
ЕРЕВАНСКИЙ ФИЗИЧЕСКИЙ ИНСТИТУТ

ШИ-615(5)-83

K.V.ALANAKYAN, R.A.DEMIRCHYAN, K.Sh.EGIYAN

Yu.G.SHARABYAN, S.G.STEPANYAN

THE ANALYSIS OF CUMULATIVE PROTON ANGULAR DISTRIBUTIONS

1983 ЕРЕВАН



ШИ-615(5)-83

К.В.АЛАНАКЯН, Р.А.ДЕМИРЧЯН, К.Ш.

Ю.Г.ШАРАБЯН, С.Г.СТШАНЯН

АНАЛИЗ УГЛОВЫХ РАСПРВДЕЛБНИЙ КУМУЛЯТИВНЫХ

ПРОТОНОВ

В работе приводится анализ угловых распределений щщ-ля,-

тившх протонов, ровденных первичными $ ~ квантат а адронаш,

Показано, что эти угловые распределения: а.) успешно й

ся экспоненциальной зависимостью ^
р
(соаг?р) = Ср

-

б) сильно зависят от импульсов протонов; Б ) универсальны по

этношению к первичной энергии начиная с -̂  i ГаВ - ДЛЕ легких

частиц ( ^ - кванты и 5\" - мезоны) и 2-3 ГаВ для протонов;

г) универсальны по отношению к ядру-мишени начиная с А •> 50,

д) при прочих равных условиях одинаковые для первичных легких

частиц ("5 - квантов к ЗТ - мезонов) и становятся более круты-

ми для первичных протонов.

Анализ угловых распределений кувулнтавшах протонов при

Т/-0 показывает, что энергетические спектры этих протонов пере-

секаются при энергиях Т
р
 Ф 0 * при этом точка пересечения на

шкале Т
р
 существенно з-ависиз от типа взаимодействия, от ядра

мишени и от первичной энергии,
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An analysis of angular distributions of cumulative protons produced by

primary -^ -quanta and hadrons 1s presented. I t Is shown that these distri-

butions: 1) are successfully described by the exponential dependence

ip(co6i?p) = Cpexp(fepCOA i^p) ; 11) strongly depend on proton momenta;

111) are universal with respect to primary energy beginning w i t h ~ l GeV for

light particles ( ft -quanta and 5Г -mesons) and with 2-3 GeV for protons;

1v) are universal with respect to the target-nucleus beginning with 50;

v) al l other conditions being equal, they are Identical for primary light

particles ( % -quanta and S\ -mesons) and come to he steeper for primary

protons. The analysis of angular distributions of cumulative protons at

Tp » 0 shows that energy spectra of these protons Intersect at energies

Tp f 0, the crossover point-OR a scale of Tp being essentially dependent

on the Interaction type, target-nucleus and primary energy.
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Angular distributions of cumulative protons were 1n more detail Inves-

tigated 1n Refs.[l.2~| with primary protons and deuterons with momentum

8.9 GeV/c, in \ З А ) with primary $ -quanta with energy un to 4.5 GeV

and 1n [5,6,7] with primary protons and Si -mesons with energy up to

400 GeV.

The most characteristic 1n these data, 1rres, active of the sort of the

Incident particle, one may consider their strong forward benaviour in the

angular region up to 120° and the tendency to flatten out at angles'^ > 1?$'.

In Ref.[l\ was observed also some structure "do ».• 1601"', howavsr, spe-

cial investigatfens [s] carried out with primary $ -quanta did not confirm

the presence of such a structure. At present, one may consider fim%y estab-

lished the fact that the invariant angular distributions j-p("Op} of protons

flatten out at -\)o & 140°, This apparently is not connected with the pro-

cess dynamics and rather Implies the Influence of effeccs due to phase volume,

therefore i t would be more correct to carry out the analysis of angular dis-

tributions 1n the form of the dependence ip(c04-Op) (instead of ip(a)p) Ь

According to contemporary representations, cumulative particle produc-

tion is a typical case of limiting fragmentation of one cf the objects parti



dpating 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 invariant 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)

where F a e * * GeV (differnt for various primary particles).

Almost all experimental Investigations on cumulative particle production

w«>re devoted to the establishment of universality (2) on the example of

energy distributions, I.e. 1t was clarified from what primary energies and

target-nuclei the energy spectra flPc')/^.^ " 4 i^)/^ = COTtti

became independent of Eo. afld A

The same investigations for -f ( c o & i D / e , a r e practically not
c\ cVp c = con.it

performed except for one attempt [lOJ for one nucleus 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 distributions are less distorted by secondary Interactions

in a residual nucleus than in energy spectra. Therefore i t Is necessary to

clarify how the angular distributions change with varying the other parameters

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

to E and A > etc.



In this work an attempt 1s 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-

tained mainly at EPI and ITEP will be used, since these results are most

systematical among the ones available.

1. The Shape of Angular Distributions

In Fig.1 there are given angular dependences of Invariant yield of pho-
12 63 208

toprotons from nuclei С, Си and Pb Irradiated with bremsstrahlung

ft -quanta with a maximum energy of 4.5 GeV. These results were obtained

at a set-up "Deuteron" [ill and discussed In [з,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)

ip(coi-J'p ) = c p exp ( &p соь-Jp )

where C p and top are parameters.

As one can see. such a representation describes rather well only the

cumulative region data. Outside of this region the experimental data are sys-

tematically higher (particularly for light nuclei and high momenta of pro-

tons). Fig.2 presents analogous data from Ref.jYj for nuclei С and Та

and at E • 400 GeV. As Is. seen, the experimental data of [б] are also

well described by functional dependence (3). All available at present more

or less systematical data on angular distributions of cumulative protons In

the first approximation (just like 1n the case of the energy spectra) can be

described by the relation of (3) type.



2. Universalities of Angular Distributions «1th Respect to

Various Parameters of the Reaction

The representation of (3) type 1s not necessary for the establishment

of any universalities of angular distributions. For that one can each time

construct date in the same figure at different values of the parameter with

respect to which the universality 1s to be checked. These data being coinci-

dent, one may say or the degree of the universality. However the representa-

tion of the reaction yields In the form of elementary functions (exponents

In this case) is convenient because instead of such a complicated procedure

one can consider the dependence of 6 characteristic parameter of elementary

function {parameter op In the given case) on the investigated characteris-

tic of the reaction. Just these dependences of hp will be analysed below,

1.1. Dependence of the Shape ef Angular Distributions en

Momentum of Cumulative Protons

The most evident character of distributions $p(co&\)p) »
 as
 shown in

Figs. I and 2. is the change of slopes (i.e, &« } due to proton momenta.

PSg.3 illustrates two dependences of &
p
 on В> for primary tf -quanta

with E ^
a
* = 4.5 GeV (Pb) and for primary protons with E

p
 =400 GeV (Та).

As one can see, &
p
 Increases with proton momenta almost linearly. Thus the

shape of angular dependences 1s not universal relative to cumulative proton

momentum.



1.2. Angular Distributions as Functions of Energy of Primary Particles

Fig. 4 presents dependences of fep on Fp for the nucleus С at two

energy values of primary X -quanta. The data at E
 v
 «1.2 GeV are re-

calculated from proton energy spectra at different angles given In Ref.[l2].

As 1s seen, for all the momenta the parameters bn are equal for the two

values of primary energy. Unfortunately, angular distributions for the other

ma.x,
values of £ are not studied systematically.

2

Fig.5 shows the dependences of & p(P P) for heavy nuclei Pb (Та) 1n the

process of cumulative proton production by primary protons with momenta

7.5 GeV/c (Pb) [7] and 400 GeV/c (Та) [б]. It Is seen that at such a sharp

change of primary energy the parameter &
p
 remains constant. In the energy

region of primary hadrons E
a
< 7.5 GeV the most detailed are data [5] obtained

by primary Sf -mesons with momenta 1.2 * 7.0 GeV/c, and by protons with mo-

menta 2 * 5 GeV/c. Unfortunately, obtained 1n [5] results relate not to fixed

energy of secondary protons, but to the whole range T p * 60 - 200 MeV

( P p * 0.35 - 0.65 GeV/c); nevertheless, these data allow one to gain In-

formation on the dependence of parameter Sp upon the primary energy and

target-nucleus.

Fig.6 shows L j as a function of primary particle momentum for (ЗГ Pb)

and (p Pb) Interactions. As Is seen, for ЗГ -mesons parameter &p 1s

Independent of primary energy In the whole range of momenta under Investiga-

tion. In the case of primary protons such Independence Is reached at '

2 - 3 GeV/c. The analogous results are obtained for other nuclei.

Thus, angular distributions are universal relative to the primary energy

beginning from E
a
« » 1 GeV for light particles ( # -quanta and 5Г -««sons)

and at 2 г 3 GeV for primary protons. Note that such a universality 1n the



energy spectra case 1s observed for protons at <~ 4 GeV fl3l and for pri-

mary v -quanta at 2 - 2.5 GeV [14] , Ue. at somewhat lower energies.

1.3. Dependence of Angular Distributions on the Target-Nucleus

Fig.7 Illustrates the dependences of parameter &
p
 on atomic number

of the target-nucleus for two limited values of momentum of cumulative pro-

A V ™«*b

tons from the reactions ^ " г л ~ * " Р
л a t E

 x M . 5 GeV, One can see

that %?p decreases with Increasing A almost linearly. F1g.8 shows the

analogous dependences in the case of primary protons and 3[ -mesons at

5 GeV/c. In accord with Figs.7 and 8 parameter tp varies by 30% at.

varying A from 12 up to 208. If one stops on the level of 10?. change

and considers |>
p
 Independent of A (this Is usually done for energy

spectra), then the universality of angular«distributions may be said about

(with 10% accuracy) beginning only with A a> 50,

Thus, angular distributions became universal beginning with A a> 50,

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

ginning with A 5; 10.

1.4. Dependence of the Shape of Angular Distributions on the

Sort of Incident Particle

From the date in F1g.6
a
 where is given also one poiRt OK ( v A )

Interaction, one car« conclude that, all other conditions being equaf, the pe-

ramster |, is larger in the case of primary protons than is the case of

>; -quants and Si -fnesons for which are equet, 1,e, tfce shape vf ав-

gy'icr depeRdenee 1s $1я!Шг for primary light particles {
 l
JI -messns ЙПЙ

у -quanta) and becomes stespe?- i'or primary protons



3. Angular Distributions of Cumulative Protons

with Momenta Close to Zero

A direct experimental investigation of production of cumulative protons

with momenta close to zero is somewhat complicated due to the fact that the

evaporation mechanism in this region dominates. Therefore one can extract

the contribution of cumulative production by means of extrapolation of ener-

gy spectra Into the region T
p
-»- О « This is equivalent to the analysis of

tĥ f behaviour of parameter С in the representation

Me discussed such data In Ref. [15]. fig.9 shows the dependences of parameter

C p over (4) (1,e. ip(Tp= O)) on the detection angle for three nuclei
ma.x

Irradiated with У -quanta with the energy of E =4,5 GeV. One can

readily see that In the regiono/p ^ 7 0 ° (mainly cumulative region) j j n ( c )

1s angular independent I f nuclei heavier than copper are used as э target.

In the case of carbon nuclei one can observe a fair ly strong Increase of

,;fp {О) with decreasing "JL , The picture observed means that the

energy spectra of protons from aucisi of £u and Pb cross over at L,~- О .

In the case of "C, i f such an Intersection takes plats, the intersection

point 1s in the region T o < О { i f Cp(cad-\?p} would bet a function de-

creasing as COi iJp grows, then, vice versa» ifce intersection point would

locate In the region Tp > О ). The calculations have shown that, Indeed,
~_ с
!

~_ с
such an intersection takes place at !„ я „44 ± 3 ц^у (f

3 r
 c« md ?b the

^.cii . .-Pb

calculated values are l
p
 » 4 ± 5 MeV and Tp « 1 . 2 i S ?̂eV, respect-

ively) .

the available data on cumulative "iireton pfoteproducfJon s?nly



allows one to estimate the quantity T p at E ̂  « 1.2 GeV. It turns out

that here T
p
 * -20 + 7.5 MeV, I.e. with decreasing the primary energy

the Intersection point approaches to axis Та- О .

For the hadron processes similar results can be derived from Refs. 6,7 .

In Ref.[e][ there are proton spectra from different nuclei Irradiated with

400-GeV protons. In Ref.[7J such spectra are only for Pb at 7.5 GeV/c momen-

tum of primary protons. The processing of results [б] shows that cumulative

proton spectra at different angles Intersect at the energies Tp = 10+2 MeV,

—.сц, _.рь
 г

 -Ч

Tp >. 20+5 MeV and T
p
 = 45+7 MeV. According to the data of [7J

T p
b
 • 20 ± 7 MeV.

Thus it. is noticed that both in photon and hadron processes the point

r>
f
 spectra Intersection shifts into the region of large energies of protons

with increasing the target-nucleus. With decreasing the primary energy for

the given nucleus the intersection point approaches to the axis Tp - О .

However, there is an essential difference for electromagnetic and strong

interactions. While in the former case the intersection points are in the re-
qion

 T
p
 ^ О . 1n the latter case they are in T

p
 &. О

It should be noted that such type of the analysis of angular distribu-

tions at T
p
- * О was for the first time mentioned about 1n the lecture of

G.A.Leksin at the First All-Union School on physics of low-particle and

quark-hadron systems, in summer, 1982, at Kalinin. The lecturer tried to

explain the presence of Intersection points 1n the region T
p
 f О by the

Influence of the Coulomb field on the proton spectra. However this concept,

as is saen from the data presented, cannot be considered a satisfactory one.

It Is clear only that an Interesting effect has been observed, which requires

a theoretical Interpretation.
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?ig.l Angular dependence of the Invariant yield of photoprotons

from nuclei
 1 2

C,
 6 3
Cu,

 2 0 8
Pb Irradiated with bremsstrahlunp

-quanta with 4 5 GeV. Experimental points:

О - P
p
 * 0.4 GeV/c, &, - 0.44 GeV/c

}
 П - 0.52 GeV/c,

о - 0.61 GeV/c, A - 0.66 GeV/c, Ш - 0.79 GeV/c,

The arrows show the boundaries of cumulative region.
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Fig.2 Angular dependence of the Invariant cross section of protons

produced from the reactions p T a - » p X and p C — p X

at E = 400 GeV. Experimental points: A - for Pp «0.4 GeV/c,

о - 0.5 3cV/c, Q - 0.6 SeV/c, V - 0.7 GeV/c

OM 0,5 O.€ O.7

Pp., GeV/e

F1g.3 Parameter Op {from relation (3)) as a function of secondary

proton momentum for the reactions: O ~ j P b ~*-pX with

H ™Л* = 4.5 GeV and A - pTo. -*-pX WHh E = 400 SeV,
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Parameter Б р as a function of momentum of primary

S] -mesons ( A ) , protons ( • ) and у -quanta ( О )

for Pb.
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Fig.7 Parameter Ьр as a function of atomic number of the

target-nucleus for the reaction ^A -*-pX with
, max 4.5 GeV: О — at P9 « 0 . 4 GeV/c,

- 0.79 GeV/c.
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Fig.8 Parameter Dp as a function of atomic number of the

target-nucleus for primary protons ( о ) end

ST -mesons { Л ) with momentum S GeV/c.

?Ц.9 /aremeter Cc^ (from relation (4)) as a function of

the detection angle of secondary protons fran nuclei
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