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1. Introduction

A large amount of nuclear reaction data at medium energies is required for different im-
portant applications, e.g., for recent plans of transmutation of long-lived radioactive wastes
with a spallation source, medical and biomedical needs, and research of cosmic-ray effects
on spaceships and astronauts. Experiments to measure these data are costly and there are a
limited number of facilities available to make these measurements. Therefore reliable models
are required to provide the necessary data.

On the other hand, for solving different purely academic problems, such as investigations of
quark and gluon degrees of freedom of nuclei, medium effect on structure of hadrons and their
interactions, mechanisms of cumulative and subthreshold particle production, one needs to
estimate the role of common “background” nuclear effects, again using reliable models. One
model like that may be our Cascade-Exciton Model (CEM) of nuclear reactions|1], initially
proposed to describe nucleon-induced reactions at bombarding energies below or at ~ 100
MeV and developed after that for a larger interval of incident nucleon and pion bombarding
energies (see, e.g., Refs.[2, 3] and references given therein), for the description of stopped
negative pion absorption by nuclei (see Ref.[4] and references given therein), and for the
description of photonuclear reactions[5].

The aim of the present lectures is to obtain and analyze the relativistic kinetic equations
describing different stages of nuclear reactions in the CEM, to show the main assumptions of
our mode! and to demonstrate exemplary results obtained in the framework of the CEM.

2. Foundation of the CEM Basic Equations

We are going to obtain here kinetic equations (KE) for nucleon-antinucleon medium taking
into account such relativistic effects as delay of interaction, particle-antiparticle states, spin of
the constituents, meson degrees of freedom, etc. For this aim we use the Zubarev method of
the non-equilibrium statistical operator. This method occupies a special place as compared to
the well known BBGKI[6, 7] and the contour Green functions[8]-[12] approaches, as it allows to
derive generalized KE in a very general form without detailing specific properties of a system.
This is especially important for treating complex systems with many degrees of freedom.

In the relativistic region, the Zubarev method was realized at the kinetic stage of a system
evolution in Ref.[13]. The generalized relativistic KE were obtained in terms of the relativistic
Wigner functions

faglz.p) = (ZW)"“/ dye™ Y < Pyg(x,y) >-=
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Here, the Greek indices denote the sort, polarization and other characteristics of particles,

z is the 4-vector of the Minkowski space, and p is the 4-vector of momentum space. For
generality, the statistics of the fields W, U, is not fixed here. The main difference of this
definition from the standard one consists in an averaging procedure which should be done
by means of the non-equilibrium statistical operator p(7), i.e., < .. >.= Sp...p(7). Let us
define the “proper time” 7. For this, one introduces the atlas of maps. Each map consists



of congruence space-like hyperplanes o(n. ) whose orientation in the Minkowski space is
determined by a unit time-like vector directed towards the future:
. ) 2 - :
nt = ptipt = pt 20 (2)
So, we have 7 = zu. The family of hyperplanes is parametrized by 7; and the maps from
atlas, by the normal vector u® (the 4-velocity of the “tasted particle”).

Now we can introduce the quantum relativistic Licuville equation for the non-equilibrium
statistical operator (the interaction picture)

%ﬁ —ip(r). Hin (73] = —e{p(7) = (7]}, «¢>0. (3]
T

This equation has an infinitly small source in its right-hand side which allows one to select out
retarded solutions of the Liouville equation in full analogy ‘with the formal scattering theory.
The source intensity is governed by the parameter ¢ > 0. It implies that after fulfilling a
calculation, the thermodynamical limit should be taken and then ¢ — 0. The quasi-equilibrium
statistical operator p,(7) is an asymptotic form of the non-equilibrium operator p(r) at the
kinetic stage of evolution. An explicit form of the operator p,(7) is found from extremum of
the information entropy functional of the quast-equilibrium state

< S(7) > = — < npy(7) o= —5p p T Yinp,(7) (1)

at a given averaged value of < P(z,y) >,- and a normalization condition < 1 >4.== 1. It
results in the following structure of the quasi-equilibrium statistical operator

po(7) = exp{~=SiT}} . (5)

where S(7) is the entropy operator at the kinetic stage

Stry =00+ [ dot o) [ EyPostey)Faalena) (6)

Here, the function #,4(x,y) is the Lagrange factor correspending to < Fug(x.y) >4s and
&(7) is a normalizing functional providing the condition < 1 >¢,= 1. The operator structure
of p(7) allows us to take advantage of the Wick-Bloch-Donincis theorem and to derive a closed
KE.

it is very important that at the kinetic stage of evolution, the statistical operators p{7)
and p,(7) are completely equivalent in the sense that < Plz,y) >, =< Plz,y) >4 (the
self-consistency condition).

Now we can construct different approximately truncated schemes. We use the perturbation
theory with the small parameter (Anzalz 1)

< Hyy > | < Ho > L . (7)

As a rule, this condition is correct in nuclear physics at intermediate energies. The following
generalized KE is derived for this case:

g%fiﬂ = 1M {ep) + 1P, p) (%)



with Cl of the first and second orders
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where lf\(j](,r.p) is a compensational function. Further analysis of these C! is possible only
upon specifying the system of interacting fields.

Many results on this Cl have been obtained by now in literature for different versions of the
Walecka relativistic nuclear models. Let us regard here two types of vertices: "three-legged”
(barion-barion-meson) and " four-legged” (baryon- barion) (see Fig. 1).

N/M/\? \ <

three—legged four—legged
Fig. 1
The results obtained by different authors for the Walecka models are summarized in Table 1.
In order to ground the CEM and to have a possibility of its generalization, let us write Cl of the
Relativistic Boltzmann-Uehling-Uhlenbeck (RBUU) type in the nuclear sector of the Walecka
model with vertices of the "four-legged” type with the Hamiltonian density (Anzatz 11

H () = /(I.r’\lll(.r)\lllr(J")\"”:‘“:(.r — Wy ()W) (10)

Then, we can get Cl of the RBUU type with a full set of relativistic effects and with virtual
meson degrees of freedom, which defines the quasipotential Vj,/ 5:( ) of the system [15]:

1
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Let us define the notation. The numerical indices correspond to the spin degrees of
freedom. The relativistic Pauli blocking factor is defined in the following way:

! .
Nvlrop) = ]_4(27r)"5”1(~p) = Torlrop) (12)
where Sy,.(p) is the Fourier transform of the fermionic commutative function

(Wola), Wa(y)]y = —tSanla —y) . (13)



Table 1

The first order, [,(,1‘,.3(.1‘.]))

KE of the Viasov type KE of Viasov type
("Tree-legged” vertices) {“Four-legged" vertices)
! A% A meson N A | meson
! secter sector sector sector sector sector
1 (8], [9], [16]-]{20] - is absent - [14] | s absent
| The second order, I,(ff,)(l'\[l) ’
KE of the Bloch type “KE of Boltzmann type
("Tree-legged” vertices) ("Four-legged” vertices)
N A meson TN rA meson
sector sector sector sector i sector sector
13 - (13] [ [15]. [9F(12} 1 - | is absent

In comparison with the usual Boltzmann C!, our Ci (11) has a more complicated structure
because the corresponding transition matrix has a non-diagonal form

Cagavrayac(pl prpa. pam) =

(27)%(p1 + p2 —ps — pa)blp — 1) =
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+ 0.)1\“3’/4',(,2(})1 - 1)3){%’2'.:54(731 —p3) = Vingas(p — PU]} (14)
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| . e -
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Here Vi/,0(p) is the Fourter transform of the quasipotential V). yo(7) and 3, = pyype. At
last, we have i
T 1 - ’ . 5
Vivoor(z) = ;{Ln',zzl(-l b4 Vipaa(—2)} . (16)

In Cl {11) we neglect the deviation of the system’s behavior from the Markovian one, and
assume that all Wigner functions in (11} can be considered in one space-time dot (Anzatz [11).

other relativistic effects are taken into account exactly.

Let us see now how we can obtain the usual Boltzmann-Uehling-Uhlenbeck (BUU) KE.
The relativistic Wigner function includes the states with both positive and negative energies.
So, Cl (11) contains really two KE for particles and antiparticles. We can assume now that
the role of antibaryons is small and can be neglected (Anzatz V).



Let us note that the nucleons of the nuclear matter are not free. Generally, they have
effective masses M3 which differ from ones at the free stage (my): My # my. Let us state
that the Wigner function of the stages with positive energies do not contain the assumption
that baryons are on the mass-shell. This is important in some cases. For example, the A-isobar
has the distributed mass. Now, for simplicity, let us assume that for nucleons of the system

the on-mass-shell condition is satisfied, i.e.p® = / M3? + p? (Anzatz VI). Simultaneously
we pass from the spinor representation of the Wigner functions to the spin one

I8 p) = P, Hul(p)@s(p)s(p® — M)e(3®) . (r.s=1,2) . (17)

Here 1, (p) is the free spinor which satisfies the free Dirac equation with the mass M3}

Now we take away one more relativistic effect, namely, the delay of a nucleon-nucleon inter-
action (Anzatz V/[) Then, the quasipotential passes to the nuclear potential, Vi 22/(p) =>
8(p")Wi1r22(P). This procedure leads to a considerable simplification of Cl (11). As a re-
sult, we obtain the quantum Cl of the Kadanoff-Beym type. It takes into account only the
relativistic spin and kinematical effects.

The next simplification is connected with neglecting the spin effects (Anzatz VIII).
leads to the quantum BUU-type KE with relativistic kinematical effects only.

In a classical limit (Anzatz 1X), we get the relativistic Boltzmann KE which we write by
using the differential cross section

fe .0 P do(v,,
g‘/th Ok (—,f’f, //d P, e "(” J it~ o fi) - (18)

az

Here ' is a force corresponding to the self-consistent nuclear field (see Table 1).

Up to now, we have considered nuclear matter in the thermodynamical limit (V -
<, N — o, n=N/V = const). We can introduce now a final volume V of the
system and a set of parameters for the inner degrees of freedom (Anzatz X). This step.can
be done in a phenomenological way only. It is equivalent to the transition to an open system
and leads at once to the following BUU KE:

Ofs | J0fc | 70fk _ o _
Gt e i ;{A”qk,f,f][l+fk][1+fz}

 Awesf L R+ A (19)

The Boltzmann KE (18) is the base for the description of fast processes in the intranuclear
cascade models. In these models, the fast (cascade) particles and the target-nucleus nucleons,
which nave not yet been involved in the interaction, are considered as two different types of
particles, and the collisions between particles of the same type are neglected. The nuclear
constituents are believed to be described by the equilibrium (maxwellian) distribution function
fT(7, 7). Then, for the distribution function of cascade particles f***(7,p,t) from Eq. (18)
we have (in the linear approximation):

(% + PG F 65) JEF P 1) = =p (7) < ovge > (7, B, 1) + Q7 B, 1) . (20}
O m



According to the normalization of the single-particle distnibution function,

o () = / 457 (7, p) 1)

is the local particle number density. Averaging in (20) is carried over the distribution function
of the target nucleus nucleons

i / LT
L OV >= s d[)f (7‘».’7)‘7(7%51 Urei o
P* () i

[§™
[N

and the cross section o(v,.;) allows for the exclusion principle. The source function in the
right-hand side of (20) is

) . _ do(vy, oy peess o s N
vt = | / i P G e 7 ) (23)

l

The integro-differential equation (20) can be transformed into the integral one. In particular,
if the fast particle flux collides with the semi-infinite slab of nuclear matter, we have for
the cascade particles (neglecting recoil nucleons and assuming for simplicity p" = const and

F=0)
¢
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where p° (7. t) is related to [“**(F. (.1} by an equation of the type (21‘). The probabilistic
interpretation of this equation is quite obvious: A number of particles at the given point
having momentum within the interval dp around the value j is built of the incident beam
N, reaching this point (with an exponential damped factor) and rescatterings of every kind
resulting in particles of interest. Relation (24) and its probabilistic interpretation are grounds
for the cascade model proceeding from an analogy between the interaction of fast particles
with nuclei and high-energy radiation transport through matter[21]. In a real case, one needs
to solve the related system of integral equations like (24) with a distributed source function and
complex initial and boundary conditions. It turns out to be more effective to use the analogy
mentioned above and on this basis to simulate the fate of every particle inside a nucleus by
the Monte Carlo technique.

As it has been shown in Ref.[l], the KE (19) can be rewritten in a form of the master
equation

S 3
Ql (ld/w = Z N Eo, EYPE. o 1) - MEd  Ea)P(FE, a,t)] . (25)
aFao’




Here I°( 17 a.1) is the probability of finding the system at the time moment / in the fa state,

and AM/Ma. F-a’) is the energy-conserving probability rate, defined in the first order of the
time-depending perturbation theory,

27 - ,
MEo. a') = 7—| < EalViEa > [P (E) . (26)
!

The matrix element < [*a[V| £’ > is believed to be a smooth function in energy, and o, ( F)
is the density of the final state of the system. One should note that Eq. (25) is derived provided
that the“memory” time 71,,,,. of the system is small compared to the characteristic time for
intranuclear transition ~ h/A{(/<a. [Z0’) but, on the other hand, Eq. (25) itself is applicable
for the time moments / > h/A(la. Fa'). Due to the condition Toem > WA Ea. Fa),
being describing by Eq. {25), the random process is the markovian one.

The master equation (25) is usually used to describe the relaxation phenomena at the
pre-equilibrium stage of nuclear reactions in the framework of the so called exciton modeis.
Within these models, an excited nuclear state is completely defined by an excitation energy
and a number of excited particles p and holes # (n =p+his anumber of excitons), that is
« = n. Afurther simplification is achieved by assuming that the sum Z“,#n in the right-hand
side of (25) is contributed only by the terms representing the exciton-exciton scattering, that
gives rise to the selection rule An = 0, + 2 under intranuclear transitions.

So, we have shown that it is possible to pass from KE (11) to (24) and (25) by means of
several anzatzes. The decline of some concrete anzatzes will arise the corresponding, general-
izations of the simplest KE (24) and (25)

3. Basic Assumptions of the CEM

A detailed description of the CEM may be found in Ref.[1], therefore, only its basic as-
sumptions will be outlined here. The physical picture underlying our model is rather natural.
A particle entering a nucleus can suffer one or several intranuclear collisions, that gives rise to
the formation of an excited many-quasiparticle state like a “doorway state”. Due to residual
interaction this state will evolve towards a more complicated one up to the formation of a
compound nucleus. At each stage of this process a particle can be emitted. The behaviour
of a primary particle and of those of second and subsequent generations (if any) up to their
capture or emergence from a nucleus is treated in the framework of the intranuclear cas-
cade model. The number of captured nucleons and “holes” produced due to the intranuclear
collisions gives us the initial particle-hole configuration of the remaining excited nucleus, the
excitation energy of which is defined by the conservation laws. A further destiny of the nucleus
is traced in terms of the exciton model of pre-equilibrium decay which includes in a natural
way the particle decay at the equilibrium stage too.

Thus, the CEM considers the nuclear reaction as proceeding through three stages - cascade,
pre-equilibrium and equilibrium (or compound nucleus). So, in a general case, the three
components may contribute to any experimentally measured quantity. In particular, for the
inclusive particle spectrum to be discussed later, we have

F(P)dp = o, [N () + NPUE) + N (27)

The cascade stage of the interaction is described by the Dubna version of the intranuclear
cascade model (ICM)[21]. The Monte Carlo solution of the system of integral equations



like (24) gives the single-particle distribution function [ (7. 5. t) through which all needed
characteristics can be expressed. For example, for N*"*(p) from (27) we have

fras

R
s o g ! o . cnsg = = g g
N pdp = — /d'b/ dr /(/l,f,;"'(r.p_i)dp, (28)
Tin JroR .
0

where the integration is carried out over all accessible impact parameters b for particles leaving
a nucleus of radius R by the end of the cascade stage /.,,. It is noteworthy that, being defined
by the size of the nucleus and its transparency (see the first term in equation (24)), the
reaction cross section a,, is calculated within the cascade model itself. Hence, the CEM
predicts the absolute values for calculated characteristics and does not require any additional
data or special normalization of its results. ’

All the cascade calculations are carried out in a three-dimensional geometry. The nuclear
matter density p7 (7} is described by the Fermi distribution with two parameters taken from the
analysis of electron-nucleus scattering. Practically. the nucleus target is divided by concentric
spheres into seven zones in which the nuclear density is considered to be constant. The energy
spectrum of nuclear nucleons is estimated in the perfect Fermi gas approximation with the
locat Fermi energy Tp(v}) = hz[fh’zp"'(r)]')/"‘/(‘lm,y), where mp is the nucleon mass. The.
influence of intranuclear nucleons on the incoming projectile is taken into account by adding
to its laboratory kinetic energy an effective real potential 1/, as well as by taking into account
the Pauli principle which forbids a number of intranuclear collisions and effectively increases the
mean path free of fast particles inside the target. Forincident nucleons V' = Vy(r) = Tr(r)+¢,
where Ty ) is the corresponding Fermi energy and ¢ is the mean binding energy of the nucleons
(¢ ~ 7 MeV [21]). For pions, in the Dubna ICM usually one uses [21] a square-well potential
with the depth V. = 25 MeV, independently of the nucleus and pion energy. The interaction
of the incident particle with the nucleus comes to a series of successive quasifree collisions of
the fast cascade particles {( or N} with intranuclear nucleons:

AN = VAL NN 5 7 AN, NN sy mAN
AN w7 N, 7N e, mN (122). (29)

To describe these elementary collisions, one uses the experimental cross sections for the free # .V
and NA interactions approximated by special polynomial expressions with energy-dependent
coefficients [21] and one takes into account the Pauli principle.

The Pauli exclusion principle at the cascade stage of the reaction is handled in the following
way: one assumes that nucleons of the target occupy all the energy levels up to the Fermi
energy. Fach simulated elastic or inelastic interaction of the projectile {or of a cascade particle)
with a nucleon of the target is considered forbidden if the “secondary” nucleons have energies
smaller than the Fermi energy. f so, the trajectory of the particle is traced further from the
forbidden point and a new interaction point, a new partner and a new interaction mode are
simulated for the traced particle, and so on, until the Pauli principle is kept or the particle
leaves the nucieus. ‘

Besides the elementary processes (1), the Dubna ICM takes also into account pion absorp-
fion on the nuclear pairs

aNN - NN (30)



The momenta of two nucleons participating in the absorption are chosen randomly from the
Fermi distribution, and the pion energy is distributed equally between these nucleons in the
center-of-mass system of the pion and nucleons participating in the absorption. The direction
of motion of the resultant nucleons in this system is taken as isotropically distributed in space.
The effective cross section for absorption is estimated from the experimental cross-section of
pion absorption by deuterons. The Dubna ICM is described in detail in the monograph [21].

The subsequent interaction stages are considered in the framework of the modified exciton
model[22]. The model uses effectively the relationship of the master equation (25) with the
markovian random processes. Indeed, an attainment of the statistical equilibration described by
Eq. {25) is an example of the discontinuous markovian process: The temporal variable changes
continuously and at a random moment the state of the system changes by a discontinuous
jump, the behaviour of the system at the next moment being completely defined by its state at
present. As long as the transition probabilities AMEa, Ea') are time independent, the waiting
time for the system in the Ea state has the exponential distribution (the Poisson flow) with
the average lifetime h/A(a,E) = h/ Y M(Ea, E&/). This fact prompts a simple method
of solving the related system of Eq. (25): Simulation of the random process by the Monte
Carlo technique. In this treatment it is possible to generalize the exciton model to all nuclear
transitions with An = 0, +2, and the multiple emission of particles and to depletion of nuclear
states due to the particle emission. In this case the system (25) is as follows:

ﬂ%iﬁ_’) = —A(n,EYP(E,n,t) + Ar(n =2, E)P(E,n - 2,t) +
4 oln, EYP(E,n,t) + A_(n+2,E)P(E,n+2,1) +
+ > /dT/dE’)\ﬁ(n,E.T)P(E’,n +n,,0)8(E"— E—B; —T) (31)
I

The lifetime of the excited system at the state with n = p + h excitons {(but with different p-,
h-composition (for details see Ref [1]) is given by

h h
e DG e B a(pshy EVEA(p,  B)E Y Tlp b BT (32
A B = Ak Ey P JHo(p: by B (p >+j i(p b )T (32)

where according to (26) the partial transition probabilities changing the exciton number by
An are

R 27
/\An(ps h-, E) = -h—U\JAnPwAn,(pvhﬂE) ' (33)

and the emission rate of a nucleon of the type j into the continuum is estimated according to
the detailed balance principle

E-B,
T(p o E) = /)\Jc(p,h,E,T)dT,
V;
. . 25, +1 wip—1,hE—B;=T), ;
ok BTy = 22t e S D) (80

where s;, B;, V7, and p; are the spin, binding energy, Coulomb barrier, and reduced mass of
the emitted particle, respectively. A modification of (34) for the complex particle emission is



discussed in detail in Ref [1]. The factor R,(p, k) ensures the condition for the exciton chosen
to be the nucleon of type j. This factor can easily be calculated by the Monte Carlo techmque.

Assuming an equidistant level scheme with the single-particle density g, we have the level
density of the n-exciton state as[23|

, g(gEy++1 .
hE)y= 22— 3!
w(p, k. E) TP — (35)
This expression should be substituted into Eq. (34). For the transition rates (33), one needs
the number of states by taking into account the selection rules for intranuclear exciton-exciton
scattering. The appropriate formulae have been derived by Williams[24] and later corrected
for the exclusion principle and indistinguishability of identical excitons in Ref.[25]:

(oo b ) 1 gE-Alp+ 1L h+ D2 [gk — Alp+ LA+ 1)]""
WP B 2 n + 1 gk — A{p, h)
1 [gF - A(p. h
wolp B) = g AR by
1
w_(p,h,E) = Sgph(n—2) (36)

where A(p,h) = (p* + h* + p — k)[4 — k2. By neglecting the difference of matrix elements
with different An, M, = M_ = My = M, we estimate the value of M for a given nuclear
state by association of the A, (p, h, E) transition with the probability for quasi-free scattening

of a nucleon, which is above the Fermi level, on a nucleon of the target nucleus. Therefore,
we have

nl P 7i—-1
< a(vrel)vrel > — %|M|2g[gb —A(P + Lh + 1)] I:QE — A(p+ 1,’1 + 1) (37)

‘/znt n+1 /]E—.A(p,h)

where V.., is the interaction volume, and the averaging in the left-hand side of (37) is carried
out over all excited states taking into account the exclusion principle. Combining (33), {35)
and (37), we get finally for the transition rates:

< 0( Urel)vrel >

7.
it

Ar(p b, E) =

do(p,h E) = SoUre)vre>nt ] { gE — A(p,h) ]"“ plp — 1) + 4ph + h(h — 1)
B Vint n [gE-A(p+1,h+1) gE — A(p, h)
A (p.h.E) - < 0(Vret )Wret > [ gF — A(p, h) ]"“ ph{n + 1)(n — 2)
’ Vine gE — A(p+ 1.h + 1) lgE — A(p, )]

(38)

Thus, the initiai conditions for the system of Egs. (31), Lo = te0s. no. Eq, are calculated
within the cascade model. The Monte Carlo solution of (31) gives the population probabilities
for the n-exciton states P(E,n,t). By the pre-equilibrium particles we call those which have
been emitted before achieving of the statistical equilibrium appropriating to the time moment
teq- This moment is fixed by the condition A (n., E) = A_(n., E) from which we get

10



e, = 2¢F. The pre-equilibrium component in (27) for the inclusive spectrum of particles
of the type ; can be represented as

e

NP = /(HZ An. /5.'/‘)1’(1;.,,./)3((;’; ?2)) FIQ)dT S . (39)

leas

We shall return to the discussion of the angular anisotropy later. Here, we note only that
the angular function /(1) is normalized to unity, [ dQF(Q) = 1.

Similarly to (39) we can write down the expression for the equilibrium (n > n,,) compo-
nent:

>

. - I(
N YDy = /dl M E.TYP(FE.n t)-
() . Z Al ( )()(
where the time moment i — 2¢ corresponds to the complete deexcitation of a nucleus due to
particle emission. As the nuclear states with different » are equally probable in the statistical
equilibrium, the right-hand side of (40) is simplified to

p. )
T.)

F()dTdQ (10)
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S wln— 1Lk~ B~ 1)
~ TV, (TYE S ot 1) dTdS1 . (1
w(n' k

n'

By summing over n the total density of exited states w(/f2) = >~ w(n.F) is reduced to an
exponential form w(#) ~ crp2/gl. Thus, for t > t,, (or n > n,,) we can use the conven-
tional “evaporative” approximation by substituting in {34) w(p, h. I2) — w(E) ~ cop2Val
with the level density a.

An important point of the CEM is the condition for transition from the intranuclear cascade
stage to the pre-equilibrium processes. In the conventional cascade-evaporation models fast
particles are traced down to some minimal energy, the cutoff energy 7., being about 7-10
MeV below which particles are considered to be absorbed by the nucleus. The CEM uses
another criterion according to which a primary particle is considered as part of the cascade,
namely the proximity of the imaginary part of the optical potential W, ,....{7) calculated in
the cascade model to the experimental one W, .., (7). This value is characterized by the
parameter

P =1 (Woptmod = Woptean ) Wt |- (12)

Here we use the fixed value P = 0.3 extracted from the analysis [1]-[4] of experimental proton-
and pion-nucleus data at low and intermediate energies.

One should note that in the CEM the initial configuration for the pre-equilibrium decay
(number of excited particles and holes, i.e., excitons ng = po + ho, excitation energy I3
and linear momentum Py of the nucleus) differs significantly from that usually postulated in
exciton models. Qur calculations [1]-[4] show that the distributions of residual nuclei remaining
after the cascade stage of the reaction, i.e., before the pre-equilibrium emission, with respect
to ng, po. ho. I and Pgq are rather broad.
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Cemplex particles can be produced in intermediate-energy nuclear reactions at different
interaction stages and due to many mechanisms. These may include fast processes like direct
knock-out, pick-up reactions or final state interactions resulting in coalescence of nucleons
into a complex particle. The present version of the CEM neglects all these processes at the
cascade interaction stage Therefore, fast complex particles can appear in our model only
due tc pre-equilibrium processes. We assume that in the course of the reaction p, excited
particles are able to condense with probability ~, forming a complex particle which can be
emitted during the pre-equilibrium state. The "condensation” probability ; is estimated as
the integral of overlapping the wave function of independent nucleons with that of the complex
particle (cluster). Of course, slow complex particles may be evaporated along with nucleons
at the compound stage of the reaction. We include the emission of n, p, d, t. *He and 'He at
both the pre-equilibrium and the evaporative stages of reaction. Pions in our CEM arise onfy
from the processes (29) and leave the nucleus either directly or after additional rescatterings
during the cascade.

The CEM predicts forward peaked in the laboratory system angular distributions for sec-
ondary particles. Firstly, this is due to high asymmetry of the cascade component (for ejected
nucteons and pions). A possibility for forward peaked distributions of nucleons and composite
particles emitted during the pre-equilibrium interaction stage is related to retention of some
memory of the projectile’s direction. In addition to energy conservation we need to take into
account conservation of linear momentum P at each step as a nuclear state evolves. In a
phenomenological approach this can be realized in different ways[1]. The simplest way used
here consists in sharing the momentum Pgq {similarly to energy Ej) between an ever increasing
number of excitons involved in the interaction in the course of equilibration of the nuclear sys-
tem. In other words the momentum Py should be attributed only to n excitons rather than
to all A nucleons. Then, particle emission will be symmetric in the proper 1-exciton system
but some forward peaking will arise in both the laboratory and center-of-mass reference frame.

Recently, the CEM was developed by including the competition between particle emission
and fission at the evaporative stages of reactions|26] and by including a more realistic nuclear
level density with Z, N, and E* dependences of the level density parameter[27]. At present,
we develop the CEM for the description of the processes of y-emission at all three stages of a
reaction[28] in order to evaluate the relative role of different photon production mechanisms
from proton-nucleus reactions at intermediate energies, and extend the CEM for the description
of antinucleon-nucleus interactions.

In our calcuiations, all the CEM parameter values are fixed and are the same as in Ref [1]

4. Exemplary Results and Discussion

We analyzed a large variety of data from nucleon-, pion-, and vy—induced reactions using
the CEM (see Refs [1]7[5], [26]-]29] and references given therein). A detailed comparison
of the CEM predictions with the results of other current models may be found in the re-
cent review[30]. Therefore, we confine ourselves to the discussion of some exemplary resuits.
Measured]31] and calculated inclusive spectra of protons are shown in Fig. 2. The CEM re-
produces well the change in the spectrumi shape with increasing emission angle and in passing
from light to heavy target-nuclei, providing correct absolute values for the particle yield for all
incident energies.
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pound nucie:, while with increasing ejectile energy the emission at the cascade and pre-

equilibrium stages becomes dominant. The cascade component describes almost the entire
measured spectra at forward angles, but with increasing angle of detection the relative role
of the pre-equilibrium component rises considerably, and for very backward angles and proton
energies less than 60 MeV the contribution of pre-equilibrium emission becomes comparable
with that from the cascade.

For many applications and scientific problems it is necessary to analyze and evaluate not
only data on nucleon production but also other characteristics as data on complex particle and
pion production, fission cross sections. Some exemplary results are shown in Figs. 4 - 6.

Fig. 4 shows inclusive spectra of deuterons measured[31} and calculated with the CEM.
The low energy parts of the complex particle spectra calculated in the CEM are formed by
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particles evaporated at the compound stage of the reaction, while the high energy ones are

T T T T T T
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Fig. 3. Inclusive proton spectra from the neutron-copper collisions at 425 MeV. Upper row:

the histograms 1, 2, and 3 show the contribution of cascade, pre-equilibrium, and evaporative
components, respectively; lower row: for cascade component the histograms 1, 2, and 3 show
the contribution from events which contain a two-step process of pion production in collisions of
incident or cascade particles with nuclear nucleons (29) followed by pion absorption on nucleon
pairs within this target-nucleus (30) in the course of the reaction (including all possible former
and/or subsequent intranuclear collisions), the contribution from the events with n. = 1, and
ne > 5, respectively. The value n. is the number of successive interaction acts before proton
emission in the events contributing to the corresponding histograms. The experimental points
are taken from Ref. {31].

determined by the pre-equilibrium emission. It can be seen that the CEM reproduces correctly
the shape and absolute value of the backward complex particle spectra. For forward angles the
CEM significantly underestimates the experimental data (see, Ref.[3]). This happens because
we neglect in our approach fast processes of complex particle production such as pick-up,
knock-out and coalescence of complex particles from fast nucleons emitted during the cascade
stage. Such processes contribute especially to the forward complex particle emission and their
disregard in the CEM results in underestimation of complex particle spectra at forward angles.
To describe better the complex particle spectra at intermediate energies the CEM must be
improved by incorporating fast processes of complex particle production.
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We have applied the CEM to analyze practically all known data on nucleon-induced pion
production for intermediate and heavy nuclei and bombarding energies less than several GeV.
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As an example, Fig. 5 shows part of the recent data[32] on neutron-induced inclusive 7~
and 7+ production along with our CEM and LAHET [33] calculations from Ref.[32]. For
comparison, spectra of neutral pions predicted by the CEM are also shown in the figure. One
can see that both the CEM and Bertini's ICM give results in reasonable agreement with the
data. Similar agreement was obtained for other reactions.

Recently, the CEM has been applied to analyze nucleon-, pion-, and photon-induced fis-
sion. As an example, the incident energy dependences of experimental and calculated with
the CEM fission cross-sections for proton-gold and -uranium interactions are shown in Fig. 6.
Analogous results have been obtained for other reactions.

o I
o] p + TAu
E 150} 1 — BGIT74 {(a;/a,=1.00) Fig. 6. Incident energy dependence of fission cross-
— L — P— 5 . . .
_ % - f{‘w‘?) ({:”//;"‘:: ll"llg’)) sections for proton-gold and proton-uranium interac-
o 100} 2 -4 tions. The experimental points are from the summary
/4'/16'%' 3, b | Table 159 of the monograph [21]. The lines are our
50y ’ %@,@@‘ - \ CEM calculations performed with different fission bar-
* riers (for details see Ref. [26]) for the values of aj/a,
e - - )
0 I - ! shown in the figure.
+ U
2000} % p
5 .. 2 ‘ . . . .
1500 mm@;w%ﬁ '&#,:1, =g Puon—nu;leus interactions occupy a special place
000 in intermediate energy nuclear physics due to touch-
i ) o2 ' gY phy <
<00l 1o E?WJ ‘('(‘:f\[//";::‘l'_)o“)) ing upon dlfferentlfundam_ental problems of nuclear
h 3 - Byef(E) (a/a,=1.05) reactions, hadron interactions and nuclear structure
B R (see, the last reviews[34, 35]). One of the important
100 300 500

700 modes of the pion-nucleus interaction is pion absorp-

T (MeV) tion (no pions in the final state). The cross section
of this mode is large, in the A resonance region contributes about = 1/3 of the total pion-
nucleus cross section; therefore, this mode affects significantly other pion-nucleus interaction
modes. :

Though good theoretical investigations have been performed in the last fifteen years and
many interesting experimental results on pion absorption have been obtained at the meson
factories in the USA, Canada and Switzerland, and at JINR, PNPI, KEK and CERN, an
unambiguous interpretation of the observed phenomena has not been found yet[34, 35]. So,
up to now there is no common point of view in literature on the questions: How many nucleons
are involved in nuclear pion absorption? How does the reaction depend on the isospin of the
absorbing system and on the energy of the pion?

Many measurements of pion-induced reactions have been performed especially with the
purpose to obtain information on different pion absorption mechanisms (see reviews [34, 35]).
So, McKeown et al. have measured inclusive {7, p) cross sections on 12, 27Al, *8Ni and '*'Ta
at T. = 100, 160 and 260 MeV [36]. Assuming that high-energy protons arise only from
absorption reactions and neglecting the initial- and final-state interactions, McKeown et al.

have analyzed their own data in a "hot spot” or a "slowly moving-source” representation and
found that the number Nx of nucleons involved in the pion absorption is Ny ~ 3 for '2C and

increases to Ny ~ 5.5 for "1 Ta  This work had a large resonance in literature: afterwards
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there were performed many theoretical investigations which demonstrated that McKeown's et
al. data may be described by a 2N absorption mechanism, or on the contrary, only by multi-
nucleon absorption (see reviews {34, 35]). Of great interest are also the recent measurements
of pion-induced inclusive proton production on copper at 0.6, 0.8 and 1 Gev/c of Golubeva
et al. [37]. By analyzing their own data and measurements by other authors in a " moving-
source” representation, Golubeva et al. have found that the number of nucleons involved in
pion absorption increases monotonically with pion energy from Ny ~ 4 at T, = 260 MeV to
Ny ~18at T, = 4 GeV.

We have analyzed, m our CEM, different characteristics of pion-nucleus interactions in the
incident pion energy range up to ~3 GeV (see, e.g.,[2, 29, 35]). For our model there is no
difference between nucleon- and pion-induced reactions. The first step of the cascade stage
of the reaction is simply induced by a pion instead of a nucleon. Let us recall that in the CEM
we regard only the 2N absorption mechanism (30).

As an example, a part of Golubeva's et al. data[37] are presented in Fig. 7 along with our
CEM calculations and results of the best fit[37] in the moving-source model. For comparison,
for proton spectra from 600 MeV/c 7 interactions with Cu the results of the Dubna ICM
calculation with the A isobar production in the intermediate states from Ref.[37] are shown
in Fig. 7. One can see that both our CEM and the ICM equally satisfactorily describe the
data only by the 2N absorption mechanism. (We obtained similar results for all other known
data up to T, ~ 3 GeV.) This indicates the importance of initial- and final- state interactions
neglected by Golubeva et al. and McKeown et al. in analyzing their data by the "moving-
source” representation.
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Tp [M(‘V ‘ ponents, respectively.

For spectra at 135°, the CEM pre-equilibrium and evaporative components are shown
separately in Fig. 7. One can see that even at these relatively high incident energies the
pre-equilibrium processes contribute to intermediate energy proton emission.

So, the CEM is able to describe data on pion-induced inclusive particle production in the
absolute value without any free parameters (by taking into account only the 2N absorption
mechanism (30)) and does not need to increase the mass of “clusters” absorbing pions with
atomic mass of the targets or with incident pion energy. At the same time, one should note
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that our model does not exclude some small contribution fi
“clusters”[35].

The CEM has been developed [4] to describe also stopped negative pion absorption by
intermediate and heavy nuclei. We again take into account only the 2N absorption mechanism.
The point at which the pion is absorbed in the nucleus was determined from the distribution
derived in [38] from calculations on pionic atoms Pops ~ exp[—(r — ¢)?/26?]. The value of

constants ¢ and o were determined by interpolating between the results given in [38] for nearby
nuclei.

rom pion absorption on heavier

We have applied (see, e g., Ref.[4, 39]) our model to analyze a large variety of experimental
data on stopped negative pion absorption by nuclei from C to U: energy spectra and multi-
plicities of n, p, d, t, >He, and *He; angular correlations of two secondary particles; spectra
of the energy released in the "live" 26; target on recording protons, deuterons and tritons
in the energy range 40-70 MeV, 30-60 MeV and 30-50 MeV, respectively; isotope yields: nu-
clear fissilities; momentum and angular momentum distributions of residual nuclei, etc. As an
example, Fig. 8 shows inclusive proton spectra measured recently by Gornov et al.[39], our
calculation and the results reported by other authors (for details see [39]). On the whole, the
CEM satisfactorily reproduces all the analyzed experimental data. This fact indicates that the
2N absorption mechanism is the main one for medium and heavy nuclei in the case of stopped
pions as well. However, we have obtained [39] a direct indication on the a-particle absorption

mechanism in 285 (on a level of ~ 25%) from the analysis of spectra of energy released in
the target for reactions with emission of tritons.
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models for emergent protons at 43°, 90°, and 154° produced by 1.05-GeV bremsstrahlung on
'2C. One can see that a good agreement with experimental data in both the shape and absolute
value has been obtained for protons emitted at both forward and backward angles.
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Comparison of predicted inclusive proton

Similar results were obtained for other reactions.

As it has been mentioned above, a most complete
comparison of the CEM predictions with calculations
in the framework of other current models may be
found in the review[30] on the recent International
Code and Model Intercomparison for Intermediate
Energy Nuclear Reactions organized in 1992-1993 by
the OECD Nuclear Energy Agency, Paris. The con-
ditions of this Intercomparison were the following:

There were a number of experimental data of interest, but unpublished, not available for par-
ticipants. All the participants had to provide necessary calculations at their home Laboratories

2ZR--N-BfB for Incident Energy = 2068
L B B S S ~v—*r-“f*r‘—r"

.00 and Angle = 60.00 . R . .
10,000V — = T T T Fig. 10. Comparison of in-
4B x ox LAs v g P clusive spectra  of secondary
x w DUB . s HAVEXP « < . .
o g Kw o o M2 neutrons from proton-zirconium
L <« ez collisions at 256 MeV predicted
.
éu..“”“ by several models with the ex-
+
< ‘u.”“‘ perimental data[47] (solid line
\ !
o regd X Pres,, J  conecting symbols marked by
& Py X tay 1 . .
@« 'l&v& . te { HAMEEP), published when all
u +
% b 4 * the calculations were finished
X * (for details see [30]). Syvmbols
AN 1 show the results obtained by
’E different authors in the frame-
Nl s 3 work of different models. re-
% spectivelv: BNL - [48]. DUB -
our CEM calculations[19], KYU
3 - [0, LAS - 311, PSI - (52].
D JAE - [53]. LNL2 - [54]. JAER
L8 - [55].
0.010 .
]
«
0.001 1
80 100 160 200 0

Neutron Emission Energy (MeV-lab)

19



and then to send the results to the organizers at the NEA OECD. When all the calculations
were finished the organizes compared the calculations with each other and with the unpublished
experimental data. As an example, one typical figure from the review{30] is shown in Fig. 10.
One can see that the CEM describes well nuclear reactions at intermediate energies and has
one of the best predictive powers as compared to other available modern models. Other several
_hundreds of similar figures and tables may by found in Ref.{30].

5. Summary

Thus, we have shown how, using the Zubarev method of the non-equilibrium statistical
operator, one may obtain the relativistic kinetic equations describing different stages of nuclear
reactions in the CEM. For this, starting from a first principle, as the quantum relativistic
Liouville equation, we had to use a series of anzatzes. The renounce of any concrete anzatz
will arise the corresponding generalization of the kinetic equations used in the present version
of the CEM and will improve our approach. We are working on this at present.

We have demonstrated that without any free parameters, the CEM is able to reproduce
correctly shapes and absolute values of a large variety of nucleon- and pion-induced reaction
data and can be applied to analyze the mechanisms of different nuclear reactions. The re-
cent “International Code and Model intercomparison for Intermediate Energy Reactions” {30}
showed that the CEM adequately describes nuclear reactions at energies from 25 MeV to 1600
MeV and has one of the best predictive powers as compared to other available modern codes.

A recent modified version of our model allows one to calculate also photonuclear reaction
data. A more recent modified version of the model is able to describe also emission of gamma
rays. Itis planned to make the recent versions of the code of the CEM available to users.
They have an input simple and friendly for users and allow one to calculate different medium
energy nuclear data in the absolute value without free parameters. A detailed description (User
Manual) of the recent modified versions of the code is in preparation.

One may conclude that the Cascade-Exciton Model is indeed suitable for the evaluation
of medium energy nuclear data for science and applications and for the analysis of different
types of nuclear reactions. Further development and improvement of the CEM are possible,
and a work in this direction is in progress at present.
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hospitality, as well as the whole staff of the Institute for Scientific Interchange Foundation for
their efforts in maintaining a high standard of the meeting and very pleasant ambience at Villa
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Mamnupk C.T., Cmoasuckuit C.A. E2-94-353
KacKaqHO-9KCHTOHHbIH MOAXOM K STIEPHBIM PEAKUAIM
(0BOCHOBAHME ¥ AOCTHXECHMUS)

Ha IMHAMMYECKOH OCHOBE MOIYYEHHI DETSTMBMCTCKHME KMHETHUECKHE
ypaBHEHUS JUIS OTIMCAHAS SACPHBIX peakiuit Py IPOMEXYTOUHBIX SHEPrUsX.
i ypaBHCHMs NPOAHAMM3MPOBAHb W PEATU3OBAHB B HECKOJIBKMX BEPCHAX
Kackanuo-kcuTorHOoM Moxe (KOM) saepHbix peaxumit. KOM npeanosaraer,
4TO SIEPHBIE PEAKIMH [IPOXONST TPH CTaaMK — KaCKalHyIo, NpeaKackagHyo 1
PaBHOBECHYIO. B paMKax 3TOTO MOAXOAA MPOAHATM3UPOBAHBI pa3sHo00pasHBIE
XapaKTEPUCTUKH aXPOH- M (OTOSAEPHBIX peakumii B 007acTH NMEPBHYHBIX
sHepruii 10 Heckobkux I'aB. OueHeH BK1a pa3niuiHbiX MEXaHM3MOB IOFJI0-
LICHHS TTMOHOB 1 (DOTOHOB 1 06CYXEHA OTHOCUTEIbHAS POSIb PASTMIHBIX Me-
XaHU3MOB 00pa30BaHUs YaCTUIL ¥ (POTOHOB B ITUX PLAKLHMSIX. KOM anexBaTHO
OMUCHIBACT SACPHbIE PEAKIINH TIPY TIPOMEXKYTOUHBIX SHEPTUSIX M MMECT O7IHY M3
AYUIIMX TPEACKa3aTe bHbIX cr1ocoBHOCTE N0 CPABHEHMIO C IPYTMMH NOCTYN-
HBIMHM COBPEMEHHBIMH MOAE/SMH.

Pa6oTa BbimoaHena B J1aGopaTopy TEOPETUUECKOH PH3HKH HM. H.H.Boro-
mobosa QUAN.

Ipenpunt OFbeIMHEHHOTO MHCTHTYTA SAEPHBIX uccnenosanmi. Aybua, 1994

R'Iashnik S.G., Smolyansky S.A. E2-94-353
The Cascade-Exciton Approach to Nuclear Reactions
(Foundation and Achiecvements)

The relativistic kinetic equations describing nuclear reactions at
intermediate energies are obtained on the dynamical basis. These equations are
analyzed and realized in several versions of the Cascade Exciton Model (CEM).
The CEM assumes that reactions occur in three stages: the intranuclear cascade,
pre-equilibrium and the evaporative ones. A large variety of experimental data
on hadron- and photonuclcus reactions in the bombarding energy range up to
several GeV are analyzed in this approach. The contributions of different pion
and photon absorption mechanisms and the relative role of different particle and
photon production mechanisms in these reactions are cstimated. The CEM
describes adcquately nuclear reactions at intermediate energies and has one of
the best predictive powers as compared to other available modern models.

The investigation has been performed at the Bogoliubov Laboratory of
Theoretical Physics, JINR.
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Maker T.E.[Tonecko

IMoanucano B nevarsnl4.09.94
@opmar 60x90/16. OdbceTnas neyarts. Yu.-usp.aucros 1,95
Tupax 460. 3akaa 47553. Licua 340 p.

HManaTeabckuit otaen O6beauHeHHOrO MHCTHUTYTA SACPHBIX UCC/CAOBAHMI r
Hy6na Mockosckoit o61acTy l



