly by 1y 0
0 100 200 300 400 0 100 200 300 400
E =597 MeV - E,=800 MeV

AN/At

A N IR B P R PRI B
0 100 200 300 400 O 100 200 300 400

end of INC step (fm/c)

FIG. 2. Distribution of the end of INC step for proton induced
reactions on 2®Pb at six incident energies. Ordinate is number of
events in arbitrary units. The end of INC step is determined when no
more quasifree hadrons are inside the nuclear volume of radius Rjjy;.
Events with at least one quasifree hadron inside the nucleus after
400 fm/c are not shown here.

2. End of the INC stage

One important question is at which time limit should the
cascade stage be stopped? We present two ways to determine
this time limit. The first way is to analyze the distribution
of the INC stage time. Beyond this time, there are no more
quasifree hadrons inside the nucleus including A resonances.
Distributions of this INC stage time are shown for six incident
energies of proton induced reaction on 2%Pb in Fig. 2. For
each reaction, a large peak appears below 100 fm/c and a tail
spreads to late times. The peak goes to a lower time as the
incident energy increases, this is due to peripheral collisions
(high impact parameter b of incident particle) which give faster
nonelastic events when energy increases. We notice a clear
change of slope around 80-100 fm/c. At large times, the INC
stage ends when the last quasifree hadron is either emitted
or absorbed into the gap above the local Fermi energy ep(r)
after a last collision allowed by Pauli blocking (quasifree +
bound — bound + bound transition) or after a last A decay.
In the case of emission at large time, the nucleon leaves the
nucleus with a low kinetic energy and the excitation energies
Uexc and E¢x. change slightly. This is confirmed by the small
change of the mean value of the two excitation energies above
100 fm/c in Fig. 1.

The second way to determine the time limit of the INC stage
is to compare the distributions of the two excitation energies
Uexc(t) and E¢x(¢) rather than their mean values. Figure 3
shows the distributions of the excitation energies defined by
the expressions (22) and (23) at six times for the 800 MeV
proton induced reaction on 2°®Pb. The distributions present no
more large changes after 100 fm/c, which means that nucleons
emitted at large times have a small outgoing energy. However,
we notice that the distribution U (¢) does not change much
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FIG. 3. Distribution of excitation energies Uy and E¢ defined
by Egs. (22) and (23), respectively, at six different times for the
800 MeV proton induced reaction on 2%Pb.

above 75 fm/c, while E.(f) still changes after 100 fm/c.
Thus, the absorption of the last quasifree hadrons in the bound
system (quasifree + bound— bound + bound transition) is the
main process that governs the small evolution of Eex(¢) after
75-100 fm/c without changing the distribution of Ucyc.

The comparison of the two excitation energies Ug(t) and
Ex(t) and the distribution of the INC stage time allows us to
define the time cut f. to end the cascade stage (when there
is still at least one quasifree hadron in the updated nucleus).
We verified that the distributions of Uey(fey) at time foy =
100 fm/c are similar to the same distributions at higher
times for the 40-1600 MeV energy range and for target
nuclei defined with €, > 0.005 (7. has to be increased if €,
decreases). That choice has already been done by the authors
of Refs. [32,33] for the QMD model to describe the first stage
of the nonelastic reactions induced by protons.

We point out that the definitions of our INC stage time and
of the equilibration time in the QMD model of Ref. [58] are
similar. Indeed, the two times are overall times that include
the time of the incident hadron to enter the nucleus, the times
of successive collisions, and the times for quasifree particles
to reach the edge of the nucleus. However, our INC stage time
is determined more easily than the time of equilibration is
estimated for the QMD model. In the QMD model, there is no
separation between hadrons: all nucleons and other hadrons
are moving according to the equations of motion derived from
the QMD Hamiltonian; and there should not be an easy way
to separate nucleons between quasifree nucleons and bound
nucleons. The time of equilibration defined in Ref. [58] is
based on the shape of neutron spectra near the evaporation
component, while our INC stage time is easily defined event
by event when quasifree hadrons are gone from the nucleus.
Defining this time would have been difficult if we had included
collisions between bound nucleons.
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The time cut 7., could be lowered for high energy reactions
on light nuclei; however, our approach based on the freezing of
bound nucleons forbids the evolution of the preresidual nucleus
and then the emission of the nucleon as in a pseudoevaporation
stage. In our model, a higher 7., would provide statistically
similar results than with 7., = 100 fm/c. This time cut is more
a numerical parameter than a physical parameter, like the time
step At. Its aim is to end the INC stage of the nonelastic event,
since we cannot prevent a quasifree hadron from wandering
in the nucleus a very long time (on some internal orbiting
trajectory due to equations of motion). Nevertheless, it has to
be high enough to complete the INC stage. The particular case
of reactions induced by low energy neutrons (10-30 MeV) is
discussed in Sec. III B6.

At time f.y, the excitation energy includes the energy of
all A’s and pions that remain inside the nuclear volume and
the mass excess balance. It is then simply the total excitation
energy Uecx(f.u), and the excited nucleus at time 7y is the
preresidual nucleus plus the remaining quasifree hadrons
inside it; this is therefore the updated nucleus.

III. CALCULATIONS AND DISCUSSION

A. Framework of calculations

In spallation studies, most of the experimental data at a
given energy may be divided into two classes: the production
cross sections of particles and nuclei and the differential cross
sections or spectra of particles. They depend on the two stages
of the reaction, the INC and the deexcitation steps. However,
the differential cross sections of particle production provide
more information on the dynamics of the reaction than do
the yields of nuclei production. Moreover, the production
of nucleons of energy above the evaporation region and the
production of the pions are two outputs that come exclusively
from the fast stage, the INC in our case. The production
yields of residual nuclei are the final result of the deexcitation
stage after the INC calculation. Even if they depend on the
outputs of the INC (excitation energy, mass, charge and angular
momentum of the remaining nucleus at the end of the cascade),
their dependence on the physics and on the parameters of the
evaporation and fission models is strong. The same remark can
be made about the production of evaporated particles.

To focus on the physics of the INC stage in this paper,
we restrict our comparisons to the double differential cross
sections of nucleon production in the continuum, paying
particular attention to the region of high outgoing energy
(typically above 25 MeV). The particle production of outgoing
energy below 25 MeV provides information on the behavior
of the full reaction, the INC and the deexcitation. Neutron
production in this energy region gives some indication of
whether the excitation energy at the end of the INC step is
too high or not.

In fact, since our present INC model does not treat the
emission of light nuclei (deuterons, tritons, «’s, etc.), we will
present the production of the “primordial” nucleons [7] in the
first stage of the reaction. One has to keep in mind that the cal-
culated nucleon production should be slightly reduced to feed
cluster production. Experimental measurements [19,59,60]
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show that cluster production is small compared with nucleon
production in most of the measurements. Deuteron and «o
production, however, may not be negligible in low intermediate
energy reactions [19] because of the pickup and knockout
processes, respectively. Nevertheless, we will assume that
the production of primordial nucleons above the evaporation
energy area is close to the real production of nucleons in the
first approximation, at least above 80 MeV incident energy.

We now detail the framework of the calculations. When ex-
perimental data of differential cross sections extend down the
evaporation area, our calculations will include the contribution
of the deexcitation stage.

1. Deexcitation stage

Our evaporation code is based on the statistical theory of
Weisskopf and Ewing [61]. The calculation of the partial width
I'; of each emitted particle (i = p,n,d, t,°He, ) is done in
the following way. The level density functions come from the
model of the back-shifted gas of independent fermions and
use the energy-dependent level density parameter of Ignatyuk
et al. [62]. The inverse cross sections of I'; are assumed
to be the reaction cross sections. They were calculated in
our laboratory [38] with an optical model for neutrons up
20 MeV, with a geometrical model fitted on experimental
data up to 10-30 MeV/A above the Coulomb threshold for
light charged particles. Above these energies, reaction cross
sections come from a Glauber model which uses the matter
density distribution of nuclei from the HFB calculation [39].

The deexcitation of excited heavy nuclei includes the
competition between the evaporation and fission processes.
The RAL model of Atchison [63] is used to compute the
probability of fission at each step of the deexcitation stage and,
when fission occurs, to determine the mass, charge, and energy
of the daughter nuclei after scission. Since the parametrizations
of the ratio of fission and neutron partial widths I'y/ T,
were adjusted with another evaporation code, they were not
consistent with our evaporation. A phenomenological scaling
factor equal to 0.3 has then been applied to the fission
probability of the RAL model to give reasonable fission cross
sections of lead on a wide range of incident energy. After
scission, the two daughter nuclei follow their own evaporation
chain.

Light nuclei [Aypa(feu) < 30] with total excitation energy
greater than predefined energy levels are dealt with using
a statistical model of fragmentation called “Fermi breakup”
based on microcanonical theory [64,65].

To compare calculations with thick targets measurements,
we present in Sec. III B either the INC results, if experimental
data are available only above the evaporation area, or the results
of INC plus evaporation/fission/fragmentation, otherwise.
When the thickness of the target in the experimental setup is
not negligible, the TIERCE code system [66] is used to simulate
transport in the experimental target of all particles except
neutrons below 19.6 MeV with our modified HETC code and
the transport of neutrons below 19.6 MeV with MCNP [25]. The
reaction cross sections of the high energy transport are those of
the evaporation code. Several INC models are available in our
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TABLE I. Differences between BRIC versions 1.0 and 1.4.

BRIC 1.0

BRIC 1.4

Potential

No VCoulomb

Equations of motion of

quasifree hadrons
dr/dt = p/E

NN cross section

Q value

Transmission coefficient

Not taken into account

V(r) = Vo(A) . [(p(r)/ po)** = epinal
Vo(A) increasing with mass A

d p/dt not defined (no refraction)

Fit on experimental cross sections

Gamow factor [46] with V(r)

V(r) from Eq. (6)
Vo = —48 MeV
Veoutlomb from uniform charge distribution

dpjdt =—VV

dr/dt = p/E
In-medium cross section below 500 MeV [Eq. (12)]
Taken into account
WKB calculation with V (r)

HETC: Bertini’s (code MECC-7) and two versions of our cascade
code BRIC. The selected INC model followed by deexcitation
is thus the generator of nonelastic events in HETC.

2. Short description of older BRIC version

In the next section, we compare the results of our current
version BRIC 1.4 with experimental data, sometimes with the
INC model of Bertini, and systematically with an older version,
BRIC 1.0. This old version has been described in Ref. [34]. We
detail briefly the main differences between the two versions.
They are listed in Table 1.

In BRIC 1.0, the potential is

B p(r) \*
V(r) = VO(A)[(m) - ebindi|,

where the amplitude V{(A) of the potential well increases lin-
early with the mass number A through V;(12) = —32.5 MeV
and V((208) = —45 MeV. The shift —epng was applied
to ensure that all the nucleons are bound. The protons,
neutrons, and A’s share the same potential, but the pions
have no potential. The Coulomb potential is not included in
V(r). However, it enters the calculation of the transmission
coefficient of quasifree charged hadrons as they are going
to leave the nuclear volume. The probability of reflecting a
charged hadron back inside the nucleus is given by a Gamow
factor as in Ref. [46] with our potential V(r). The different
definitions of V (r) produce also a different local Fermi energy
er(r) between the two versions, mainly for protons due to the
lack of Coulomb potential, and for light and medium target
nuclei.

In BRIC 1.0, refraction is not taken into account. Since the
potential V () is a smooth function of position r, the equations
of motion may not be easily read. The energy E; 4+ V(r;) of
a hadron i is conserved when it moves from one point i to
another r’;, but the momentum direction is not changed in the
motion. This approximation is justified for a constant potential
V(r) = Vo(A) or for high energy hadrons. However, it was
chosen to minimize the computing time. Moreover, it affords
a direct comparison with the INC of Bertini where the motion
of hadrons is done in the same way.

The parametrizations of the nucleon-nucleon elastic and
total cross sections are fitted on experimental data since we

have assumed in BRIC 1.0 that they are the free ones in the
nucleus. To finish, the Q value is not taken into account in the
first pn collision, thus the outgoing energy distributions of the
(p, xn) and (n, xp) reactions go up to the incident energy.

BRIC versions 1.4 and 1.0 share the same numerical
algorithms of the initialization and of the collision term
(despite their respective default N N elastic cross sections), but
they have different numerical algorithms of transport inside
the nucleus, because they were optimized independently to
reduce their respective computing times. Some interchanges
are nevertheless possible, mainly in the collision term. That
will allow us to show the effects of refraction and of the
in-medium N N cross sections.

3. Calculation of reaction cross section
The differential cross sections are calculated according to

d*c _ Og ADN
dEdS  Npgp-et AEQ2m Acos6)’

where AE and A cos 6 are the bin sizes of the outgoing energy
and of the emission angle from the beam direction, in the
distribution, respectively. A® N is the number of particles
that obey the criteria on observables (Eqps — AE/2 < E <
Eops + AE/2 and Ogps — AO/2 < 0 < Ogps + AO/2). Npon-el
is the number of nonelastic events among the total number of
events Ny A nonelastic event occurs when the energy of at
least one bound nucleon of the target nucleus changes in the
event. oy is the nonelastic reaction cross section. It may be
given by an independent model such as an optical model or a
Glauber model at high energy, by a systematics, or by the INC
model itself. We use the code BRIC to compute this nonelastic
cross section according to

N, non-el
geo»
N tot

OR =

where 0y, is the geometrical cross section corresponding to
the maximal impact parameter b, of the incident particle. In
the present paper, byax = Riimit, and it depends on the atomic
mass A through the radius R,,(A) and the diffusiveness a(A)
of the nucleus.

The ratio is averaged on a large number Npop-¢; of nonelas-
tic reactions, between 1.6 x 10° (heavy target nuclei) and

024611-10



PARTICLE PRODUCTION IN NUCLEON INDUCED.. ...

TABLE II. Reaction cross sections calculated by BRIC versions
1.0 and 1.4 for the reactions presented in this paper. These values
were used to normalize double differential cross section calculations
shown in Figs. 4-17 and 20-22. OMP K-D are the results of the
global optical model potential of Koning and Delaroche [67].

Target Energy (MeV) or (mb)
BRIC 1.0 BRIC 1.4 OMP K-D
Incident proton
NZr 45 1357 1443 1308
208pp 45 2235 2453 2000
3*Fe 62 908 918 886
%Nb 65 1261 1340 1233
N7y 80.5 1140 1180 1138
208pp 80.5 1978 2168 1979
BNi 100 774 770 790
197 Au 100 1781 1931 1841
2TAl 113 436 404 449
238U 113 2040 2196 2020
N7y 120 987 978 1018
208pp 160 1689 1679 1742
BNi 200 689 582 656
197 Au 200 1612 1522 1618
2TAl 256 393 321 348
238U 256 1903 1761 1777
°Be 300 170 130 -
07Ag 300 1066 971 -
40Ca 392 523 481 -
BNi 400 691 647 -
Fe 597 734 692 -
208pp 597 1761 1688 -
208pp 730 1805 1714 -
Incident neutron

2098 14 1958 2293 3054
28U 18 2373 2817 3290

3 x 10% (light target nuclei), or up to 5 x 10° if necessary, to
getreasonable statistics in the calculation of double differential
Ccross sections.

The nonelastic cross sections oy that normalize the differen-
tial cross sections of the two calculations BRIC 1.0 and BRIC 1.4
of this paper are given in Table II. Reaction cross sections from
the global optical model potential of Koning and Delaroche
(OMP K-D) [67] are also presented in the right column for
incident energies below 256 MeV. We notice that BRIC 1.4
results and those of the OMP are within 10% except for the
reactions on the higher target masses at lowest energies, below
60 MeV. This discrepancy is due to some approximations
applied to the incident particle at the initialization in our
approach, and they will be suppressed in a future version.

B. Comparison of results

Figure 4 shows the double differential cross section of
proton production for the reaction of a 65 MeV proton on **Nb.
In panel (a) we present the results of BRIC 1.0 only (filled area),
of BRIC 1.0 and evaporation (solid histograms) and of MECC-7
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FIG. 4. Differential cross section of proton production for reac-
tion of 65 MeV proton on **Nb as a function of the outgoing proton
energy for the angles indicated. Results are from (a) BRIC 1.0 and
(b) BRIC 1.4. Filled area is the INC component of our model; solid
histogram is the INC + evaporation sum. Hashed line in (a) is the
result of the sum of Bertini’s INC plus evaporation. Symbols are data
of Sakai er al. [68].

and evaporation (hashed line). We notice that the results of BRIC
1.0 are similar to those of MECC-7. Although these INC models
differ on some points (no time approach is used in Bertini’s
INC and the nuclear density of the target nucleus is a smooth
function in our model, for instance), they include, however, the
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same rough approximations that produce on average the same
kind of discrepancies: an overproduction of emitted protons
at forward angles in the range of high emission energy often
called the quasielastic “peak” and too few protons produced at
backward angles. At 20°, the saddle shape is more pronounced
with MECC-7 than with BRIC 1.0; that certainly comes from the
density distribution described by three concentric spheres in
the Bertini’s model. At very backward angles, the contribution
of the INC step is almost negligible in comparison with
the evaporation step: proton production is strongly decreased
above 20 MeV at 150°, for instance. These discrepancies have
already been observed in previous studies [17-19]. Another
characteristic of such an INC model, without refraction or
in-medium NN cross sections, is a peak in the area of low
outgoing energy at forward angles. However, when compared
with experimental data, this peak is more difficult to identify,
because it stands in the energy range of evaporated particles.
This peak comes mainly from the peripheral nucleon-nucleus
collisions, where the incident or struck nucleon has a small
energy after collision (enough to go out of the nucleus). In
these reactions, forward angles are favored by the incident
momentum and kinematics. This is the counterpart of the
quasielastic peaks (p, p’) and (p, n) at high outgoing energy.
We will show that the overproduction of low emission energy
particles at forward angles that appears systematically with
such INC models (MECC-7 and BRIC 1.0 in this paper)
can be suppressed when the refraction and in-medium NN
cross sections are taken into account, as is the case in
BRIC 1.4.

Figure 4(b) shows the results of our current model. The
calculations are clearly in better agreement with the data
for the four angles. The distribution of outgoing protons in
the INC step is flatter at forward angles, and the peaks at
20° of the low and high energy protons have vanished. At
backward angles, the contribution of the INC is no longer
negligible above the area of the evaporated protons (above
20 MeV).

Figure 5 shows the same results for the >*Fe(p, xp) reaction
at 62 MeV. This reaction is similar in energy to the previous
one but for a lighter nucleus and with more detection angles
that extend down to 12°. We see again the same changes in
the double differential cross sections of outgoing protons for
BRIC 1.4 [Fig. 5(b)] when compared with those for BRIC 1.0
[Fig. 5(a)]: a flat distribution at forward angles instead of a
peaked one, and a higher INC component at very backward
angles instead of a negligible one. The distributions obtained
by our present model are also in good agreement with data at
the intermediate angles. Nevertheless, the calculation with our
current model presents a discrepancy at very forward angles
(below 20°): while the distribution is almost correct in shape,
except for the structure due to nuclear levels, the calculated
yield of outgoing protons is underestimated. Comparisons
with other data of the same experiment [17] confirm the
presence of this discrepancy that appears at very forward
angles, at least at this incident energy. It is not visible with
other experiments, but it is certainly because of their angular
limitations. No particular reason for this discrepancy has been
identified. We only may point out that the differential cross
sections of elastic nucleon-nucleon scattering used in BRIC 1.4
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FIG. 5. Same as in Fig. 4, but for 62 MeV proton on *Fe. Data
are from Ref. [17].

are not the in-medium ones, but the free ones, then it may
influence the angular differential cross section of outgoing
nucleon.

Before showing and discussing the results at higher ener-
gies, we present separately the effects of the in-medium NN
elastic cross sections and of the realistic equations of motion.
To do that, we compare calculations with data for the proton
induced reactions on *°Zr at 45 and 80 MeV in panels (a) and
(b), respectively, of Figs. 6-8.
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FIG. 6. Double differential cross sections of neutron production
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data from Ref. [69] (45 MeV proton) and [70] (80 MeV proton).
Hashed histograms are the results of BRIC 1.0; solid histograms,
BRIC 1.0 with the in-medium NN elastic cross sections [Eq. (12)].
Evaporation component is not included.

1. Effect of the in-medium cross sections

In Fig. 6, hashed histograms are the results of BRIC 1.0
and solid histograms are those of BRIC 1.0 in which free NN
elastic cross sections were replaced by the parametrizations of
the in-medium cross sections (12). The production of higher
energy protons is slightly increased at forward angles in the
two reactions. This can be explained by the increase of the
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FIG. 7. Same reactions as in Fig. 6, but showing results for
BRIC 1.0 (hashed histograms), and BRIC 1.4 with the free NN
elastic cross sections and without taking into account Q(p, n) (solid
histograms).

mean free path of quasifree nucleons in the nucleus when the
in-medium N N cross sections are used. In that case, a quasifree
nucleon has a higher probability of leaving the nucleus after
only one collision. Since there is no refraction, outgoing
nucleons leave the nucleus mostly in the forward direction.
We also notice that the yield and slope of the distribution of
low energy outgoing neutrons (evaporation area) are smaller.
However, using the in-medium cross sections instead of the
free NN cross sections in BRIC 1.0 does not really improve
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the results above the evaporation area. They even get worse at
forward angles for these two reactions.

2. Effects of the equations of motion

To identify the effects of the refraction only, we compare
the results of BRIC 1.4 with free N N elastic cross sections and
without the Q-value shift to the results of BRIC 1.0 (Fig. 7).
The effect of the refraction depends on the energy of the
incident proton and on the emission angle of the outgoing
neutrons. At 45 MeV, on the one hand, it decreases the neutron
production at forward angles without changing the shape of
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the distribution; on the other hand, the production of backward
neutrons is increased. At 80 MeV, the refraction effect appears
more clearly for high energy neutrons at forward angles: the
quasielastic peak is decreased and the energy distribution of
neutrons is more constant when refraction is applied (solid
histograms). We already observed this characteristic for proton
production in reactions around 65 MeV [Figs. 4(b) and 5(b)].
Moreover, the increase of neutron production in the backward
direction is smaller at 80 than at 45 MeV.

Figure 8 presents the results of BRIC 1.4 (solid histograms)
and of BRIC 1.0 (hashed histograms). As the Q value is
taken into account in BRIC 1.4 in the pn collision, the
maximal outgoing neutron energy at forward angles is lower
in comparison to BRIC 1.0 results. The shape of the outgoing
neutron energy distribution from our present model is on the
whole in good agreement with the data, and the yields are close
to data within a factor of 2 or less. The large discrepancies at
very forward and backward directions given by BRIC 1.0 are
strongly attenuated at the least, or even disappear. Figure 9
shows similar results for proton induced reactions on 2%Pb
at the same energies. At 45 MeV, we notice that INC is
not able to reproduce the fine structures of the differential
cross sections such as the large isobaric analog resonance in
208pp( p, xn) at forward direction. Indeed, the bound nucleons
are distributed in phase space according to a continuous Fermi
gas, and no nuclear level of the target nucleus is taken into
account. Moreover, our present INC model does not succeed
in reproducing well the extremity of the spectra at forward
direction [Fig. 9(a)] even if the Q(p, n) value for reactions
on 2%Pb is lower than for reactions on *°Zr. That failure is
certainly due to the simplified description of the nucleus and
the semiclassical approach of the collision term.

A more realistic treatment of the dynamics for the quasifree
nucleons, i.e., the refraction, has a significant effect on the
distribution of lower energy outgoing nucleons and at low
incident energy, as we would expect. However, refraction is not
sufficient to provide good agreement with experimental data on
the whole angular range. The results are in better agreement
in forward and backward directions only when we combine
equations of motion and in-medium N N cross sections.

3. Reactions from 100 to 500 MeV

Figures 10(a) and 10(b) show the double differential cross
section of neutron production for the reactions of protons on
0Zr at 120 MeV and on 2%®Pb at 160 MeV, respectively. We
see the same agreement between the results of BRIC 1.4 (solid
histograms) and data in forward and backward directions as
previously. These are clear improvements over the results
of our older INC model (hashed histograms). However, at
intermediate angles of forward direction (24°—82°), outgoing
neutrons of higher energy are overestimated in BRIC 1.4
calculations, contrary to BRIC 1.0 calculations. We will come
back later to this discrepancy, which does not exist at lower
incident energy (see Figs. 8 and 9).

Comparisons with the data of Meier et al. at 113 [20] and
256 MeV [21] for the >’ Al target in Fig. 11 and for the 23%U
target in Fig. 12 include the calculations done with Bertini’s
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INC model. The latter were normalized by the reaction cross
section o of BRIC 1.0 to make the comparison between these
two models easier. Their results are very close in shape and
yields, or at least within a factor of less than 2. Thus they
produce the same discrepancies as we have already seen for
proton production in proton induced reactions around 60 MeV
(Figs. 4 and 5). Moreover, we notice that their respective
evaporation components are globally the same. On the other
hand, the results of BRIC 1.4 are in better agreement at three
places: at 7.5° the energy distribution above the evaporation
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area is better in shape and less than a factor 2 from data in
yields; there is less underproduction at backward angles; and
there is good agreement with data at the forward direction in
the evaporation area. This last point comes from a lower yield
of low energy outgoing neutrons in our present INC model
than in our older version, as we have already explained. The
calculations without the evaporation stage in Fig. 10 confirm
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FIG. 11. Differential cross section of neutron production for the
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that the production of neutrons of energy lower than 25 MeV is
much less at the forward direction with BRIC 1.4 than with BRIC
1.0. However, as we have also noticed in this figure, higher
energy neutrons at 30° and 60° are overestimated. Before
discussing this discrepancy, we will see energy distributions of
outgoing protons, still for proton induced reactions for incident
energies between 100 and 400 MeV.

FIG. 12. Same as in Fig. 11, but for 28U(p, xn).

Looking at differential cross sections as a function of the
angle of the outgoing nucleon (Figs. 13 and 14), distributions at
high outgoing energy E,;; become progressively more peaked
to the forward direction as the incident energy Ej,. increases.
Although the distributions calculated by our older INC are
much too peaked, this trend is well reproduced by BRIC 1.4
for proton emission in the reactions p 4 *®Ni at 100 and
200 MeV (Fig. 13) and p +'°7Au at 100 and 200 MeV
(Fig. 14). This agreement with data is confirmed for other
intermediate energies (120, 150, and 175 MeV) and for
other target nuclei [74,75]. At 100 MeV, the production of
outgoing protons at backward angles is in substantially better
agreement for BRIC 1.4 than for BRIC 1.0. The difference
between the two versions diminishes with increasing incident
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energy. We notice that proton production decreases at very
forward angles for some outgoing energies E,, with our older
INC version (hashed histograms in Figs. 13 and 14). That
decrease corresponds to the minimum of the saddle shape near
0° already seen for reactions at 62 and 65 MeV.

For proton induced reactions at 300 MeV (Fig. 15), we
added the results at 10° to show the energy distribution of
the outgoing protons at very forward direction in the two
approaches. At this angle, the saddle shape given by BRIC 1.0
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FIG. 14. Same as in Fig. 13, but for '°7Au.

at lower incident energy is now replaced by an almost flat
distribution between 50 and 250 MeV and a peak at high
energy. This quasielastic peak (p, p’) is broader with BRIC 1.4
asitwas for (p, n) reactions [Figs. 11(b) and 12(b)], a signature
of the more realistic treatment of dynamics. This change still
occurs in 400 MeV proton induced reactions (Fig. 16). On the
whole, the results of BRIC 1.4 are still in good agreement with
proton data at these two energies. Nevertheless, emission in
the backward direction is still underestimated in spite of an
improvement over results with the older version.

As already mentioned, an overproduction of high energy
neutrons systematically appears at forward angles between
20° and 80° for proton induced reactions between 100 and
256 MeV (Figs. 10-12). On the other hand, proton production
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in the same area of outgoing energy E,, and of angle 6y, are
in good agreement with data (see Figs. 13 and 14). This good
agreement extends even up to 400 MeV for proton production
in proton induced reactions (Figs. 15 and 16). There is no
real inconsistency between the two results, since the potential
Vn(r) of neutrons is not the same as the potential Vy(r) +
Ve (r) of protons, and the elastic np cross sections o,, and
doyp/d2 are also different from the pp ones. However, to
correct this discrepancy, we probably will have to change the
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np collision term. At first glance, a change in the potential
Vi does not appear to be a good solution, because the proton
potential depends on it. Moreover, the difficulty of properly
taking into account the Q(p, n) value may contribute to this
discrepancy.

Before showing high energy results, we draw some inter-
mediate conclusions on our model for incident energies up
to 400 MeV. A better treatment of the dynamics of quasifree
nucleons thanks to the equations of motion and the use of
the in-medium N N elastic cross sections of Li and Machleidt
allow us to clearly improve the results in the very forward and
backward directions. In the forward direction, above 20° (this
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angle depends mostly on the incident energy), the quality of
the results depends on the type of outgoing nucleon and on
the incident energy: proton production is in better agreement
with data than is neutron production, in this forward direction
range and also for incident energies higher than 100 MeV. Our
results below 100 MeV outgoing energy are of good quality
except maybe in the very forward direction for INC proton
emission. An underproduction of nucleons persists at the
backward direction above 100 MeV incident energy. However,
the shapes and yields are in better agreement with data on the
whole when compared with those from our older and Bertini’s
INC models, with larger yields in the backward direction,
a clear improvement at the very forward direction, and also
improvements for lower intermediate energy reactions.

4. Reactions from 500 MeV to 1.6 GeV

We extrapolated the in-medium N N elastic cross sections
of Liand Machleidt up to 500 MeV. Above this incident energy,
the collision term of the incident nucleon in our present model
is identical to the one calculated with the free NN cross
sections (in fact, the Fermi momentum of bound nucleons
makes this “transition” energy go down, but it is compensated
for by the increase of the energy of the incident particle in the
potential). Thus, intranuclear and outgoing nucleons above
500 MeV feel only the effect of the potential V(r) through
the equations of motion. The other quasifree hadrons have not
only different dynamics but also different mean free paths in
the two versions of BRIC.

In Fig. 17, for reactions at 597 MeV, we added the
calculations at the angle 7.5° to show how the quasielastic
peak (p, n) at very forward angles is changed thanks to the
equations of motion. It might be surprising that this effect is
rather strong at this incident energy. However, the change of
momentum due to the equations of motion for protons with
an impact parameter by, greater than R,,(A) (to get mostly a
peripheral collision), produces such angle deviation in the very
forward direction even at intermediate energy. In that case, if
we have (p, xn) or (p, xp) data at the very forward direction
above ~550 MeV, we can test the potential V (r) that we have
arbitrarily set.

Such data are available at 800 MeV for (p, xp) [80,81] and
at 800, 1200, and 1600 MeV for (p, xn) [82]. In this paper, we
present some comparisons of (p, xn) data with the potential of
Eq. (6). We postpone a more complete study of the potential
to a forthcoming publication. Figures 18 and 19 show some
results at the three energies. Our calculations were performed
with the TIERCE code to take into account the thickness of
the targets (3 cm for the 2’Al target, for instance [82]).
The quasielastic peak at 0° and 10° corresponds to neutrons
between E;,. — 150 MeV and E;,.. In the four reactions, the
maximum of the calculated peak is shifted toward a higher
energy in comparison with the data. Moreover, the shapes
and yields of the peak are in better agreement with our
present model (solid histograms) at 800 than at 1200 MeV. At
1600 MeV, the calculated yield of the peak is higher than the
data. Since the shape of the calculated peak is different from
the data at 1200 MeV, we may conclude that the refraction
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FIG. 17. Differential cross section of neutron production for
reactions (a) “°Fe(p, xn) and (b) *®Pb(p, xn) at 597 MeV as a
function of outgoing neutron energy for the angles indicated. The
results of two angles are shifted by a 0.1 factor with increasing
angles. The results are given in the laboratory frame. Hashed and
solid histograms are the results of BRIC 1.0 and BRIC 1.4, respectively,
plus evaporation. Data are from Ref. [83]. No data are available
at 7.5°.

with the potential V (r) of our present model is not enough to
improve the results at high energy.

A broader resonance stands below the quasielastic peak
at very forward angles around Ej, — 300 MeV: this quasi-
inelastic peak comes from the N N inelastic collision NN —
NA — NNm. The evolution of its shape and yield with the
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FIG. 18. Same as in Fig. 17, but for (a) 800 MeV proton on "'Fe
and (b) 1200 MeV proton on 2’ Al. Calculations were done with the
TIERCE code [66] to take account of target thickness. Data are from
Ref. [82].

incident energy follows more or less the data, but they still need
to be improved. We notice that the refraction has no visible
effect on them.

Apart from the very forward angles and the backward
direction, the two versions of our INC give similar results in
good agreement with data. Neutron production at intermediate
angles is obviously not sensitive to refraction and to in-medium
NN cross sections, which is mainly due to the high energy
of the outgoing neutrons and the smooth variation of the
yield with angle. In the backward direction, BRIC 1.4 predicts
more intermediate energy neutrons than does BRIC 1.0, as for
lower energy reactions. That compensates by a factor of 2
the large underproduction of our older version. Moreover, the
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FIG. 19. Same as in Fig. 18, but for (a) 1200 MeV proton on ™ Zr
and (b) 1600 MeV proton on "Pb. Calculations were done with the
TIERCE code. Data are from Ref. [82].

evaporation area is well reproduced with our present model
for reactions from 597 MeV to 1.6 GeV (Figs. 17-19).

5. Pion production

Figure 20 presents an example of the production of 7+ and
7~ in proton induced reactions at 730 MeV and a comparison
with the data of Cochran et al. [84]. Our INC model (BRIC 1.0
and 1.4) systematically gives an overproduction of pions in the
0-100 MeV range of outgoing energy for the reactions studied
in this experiment. We observe the same trend for the reactions
of 585 MeV proton on several nuclei compared with the data of
Crawford et al. [85], even if the overproduction in the range of
0-100 MeV outgoing energy is lower than at 730 MeV (figure
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(b) 7~ in 730 MeV proton induced reactions on 2**Pb. Hashed and
solid histograms are the results of BRIC 1.0 and BRIC 1.4, respectively.
Symbols are data of Ref. [84].

not shown here). This discrepancy in pion emission underlines
a problem in the production or the absorption of pion in
the collision term. We intend to clarify this situation in the
future by studying more precisely the pion induced reaction.
However, this discrepancy may explain partly the difference
in the mean excitation energy between BRIC and Bertini’s
INC at high incident energy. We recall that BRIC 1.0 and
MECC-7 are based on the same approximations: no refraction,
free NN cross sections, and sharp cutoff Pauli blocking.
The fact that their results are similar at low intermediate
energy (<300 MeV) and differ at higher energy (typically
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>600 MeV) in terms of mean excitation energy [34] confirms
our opinion that the elastic nucleon-nucleon collision terms are
identical in BRIC 1.0 and in MECC-7, at least at low intermediate
energy, and that the treatment of the inelastic nucleon-nucleon
collision and of the pion production/absorption are different
in the two INCs. Using more realistic equations of motion in
BRIC 1.4 for the quasifree hadrons, including A’s and pions,
improves slightly the results in pion emission at forward angles
(see solid histograms in Fig. 20) but the agreement between
calculations and data is still poor. In-medium cross sections of
inelastic processes could contribute to solving this problem of
pion overproduction, but we expect more from the 7d = NN
process, which is not yet explicitly included in our approach.

6. Higher t. for low energy neutron reactions?

To end our systematic comparison of particle production in
nucleon induced reactions, we present the full calculation of
the neutron induced reaction below 20 MeV with BRIC 1.4 and
evaporation/fission. Figures 21(a) and 22(a) present the results
with . = 100 fm/c for two reactions, 18 MeV neutrons
on 28U and 14 MeV neutrons on 2%Bi, respectively. The
solid histograms are the sum of the INC and the deexcitation
stages, the fill areas show the INC component. In the latter,
the elastic peak and contributions from discrete levels are of
course missing. However, we obtained an estimation of the
contribution of the continuum with our model that is not so
different from the data in the forward direction. We notice a
slow decrease of the yield of this INC component with angle
in the forward direction which continues toward backward
angles. For the reaction of neutron on > Bi (Fig. 22), data cover
angles up to 150°. Since fission of bismuth is not significant at
this incident energy, neutrons from fission products are absent,
which allows a straight comparison of preequilibrium emis-
sions. At the backward angles, the yields of neutrons with
energy higher than 7 MeV (above the evaporation component)
from the INC component are much smaller than the data.

Since the incident nucleon has a low energy, we may expect
that the nonelastic reaction takes a longer time because of the
refraction, this is even truer for heavy nuclei. We then apply
a higher time cut. #.,,; = 200 fm/c allows us to get most of
the outgoing neutrons by decreasing the probability of having
quasifree nucleons inside the nucleus at 7.

Figures 21(b) and 22(b) present the same results as before
with 7., = 200 fm/c for the two reactions. We now get larger
productions of neutrons in the backward direction that are in
better agreement with data. For the two reactions, the yields
of neutrons from our INC model are more than one order
of magnitude larger with the new 7., at 160° or more. The
double differential of neutron production at four outgoing
energies are detailed at four times in Fig. 23 for the 14 MeV
neutron on 2*’Bi. While emission in the forward direction
occurs essentially before 100 fm/c, the backward emission
still continues after 125 fm/c. The difference of neutron yields
is very slight between 150 and 200 fm/c for the highest
outgoing energies (Eqy, > 8 MeV); however, as it can be seen
for low outgoing energies, the difference in yields is always at
backward angles.
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Figure 24 shows some typical trajectories of quasifree
neutrons emitted in the backward direction in nonelastic
reactions induced by 14 MeV neutrons on **Bi. In these
examples, trajectories are projected on the [4(x? + y?)!/2, 7]
plane, and nonelastic events finish at 7, the time of emission
of the quasifree neutron. Example (b) includes a reflexion of
the outgoing neutron on the nucleus edge (dotted-line circle)
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followed by its backward emission. Two effective collisions
occur in example (c), the quasifree neutron goes backward
in the second 74t Npouna collision. In examples (a) and (d),
quasifree neutrons have a kinetic energy around Eqy + €ping
between 7., and foy, the corresponding distances are then
lower than the trajectories before f.,; when they get more
kinetic energy thanks to the potential V. We can conclude that
a time cut of 100 fm/c ends prematurely some of the nonelastic
events, more specifically, events where quasifree neutrons
(before or after a nn or np collision) are still moving in the
nuclear volume but have not yet reached its edge. A too short
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tout cuts the backward emission more strongly than the forward
emission. That comes from the longer trajectories of quasifree

(b)
tOUY_159v
Eout—9-3§&//1
Or=153.21 (24,0008 |
coll ™=
) t,=66.81
t,,=144
E,=12.67
6,,,=161.6
(d)
tout=1 79 t0m=14‘_|___
Eout=3 08 ’ Eout=1.-0';94
9Iab=15g elab=]67.78
to=54.891
£ »""‘1coII=65'2624z’--....
E—

FIG. 24. Some trajectories of backward emitted neutrons in
14 MeV neutron induced reaction on 2%Bi. Positions of incident
neutron at t = 0 (black dots) and of effective collision at time .o
(black crosses) are given in [4(x? + y*)"/2, z] plane and in nucleus
rest frame. Dotted line circle is the nucleus edge (Rjimie = 9.58 fm).
Momentum of incident neutron is along z axis with p, > 0, and
arrows indicate direction. Eqy, 6., and ., are the kinetic energy of
emitted neutron (MeV), angle of emission (deg), and time of emission
(fm/c), respectively.
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neutrons emitted in the backward direction due to refraction or
reflexion. Higher values of 7., produce statistically the same
results with our present definition of Ry, thus we can set
teut ~ 200 fm/c in BRIC 1.4 to complete the full INC stage at
low incident energy (10-30 MeV).

In the study of the neutron multiplicity in fission of 233U
and 23U with neutrons up to 200 MeV [37], the time cut used
in the calculation was 100 fm/c. We recall that cuts on energy
were applied in the evaporation area (0.8 < Eyy < 7.5 MeV)
to compare with experimental data. In this energy region, the
INC component is small in comparison with the evaporation
component. Then the underestimation of neutron multiplicity
is small in the 20-30 MeV BRIC 1.4 calculations in this paper.

IV. CONCLUSION

Calculations of particle production were performed for
125 nucleon induced reactions with available experimental
data, some results were presented here. Among those reactions,
112 were performed with incident energies of less than
600 MeV. The incident energies range from 14 to 1600 MeV
and target nuclei range from Be to U. This systematic study
allows us to confirm that a more realistic treatment is needed
of the dynamics of the quasifree hadrons and the in-medium
NN elastic cross sections because they play a significant role
in the energy-angular distributions of emitted nucleons during
the INC stage.

After the analysis of low intermediate energy reactions, we
may conclude that the flat distribution of outgoing energy at
forward angles in (p, xp) and (p, xn) reactions comes mainly
from refraction in our present model. The in-medium NN
elastic cross sections of Li and Machleidt improve the results
even more, especially by increasing the mean free path and
then by decreasing the yield of low energy nucleons. Thus,
compared to our older INC model and Bertini’s INC model,
the present model usually corrects the saddle shape present in
the very forward direction and the systematic underproduction
in the backward direction at low intermediate energy (40—
100 MeV). Atintermediate energy (100—600 MeV), our results
are of rather good quality. We notice an overproduction of the
higher energy neutrons in the forward direction above 20° in
100-250 MeV proton induced reactions. A better agreement
with data is obtained for (p, xp) reactions than for (p, xn). We
expect the same conclusion for (n, xn) reactions in comparison
to (n, xp). An underproduction of nucleons in the backward
direction starts to be visible and increases with the incident
energy. At higher incident energies (600—-1600 MeV), our
results are in good agreement except in the quasielastic and
quasi-inelastic peaks and in the backward direction. Results in
the backward direction are nevertheless better with our present
model than with our older one thanks to the combined effects
of the refraction and the in-medium NN cross sections. The
pions are also overproduced in this energy range.

We may state that our current results are on the whole
in good agreement with data, both for the INC component
and for the sum of INC and evaporation, for a large range of
incident energies and target nuclei. The phase space dynamics
of the quasifree hadrons only and a potential which is not
self-consistent constitute the main differences between our
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approach and some sophisticated models (BUU-like models).
A self-consistent potential should not be essential in nucleon
induced reactions, and the dynamics of most of the bound
nucleons might also not be useful. Moreover, these approxi-
mations allow us to reduce computing times: for one full event
(INC and deexcitation), BRIC 1.0 is less than 2 times slower
than MECC-7 and BRIC 1.4 is around 4 times slower than BRIC
1.0 whatever the incident energy and the target nuclei. Thus
we reach a good compromise between the quality of results
and computing time.

At low intermediate energy, our present INC model gives
results similar to most preequilibrium models. This should not
be surprising: by definition the INC model shares the same
basic physics than the semiclassical preequilibrium. What is
more surprising is that INC uses the impulse approximation.
However, we merely observe that the combined effects of
the in-medium NN cross sections and the dynamics of
quasifree nucleons, on one hand, and of the rather simple
Pauli blocking (sharp cutoff), collision term (deduced from
distance of minimal approach) without N-body collisions,
and description of the nucleus, on the other hand, produce
results of “preequilibrated” nucleon emission of good quality
on average. Thus, most of the physics is probably included in
our approach for the emission of nucleons even though small
systematic discrepancies remain.

Is an equilibration step needed to go from the INC
stage to statistical evaporation of the compound nucleus?
The work done with the QMD model [31-33] shows that
sophisticated nuclear dynamics models may simulate the
fast step and some classical equilibration of the nonelastic
reaction. The comparison of QMD results with those of the
Feshbach-Kerman-Koonin (FKK) preequilibrium model tends
to confirm this conclusion [33,88]. From the comparisons of
our calculations with data, we can reach the same conclusion.
However, it is interesting to note that equilibration is not treated
as fully in our present model as it is in the QMD model, since
our model allows no collision between bound nucleons. By
doing so, the emission of low energy nucleons is certainly
damped before 7., but we expect, first, that this emission
of low energy nucleons in the INC stage would be small
due to the refraction of their trajectory and their reflexion on
the potential well, and secondly, that this emission would be
similar to the evaporation process. The fact that the emission
of low energy nucleons coming from a bound bound — bound
quasifree collision is suppressed in the INC stage is certainly
not crucial if we look at the final results of the full reaction
INC+-deexcitation. In some way, the low energy nucleons
that are not emitted in the INC stage will be emitted in the
deexcitation stage. What is more important is the emission of
preequilibrated particles. Regarding that point, we notice an

PHYSICAL REVIEW C 75, 024611 (2007)

influence of the 7, parameter on the preequilibrated neutron
emission; however it is more crucial at small incident energy,
around 10-30 MeV. This observation leads us to the conclusion
that the influence of the dynamics on equilibration is far from
being negligible.

The underproduction of nucleons at the backward direction
is a systematic discrepancy in our calculations which increases
with the incident energy. Although other mechanisms can
contribute to improving that discrepancy, we expect that the
scattering on clusters inside the nucleus is necessary, as Blann
and collaborators [15] have already concluded. This process
is indeed another cause of particle production at backward
angles [89,90]. A study of the sensitivity on the potential
parametrization is necessary to settle the results of the present
classical approach. Improvement of the pion production should
be easier if we focus our attention on pion induced reaction.
It will also certainly need quasideuteron absorption. The
influence of in-medium cross sections on the quasielas-
tic and quasi-inelastic peaks has already been studied for
1200 MeV proton induced reactions with the UrQMD model
[91]. Such in-medium cross sections should also influence
pion production. But first of all, we plan to include the
emission of light charged composites in the near future,
since it is the most missing process in our current model.
Although the coalescence model [92] has been successfully
applied by Mashnik et al. in the Cascade Exciton Model [93],
and by Cugnon et al. in the INC of Liege (INCL) model
[94] with a recent update [95], we intend to try another
approach.

To summarize our work, we have assumed that an INC
approach with improvements inspired from sophisticated
dynamic nuclear models can be enough to describe the first
part of nonelastic reactions induced by nucleons without
the help of an additional preequilibrium model before the
deexcitation stage. Our current INC model gives good results
on average for a large range of incident energies and target
nuclei even at low intermediate energy well below the accepted
limit of the impulse approximation. Thus no preequilibrium
model is necessary between our current intranuclear cascade
BRIC 1.4 and the deexcitation stage since it effectively includes
the preequilibrium emission.
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