‘Buddha’s light' of cumulative particles

Analytical explanation of the nuclear glory effect in the cumulative
particles production, which is similar to the known optical (atmospheric)
glory phenomenon, is presented. Employing the small phase space
method we arrived at a characteristic angular dependence of the
production cross section do ~ 1/( - 8) near the strictly backward
direction. This effect takes place for any number n = 3 of interactions of
rescattered particle, either elastic or inelastic (with resonance
excitations in intermediate states), when the final particle is produced
near corresponding kinematical boundary. In the small final angles
interval including the value 8 = m the angular dependence of the
cumulative production cross section can have the crater-like (or funnel-
like) form. Further studies including, probably, certain numerical
calculations, are necessary to clear up this point. Such a behaviour of
the cross section near the backward direction is in qualitative
agreement with available data. Some mathematical aspects of the
nuclear glory phenomenon in the cumulative particles production, which
are of methodical interest, are discussed as well.
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Abstract

Analytical explanation of the nuclear glory effect, which is similar to the
known optical (atmospheric) glory phenomenon, is presented. Employing the
small phase space method we arrived at a characteristic angular dependence of
the production cross section do ~ 1/+/7 — 0 near the strictly backward direction.
This effect takes place for any number n > 3 of interactions of rescattered parti-
cle, either elastic or inelastic (with resonance excitations in intermediate states),
when the final particle is produced near corresponding kinematical boundary.
Rigorous proof of the effect is given for the case of the optimal kinematics,
as well as for arbitrary polar scattering angles in the case of the light parti-
cle rescattering, but the arguments in favor of the backward azimuthal (axial)
focusing are quite general and hold for any kind of the multiple interaction pro-
cesses. In the small final angles interval including the value # = 7 the angular
dependence of the cumulative production cross section can have the crater-like
(or funnel-like) form. Further studies including, probably, certain numerical
calculations, are necessary to clear up this point. Such a behaviour of the cross
section near the backward direction is in qualitative agreement with some of
available data. Some mathematical aspects of the nuclear glory phenomenon
in the cumulative particles production, which are of methodical interest, are
discussed as well. Explanation of this effect and the angular dependence of the
cross section near  ~ 7 are presented for the first time.
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To the memory of Lyonya Kondratyuk, outstanding scientist and person

1 Introduction

Intensive studies of the particles production processes in high energy interac-
tions of different projectiles with nuclei, in regions forbidden by kinematics
for the interaction with a single free nucleon, began back in the 70th mostly
at JINR (Dubna), headed by A.M.Baldin and V.S.Stavinsky, and at ITEP
(Moscow ), where during many years the leader and great enthusiast of these
studies was professor G.A.Leksin. Relatively simple experiments could pro-
vide information about such objects as fluctuations of the nucleus density
[1] or, discussed much later, few nucleon (or multiquark) clusters probably
existing in nuclei. At JINR such processes have been called ” cumulative pro-
duction” [2, 3] 1, at ITEP the variety of properties of such reactions has been
called "nuclear scaling” [4]- [6] because certain universality of these properties
has been noted, confirmed somewhat later at much higher energy, 400 GeV
incident protons [7, 8] and 40 GeV/c incident pions, kaons and antiprotons
[9, 10]. A new wave of interest to this exciting topic appeared lately. New
experiment has been performed in ITEP [11] aimed to define the weight of
multiquark configurations in the carbon nucleus 2.

The interpretation of these phenomena as being manifestation of in-
ternal structure of nuclei assumes that the secondary interactions, or, more
generally, multiple interactions processes (MIP) do not play a crucial role in
such production [12] - [18]. Generally, the role of secondary interactions in the
particles production off nuclei is at least two-fold: they decrease the amount
of produced particles in the regions, where it was large (it is, in particular, the
screening phenomenon), and increase the production probability in regions
where it was small; so, they smash out the whole production picture.

The development of the Glauber approach [19, 20] to the description
of particles scattering off nuclei has been considered many years ago as re-
markable progress in understanding the particles-nuclei interactions. Within
the Glauber model the amplitude of the particle-nucleus scattering is pre-

1According to the Oxford dictionary (Oxford Adv. Learn. Dictionary of Current En-
glish, A.S.Hornby, Oxford Univ. Press, 1982) ”cumulative — increasing in amount by one
addition after another”.

?We do not pretend here to give a comprehensive review of numerous experiments on
cumulative particles production.



sented in terms of elementary particle-nucleons amplitudes and the nucleus
wave function describing the nucleons distribution inside the nucleus. The
Glauber screening correction for the total cross section of particle scatter-
ing off deuteron allows widely accepted, remarkably simple and transparent
interpretation.

Gribov [21] investigated nontrivial peculiarities of the space-time pic-
ture of such scattering processes and concluded that the inelastic shadowing
corrections play an important role at high enough energy and should be in-
cluded into consideration. *

In the case of the large angle particle production the background pro-
cesses which mask the possible manifestations of nontrivial details of nuclear
structure, are subsequent multiple interactions with nucleons inside the nu-
cleus leading to the particles emission in the ”kinematically forbidden” re-
gion. Leonid Kondratyuk was the first who the has noted that rescattering
of intermediate particles could lead to the final particles emission in ”kine-
matically forbidden” regions (KFR). The rigorous investigation of the double
interaction process in the case of pion production off deuteron (see Fig. 1.1)
has been made first by L.Kondratyuk and V.Kopeliovich in [24]. Later the
multiple interaction processes leading to nucleons production in KFR were
investigated in [25] and in more details in [26] where the magnitude of the
cumulative protons production cross sections was estimated as well.

M.A.Braun and V.V.Vechernin with coauthors made many interesting
and important observations and investigated processes leading to the par-
ticles emission in KFR [27]-[35], including the processes with resonances in
intermediate state [27]-[28]. They found also that processes with pions in
intermediate state lead to the nucleons emission in KFR due to subsequent
processes, like 7 N — N 7 [31, 32]. Basic theoretical aspects of MIP leading
to the cumulative particles emission and some review of the situation in this
field up to 1985 have been presented in [36].

Several authors attempted the cascade calculations of the cumulative
particles production cross sections relying upon the available computing codes
created previously [39] - [44]. The particles production cross section was found
to be in reasonable agreement with data. Different kinds of subprocesses

3The pion double charge exchange scattering is an interesting example of the reaction
where the inelastic intermadiate states give the dominant contribution at high enough
energy [22, 23].



Fig. 1.1. The simplest pion rescattering diagram which leads to the partial fill-up of the
”kinematically forbidden” region for the case of the cumulative pion production by protons
on the deuteron [24].

play a role in these calculations, and certain work should be performed for
detailed comparison. In calculations by NOMAD Collaboration the particles
formation time has been considered as a parameter, and results near to the
experimental observations have been obtained for this time equal to ~ 2 F'm
[43, 44], see discussion below.

While many authors have admitted the important role of the final state
interactions (FSI), most of them did not discuss the active role of such inter-
actions, i.e. their contribution to particles production in KFR, see e.g. [45].
It has been stated in a number of papers that multiple interactions cannot
describe the spectra of backwards emitted particles. Such statement in fact
has no firm grounds because there were so far no reliable calculations of the
MIP contributions to the cross sections and other observables in the cumu-
lative particles production reactions. Moreover, such calculations are hardly
possible because, as we argue in the present paper, necessary information
about elementary interactions amplitudes is still lacking.

Several specific features of the MIP mechanism have been noted previ-
ously experimentally and discussed theoretically [26, 37, 36], among them the
presence of the recoil nucleons, which amount grows with increasing energy of
the cumulative particle, possible large value of the cumulative baryons polar-
ization, and some other, see [36]. The enhancement of the production cross
section near the strictly backward direction has been detected in a number
of experiments, first at JINR (Dubna) [46, 47] and somewhat later at ITEP



(Moscow) [48, 49] *. This glory-like effect which can be called also the "Bud-
dha’s light” of cumulative particles, has been shortly discussed previously in
[26, 36] °. More experimental evidence of this effect appeared since that time
[51, 52]. Here we show analytically that presence of the backward focusing
effect is an intrinsic property of the multiple interaction mechanism leading to
the cumulative particles production. The detailed treatment of this effect is
presented, including the angular dependence of the particles production cross
section near the strictly backward direction. To our knowledge, the proof of
the existence of the nuclear glory phenomenon in the cumulative production
reactions was absent so far in the literature.

In the next section the peculiarities of kinematics of the processes in
KFR will be recalled, in section 3 the small phase space method of the MIP
contributions calculation to the particles production cross section in KFR is
described. In section 4 the focusing effect, similar to the known in optics
glory phenomenon, is described in details. Section 5 contains discussion of
some characteristic properties of cumulative particles production which find
a natural explanation within the multiple interaction mechanism. Final sec-
tion contains discussion of problems and conclusions. Some mathematical
aspects of the nuclear glory phenomenon are presented in section 6; solving
the physics problem has certain mathematical consequences of interest.

41t should be noted here that the glory-like enhancement of the scattering cross section
near the backward direction has been observed in [50] in the deuterons scattering off the
40Ca nuclei at the energy 52 MeV.

°For the case of the scattering semiclassical explanation of the glory-like effect was given
long ago by Ford and Wheeler [53], see also discussion in section 4.
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2 Details of kinematics of the processes in ” Kinemat-
ically Forbidden Regions”

When the particle with 4-momentum py = (Ep, pp) interacts with the nu-
cleus with the mass m; ~ Amy, and the final particle of interest has the
4-momentum ky = (wy, ky) the basic kinematical relation is

(po + pe — ky)* > M7, (2.1)

where My is the sum of the final particles masses, except the detected particle
of interest. At large enough incident energy, Fy > My, we obtain easily

wy — zky <my, (2.2)

which is the basic restriction for such processes. z = cosf < 0 for particle
produced in backward hemisphere. The quantity (wy —zks)/my is called the
cumulative number (more precize, the integer part of this ratio plus one).

k6

Fig. 2.1. Schematical picture of the multiple interaction process within the nucleus A
leading to the emission of the final particle with the momentum k& at the angle 6 relative
to the projectile proton momentum. The binary reactions are assumed to take place in
secondary interactions.

Let us recall some peculiarities of the multistep processes kinematics
established first in [25, 26] and described in details in [36]. It is very selective

9



kinematics, essentially different from the kinematics of the forward scattering
off nuclei when random walking of the particle is allowed in the plane per-
pendicular to the projectile momentum. Schematically the multistep process
is shown on Fig. 2.1.

2.1 Rescatterings of light particles

For light particles (photon, also m-meson) iteration of the Compton formula

Lol L cosean) (2.3)

Wp Wpo1  Mm

allows to get the final energy in the form

1 11X

— = — = —Y"[1 —cos(6,)] (2.4)

WN Wo mp=1

The maximal energy of final particle is reached for the coplanar process when
all scattering processes take place in the same plane and each angle equals
to 0y = 0/N. As a result we obtain

1 1 1
T}’Vm > = EN [1 — cos(6/N)] (2.5)
Corresponding kinematical boundaries for N = 1, 2, 3, and 4 are shown in
Fig. 2.2. Already at N > 2 and for § < 7 the 1/N expansion can be made

(it is in fact the 1/N? expansion):

1—cos(§/N) ~ 6*/2N* (1 — 6°/12N?) (2.6)
and for large enough incident energy wy we obtain
2Nm 2 6
NI~ 1 2.
N g | T 12NE ot 27)

This expression works quite well beginning with N = 2. This means that the
region, kinematically forbidden for interaction with single nucleon, is partly
filled up due to elastic rescatterings, see Fig. 2.2. Remarkably, that this
rather simple property of rescattering processes has not been even mentioned
in the pioneer papers [2] - [6] °.

6This property was well known, however, to V.M.Lobashev, who observed experimen-
tally that the energy of the photon after 2-fold interaction can be substantially greater
than the energy of the photon emitted at the same angle in 1-fold interaction.

10



1 kyGeV/e

Fig. 2.2. Kinematical boundaries for the light particle rescatterings on the nucleons which
are supposed to be at rest in the nucleus. The number of interactions (n in the figure) are
N =1,2,3and 4.

2.2 Rescatterings of nucleons on the nucleons inside of nucleus

In the case of the nucleon-nucleon scattering (scattering of particles with
equal nonzero masses in general case) it is convenient to introduce the factor

2m
E+m’

_ p
E+m’

¢ 1-¢= (2.8)
where p and E are spatial momentum and total energy of the particle with
the mass m. When scattering takes place on the particle which is at rest
in the laboratory frame, the ¢ factor of scattered particle is multiplied by
cos 6, where 6 is the scattering angle in the laboratory frame. So, after N

rescatterings we obtain the ( factor

Cn = pcos B1cos b...cos O . (2.9)



As in the case of the small mass of rescattered particle, the maximal value of
final (y is obtained when all scattering angles are equal

0p=0,=..=0y=0/N, (2.10)
and the coplanar process takes plase. So, we have
wer = Gy [eos(0/N)]V. (2.11)

Corresponding kinematical boundaries are presented in Fig. 2.3 for N =
1, 2, 3, and 4.

The final momentum is from (2.11)
Cmaz

Again, at large enough N and large incident energy ({; — 1) the 1/N expan-
sion can be made at k > m, and we obtain the first terms of this expansion

2 2
fmar o 2 {1 o (1 + 9)} : (2.13)

max

=2m (2.12)

02 |7 6N2 4
which coincides at large N with previous result for the rescattering of light
particles, but preasymptotic corrections are negative in this case, and con-

vergence of this expansion in the case of nucleons rescatterings is worse than
in previous case.

The normal Fermi motion of nucleons inside the nucleus makes these
boundaries wider [36]:

2m PR ( 1)}
gmar ~ NETU 0+~ 2.14
g N L T (00, (2.14)

where it is supposed that the final angle 6 is large, § ~ 7. For numerical
estimates we took the step function for the distribution in the Fermi momenta
of nucleons inside of nuclei, with p® /m ~ 0.27, see [36] and references there.
At large enough N normal Fermi motion makes the kinematical boundaries
for MIP wider by about 40 %.

There is characteristic decrease (down-fall) of the cumulative particle
production cross section due to simple rescatterings near the strictly back-
ward direction. However, inelastic processes with excitations of intermediate
particles, i.e. with intermediate resonances, are able to fill up the region at
0~ .

12



GeV/c
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1 k,GeV/c

Fig. 2.3. Kinematical boundaries for the nucleon rescatterings on the nucleons which are
supposed to be at rest in the nucleus. The number of interactions (n in the figure) are
N =1,2,3and 4.

2.3 Resonances excitations in intermediate states

The elastic rescatterings themselves are only the "top of the iceberg”. Ex-
citations of the rescattered particles, i.e. production of resonances in in-
termediate states which go over again into detected particles in subsequent
interactions, provide the dominant contribution to the production cross sec-
tion. Simplest examples of such processes may be NN — NN* — NN,
7N — pN — wN, etc. The important role of resonances excitations in in-
termediate states for cumulative particles production has been noted first by
M.Braun and V.Vechernin [27] and somewhat later in [26], see Figs. (2.4)
and (2.5). At incident energy about few GeV the dominant contribution into
cumulative protons emission provide the processes with A(1232) excitation
and reabsorption, see [36] and [41]. Experimentally the role of dynamical
excitations in cumulative nucleons production at intermediate energies has
been established in [54] and, at higher energy, in [55].
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When the particles in intermediate states are slightly excited above
their ground states, approximate estimates can be made. Such resonances
could be A(1232) isobar, or N*(1470), N*(1520) etc. for nucleons, two-pion
state or p(770), etc for incident pions, K*(880) for kaons. This case has been
investigated previously with the result for the relative change (increase) of
the final momentum k; (Eq. (8) of [26])

~ , 2.15
kf N = klz ( )
or
2 2 =, 2
=1

with AM? = M? — i, k is the value of 3-momentum in the I-th intermediate
state. This effect can be explained easily: the additional energy stored in the
mass of intermediate particle is transfered to the kinetic energy of the final
(cumulative) particle.

The number of different processes for the N-fold MIP is (Ng + 1)V 1,
where Ng is the number of resonances making important contribution to
the process of interest. The greatest kinematical advantage has the process
with resonance production at the (N — 1)-th step of the whole process with
subsequent its deexcitation at the last step 7 . To calculate contributions
of all these processe one needs not only to know cross sections and the spin
structure of the amplitudes NN; — NN3 at the energies up to several Gev,
but also consider correctly possible interference betwee amplitudes of different
processes. Such information is absent and hardly will be available in nearest
future.

To produce the final particle at the absolute boundary available for the
nucleus as a whole one needs to have the masses of intermediate resonances
(or some particles system) of the order of incident energy, s ~ Eym 4.

In this extreme case

M} (mazx) =~ SA% (1 - %) (2.17)

“In some of cascade calculations the important contribution to the cumulative nucleons
production gives the process with production of pions of not high energy with its subsequent
absorption by two-nucleon pair. This process can be, at least partly, to the processes with
resonance formation and reabsorption, because pions of moderate energies are produced
mostly via resonance formation and decay to nucleon and pion.

14



Fig. 2.4. The diagram of the two-fold interaction process on the deuteron with the nucleon
resonances (or A isobars) excitations in intermediate states.

where s4 ~ 2AEym (see Appendix of [26]). Interaction with all A nucleons
should take place, and the intermediate mass is maximal at [ ~ A/2. For the
deuteron the intermediate mass at the absolute boundary should be

MP(mazx) ~ sp/4 ~ Eym/2. (2.18)

This case is of academic interest, only. Our aim is to show that the
whole region of final particles momenta allowed for interaction with the nu-
cleus as a compact object can be covered due to MIP, but the price for this
are the extremely large masses of intermediate states.

2.4 Features of the space-time picture of the MIP leading to cu-
mulative particles production

What is the most important: at arbitrary high incident energy the kinematics
of all subsequent processes is defined by the momentum and the angle of
the outgoing particle. In other words, for the nucleus fragmentation with
particles emitted backwards with probably large but limited by few GeV
energies, the fragmentation of nucleon takes place in the first interaction act
of the MIP, according to kinematics analysed above. The slight dependence
of the whole MIP on the incident projectile, hadron or lepton, follows from
this observation, as it was noted long ago by Leksin et al [4]-[6].

The theory of elementary particles based on the S-matrix approach
operates with so called |in > and < out| states as initial and final states
of the process under consideration. It is assumed that there is time enough

15



kf,#l

Fig. 2.5. Schematical picture of the multiple interaction process with the resonances
excitations in intermediate states. The resonances may be either different or the same in
different intermediate states.

for the formation of the outgoing particles and the fields surrounding it.
Usually it is in complete correspondence with experimental conditions, when
the elementary interaction amplitude is studied by means of cross sections,
polarization observables, etc. measurements.

Situation may be, however, quite different when the interaction of the
projectile with nucleons inside the nucleus takes place. The role of the for-
mation time in the interaction of the particle within some medium has been
discussed long ago, one of the pioneer paper is the paper by Landau and
Pomeranchuk [56] where the electromagnetic processes of the photon emis-
sion and pair production by electrons has been considered. Similar to the case
of electromagnetic interactions, the hadron formation time is of the order of

o 1/ (w — k) (2.20)

if the incident energy is large enough, where w and k, are the energy and
the longitudinal momentum of the produced particle, the axis z is defined
by the momentum of the incident particle. When the particle is produced in
the forward direction with large enough energy (momentum), the formation

16



time becomes
2w
(e’
where 4 is the mass of the produced particle. So, formation time, or coher-
ence length in forward direction, become very large for the energetic particle
produced in the direction of the projectile momentum (see, e.g. [57] for re-
view of the history of this problem and references. The nuclei fragmentation
region has not been discussed in [57]).

As noted above, for the production of a particle on a target with the
mass m; at high enough incident energy the inequality takes place:

Tform ~ (221)

w—k, < my, (2.22)

at the kinematical boundary the equality takes place. As we have shown in
this section, to produce a final particle beyond the kinematical boundary due
to multiple interaction process, in the first interaction act the particle should
be produced near the kinematical boundary, i.e.

wy — cosBiky ~ my, (2.23)
therefore, the formation time of the first produced particle
7™ 1) (wy — cosBiky) ~ 1/m (2.24)

is necessarily small, and the whole production picture is of quasiclassical
character. The interesting phenomena observed in the high energy particles
- nuclei interaction reactions and widely discussed in the literature [57], con-
nected with the large formation time of the particles produced in forward
direction, do not take place in the cumulative production processes.

17



3 The small phase space method for the MIP proba-
bility calculations

This method, most adequate for analytical and semi-analytical calculations of
the MIP probabilities, has been proposed in [26] and developed later in [36].
It is based on the fact that, according to established in [25, 26] and presented
in previous section kinematical relations, there is a preferable plane of the
whole MIP leading to the production of energetic particle at large angle 6, but
not strictly backwards. Also, the angles of subsequent rescatterings are close
to #/N. Such kinematics has been called optimal, or basic kinematics. The
deviations of real angles from the optimal values are small, they are defined
mostly by the difference AR — k, where k**(6) is the maximal possible
momentum reachable for definite MIP, and k is the final momentum of the
detected particle. kR**(6) should be calculated taking into account normal
Fermi motion of nucleons inside the nucleus, and also resonances excitation
— deexcitation in the intermediate state. Some high power of the difference
(kRer — k) /kR9 enters the resulting probability.

3.1 The probability product approximation

Within the quasiclassical treatment adequate for our case, the probability
product approximation is valid, and the starting expression for the inclusive
cross section of the particle production at large angles contains the product
of the elementary subprocesses matrix elements squared, see, e.g., Eq. (4.11)
of [36].

After some evaluation, introducing differential cross sections of binary
reactions doj/dt;(s;,t;) instead of the matrix elements of binary reactions
M7 (s;,t1), we came to the formula for the production cross section due to the
N-fold MIP [26, 36]

(k?)jx%dxldﬁl %

Ullerwwl

% 1]_\1 (d()’](sl,tl)> (Sl — 'm2 — ,UZZ)Z — 47)’7,2[1,%
=2

- 7 —»7];;
In(Po, k) = WRZGN(RA,Q) / f1(Po, ki

dtl 4ﬂ'ma;‘3’“’k;171
N k2 dQy 1
. —-0(m +wy-1 — wy — W). 3.1
11;[2 ki(m + wi—1 — zwiki—1) why (m + wy-1 —wy —wy) (3.1)
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Here 2 = cos @, 0/ is the cross section defining the removal (or leaving)

of the rescattered object at the corresponding section of the trajectory, it is
smaller than corresponding total cross section. Gy (R4, 0) is the geometrical
factor which enters the probability of the N-fold multiple interaction with
definite trajectory of the interacting particles (resonances) inside the nucleus.
This trajectory is defined mostly by the final values of k (k, 6), according
to the kinematical relations of previous section. Inclusive cross section of
the rescattered particle production in the first interaction is widoy/dk; =
fl(ﬁo,El) and d®k; = (k))323dz1, wy = w — the energy of the observed
particle.

To estimate the value of the cross section (3.1) one can extract the
product of the cross sections out of the integral (3.1) near the optimal kine-
matics and multiply by the small phase space avilable for the whole MIP
under consideration [25, 36]. Further details depend on the particular pro-
cess. For the case of the light particle rescattering, m-meson for example,
p3/m? < 1, we have

1 1 m N 1 /m

-3 11— —why)=—35|— — 1— ——(— 1-— >

o (m+wy_1 —wy — W) i ]:ZQ( 1) o p0+ 21
(3.2)

To get this relation one should use the equality

wy = ym2+ k> + k%_, — 2kky_1zy for the recoil nucleon energy and the
well known rules for manipulations with the d-function. When the final angle
0 is considerably different from 7, there is a preferable plane near which the
whole multiple interaction process takes place, and only processes near this
plane contribute to the final output. At the angle 8 = x, strictly backwards,
there is azimuthal symmtry, and the processes from the whole interval of az-
imuthal angle 0 < ¢ < 27 provide contribution to the final output (azimuthal
focusing, see next section).

3.2 Expansion in angular variables near the optimal kinematics

A necessary step is to introduce azimuthal deviations from this optimal kine-
matics, ¢r, k = 1, ..., N — 1; on = 0 by definition of the plane of the pro-
cess, (ﬁ),E). Polar deviations from the basic values, §/N, are denoted as
¥k, obviously, Y& ,9x = 0. The direction of the momentum E; after [-th

interaction, 7, is defined by the azimuthal angle ¢; and the polar angle
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O =({0/N)+1+...+9;, O0n = 0.
Then we obtain making the expansion in ¢;, ©¥; up to quadratic terms
in these variables:

2 = (fpfip_1) ~ cos(A/N)(1 — 92 /2) — sin(8/N )+

+sin(k0/N)sin[(k — 1)0/N](¢r — @r-1)*/2. (3.3)

In the case of the rescattering of light particles the sum enters the phase
space of the process
N

kgl(l — cosvy) = N[1 — cos(8/N)] + cos(0/N) % { o2 sin(kO/N)+

+- PR sin(k/N)sin((k — 1)/N)] - ‘03(9/ V) &

2
cos(0/N) Z % (34)

To derive this equality we used that oy = ¢y = 0 — by deﬁmtion of the
plane of the MIP, and the mentioned relation >3 ; 9z = 0. We used also the
identity, valid for pn = @y = 0:

1 N N
=3 (¢} + ¢i_y) sin(k0/N)sin[(k — 1)0/N] = cos(0/N) 3 ppsin®(k0/N).

k=1 k=1 (35)
It is possible to present the quadratic form in angular variables which enters
(3.4) in the canonical form and to perform integration easily, see Appendix
B and Eq. (4.23) of [36], and also section 6 of present paper. As a result, we
have the integral over angular variables of the following form:

[\

't : t 0 (% 5 0 2 et
In(AF") = []A5" = (X ok = wper/2 +0/2)] T dndds =

_ )" (et
In(EIVN(N = 2)! ()"
2% = cos(§/N). Since the element of a solid angle d$; = sin(01/N)dd,dy,
we made here substitution sin(61/N)dyp, — dg; and dQ; — ddide;, 2% =
cos(0/N). The whole phase space is defined by the quantity

(3.6)

MM Ny - (1 —a)™ (3.7)

Aezt ~
YTk po Po
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which depends on the effective distance of the final momentum (energy) from
the kinematical boundary for the N-fold process. The Jacobian of the az-
imuthal variables transformation squared is

J3(2) = Det|laxll, (3.8)

where the matrix ||ay]|| defines the quadratic form Qn(z,¢r) which enters
the argument of the d-function in Eq. (3.6):

Qu(z, 1) = anpror = z op — PP (3.9)

For example,
Qs(z,01) = Pi+ b —prpa/z Qulz,0k) = &5 + 05+ 05 — (L1024 P203) /2,
Qs(2, k) = &1 + 05 + 03 + 1 — (P12 + 0203 + P304) / 2, (3.9a)

etc, see next section and section 6.

3.3 The phase space of the MIP near the optimal kinematics

The phase space of the process in (3.1) which depends strongly on A%, after
integration over angular variables can be presented in the form

IrAeIt
q>pmn€7/76m+wN1_wN_wA)HdQ] 1\( N):
i=1 kky -1

- (ﬂﬂ)N—l(AeNm)N—z
kky_1(N = 2)WNJn(2%) (2%
The normal Fermi motion of target nucleons inside of the nucleus in-
creases the phase space considerably [26, 36]:

. (3.10)
)

AR = AY' |0 + 5 '71/2m, (3.11)

where 7, = Qm(El — l;l_l)/k‘lkg_l. A reasonable approximation is to take
vectors 7] according to the optimal kinematics for the whole process, and the
Fermi momenta distribution of nucleons inside of the nucleus in the form of
the step function. Integration over the Fermi motion leads to increase of the
power of A§* and change of numerical coefficients in the expression for the
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phase space. Details can be found in [26, 36], but they are not importanr for
our mostly qualitative treatment here.

For the case of the nucleons rescattering there are some important
differences from the light particle case, but the quadratic form which enters
the angular phase space of the process is essentially the same, with additional
coefficient:

I L s |aw o\N (ZJ%)N_Q o 92| 11
Prucleons _ ex _ — % dQ
N k(?’)’l n WN—I) / N,nucl (ZN) QN(()O/?) 2 Z:E:l 1 ll;Il l
N— _
_ ( Van ) LAWY -G -G (3.12)
C()ZN71 ( — 2)'\/>JN(Z]0V) 4m2<N .
where ) k:
%fnucl <N - ( - )C]\ — Cl (313)

143 mAw

. N . . .
with (y = (zfv) , (1 = (p?%. As in the case of the light particle rescat-
tering, the normal Fermi motion of nucleons inside the nucleus can be taken
into account.
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4 The backward focusing effect (Buddha’s light of cu-
mulative particles)

This is the sharp enhancement of the production cross section near the strictly
backward direction, # = 7. This effect has been noted first experimentally
in Dubna (incident protons, final particles pions, protons and deuterons)
[46, 47] and somewhat later by Leksin’s group at ITEP (incident protons of
7.5 GeV/c, emitted protons of 0.5 GeV/c) [48]. This striking effect was not
well studied previously, both experimentally and theoretically. In the papers
[26, 36] where the small phase space method has been developed, it was noted
that this effect can appear due to multiple interaction processes (see p.122
of [36]). However, the consideration of this effect was not detailed enough,
the explicit angular dependence of the cross section near backward direction,
f# = 7, has not been established, estimates and comparison with data have
not been made.

One of the authors (VBK) discussed the cumulative (backward) parti-
cles production off nuclei with Yakov Abramovich Smorodinsky who noted its
analogy with known optical phenomenon - glory, or "Buddha’s light”. The
glory effect has been mentioned by Leksin and collaborators in paper [51],
however, it was not clear to authors of [51], can it be related to cumula-
tive production, or not. In the case of the optical (atmospheric) glory phe-
nomenon the light scatterings take place within droplets of water, or another
liquid. A variant of the atmospheric glory theory can be found in [58]. How-
ever, the optical glory is still not fully understood, the existing explanation
is still incomplete, see, e.g. http://www.atoptics.co.uk/droplets/glofeat.htm.
In nuclear physics the glory-like phenomenon has been observed for elastic
deuterons scattering off *°Ca nuclei at the energy 52 MeV in [50] and has
been studied in [59] for the case of low energy antiprotons (energy up to few
KeV) interacting with heavy nuclei (due to Coulomb interaction).

The backward focusing effect in the cumulative particles production
has been observed and confirmed later in a number of papers for different
projectiles and incident energies [49, 51, 52]. It seems to be difficult to ex-
plain the backward focusing effect as coming from interaction with dense few
nucleon clusters existing inside the nucleus. Similar effect has been explained
semiclassically in quantum mechanics in [53], but the angular dependence
of the elastic differential cross section obtained in [53] is different from that
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obtained in our papers, see below.

Mathematically the focusing effect comes from the consideration of the
small phase space of the whole multiple interaction process by the method
described in previous section and in [26, 36]. It takes place for any MIP,
regardless the particular kind of particles or resonances in the intermediate
states. As it was explained in section 2, when the angle of cumulative particle
emission is large, but different from 6 = 7, there is a prefered plane for the
whole process. When the final angle § = 7, then integration over one of
azimuthal angles takes place for the whole interval [0, 27|, which leads to the
rapid increase of the resulting cross section when the final angle 6 approaches
the value 0 = 7.

4.1 The proof of the backward focusing for arbitrary polar scat-
tering angles in the case of the light particles rescattering

We show first that the azimuthal focusing takes place for any values of the
polar scattering angles 6y, not only for the optimal values deduced above for
some particular processes. For arbitrary angles 6 the cosine of the angle
between directions 7, and 71,1 is

2 = (Mgrig—1) = cos(0p — O—1)(1 — 19%/2)—

—sin(0), — O_1)0x + sin(0;,)sinby_1 (o) — p_1)*/2. (4.1)

After substitution sinfpr — ¢, we obtain

2 = (ﬁkﬁkfl) ~ COS(Qk — 9]6,1)(1 — 19%/2) — sin (Ok — Qkfl) Y+

Sk—1 9 Sk
TR
where we introduced shorter notations s, = sind,.
It follows from Eq. (4.2) that tin general case of arbitrary polar angles
0r the quadratic form depending on the small azimuthal deviations ¢y which

enters the sum > (1 — z;) for the N-fold process is

PE_1 — PE1Pk; (4.2)

89 S1+ S3 S+ 84 SN—2 + SN
QN (k1) = —F + 3 + P+ o+ 01—
S1 So S3 SN—-1
—20192 — 20903 — ... — 2pN_2ppn—1 = |[a||?" (b1, ..., On— )R, (4.3)
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with sy = sinf. E.g., for N =5 we have the matrix

82/81 -1 0 0
on =1 (s1+s3)/52 -1 0
g . =
|lalINZ5(01, 2, 05, 04) 0 1 (52 + 54)/53 -1 ’
0 0 -1 (s3+ 50)/54

(4.4)
sy = 85, and generalization to arbitrary NV is straightforward.
Determinant of this matrix can be easily calculated. It can be shown
by induction that at arbitrary N
S
Det (J[a][§") = =, sy = sw. (4.5)
81
It follows from the generalized expression (4.4) for the matrix ||a|| that

= VL et (lal ") (0) — Det (llall§™y) (Bx—1). (4.6)

Det||a][1 ()

where Oy .1 = 6. Since Det (||a||X") (On) = sn/s1 and Det (||a||%") (On-1) =
Sn—1/$1, we obtain easily

en SN-11 89\ SN  SN-1 _ Sy
Detllal f,(6) = (L) 2 2 _ %0, (4.7

After integration the delta-function containing the quadratic form over
the small azimuthal deviations we obtain

J0(A = [[all§" (61, .. On-Dupripr) dipr...dpn 1 =
AWN— 3)/2 51 A(N%S)/Q
~ Detlaf[§"(N = 3)! 5o (N = 3)lI

(27-r)(1\’ )/2CN_3 (gﬂ)(NfS)/QCN_?”

(4.8)
¢, = 7 for odd n, and ¢, = v/2x for even n, and N — 3 > 0, see section 6.
We obtain from above expressions the characteristic angular depen-
dence of the cumulative particles production cross section near = m:

S1 [ S1
dO' So T — 97 ( 9)

since sinf ~m — 6 for 1 — 0 < 1.

This formula does not work at & = m, because integration over the
azimuthal angle which defines the plane of the whole MIP takes place in the
interval (0,27). The result for the cross section is final, of course, as we show
in details for the case of the optimal kinematics.
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4.2 The case of the optimal kinematics (equal scattering angles)

For the optimal kinematics with equal polar scattering angles 6, = k0/N
(see section 2), and the general quadratic form goes over into quadratic form
obtained in [36] with some coefficiens:

Q" — 22?\/@(219\77 Pk, 1), Zzev = cos(0/N), (4.10)

and Vo1
Det(|]a||5") = (22']9\) Det(||al|n)- (4.10a)

It is convenient to present the quadratic form which enters the § - function
in (3.6) as

2 J2 JQ ) 2

22J3 J3 2zJ3
J12V—1 JJQV—Q‘PN—l : JJQ\ 2
e _9 — + ;1. 4.11
JJQV—Q N 22J12\771 Jz2v71<p]\ - ( )

For the sake of brevity we omitted here the dependence of all J? on their
common argument 24. The recurrent relation

1
Ti(z) = T5a(2) = 1 37%(2) (4.12)
can be obtained from (4.11), since, as it follows from(3.6) and (3.9)

Qn+1(2, 0, 01) = Qn (2, 0k, 1) + N — ON PN-1]2 (4.13)

(recall that for the N + 1-fold process ¢ni1 = 0 by definition of the whole
plane of the process), The proof of relation (4.12) is given in final section.
The following formula for J%(2%/) has been obtained in [36]:

m<N/2 B 1 mHZL:I(N_m_k)
4(4)

Det||ay|| = J3 (%) =1+
NN m=1 216\7 m‘

m<N/2 1 m
=14+ > WY CN_m-1- (4.14)
m=1 4 (ZN)

Recurrent relations for Jacobians with subsequent values of N and with
same argument z:

Reale) = Ble) = 1500 = Ba() (1= 1) = 2o heals) (419)

26



can be continued easily to lower values of N and also used for calculations
of J% at any N starting from two known values, J3(z) = 1 and J2(z) =
1 —1/(42?) (see section 6). The Eq. (4.14) can be verified in this way.

The condition Jy(7/N) = 0 leads to the equation for 27 which solution
(one of all possible roots) provides the value of cos(m/N) in terms of radicals.
In other words, we found a way to get polynomials in 1/z? with rational
coefficients one of roots of which is just cos(m/N). The following expressions
for these polynomials (Jacobians) take place [26, 36]

1 1
422’ 222
J3(/3) = J3(z = 1/2) = 0, Jy(n/4) = Ju(z = 1/3/2) = 0. Let us give here
less trivial examples. For N =5

3 1

J3(2) = 1; J32)=1- Jiz)=1- (4.16)

3 1

JP=1—- """+ —— JH = — — 417
5 FERT (5): 223 420 (4.17)
and one obtains cos?(7/5) = (3 +V/5)/8, J5(r/5) = 0.
At N=6
1 3 3 2 3
2 2 2\/
1 2 2 i 418
J() 1 2 + 162’4 3 ( 422> ’ ( ())z 3 45 ( )
see also Eq. (6.9). For N =7
5 3 1 5 3 3
2 2y/
.5 3 SRR S 4.1
T 422 + 8z 6428’ (J7): 223 220 + 3227 (4.19)
J7(w/7) = 0.
3 5 1 1 1 3 5 3
2:1_7 - 2(1_7 7) J2/:7_7 v
’s 222 + 8z 1628 Ji 2?2 + 8z1)’ (J5): 23 225 8T
(4.20)

see Eq. (6.9); Js(w/8) = 0.

7 15 5 1 3 9 1
2_q_ - :J?< -7 7—7> 4.21
Iy 12 71621 3246 2568 U3 922 T 160 6426 (4.21)
Jo(/9) = 0.
1
JE = J? <J§ - @ﬁ) : (4.22)
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see section 6 where the proof of Eq. (4.12) is given. It can be obtained easily
from (4.22) that cos®(7/10) = (5++/5)/8. For arbitrary N, J% is a polinomial
in 1/42” of the power |(N —1)/2| (integer part of (N —1)/2), see Eq. (4.14).
These equations can be obtained using the elementary mathematics methods
as well, see section 6, Eqs (6.14) — (6.16). The case N = 2 is a special one,
because Jo(z) = 1 - is a constant. In this case the 2-fold process at § = 7
(strictly backwards) has no advantage in comparison with the direct one, see
Eq. (2.5), if we consider the elastic rescatterings.

For particles emitted strictly backwards the phase space has different
form, instead of Jy(0/N) enters Jy_1(6/N) which is different from zero at
6 = 7, and we have instead of Eq. (3.6)

N 9 9 N-2
In(p,d) = [ 6]ag"—25( > di-ugn /2%+03/2)] [][[1 dwldﬁl} Uiy =

_ )" even
In-1(ZF)VN2N = 5)!! (25)N %2
This follows from Eq. (4.11) where at # = 7 the last term disappears, since

Jy(m/N) = 0 and integration over dpy_; takes place over the whole 27
interval.

(4.23)

To illustrate the azimuthal focusing which takes place near 6§ = 7 the
ratio is useful of the phase spaces near the backward direction and strictly at
0 = . The ratio of the observed cross sections in the interval of several de-
grees slightly depends on the elementary cross sections and is defined mainly
by this ratio of phase spaces. It is

O 0(z) | AF (2n—5)! In1(2%)
BxO) = ga=m =\ v DN - Dsin(a iy A

Near # = 7 we use that

T—0 .m
In(zy) =~ J R R sing (4.25)
and thus we get
Ry(0) = Oy 28 (4.26)
N =0\ "y .
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Fig. 4.1. The angular dependence of inclusive cross section of the production of positive
pions by projectile protons with momentum 8.9 GeV/c. a) pions with momentum 0.5 GeV/c¢
emitted from Pb nucleus. The error bars at some points have not been clearly indicated
in the original paper; b) pions with momentum 0.3 Gev/c emitted from He nucleus. The
data are taken from Fig. 18 of the paper [47].

with
Inv 1 (z5)VN (2N —5)!1

[(JR)' ()2 [sin(m /N)]¥2 /2R (N — 2)128 !
We need also values of Jy_i[7/N] to estimate the behaviour of the cross
sction near § = 7, they are given in Table 1 8. Integration over variable
x1 leads to multiplication Cy by factor (2N — 3)/(2N — 2), i.e. it makes it
smaller, increasing the effect under consideration. The connection between
the case of the optimal kinematics when the result is presented in Eq. (4.26),
and the general case considered at the beginning of this section, see Eq. (4.9),
can be established with the help of Eg-s (6.17) — (6.20).

Cy =

(4.27)

4.3 Comparison with some of available data

According to Eq. (4.15), the differential cross section of the cumulative par-
ticle production increases with increasing angle 6. At the critical value

e(w‘t ~7— CJZVAeJ:t7 Ecrit - — Gcrit ~ C]QVACM (428)

8The angular dependence of the cross section obtained in [53] in semiclassical quantum
mechanical treatment of the elastic scattering is do ~ 1/(7 — 0), after averaging over several
oscillations (eq.(34) of [53]), i.e. more singular than we obtained. However, it was not
indicated clearly in [53] which types of potential can lead to the glory-like behaviour of the
cross section.
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da do do
do | a Q] b
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Fig. 4.2. Angular distributions of secondary protons with kinetic energy between 0.06 and
0.24 GeV emitted from the Pb nucleus, in arbitrary units. The momentum of the projectile
protons is 4.5 GeV/c. a) The energy of emitted protons in the interval 0.11 — 0.24 GeV; b)
the energy interval 0.08 — 0.11 GeV’; ¢) the energy interval 0.06 — 0.08 GeV. Data obtained
by G.A.Leksin group at ITEP, taken from Fig. 3 of paper [51].

it becomes equal to the cross section at § = 7 which is proportional to Eq.
(4.12), and may slightly increase further with increasing 6. But near § = 7
it should derease, to become again do/dY|y—, at 6 = 7. So, the differential
cross section has a crater-like (or funnel-like) form near the backward direc-
tion. We do not provide here the detailed description of the cross section
in the transition region between 6% and @ = 7 this is technically rather
complicated problem, and not so important for us now.

N | (J&(:R)) | sin(x/N) | [(J3(zR)) sin®(x/N)] | Iy a[5] | Cw
3 4 0.866 1.612 1 0.38
4 12.83 0.707 0.999 0.707 0.32
5 211 0.588 0.655 0.486 0.29
6 |1.540 0.5 0.438 0.333 0.27
7 | 1.087 0.434 0.298 0.229 0.26

Table 1. Numerical values of the quantities which enter the particles production cross

section near backward direction, § = 7. Here Z}(f = COS(’/T /N )
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Characteristic values of A®! are defined by kinematical boundaries de-
scribed in section 2, Eq. (2.7), (2.13), and we obtain easily
At~ 02 2N(N +1) < 72 /2[N(N +1)], (4.29)

typical

so it is not greater than ~ 0.5 for N = 3 and decreases rapidly with increasing
N. Therefore, the values of € may be quite small, about several degrees.

The inclusion into consideration of the Fermi motion of nucleons inside
the nucleus leads to the change of the A’ in (3.7), (3.13) and subsequent
formulas, and the constant Cy in (4.26), but the angular dependence of
the cross section given by (4.26) does not change. Inclusion of resonance
excitation in one (or several) intermediate states leads to the increase of the
quantity A§ according to formulas of section 2, and to the increase of the
phase space of the whole MIP, but the effect of azimuthal focusing persists.
Quite similar results can be obtained for the case of nucleons, only some
technical detaols are different, see section 3. The behaviour given by Eq.
(4.15) is in good agreement with available data, the value of the constants
Cy is not important for our semiquantiatative treatment. The comparison
of the observed behaviour with predicted one according to the simple law
do ~ A+ B/+/m — 0 is presented in Fig.4.1, Fig. 4.2 and Fig. 4.3.

We selected several examples where qualitative agreement of data with
predicted behaviour takes place. In Fig. 4.1 the inclusive cross section of the
production of positive pions by projectile protons with momentum 8.9 GeV/c
is presented for pions with momentum 0.5 GeV/c ( Pb as a target) and for pi-
ons with momentum 0.3 Gev/c (He as a target)[47]. In Fig 4.2 angular distri-
butions of secondary protons with kinetic energy between 0.06 and 0.24 GeV
emitted from the Pb nucleus are presented, in arbitrary units. The momen-
tum of the projectile protons is 4.5 GeV/c [51]. In Fig 4.3 angular distribu-
tions of secondary pions with kinetic energy greater 0.14 GeV emitted from
the Pb nucleus, are presented, also in arbitrary units. The momentum of the
projectile protons is 4.5 GeV /c. Data are taken from Fig. 5 of paper [51].

There are other data where the glory-like effect is clearly seen. In
many other cases the flat behaviour of the differential cross section near
0 ~ 7 takes place, but it was probably not sufficient resolution to detect
the enhancement of the cross section near § = 7, see e.g. [60]. In some
experiments the deviation of the final angle from 180 deg. is large, therefore,
further measurements near = 7 are desirable, also for kaons, hyperons as
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Fig. 4.3. Angular distributions of secondary pions with kinetic energy greater 0.14 GeV
emitted from the Pb nucleus, in arbitrary units. The momentum of the projectile protons
is 4.5 GeV/c. Data obtained by G.A.Leksin group at ITEP, taken from Fig. 5 of paper
[51].

cumulative particles.
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5 A-number dependence of cumulative particles pro-
duction cross sections; mixing effect and polarization
phenomena

For completeness we discuss here several most striking properties of cumu-
lative production reactions which found a natural explanation within the
multiple interaction mechanism: the sharp A-number dependence of the cu-
mulative particles production cross sections, the mixing between the pro-
duced particles which belong to the same isomultiplet, and some polarization
phenomena.

5.1 A-number dependence of the cumulative particles production
cross sections

Let us begin with the sharp A-number dependence of the cumulative pro-
duction cross sections. It is a specific property of such reactions investigated
previously within the multiple interactions picture in [38]. According to [38]
the sharp A-number dependence of the cumulative particles production cross
sections finds a natural explanation within the MIP approach. The A-number
dependence of the cross section is defined by geometrical factor ® (R, 0)

-
erp {— /lll2 alp(f)dl}} ..d {exp {— /Ziil O’]\ulp(f)dl} exp {— /Z;O U]\rp(l_jdl} ,
(5.1)

where x, y are the coordinates in the plane perpendicular to the momentum
of the projectile, and the integration takes place along the trajectory of the
object (particle or resonance) propagating within the nucleus. It is important
that this trajectory has a protuberant (convex) form. This expression can be
essentially simplified if, as a zero approximation, one takes all cross sections
equal, performs integration over intermediate parts of the trajectory, and
takes the model of the nucleus with a sharp edge:

On(R,0) = nR4GN (R, 0) = [ drdyd x

xd

[ pRabz w0 IV rexp(—1)
Oy (Ra,0) = [ [/0 Wdl dz dy, (5.2)
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lo =1/(p.0). For the rough estimates we made substitution L(R4,0,z,y) —
L(R4), and we came to [38, 36]

(Ra.0)/1 lN Lexp(—1)

n(Ra,0) _WR/ N-1)

dl, (5.3)
with Lye. ~ 0R/sin(0/2) in the case of the particle propagation along the
circle (evidently, for § = 0 Lya = 2Ra, for 6 = 7 Ly = mRy). For
the crude estimate one can substitute, at § >~ 37/4, L(R4,0) — L ~
(0.3 —0.4)R40.

If the absorption of the rescattered particles would absent at all, then
we would obtain the dependence ®y ~ R%4(R0)N ~ AWNF2/3 which is the
sharpest possible dependence of the cross section due to the N-fold interac-
tion. For N = 1 we would have do ~ A — the well known result for the
weekly interacting particles.

da(A) do(4)
do(12¢C) de(12C)
- - /
100 +/ 100 /
/ 3
/ /
a Vi 6 /
/ /
+ T
/ - /
10 / 10 3
/ /
+ ¥
/ 7
/ /
/ /
1 o Lt
7 *Ca 1/
I N B | 1 1 1 1

9Be'®0?"Al S*cu *°°pb A Be'®0 Al S*cu **°pp A

Fig. 5.1. A-number dependence of the proton production cross sections at § = 137°,
Ey = 400Gev [7]. a) k = 0.95Gev/c, N = 4. Calculations performed with the Woods-
Saxon distribution of the nuclei density, oo ~ 0; o1 ~ 30mb; o9 ~ 25mb; o3 ~ 20 mb; b)
k=0.37Gev/ec, N = 3, 01 ~ 20mb; g5 ~ 15mb, [38].

The data obtained at the incident energy 400 GeV [7, 8] are in good
qualitative agreement with theoretical expectations, as shown in Figs. 5.1
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do
do(1%0)

10—

EE |

Ll | |
9BeIZC 27‘4! 64Cu ZDBPb A

Fig. 5.2. A-number dependence of 7* production cross sections at § = 160°, Ey = 400Gev
[8]. k= 0.67TGev/c, N =3, 01 ~ 28mb; o2 ~ 34mb; o3 ~ 20mb, or all o} ~ 27mb. The
error bars indicated do not include the uncertainty of measurements on the 2C nucleus,
same in Fig. 5.1.

and 5.2 [38]. The calculated A—number dependence of the production cross
sections weekly depends on the particular values of interaction cross sections
in intermediate states oy, but the protuberant form of the trajectory dictated
by the kinematics of the MIP is very important.

5.2 Mixing effect in the yields of the components of isomultiplets

The ratio of neutron to proton yields for different target nuclei, including
isotopes of Sn and N4, was studied in [61, 62]. It was observed that this ratio,
averaged over the sign of incident pions [61], is smaller than the N/Z ratio
for the nucleus which could be expected in the simplest spectator picture.
As it was shown in [37], several kinds of MIP naturally lead to mixing in the
yield of neutrons and protons and to decrease of the ratio n/p, relative to the
N/Z ratio.

It was obtained in [37] for the isobar mechanism NN — NA — NN
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that the ratio

R(n/p)1 +2NA/(10NZ + A?)
R p)e = R )2 Z A/ (10N Z + A2) (5.4)

where R(n/p)1 (R(n/p)2) are the neutron to proton ratios before and after
the isobar interaction mechanism. The limiting value of the neutron to proton
ratio is
N
R(n/p)iim = -
The nucleon-nucleon interaction itself also leads to mixing. Let us

define three independent cross sections
o1 =o0(pp — pp) = o(nn — nn); o9 = o(pn — pn) = o(np — np);

o3 = o(pn — np).

After one scattering act we obtain

R(n/ph + (N/Z)o3/(01N/Z + 03)
(01 +02N/Z)/(01N/Z + 02) + R(n/p)103/(01N/Z + o9)

The inequality should take place

R(n/p)s = (5:5)

o3 > |O'1 — 0'2‘

for mixing to occur. The limiting value of R(n/p) is

RO /phin = 5 [(01 = 02)(N/Z = 1) 4+ Vlon — 022 (N/Z — 12 + AN/ Z)0].

’ (5.6)
For 01 — 09 = 03 we obtain R(n/p)i, = /N/Z, similar to the isobar mecha-
nism.

For the case of reaction 7N — N7 the mixing proceeds effectively in
the channel with isospin I, = 1/2.

Experimental value of R}’ = 1.32 & 0.07 for Pb and ***U nuclei [61]
in comparison with the /N/Z values 1.236 and 1.260 correspondingly. The
mixing in the yields of the particles which belong to other isomultiplets, e.g.
(=, 71), also can be explained within the MIP [37].
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5.3 Polarization phenomena

Relatively large polarization of cumulative baryons has been observed in a
number of experiments, for A hyperons and for protons [63] - [67]. For A hy-
perons [63] polarization reached a value of the order 1 in modulo for emission
angle between 80° and 110°, but with large uncertainty ~ 35%, for protons
polarization reached the values ~ 0.4 — 0.5 [64]. Polarization of baryons
emitted backwards can appear due to subsequent rescatterings within the
nucleus. It is well known that the scattering off some target is a regular way
to get polarization of fermions - protons, electrons, etc. But, moreover, in the
case of cumulative baryons production the final polarization can be enhanced
if rescatterings proceed in similar kinematical conditions, as it was stressed
in [26]. Let P be the polarization after 1-fold interaction with unpolarized
target, D - parameter which defines the dependence of the final polarization
on the incident, then the polarization after the n-th interaction is given by *

P+ DP!L—I

Pn = T 5D
’ 1 + P Pnfl

(5.7)

If the parameters P, D are equal in all N interactions, then the final polar-
ization is

(D + Z‘lp)N — (D — JZ’QP)N
(D -+ {E1P)N71({L'1 -+ P) + (D — $2P)N71($2 — P)

Py = (5.8)

where
m2 = [(1= D +4P* % (1- D)|,

At D =1 we have x1 = x5 = 1, and the final polarization will be

1+ PN (1PN
Py = (1+P)N+(1—-P)N (59)

if the parameters P are equal for all interaction acts [26]. In general case,
when there are differences between interaction acts, instead of (D + )" will
enter product 1=y (D; + 21, F,), etc. According to Eq. (5.8), (5.9) there is a
potential possibility of enhancement of the polarization of emitted cumulative
baryons due to the MIP mechanism. Further measurements of polarization
of different baryons in KFR are of great interest.

9One of the authors (VK) is greatly indebted to Lev Iosifovich Lapidus for enlightning
discussion of the polarization phenomena in nucleon-nucleon interactions.
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There is no striking prediction for the asymmetry of emitted particles
from polarized projectile within the multiple interaction mechanism. It has
been observed that this asymmetry is different from that predicted if the 1-
fold interaction takes place, and it has been found to be small in a number
of experiments [68] - [74]. So, it is a clear indication that the nature of the
cumulative baryons is more complicated than the simple spectator mechanism
with the high momentum components in the nucleons distribution within the
nucleus taken into account.

6 Useful mathematical relations and formulas

Here we present for the readers convenience some formulas and relations
which have been used in present paper (sections 3 and 4). The nuclear glory
phenomenon is an example when solving the physics problem leads to math-
ematical consequences of interest.

6.1 The integrals of the /-functions

In sections 3 and 4 the following integrals of the d-functions have been used:

2m)22

_ 2 _ 2 _
I,(A) = /(5(A ¥ — . —xy)dry.dr, =T =20 (6.1)
for integer even n.
_ 2 2 _ (2m)the (n—2)/2
for integer odd n. Relations
T om B (Qm—l)!!. T o1 B (2m—2)!!
/(] stn gdg = W(QT)”, /0 s 9 d9 = 2m7 (63)

m — integer, allow to check (6.1) and (6.2) easily.
The equality takes place

1
/5(A —at— . —22)o(xy +ay+ . A y)dy . day, dx, = %In,l(A) (6.4)
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More generally, for any quatratic form in variables x;, k = 1,...n after diag-
onalization we obtain
da,...dx! 1
il Sy L(A).
\/detHaH \/detHaH
(6.5)

/6(A—ak1xk:vl)dx1 dl‘n = /(S(A—Z’IIQ——.’L’;?)

6.2 Properties of the quadratic forms in angular variables

Let t be the transformation (matrix) which brings our quadratic form to the
canonical form:
tat=1, (6.6)

where Z is the unit matrix n x n, and 3; = ;. Then the equality takes place
for the Jacobian of this transformation

(det [[t])* = J3(z) = det]lal|,  (det]|t])™" = Ju(2) = ydet[all. (6.7)

To obtain the relation (4.12) we write first the recurrent relation for
the quadratic form

Qn+1(2, 01, 01) = Qn (2, 0k, 01) + P — ON PN-1] 2, (6.8)

then rewrite it similar to Eq. (4.11), and write down the equality for the last
several terms

2
JX - PNPN-1 JX Vg — J?\Plﬂ TR o2
Jy NN z JF 7N 2 2 Jy N

(6.9)

From equality of coefficients before ¢% in the left and right sides we obtain

2
_ I

= + i (6.10)
422J3% '

2
JN

and equation (4.12) follows immediately.
The relation can be obtained from Eq. (4.12)

Ri2) = RaelBa() — g R 2) (6.11)

which, at N = 2m, k = m (m is the integer), leads to remarkable relation

Bule) = 22) (o) — 1z 2a(a)) (6.12)
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Relation (6.10) can be verified easily for J;, JZ and J3, see section 4. It
follows from (6.12) that at N = 2m not only Jy(r/N) = 0, but also
Jy(2m/N) = 0 which has quite simple explanation (m > 3; the case of
m = 2 is an exception).

For the odd values of N another useful factorization property takes
place:

B2 = (Ba(2)) = 5 () =

(B =@ (B + 2R ). (613)

which can be easily verified for J? and .JZ given in section 4.
The polinomials J% and equations for 2% = cos(7/N) can be obtained
in more conventional way. There is an obvious equality

[exp(in /N)]N = exp(im) = —1 (6.14)
It can be written in the form
[cos(m/N) + isin(m/N)N = —1, (6.15)
or separately for the real and imaginary parts
Re {[cos(n/N) + isin(ﬂ/N)]N} =1,
Im{[cos(m/N) + isin(w/N)]V} = 0. (6.16)
The polinomials in 2% = cos(w/N) which are obtained in the left side of (6.13)

coincide with polinomials obtained in section 4. However, some further efforts
are necessary to get recurrent relations (6.9), (6.10).

6.3 Cross-checking of basic relations with the help of
trigonometrical identities
The following useful relations can be verified:

(2219\,)1\]71 J% (219\,) sm% = sinf. (6.17)

Using expressions for J%(z) given in (4.16) and (4.17) it is possible to repro-
duce the following equalities known from trigonometry:

(2 6089>2 1- B smg = sind N =3; (6.18)
3 4cos?(0/3) g~ " - '
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(2 9>3 1oL Vel —sime,  N-—u (6.19)
cos 2c0s2(0/0) sin’y = sind, =4 )

2}941 3 1 0 ng N—5 (62
< COS%) (  4cos?(0/5) * 160054(9/5)> Sty = s =% (620)
etc. Obviously, the right side of these equalities equals zero at § = 7, but
sin(m/N) is different from zero for any integer N > 2. Therefore, the polino-
mial in cos(w/N) in the left side of (6.17) — (6.20) should be equal to zero.
These relations provide the link between the general case considered at the
beginning of section 4 and the particular case of the optimal kinematics with
all scattering angles equal to §/N.

Now, using Eq. (6.17), we can cross-check the basic recurrent relation
(4.12): J},1(2) = JX(2) — J{_1(2)/42*. We have from (6.17)

sin[(N — 1)g]

_sin[(N+1)¢] sin(Ng) S =
— sing (2cosp)N-1

Sy, = 2BRE T Ol SO
N sing (2c0s0)N N T sing (2cosg) N

We are using the notation here z = cos ¢. After removal of some common
factors Eq. (4.12) reduces to

sin(N + 1)¢ = 2cos¢ sin(N¢) — sin(N — 1)¢, (4.12a)

which can be easily checked with well known trigonometrical identities.
Another relation of interest which can be cheked in similar way is (6.12).
From (6.17)
9 sin(2ma) 9 sin(m+1)¢ sin((m —1)¢

M sing (2003¢)2m*1; ™ sing (2cosg)™ "™ sing (2cosg)m2

and (6.12) takes the form

sin(2ma) sin(mo)

- X
sing (2cosp)?™=1  sing (2cos¢)m!

sin(m+1)¢ sin(m — 1)¢

_ 6.12
sing (2cosp)™  sing (2cosg)™ |’ (6.124)
and after cancellation of common factors we come to
sin(2me) = Sm,(”f) [sin(m + 1)¢ — sin(m — 1)g], (6.12b)
sin
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which can be easily verified using well known trigonometrical relations.
The relation (6.13) can be cross-checked in similar way. From (6.17)
we obtain

sin(2m+1)¢ sin(mo)

J2 = y Ym — )
2L sing (2c0s0)?m "™ sing (2cosp)mL

and J2,_, was presented above as function of sines and cosines. After cancel-

lation of some common factors we come to the following relation
sin(2m + 1)¢ sin ¢ = sin*(m + 1)¢ — sin*(mo) =
= cos*(me) — cos*(m + 1)¢. (6.13a)
The left side should be transformed according to the known identity

20— 08 _ 20+ h
2
with (a—8)/2 = me, (a+6)/2 = (m+1)¢, and relation (6.13) is confirmed.

sina sinf = [cos(a — ) — cos(a+ B)] /2 = cos
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7 Discussion and conclusions

The nature of the cumulative particles is complicated and not well understood
so far. There are different possible sources of their origin, including the color
forces [75], one of them are the multiple collisions inside the nucleus, i.e.
elastic or inelastic rescatterings. We have shown that the enhancement of
the particles production cross section off nuclei near the backward direction,
the glory-like backward focusing effect, is a natural property of the multiple
interaction mechanism for the cumulative particles production. It takes place
for any multiplicity of the process, N > 3, when the momentum of the emitted
particle is close to the corresponding kinematical boundary. The universal
dependence of the cross section, do ~ 1/+/m — 6 near the final angle 6 ~ 7,
takes place regardless the multiplicity of the process. This statement by itself
is quite rigorous and presented for the first time in [76] and in present paper.
The competition of the processes of different multiplicities can make this
effect difficult for observation in some cases. Presently we can speak only
about qualitative, in some cases semiquantitative agreement with data. It is
not clear yet how the transition to strictly backward direction proceeds. The
angular distribution of emitted particles near # = w can have a narrow dip,
i.e. it may be of a crater- (funnel)-like form. Further studies are necessary
for better understanding of this point.

The glory-like backward focusing effect, observed in a number of exper-
iments at JINR and ITEP, is a clear manifestions of the fact that multiple
interactions make important contribution to the cumulative particles produc-
tion probability, although it does not exclude the contribution of interaction
of the projectile with few-nucleon, or multiquark clusters possibly existing
in nuclei. Few characteristic features of the cumulative production reactions
discussed in section 5 also confirm the importance of the MIP mechanism:
the sharp A-number dependence of the cumulativeproduction cross sections,
the mixing between produced cumulative neutrons and protons, and the rela-
tively large polarization of cumulative baryons. We have proved the existence
of the azimuthal focusing for arbitrary polar angles (rescattering of the light
particles) and for the case of the optimal (basic) configuration of the MIP,
also for nucleons rescattering. Investigation of other possible variants of the
optimal kinematical configurations, besides those considered in present paper
may be of interest, but obviously, the azimuthal focusing, discussed e.g. in

43



[58] for the optical glory phenomenon, takes place for any kind of MIP; only
some technical details are different.

It would be important to detect the focusing effect for different types of
produced particles, baryons and mesons. This effect can be considered as a
”smoking gun” of the MIP mechanism. If this nuclear glory-like phenomenon
is observed for all kinds of cumulative particles, its universality would be a
strong argument in favor of importance of MIP. Reactions where such effect is
not observed would provide more chances for revealing nontrivial peculiarities
of nuclear structure. The role of the multiple interaction processes leading
to the large angle particles production off nuclei is certainly underestimated,
still, by many authors, theoreticians and experimentalists. Further efforts
are necessary to settle this extremely difficult and important challenge of
disentangling between the nontrivial effects of the nuclear structure and the
MIP contributions.
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