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1.Introduction

According to the cumulative effect [1,2] and nucleer
scaling [3,4] the invariant normalized cross section of curu-
lative baryon production on nuclei by hadrons can be presentec

in the form
e

F_Acde oM PP (1)
‘P~‘6—t EE FEN] ce > C

where C, To and B arc the representation parameters, 6* is
the total cross section of hadron-nucleus interaction. Parame-
ters T;(B)and C do not depend on the sort and energy of the
incident perticle but depend on the direction angle; parame- °
ters T,(B) do not depend on the target-nucleus. The invari-
ance of the paremeters |, (B) and C under initial energy is
asymptotic [5,6]. .

The validity of the representation (1) and the inveriance
of the coefficient T, (B) i'n the processes of cumulative pro-
ton production by primary d' -quanta with the energy up to 4.5
GeV [7,8] (end primary neutrino with the energy > 2 GeV [9,10))
on nuclei is proved only for the momentum range of secondary
protons up to 0.8 GeV/c.

According to the available theoretical model representa-
tions, the exponential form (1) is predicted unambiguously by

the cluster model only [1 1] . At some physically reasonable as-



sumptions this form of the function can be expected in the
low-nucleon correlation (LNC) models [12] , if the proton mo-
nenta E < 0.8 GeV/c and quasi-two-particle scaling model
[13], it fg < 1 GeV/c. In the fluctuen model [14] the expo-
nential form (1) can be obtained only at rather non-realistic
assumptions (at asymptotic values of proton momenmtum and cumu
lation order).

Thus, the question whether the exponential form (1) is
true or not in the region of secondary photoproton momenta
P>1.0 GeV/c proves principle.

In the present work the energy and angular specetra of

120 irradiated with bremsstrahlung

photoprotons produced on
J -quanta with maximum energy 4.5 GeV, at proton detection
angle 20 + 120° and momenta 0.7 =f = 1.3 GeV/c (in additior
to the region 0.4 = pP < 0.8 GeV/c investigated in our pre-

vious works [8,15] ) are presented.

2. Experimentel set-up

The experimental data are obtained on the "Deuteron" set-
up, the detailed description of which is given in [16]. The
set-up is located on the way of the photon beam | =3 of Yere-
van electron synchrotron. The protons with the momentum inter-
val 0.7 + 1,3 Gev/c were identified by a magnetic spectrometer
using time-of-~flight measurement. The spectrometer allows to
measure particle momentum with relative spread Ap/p =X6.5%
(for R, Z 1.0 GeV/c) in the solid angle 1.26 millisterad. Ve-

leoities of the detected particles were determined with the



help of the time-of-flight measurement system with relative
errors 4 P/yé 5%. Such measurement of velocity and momentum
allowed one to separate well protons from other positive par-
ticles (mainly from 5% ~mesons) up to momenta 1.4 GeV/c. In
Fig. 1 a number of time-of-flight spectra are given at fixed
values of the current positive polarity in the spectrometer.
As it is seen, at ] =16a (RB=1.4 GeV/c) peaks from 7 * —mesons
(in Fig. 1 peaks from 97" -mesons are on the right) ere so far
well pronounced. With the decrease of momentum the peaks from
protons broaden due to multiple scattering and energy loss in
the spectrometer scintillation counters [16].

Anelogous spectra are obtained for the current negatiwte
polarity in the magnet, in which the events at the places of P
peaks are absent.

As the number of protons the areas under the left-side

peaks are taken..

3. Ixperimental results and discussion
The yields of the reaction
1
§+C—=Pex (2)

have been measured where X 1is the residual system. Invariant

yields of the reaction (1) were determined by the relation

.gd6 . E Np .
j’Ed_‘E: R AR(aP/p)-P-NyNy ¢ )

where EP ,Fe, Np are the total energy, momentum and number of

detected secondary particles, respectively; afl end AP are



the solid éngle and momentum measurement spread; Np and NJ. are
the number of nucleli on the way of the beszm in the tergets and
 the number of eqn:l.va.lult' ¥ -quanta; C takes into eccount the
contributionsof the nuclear absorption and multiple scattering
in the target and dotootof. pairing in the target by 4 -quanta
as well as efficiency of particle detection by the spectrome-~
ter. The obtained values of invariant yield és a function of
kinetic energy (secondary puit:l.ele momentum) and the proton
detection angle-are prounfed in Table 1. Only statistical er-
rors are presSented. Acoording to our eétimates, the systematic

errors do not exceed 20%.
3.1._Energy distridutions

In Fig. 2 the proton emergy spectra from the present mea-
surements (darkened symbols) are given at various exit angles
as well ns analogous data from [1 5] for the momentum region
9, £ 0.8 GeV/c (open symbols). The arrow indicates the cumu-
lativity boundary: all the points above the arrow are non-cu-
mulativg, whereas %he ones below it are cumulative.

It should be mentioned that though the two data series
are obtained with different methods at different times (in two
independen% 3perimenta virtually), no normalizations for the
fitting of data were made im Fig., 2. The observed agreement
petween the two measurement -series testifies to small syste-
matic errors in our meeasurements.

According to Pig. 2, the cumulative proton spectra have
an exponential form i the whele momentum measurement region

0.4 B, = 1.3 GeV/c. In the previous works [8,151 it was

6



shown that the exponential form is observed for small angles
as well (in non-cumulative region .up to ‘\7',; =20°), but only in
the momentum range 0.4 <[} € 0.8 GeV/c. As seen from Fig. 2,

at increasing the momenta up to 1.3 GeV/c the spectra are flatey
tened out for small angles ("U'P =60°, 40° and 20°) and to des-
cribe them with one exponential becomes impossible.

In [17] it is shown that the cluster model [11] describes
very well the angular and energy spectra of the proton photo-
production we obtained [8].

The spectra calculations were carried out by the relation

P(A)- exp[- —L—’ Con] (4)

f AT

where V 1is the critical velocity at which the cluster decay

takes place; T.(V) is the parameter of the exponential (actu-
ally the temperature of the decaying system) dependent on YV .
If we introduce variableTy= EP-VI-} then, according to (4), the
value

oy = e (- T /1, v)) =F (Tx) : (5
will be a universal function of Ty, .

In Fig. 3 the data from Fig. 2 are given in the represen-
tation (5). The velue of the critical velocity is taken equal
to V = 0.170 (17} . If the cluster model were true for all
the energy and angle values then all the points should have
been on the same line. As it is seen, this occurs for the cu-
mlative protons (-\)P>, 90°) only. In the region of small ang-
les and high energies the deflection of experimental cross
sections from the predictions (5) is significant.

In [18] it is shown that in the two-particle correlatsan

f.



approximation the LNC model gives a satisfactory explanation
of the angular dependences of our data [8].
Calculations were done [18] by the relation

§= s-;ﬁ L2800 g (kfE(me k9 - BB g

where

(7
y .1
=[m-(5- B RT%[E- R, )(@m-Ep+ Ba] 5

is the nucleon momentum in the correlated nucleon pair system
[el; F,)," end Ep are the longitudinal momentwn and the total
energy of the detected proton; (k) is the wave function of
the correlated pair; 6‘%() is the total hadronic cross section
of Y -quenta; A 1is the constant characterizing the incre-
ase of pairing probability in nuclear matter as compared with
the free state i.e., deuteron; Z is the atomic number of tar-
get nucleus.

From (6) it follows that the value

F(K); H’(K)la=.{[a"" '(EP-PP(I)]/emz ﬁé’,'zK)\/mao K2 ®

is the universal function of the variable K . In Fig. 4 the
date from Tig. 2 ure presented as functions of K . is it is
seen, the function F(K) universality is observed in the re-
gion K £ 1 GeV only. ‘

it K > 1 GeV it seems necessary to consider the contri-
butions of highest order correlations, theoretical aspecté of
which are not suffieciently developed yect. |

In the quasi-two-particle scaling model as a universal

variable the minimum momentum Kp, fl3] of mcleon in nucleus

e



is taken which is necessary to observe the detected proton in
the given kinematics. W, is expressed through kinematic va-
riables of the reaction in the following way [19]

Kmin':'lp-:t- I—D;J*[(Eoﬁm;-gp)zfmf]% (9)
where £, and f) eare the total energy and the momentum of
incident particle; m,', is the mass of the nucleon in nucleus
on which the scattering takes place (with a good accuracy mN':

=m,- t where M, is the free nucleon mass and ¢ is
its binding energy in nucleus); m, is the scattered particle
n1ass (non-detected). In the photoproduction case m; is the
mass of the particle produced in the colli:;ion of the ¢} -quan-
tum with the nuclear nucleon (mainly § and _P. -mesons ).
In this model the invariant normalized cross section can

be expressed through two functions [19]: '
.f'G(Slt;dé'/dt) * (.P(anin) (10)

where S=zg (El , 1}’, , Pp'mi)-‘.tyt(g‘,,%' PP-mi) are common HMandel-
stam variables; dé/d-t is the differential cro3s section of the

proton photoproduction on free nucleon at the same valuves of
S eand t . The universal function Y (K,;,) is mainly de-
.ermined [13] by the momertur distribution of nucleons in nuc-

' leus,

It follows from (10) that the experimentally determinea

function r

LPax(KMi.n) = .{QX /q (S,t ) dé/d{) (11)

‘in its explicit form does not depend on the angle and momentum

S



of detected particles and primery photon energy but is a uni-
versal function of Kp;, only.

In the case of primary monochromatic beam and only one
possible channel of scattering, as in Frankel experiments,
the determination of Kp, by (9) is single-valued. In our
case, firat, the primary X -quanta are of bremsstrahlung
character, hence all photons in the energy interval from
EK= Em.m to Ezrm=4'5 GeV contribute to the reaction (2)
yield; second, two main channels of scattering (production of§f
and _Po-mesons) contribute. Hence the determination of k/:in_
is complicated. Indeed, the calculations show 20 +that Kmin
increases with the decrease of g ~-quanta energy and increase
of scattered particle mass. To illustrate this in Fig. 5 a
number of dependences of Kmin. on E g for the photoproduc-
tion of § (Fig. 5e) and P° (Fig. 5b) mesons are presentedir
As it is seen, for the given photoproduction channel K, ‘
considerably varies (easpecially at high energies and small
angles of secondary protops) in the interval of E&’ variation

from 1 to 4.5 GeV. That is why it makes sense to use instead

e
of Knin only its effective value K,,{f R
.The effective value Kf can be determined through ana-

min
3
logous values for separate channels of Kp,;, in the following

way
e$f i
Kl‘“ =i.=zﬁ-|Pedi Km‘"‘ (12)
where dl is the weight of the scattering channel determined:
by partial differential cross sections [21] .

As K:nin the asymptotic values of K. in Fig. 5 were

10 .



taken. It is justified by the fact that, as mentioned in [13],‘
W(Kﬁlis a strong exponentially decreasing function of Km,-.n,i.e.
the main contribution into (P(Km,ﬂ) give the smallest values

of K

min °
The finel expression for the universal function will have
the form
Courl Ko = Jen/ = J G(& £, d¥/at;) d
exp\ min/ " Jexy L, /‘“—i Ex (13)
iz, pe Elf
In Fig. 6 the data from Fig. 2 are presented in representation
‘ e
(13). As it is seen, the experimental points (for Kmﬁ> 0) lo-
- eff
cate mainly nearby one curve. In the region K ;. Z 0.5 this
. . esf .
curve is well approximated by QXP(—K,,,i,, /Ko) with K, =0.13
which is in agreement with the value K, =0.08 ¢ 0.14 from
the Frankel hadronic experiments {13] .
It should be noted that the observed spreads of a few
points (mainly at large momenta and at small angles of detect-
ed protong) can be the result of the fact that as K't"in. the

asymptotic values of Kg,; . were taken from Fig. 5.

In Fig. 7 angular distributions for various kinetic ener-
gies of protons axre presented. The darkened symbols’are from
our previous work [1 5] for PP < 0.8 GeV/c, and the open sym-
bols are the new data for F; > 0.7 GeV/c. To make it obvious
lines are drawn through the experimental points. The arrows
indicate the cumulativity boundaries. Statistic error does not

gkceed the symbol size.

1"



According to Pige |, vuc cuputar uistributions, firast,
have & forward directed character EB] which intensifies with
the proton energy rise; second, have no peculisrities at the
transition boundaery between the two kinematic regions.

The angular distributions obtained can be compared with
the predictions of the three theoretical models mentioned |
above (gee sec., 3.1). The results of these comparisons are gi-
ven in PFig. 8a (cluster model), Fig. 8b (LNC mo@el) and Fig.8¢
(quasi-two-particle scaling model). In all the figures the
dashed lines are drawn through experimental points for one
energy of'protons, and golid lines represent the corresponding
calculation curves. The experimental points and the calcula-
tion curves are normalized at one point only ( 17b = 100°,

T} = 80 MeV). By one and the same figures the correséonding
theoretical and experimental distributions are denoted.

According to Fig. 8a, for the proton low energies a good
agreement is observed bhetween the experimental and theoreticsal
results as to the cluster‘model. At increasing the energy of
orotons this agreement sharply worsens.

In the case of LNC model there is a rather good agreement
at low energies and large angles., At increasing the secondary
proton energy a notable difference of the form of experimental!
and calculated angular distributions is observed, and this dis-~
agreement is not likely to be eliminated by taking into account
the contributions of higher order correlations.

The comparison for the quasi-two-particle scaling model
presented in Fig. 8c shews that for all proton.. energies not a

bad agreement is opserved at the angles 19; > 80° only. In

12



the region ‘J? < 80° there are strong discrepeancies.

It should be noted that for all the three models, besides’
the normalization consatant, there are free parameters which
change the form of the calculeted angular distributions. For
all the models quite a number of calculatioms have hecn ecar-
ried out for various walues of these parameters, and in Fig.
8a,b,c the most optimal curves are presented. As to the norma-
lization, it should be emphasized that for the LNC model the
normalization constant is about 2-3, for the quasi-fwo-particle
scaling model the minimum value of the normalization constant |
is some 20-30, and the cluster model does not allow to esti-
mate its value. Thus, a3 to absolute yields, the closest and

most reasonable are the predictions of the LNC model.

In conclusion the authors thank A.Tg.Amatuni for his in-
terest in the work, S.G.Matinyan for constamt support, E.M.La-
ziev and the whole stuff of Yerevan elediron synchrotron for

providing us with Y -quantum beam.
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FPig. 1.

Fig. 2.

Pig. 3.

Fig. 4.

Fig. 5.

Pig. 6.

Figo 70

PIGURE CAPTIOIS

lsss spectra at current positive polarity in the
spectrometer magnet.

Proton energy spectra of the present measurements
(darkened symbols) at 0.7< P = 1.3 GeV/c, and
analogous data for Ppe 0.8 GeV/c (open s.ymbols)
from the work  [15] . §,{ are for 4} =20°,
¥,v for 40°, ®m,0 for 60°, 4,A for 90°,
e,0 for 120°, O for 160°.

Dependence of F(Tx) on Tk  (see relation (5)).
Experimental poin%s: © - for proton detection an-
gle 20°, A -30° O - 40° 9 - 50°)-6oe- 70%
A -8° ®B-9° ¥ -100° ¢ -110°0
120°, A =~ 130°, [ - 140°, ¥ - 150°,Q-160‘,’
at V = 0.17 and T = 52.5 Mev [17] . The solid
lines connect experimental points "by eye".
Dependence of F(K) on K (see relation (8)). The
same symbols as in PFig.2. '
Vependence of Kmin on Ey . & - for § -mesons, b -
for P. ~-mesons, Figures deiote: 1. - %30.4 GeV/c;
A, =90% 2. - Be0.4 GeV/c, +J, =120% 3. - P=1.25
GeV/c, f, =90°%; 4. - Pe1.25 GeV/c, 17’, =120°.
Dependence of 4§, ., on k¢  (see relation (13))
The same symbols as in Fig. 2.

Angular dependences of photoprotons of the present

‘'measurements { open symbols) at 0.7 € PP € 1.3GeV/d

20



Fig. 8.

and analogous data for Pp < 0.8 GeV/c (darkened

and semidarkened symbols) [1 5] 4 - at proton momen-
tum PP= 0.4 _Gev/c. @ - gt proton momentum PP=

0.44, B -~ PP= 0..52, A - PP= 0.608, (B - PP= 0.66,
O - Py = 0.69, ¥ ;PP= 0.79, V - k= 0.784, D -

P =0.98, 4 - E=1.13, O - E= 1.25 GeV/c.

A;rows denote the boundaries between cumulative and
non-cumulative megions.

Comparison of experimental values of angular depen-
dence with calculations on cluster model (&), LNC
model (b) and quasi-two-particle scaling model (c).
The same symbols as in Fig. 7. Solid lines are those
of calculations and dotted lines are drawn through
experimental points to make them more obvious.
Curves 1 - 11 are numbered for the values of momentd
B (Gev/c): 1) 0.4, 2) 0.44, 3) 0.52, 4) 0.608,

5) 0.66, 6) 0.69, 7) 0.79, 8) 0.84, 9) 0.98, 10)1.13,

11) 1.25, respectively.
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