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An analysis of angular distributions of cumulative protons produced by
primary X -quanta and hadrons is presented. It is shown that these distri-
butfons: 1) are successfully described by the exponential dependence

j'»P (cob‘op) =Cp exp (GP co) 'JP) ; if) strongly depend on proton momenta;
i11) are universal with respect to primary energy beginning with ~ 1 GeV for
Tight particles ( ¥ -quanta and JT -mesons) and with 2-3 GeV for protons;
iv) are universal with respect to the target-nucleus beoinning with 50;
v) all other conditfons being equal, they are identical for primary light
particles { ¥ -quanta and 3 -mesons) and come to he steeper for primary
protons. The analysis of angular distributions of cumuiative protons at
Tp = 3 shows that enerqy spectra of these protoris intersect ét enerqgles
TP # 0, the crossover point.on a scale of TP being essenttally dependent
on the interaction type, target-nucieus and primary energy.
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Angular distributions of cumulative protons were in more detail inves-
tigated in Refs.fl,Z] with primary protons and deuterons with momentum
8.9 GeV/c, fin [3,4] with primary ¥ -quanta with energy ur to 4.5 GeV
and in [5.6,7] with primary protons and JI -mesons with energy up to
400 Gey.

The most characteristic in these data, frres active of the sort of the
incident particie, one may consider their strong forward benaviour in the
angular region up to 120° and the tendency te fiatten out at ang?esﬁ;., > 207,

In Ref.[l"’g was observed aiso some struciure \Jp a0 1607, howavar, spe-
cial investigations {Eﬂ carried out with primary f -cuanta did naot coadirs
the presence of such a structuve, A{ present, one may consider Firmly sstab-
Tished the fact that the invartant angular districutions f}P{"J‘P; of oroiong
flatten out at 1), = 1.40”, This apparentiy s nol connected with the pro-
cess dynamics and rather implies the infivence of affecus dus to phase volume,
therefore it would be more correct to carry out the aralysis of angular dis-
tributions in the form of the dependence j?p(co:}.ﬂp) {instead of jpﬁp;

According to contemporary vepresentations. cumeiative paruicle produc-

tion is a typical case of Timiting fragmentation ef one o ¢he ebjects parti
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cipating in the reaction, in this case of target-nucleus. Therefore the regu-
larities of the nuclear scaling hypothesis are valid in this process [9] .
Of most importance is, of course, the statement that for the reaction

(1)

a+A—c+ X

the fnvariant cross section of cumulative particle production becomes univer-
sal with respect to the sort and energy of primary particles, beginning with
the energy value much less (nearly by an order) than this is the case in

collisions of elementary particles
(2)

S e (R, A)—9(A)-§(R)
where an < 4 GeV {differnt for various primary particles).

Almast 2all experimental investigations on cumulative particle production
were devoted to the establishment of universality (2) on the example of
energy distributions, f.e. it was clarified from what primary energies and
target-nucle! the eneryy spectra }(P:) / .« const or § (Tc) / 0 = const
became independent of E g and A

The same investigations for cob'O ) /P are practically not
performed except for one attempt [10] for one nzc'leus and one primary energy.
Meanwhile , one may claim that angular distributions are more informative.as
concerning the establishment of the mechanism of cumulative particle produc-
tion, since these ¢istr'l'bu<tions are less distorted by secondary interactions
in a residual nucleus than in energy spectra. Therefore it is necessary to
clarify how the angular disfributions change with varying the other parameters

of the reaction (1), whether there are observed universalities with respect

to F and A , etc.



In this work an attempt is made as to analyze systematically angular
distributions for cumulative protons in order to establish the above-stated
universalities. For this purpose the photo- and hadronproduction data ob-
tatned mainly at EPI and ITEP will be used, since these results are most

svstematical among the ones available.

1. The Shape of Angular Distributions

In Fig.l there are given angular dependences of invariant yleld of pho-
toprotons from nuclet lzc, 6'-'*(:u and zost jrradiated with bremsstrahlung
% -quanta with a maximum energy of 4.5 GeV. These results were ohtained
at a set-up "Deuteron* [11] and discussed in [3,4]. The arrows show the
boundaries of the cumulative region. Statistical errors do not exceed the
sizes of symbols. Lines show the results of a description of the data by the
functional dependence ‘

(3)
fp (cosp)=cp exp ( bocosp)
where Cp and b are parameters.

As one can see, such a representation descr'l_bes rather well only the
cumulative region data. Outside of this region the experimental dats are sys-
tematically higher (particularly for 1i{ght nuclet and high momenta of pro-
tons). Fig.2 presents analogous data from Ref.[6] fer nucléi C and Ta
and at €, = 400 GeV. As {s, seen, the experimental data of [6] are also
well described by functional dependepce (3). A11 avatlable at precent more
or less systematical data on angular distributions of cumulative protons in
the first approxintibn (just‘like in the case of the energy spectra) can be
described by the relation of (3) type, '
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2. Universalities of Angular Distributions with Respect to

Various Parameters of the Reaction

The representation of (3} type ic not necessary for the establishment
of any universalities of angular distributions. For that one can each time
construct datz in the same figure at different values of the parameter with
respect to which the universality is te be checked. These data being ceinci.
dent, one may say on the dedree of the universaiity. However the represente-
ticn of the reaction yields in the form of elementary functions {exponents
in this case} is convenient because instead of such a compiicated procedure
one can consider the dependence of & chatacteristic parameter of elementary
Ffunction {param:ter gF in the given case) on the investigated characteric-

tic of the reaction. Just these dependences of £7F wili be analysed beiow,

1.1. Oependence of the Shape of Angular Distributions cn

Momentum of Cumulative Protons

The most evident character of distributions fp(cos JP) , as shown tn
Figs. 1 and 2, is the change of slopes (i.e. %P } due to proton moments.
£ig.3 illustrates two dependences of %P on F; for primary Y -quante
with E5** = 4.5 GeV (Pb) and for primary protons with EP = 400 GeV (Ta).

3
As one can see, %o increases with proton moments aimost lineariy. Thus the

3
shape of angular dependences is not universal relative to cumulative proton

momentum.



1.2, Angular Distributions as Functions of Energy of Primary Particles

Fig.4 opresents dependences of %p on % for the nucleus 12(2 at two
eilergy vaiues of primary ¥ -quanta. The data at E ;M = 1,2 GeV are re-
calcuiated from proton energy spectra at different angles given in Ref .[_12].
As is seen, for all the momenta the parameters %P 2re equal for the two
values of primary energy. Unfortunately, angular distributions for the other
values of E;M’ are not studied systematically.

Fig.5 shows the dependences of %P( PP) for heavy nuclef Pb (Ta) in the
process of cumulative proton production by primary protons with momenta
7.5 Gev/c (Pb) [7] and 400 Gev/c (Ta) [6]. It 1s seen that at such a sharp
change of primary energy the parameter %P remains constant. In the energy
region of primary hadrons E < 7.5 GeV the most detailed are data [_5] opbtained
by primary 3] -mesons with momenta 1.2 + 7.0 GeV/c, and by protons with mo-
menta 2 ¢+ 5 GeV/c. Unfortunafely, obtained in [5] results relate not to fixed
energy of secondary protons, but to the whole range Tp = 60 - 200 MeV
( Pp = 0.35 - 0.65 GeV/c); nevertheless, these data allow one to gain in-
formation on the dependence of parameter QP upon the primary energy and
target-nuclevs. '

Fig.6 shows %P as a function of >rimary particle momentum for (5 Pb) .
and (p Pb) interactions. As {s seen, for IT -mesons parameter &P is
independent of primary energy in the whole rangé of momenta under investiga-
tion. In the case of primary protons such independence is reached &t ’

2 - 3 Ge¥/c. The analogous results are obtained for-other nuclef.

Thus, angular distributions are universal relative to the primary energy
beginning from £ o™ 1 GeV for light particles ( Y -quanta and 9 -wesons)
and at 2 &+ 3 GeY for primary protons. Note that such a universality in the



energy spectra case is observed for protons at ~ 4 GeV [_13} and for pri-

mavy K -quanta at 2 - 2.5 Ge¥ [14] » 1.e. &t somewhat lower energies.
1.3. Dependence of Angular Distributions on the Target-Nuclieus

Fig.7 illustrates the dependences of parameter ép or atomic number
of the target-nucleus for two limited values of momentum of cumulative pro-

ma.y,

tons from the reactions A=~pX at ¢ % = 4.5 GeV. One can see
that :7,; decreases with increasing A almost ‘.vineaﬂy. Fi9.8 shows the
analogous dependences in the case of primary protons and 9 -mesons at
5 GeV¥/c. In accord with Figs.7 and 8 parameter %P varies by 30% at
varying A from 12 up tc 208. If one stops on tne level of 107 change
and considers @p indegendent of A (this is usually done for energy
spectra}, then the universaiity of angular «distributions may be said about
(with 103 accuracy) beginning only with A > 50,

Thus, angular distributions becamc universai beginni'ng with A = 5¢,

whereas in the energy spectra case the same universality takes place be-

ginring with A = 0.

1.4. Dependence of the Shape of Anguiar Distributions on the
Sort of Incident Particile

From the datz in Fig.6, where is given alsc one point on { % A
{interaction, one can conclude that all other condit?cans% being efqual, the pa-
rameier f’f P is lavger in the case of primary protons than in the case of

¥, -quanta and G -mesons for which are equai, 7.e. the shape oF am
sular dependence is simiiav for primavy Yight particles (‘:‘f -MmEsoas and

Y -quante) ang becowes steeper Tor primary preiens



3. Angular Distributions of Cumuiative Protons

with Momenta Close to Zero

A direct experimental invaestigation of production of cumslative protens
with momenta close te zero is somewhat complicated due to the fact that the
avaporation mechanism in this region dominates. Therefore one can extract
the contribution of cumulative production by means knf extrapolation of ener-
gy spectra into the region TP—> O . This is zquivalent to the analysis oFf
th.: behaviour of parameter C in the rapresentation

o (o) =Cprexp (- Tp/To) W

We discussed such data in Ref. [15]. F19.9 shows the dependences of parameter
C; over (4) {1.e. J‘P (sz O)) on the detection angle for three nucled
irradiated with ¥ -quanta with the energy of E‘;M‘ = 4.5 GeyY, One car
readily see that In the ;-egionﬂjp > 70° (mainly cumalative reg‘lon)jp(g}
1s angular independent if auclei heavier than copper are used as a arget.
in the case of carhon nucie! one can observe 3 fairly 3%rong increass of

’:%-P (Q) with decreasing JP . The picture abserved means ihat the
a2nevray spectra of protens from aucief of Cu and b crass over at E},t (&
In the case of 126, ¥ such an intersection takes placa, the intersection
noint 1s in the reg‘ionTp< D (f CP (ccv}«ﬁf,} would e a function de-
creasing as CO:}.'\}? grows, then, vice versa, oo intersection point wouid
locate in the region Tp > (O }. The calculations have shown that, indeed,

JUNRE of
such an intersection takes place at 1}, = -64 + 8 He¥ {For Cu snd Pb the
ST ?b
calculated values are’ TP 2 4+ 5 MeV and TP = 1.2 & 8 Me¥, respect-

fvely).

From the available data an cumuliative nroton pfotesraduciicn snly Ref i1

D

-‘f{

&



allows one to estimate the quantity T}S at E:?Lx = 1.2 GeV. It turns out
that here _rF: = -20 + 7.5 MeV, 1.e. with decreasing the primary energy
the intersection point approaches to axis 'ﬁp= 0.

For the hadron processes similar results can be derived from Refs, 6,7 .
In Ref.[6] there are proton spectra from different nuclei irradiated with
400-GeV protons. In Ref.[?] such spectra are only for Pb at 7.5 GeV/c momen-
tum of primary protons. The processing of results [6] shows that cumulative
proton spectra at different angles intersect at the energies 1}: = 1022 MeV,
T; % .. 2015 MeV and T,f'a = 45:7 MeV. According to the aata of [7]

.rgb = 20 + 7 MeV.

Thus it is noticed that both in photon and hadron processes the point
nf spectra intersection shifts into the region of large eneraies of protons
with increasing the target-nucleus. With decreasing the primary energy for
the given nucleus the intersection point approaches to the axis'T} =0 |
However. there is ar essential difference for electromagnetic and strong
interactions. While in the former case the intersection points are in the re-
gion TP = O , in the latter case they are in TP 20

It should be noted that such type of the analysis of angular distribu-
tions at 'Tb-— © was for the first time mentioned about fn the lecture of
G.A.Leksin at the First Al1-Union School on physics of low-particle and
quark-hadron systems, in summer, 1982, at Kalinin. The lecturer tried to
explain the preseﬁce of intersection points in the region T, # O by the
influence of the Coulomb field on the proton spectra. Howeve; this concept,
as is szen from the daia presented, cannot be considered a satisfactory one.
It is clear only that an 1nterest1ng effect has been observed, which requires

a theoretical interpretation.
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