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A phenomenological model for cumulative processes is considered. This model assumes
the formation of the compound-system by the initial nucleon and nuclear nucleons succes-
sively collected by it and the inclusive spectrum scale invariance of the decay products of this
system. The model is almost independent of what happens when internucleon distances in
nuclei are very small. Good agreement with the experimental data is obtained.

1. Introduction

The phenomenon of cumulative meson production [1] has been discovered in the
experiments performed in the High Energy Laboratory of the JINR. The results have
raised many interesting problems for theoretical relativistic nuclear physics.

Attempts have been made to explain the observed effects on the basis of already known
mechanisms. However, they encounter great difficulties. Consideration of the Fermi
motion gives no desired result. The existence of the core in the NN-interaction and the
data on the distribution of u*-pairs over the effective mass [3,4] produced in the p, 4-inter-
action make it difficult to validate the assumption on the existence of fluctuations of nuclear
density in a small volume with probability sufficient to explain the phenomenon. Neither
can the use of the “rescattering” mechanism [5] be considered satisfactory, since the
production mechanism is supposed to be instantaneous. This treatment was used earlier in
models of the cascade type. As is known, it does not provide an understanding of some
important effects observed in the multiple production processes in nuclear matter.

Approaches have also been developed on quark-parton representations of the hadron
structure. In our opinion the most consistent along this line is the model in Ref. [6].
However, it solves the problem only qualitatively. In this paper we shall consider a phenom-
enological model of the cumulative phenomenon taking into account the space-time
factors in the production process and allowing one, in our opinion, to overcome the
above difficulties.
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2. The space-time description of the cumulative meson production

The physical phenomenon is realized in time and space intervals different from zero.
Let us consider the cumulation process from this point of view. Suppose that in the first act
of the inelastic interaction there arises a compound system which breaks-up during a short
but finite period of time. Then we assume the possible inelastic collisions of this system
with the nuclear nucleons resulting in the growth of its mass and, consequently, in
the increase of the maximal energy of the emitted n-meson. Thus, the cumulation may
be considered as a scheme describing the “gathering” (collection) of nucleons by an initial
particle into a compound system with increasing mass.

Since for the production of a cumulative meson the compound system should have
a mass near the maximal value (the inelasticity coefficient X near'1), then the partial cross-
-section of its production should be

¢ < Oy ¢y

By some estimations o¢(K — 1)~ (0.1+0.2)ony, in the interval of 5+6GeV <E,
< 1012 GeV [7]. There are also indications that in this interval ¢ may depend on energy.
For instance, the dependence close to

o(K = 1) ~ 1/pZns 2
is used.
The mean time 7, of the cumulative n-meson emission should be, on the one hand,

less than the mean time of the decay of the thermodynamic equilibrium system 7 and,
on the other hand, larger than the collision time 7
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where (ry) is the mean nucleon radius, r, is the radius of nuclear forces and (n,> is the
mean multiplicity when K ~ 1.
Assume that

To = To/+/S . C))

Equation (4) takes into account the possible decrease of the mean time of the n-meson
emission with increasing mass of the compound-system. The number of states emitting
the cumulative n-mesons is naturally given by the usual exponential dependence (this
dependence is due to the decay of the whole system and the dissipation of energy to other
degrees of freedom)

Nems = C€XP [—t/f()]' (5)

Passing to the laboratory system and expressing ¢ in terms of the coordinate and velocity,
we obtain

n(z) ~ exp [— ——f"—“i—-] : ©6)

To chs?cms
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where z;, are the coordinates of the system production or of the act of its increasing
mass. Since in the successive acts the product 7,V is changing, we should write

— Zjp
’1(2) =~ exp I:— ] = €Xp [—an(z—zin)] (7)

z
(fO V‘y)n

{n is the number of the collected nucleus nucleons). Therefore, one should use S, instead
of S in Eq. (4). Then, from the kinematics, we obtain

7o (Ef,—mf,)”z]—1 1 (n'?+)m} +2n'm,E,
a, =| — - = ;
Sy /Se ToC (E2—md)'?

n=n-1. 8)

It immediately follows from (8) that with E, > m,:

= (n— 1)— = const (E,). 9
ToC

- ,2m
(apn)Ep»mD ~n' 1:_0;
The parameters ¢ and 7, are to be refined by comparing the model with experiment.

Further we assume that the system formed at any stage of cumulation decays so that
there occurs (approximately) the scale invariance of the inclusive spectrum of produced
particles (distribution over she variable x = p/p|** is invariant with respect to the mass
of the intermediate system). This principle as the basic one has essentially been used even
in the first investigations of the cumulative effect [8]. In paper [2] for the invariant cross-

-section in the elementary act, it was assumed that

E, d*c
ONND 12; dp ndg

olx, p,) = = F(x) exp (—ap}) (10)
and for F(x) the expression was obtained describing well the data on pion production in
p-p-collisions at different energies. Since most experiments were performed for @, = 180°
we assume that exp (—ap?) ~ 1.

Now we pass to the basic relations describing the process within the above model.
The scheme of the process is presented in Fig. 1 for a certain value of the impact parameter
“b” of an incident proton.

The probability of producing the compound system in the “gathering” of =
nucleons with the given distribution of points z, in which its mass increases, is

WO 24, 25, ..y 20) = Wi(Z1)Wa(22) - Wal20), (1D

where wy(z,), ..., w,(z,) are the probabilities of acts at points z,, ..., z, respectively. The
coordinates of events are distributed in the interval [z,;,, Zm..] under the condition
that

Zmin = ~VRZ=p? 2 <K25...K2,-1 K2, K Zyux = JRZ-p?. (12)



378

Here R is the radius of the nucleus with mass number 4 (R = roA/3, ro = 1.2 fm). All
the possibilities of the distribution of acts over the points z; and the condition -(12) result
in the following integral

W(")(b) .f wy(z4)dz, _“ wy(zp)dz, ... n,lfax Wi(Z,)dz,. (13)

Zmin Zn=-1

esovevsve

Fig. 1. The scheme of the ‘‘gathering” process

Then the invariant cross-section of the cumulative pion production on the nucleus can be
written as follows:

R
Ra =21y F(x,) | bdbW™(b) = Y F(x W™, (149
n [¢] n
R
W® = 2r [ bdbW™(b). (15)
0

Expression (14) is analogous to that in Ref. [1]. The only difference concerns the coefficient
W™, In paper [1] it is denoted by P, and is of the combinatorial nature due to the use of
the fluctuation model.

In (14) x, = pj/(P))my"s (P is the maximal value of the momentum determined
by the kinematics of the cumulation of an »-th order:

o (5 ()

(P& = EJEy = n’e - (16)
mP

2nE

4

my, is the proton mass and E, is its total energy in the lab. system.
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For the calculation of (13) and (14) we shall take the simple, frequently used in nuclear
optics approximations. First, assume the nucleus to be a sphere uniformly filled in with
matter with density

3
AV, = 55 <R,
0 = 4nry n

0 ;. r >R

Second, the trajectories of the initial particle and resulting from it compound systems are
considered to be rectilinear.
Third, in analogy with optics, we take

wy(z) = gpe @E -0 (18)

as the basis of the expression w,(z). However, (18) does not take into account the possibility
that the system decays (and, consequently, leaves the considered channel) between the
acts of increasing mass. To this end we multiply (18) by the time factor (7) when n > 2.
Then, as w,(z), we have

wi(z)) = spexp[—00(z—z0)], 20 = Zuins
Wpa l(zn) = 0g eXp [—O'Q(Zn ~Zpe 1)] exp [_ an(zn —Zy- 1)] (19)
Direct integration in (15) with w,(z,) from (19) results in rather cumbersome expressions

W("’. However, at least for 1 <{ n <C 4 (these cases are particularly important in practice),
W®™ can be written in a compact way:

n

2 n (co+a,) {ZR + Z Cy (O'Q+ak)2 s (20)

1, .0 k=1

W™ =

where y[2; x] is the incomplete y-function, a, = 0 and

)y = IT (O'Q'*‘az)[:p (a,—a)]™ ",

1,..

Ak r#k
CM, = —[1+(=1) kzz cM. 1

It is interesting to consider the behaviour of the W™ functions as functions of 4 in
the two limiting cases, small and large times i.e. when @, > 1 and a, <1 (see (3), (7)
and (8)). Note, then, ghat since o < oy for at least light and intermediate nuclei

o = 200R < 1. 22)
Then for small times (g, > 1) we have from (20) and (21)

n (o)’ {2R2_ v[2;20@R]} . _ AmR¥ao)™""
2 I (ce+an (60 § 3 [I (ce+ay

k=1,..,n x=1,...,n

W™ &

A ()
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(To derive (23) we have used the explicit expression for y[2; w] and its expansion in the
small parameter w.)

For large times (a, < 1) it is more convenient to perform integration in (13) assuming
at once that 5 ~ 1 (see (8)). Then W™ are expressed through the linear combinations of
the gamma-functions y[n,, @] with indices 2 < n, << n+1. Expanding them again in
a series of w, we obtain

W™ ~ (sg)"R*R" ~ A¥*3", 2%

The “volume” dependence (23) can be explained as follows: at small times (¢ is also small)
the process of “gathering” proceeds in a relatively small nuclear region of the order of
magnitude of 4z & 1/a, ~ const (R). At large times W'V ~ 4, since o is still small. The
reason for the further increase of the power of A in (24) with increasing n by a factor of
1/3 is related to the fact that the contribution of each order of cumulativity is propor-
tional to the effective path in the nucleus ~ R ~ A3,

The A-dependences of the type (23) and (24) were obtained earlier in [1] by a different
method.

3. The comparison of the model of ‘“‘gathering” with experiment

The calculations have been performed using the expressions (14)-(16), (20) and (21).
The best agreement with experiment [9] is achieved if

0 =025 0m (Todw=y & 4107 sec; (P, = 8.4 GeV/c). (25)

We should like to note two important consequences following from (25).
First, the value of %, is indeed inside the interval pointed out in (3):

T, = 1.5-107** sec < (To)y=1(= 4-107** sec) < T ~ 10723 sec. (26)

The quantity o does not contradict the estimates in [7].
Second, 4z is the mean length of the nuclear “active” zone which to an order of
magnitude is

4z ~ —1—_~ ~ 2.5fm > Feore @n
Gy =1(Tp)

that is, it exceeds almost by an order of magnitude the assumed value of the radius of the
COre 7, in the nucleon-nucleon interaction and is essentially largep than the internucleon
distance in nuclei. This allows one to overcome the difficulties in considering small inter-
nucleon distances (within the given model they give a small contribution). The results of
calculation and the experimental data are given in Fig. 2 for the invariant cross-section
R AT,) where T, > (T,)xN and 4 = C'2, Pb2°® (P, =8.4 GeV/c). The agreement is quite
good. It indicates the fact that 4M-dependence of the yield of cumulative pions [1] is
reproduced correctly by the model (see Fig. 3).
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Fig. 2. The function #4(T,) for P, = 8.4 GeV/c
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Fig. 3. The dependence #4 ~ AN in different orders of cumulation
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Further, it was found out [10] that the function 1/4 Z ,(P,) at k = T,/(T)nx = const
for P, = 5 GeV/c is practically constant. Such a behaviour follows from the model
provided that o(P,) is constant or changes very slightly in the region 5 GeV/ce < P,
< 8.4 GeV/c. Indeed, for the rather large momenta of the initial particle x, ~ const (P,)
(see (16)) and a, = const (see (9)). Therefore [F(x,) - W™, _ one & const (P,).

If one assumes that ¢(P,) when P, < 5 GeV/c is of the form (2), then with decreasing
P, the function 1/4 #,(P,) (by » = const) increases what is observed experimentally.
However, it is difficult to separate such a dependence since at small P, it may be contri-
buted to a mechanism based on the Fermi-motion.

We have discussed above the yield of n-mesons from the nucleus. Being produced,
for instance, at point z, a n-meson should pass, on the average a considerable distance
Z4—Zmin- 1here arises a question: Why are n-mesons emitted from the nucleus almost
nonabsorbed ? There exists a possibility of neglecting this effect for energetic w-mesons.
Since the mean free path of the initial proton A ~ 1/goyy ~ ro, it interacts almost with
every nucleon along the trajectory of its motion. The nucleons acquiring the transverse
momenta {p >~ 0.4 GeV/c # 0 should be displaced in the direction away from the
proton trajectory (arrows in Fig. 1) releasing the channel in the nucleus.

We can roughly estimate the degree of the displacement S of nucleons. The time re-
quired for the process of “gathering” from point z, to point z, and for the relativistic
meson to pass this distance (z,—z,) is of the order of

tx 2(4z)/c. (28)
Hence, the displacement is
St iy, ® Ad2) <py» x 2.5fm > r,. 29)
myc
Consequently, the density of matter in the channel decreases sharply, and the processes
of “absorption” become unimportant. There were attempts to use this “trailing” effect
for multiple production developing in the forward hemisphere [11] at rather large energies.
However, just in this particular case, it does not “work™: S is negligible due to a small
path difference of particles of the “leading” and “pionization” groups.

Note that n-mesons at very low energy cross the nucleus under different conditions.
For them the channel may disappear, be washed out due to the presence of the heat and
Fermi-motion of the excited nucleus. Therefore, the A-dependence of the yield of these
n-mesons will not be “volume” and should tend to 423,

4. Conclusions

The model allows one to overcome the known difficulties (see § 1) and describes well
the main regularities of cumulative meson production. It realized the aforesaid ideas:

a) The approximate scale invariance of the inclusive spectrum of particles produced
in the collective interaction of hadrons [8], and

b) the necessary consideration of the space-time factors in the production proces-
ses [12].
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The analysis of the data on its basis establishes the scale of the space-time interval
inside of which the particles are produced in the hadron-hadron collisions (see (25), (27)).

The model is phenomenological (it contains only two parameters). However, it shows
the quantities (e. g. 6(P,), T,) which should be explained on the basis of more detailed
considerations of the hadronic structure. On the other hand, the phenomenological param-
eters in the quark-parton representation may, in principle, result in important relations
between the dynamic factors of the structure models. It is most probable that the approach
formulated above may appear to be a useful analogue for constructing the models of
the hadron-hadron interaction. This idea was claimed earlier in Ref. [13].

The authors are grateful to A. M. Baldin, B. N. Valuev, A. V. Efremov, V. 1.
Ogievetsky and M. I. Shirokov for discussions and useful remarks.
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