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K.ill.EilHIH 

~OTOOEPA30BAffi1E ITPOTOHOB HA ff.llPAX B OBJIACT~ 

SHEPilUII 0 -KBAHTOB no 0,25 rsB 

B pa6oTe npirne.v;eHH 3KCIIepiu1eHTa111'Hh!e .n;aHHble no l1HK1110s1rnHo­

MY ~OT006pa30Bamui IIpOTOHOB Ha .ii}l.pax cI2' H~ 24 ' Cu. 63' 5n. II8 

H Pt 2 OB, 0611yqeHHblX TOpM03HblMM 0 -KBaHTaM.11 c Ma1w:1rnaJI:I>HO~ 
3H8pI'He~ 0,!3 fSB H 0,25 I's:s . EblJIH HCCJieJJ;OBaHbl 0611aCTH yr1IOB 

300 - 900 B HlliljJU>COB ~OTOIIpOTCHOB 0,24 - 0,48 I'3B/ C. AHa11.11 3 

3HepreTHqecKHx cneKTPOB IIOK83blB8eT ' qTo ecJm HHBapHa HTHOe ce­

qeHHe (:sb!Xo.v;) npe.v;cra:sHn :s BH.&e J ,... exp ( - B p ~ ) , TO 

napaMe Tp HaKJIOHa B M8HH6TCH CHJl:bl:lO c H3MeHeH}!8M 3Hepr;rn a -
KBaHTOE B 06118CTH AO 0,25 fSB H He3HaqHTe111'HO - IlpH H3M8H6IDlH 

aTOllHOro q.11cJ1a .ii}l.pa- MHlllefDI ' T .e . HMee T MeCT O H}l.epHl:lti nony -

cKe itJIHar. Oco6blli HHTepec npe.v;cTaB11He T A- aaBHCHMOCTl> 11HBap:11aHT­

Hor o ceqeHRa (BblXO}l.a). EcJIH ero n pe.v;cTaBHTb B BH;n;e f,..,., An. 

TO n oKa3aTeJI:b ~ M8HH8TC.fi CKaqKOM co 3HaqeHHH 0,6 }1.0 I,IS 

npH nepexo.v;e (E~JuaKc. OT 0, !3 r sB K 0, 25 rs:s llJ!H owiaaJtOBHX 

yr no:s ff HMnYJil>COB perHCTpHpye MblX npOT OH OB. TaKO~ CKaqoJt B 

s aaqeH.l'IB It CBH]leTeJU>CTByeT 0 601I:bll! OM BKJia .n;e B o6pa30BaIDIH 

KYMYJIHTHBHblX npoTOHOB, o6ycno:sneHHOM Mexa HH3MOI.! rreperror;rouieFmH 

WOTOIIHOBOB B HApe-11.11meHH. 

Epe:saacKl'!~ @.11sv.qecK11~ l1HCTHTYT 
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1 •. I nt,roducti on 

Recent investigations of the inclusive production of particles on nuc-
[1,2 ,3] [4 ,5 ,6] 

lei resulted in both cumulative effect and nuclear scaling. • The 

essence of the cumulative effect is that one can experimentally observe the 

particles whose production at collision with a free nucleon is kinematically 

forbidden. According to the hypothesis of nuclear scaling , if for cumulative 

protons and other baryons the invariant normalized cross section can be pre-

sented as 

.P=~f;i.. .§.. dz6 :Cexp(-T/ro)-.::::cexp(-BP?.) {!) 
'l <\ pz. cl.PcJ.Q , 

where T , P and f is respectively the kinetic energy, the momentum 

and the total energy of the detected particle, 6~ is the total cross sec-

tion, C , B and To are the constants, then the parameters C and 5 

do not depend on both the type and the energy of the incident particle, and 
[4-10] 

besides, & does not depend on the tarqet nucleus . The above invari-

ances can be achieved asyrnptotically at initial energies 2 t 3 GeV . 
[11-15] 

At present there is a num~er. of theoretical models to explain 

the cumulative effect and the nuclear scaling. Nevertheless, none of them 

permits to finally reveal the physical nature of these phenomena. 

For further development of theoretical representations the investiga­

tions at lcw energies seem to be useful. In the case of primwy protons 
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with the energy less than 100 MeV this problem was discussed in Ref. 16 

and it was found that the parcrneter b in Eq.(1) ;s independent of the tar­

get nucleus, but considerably varies with the incident energy. The author 

of Ref. 16 called this phenomenon semi-scaling and made an attempt to ex­

plain the experimental results by a pre-equilibrium particle emission mo-
[17 ,18] 

del . 

In the present work the experimental data on proton photoproduction 
1 

at maxi mum energy of bremsstrahlung a -quanta 0.13 GeV and 0 . 25 Ge~ on 

different nuclei and for different kinematic conditions are given. 

2. Experimental data. 

The r esults are obt ained at Kharkov 300 MeV electron linear accelera­

t or. The detailed description of the exper·imental facility is given i n Ref .19. 

The yiel d of protons from different 11Jclei irradiated by 0.13 and 

0.25 GeV el ectrons was measured. The intens i ty of the electrons which passed: 

through the target was measured with the secondary-emission monitor. with 

the relative errors of 2-3% . The protons were identified by the "momentum­

range" method. The momentum was measured by means of magnetic analysis, 

whereas the range was measured with the scintillator counter by the 

"maximum-pulse" met hod. 

In fact the summary yield of protons was measured in the following 

two reactions 

o+A- P+A' (2) 

e. +-A - e'"" P + A' (3) 

4 

The cross section (d15/ci.2dt)e of reaction (3) can be expressed by the 

cross section (d2~d.S2.d.E')l)of reaction (2) by the following experimentally 
(20, 21] 

checked expression 

( d
2
6;d.Qd E )e:: 0, Oe ( d.2~/ d..Sld. E )o (4) 

Then the measured sunmary cross section of reactions (2) and (3) is 

( dz6/dJ?.cLE)ex = ( o, Oc d + ~u) ( dzo/cLJld £} o (5) 

where t~ and t are thicknesses of the target and the whole material up 

to the target, respectively, in rad. len. Thus 

(d.%.Qd.E Q)a:: (d.zo/d.sid.EQ)ex·(O,Oc vb- ~r~C t..e1:zn.Q(6) 
where Q:::. (0,0c+t +""';)!{is the number of equivalent 0 -quanta.Neis 

the number of incident electrons, tlex is the number of det~cted secondary 

protons, C t ; "es into acc C'' '.'l t the corrections cau.sed by the absorption 

of protons in the tarqet and in the detector's material, by decreasing of 

the number of equivalent (-quanta due to the pair production in the tar­

get, by the energy losses in the target and by the Coulomb barrier of tarQet-

nucleus. 

For the two values of th~ incident electron energy Ee =0.13 GeV and 

0.25 GeV were carried out three groups of measurements in which the de­

pendences of the invariant cross section of reactions (2) and (3) on the 

detection angle and energy of the secondary protons as well as on the ato­

mic number of the target-nuclei were investigated. 

If the processes (2) and (3) are considered on a free nucleus, then 

at Ea- :f 0.25 GeV the two proces_ses of proton photoproduction are possible 

i.e. the Sf -meson photoproduction and the Compton effect. For t~:S0.13 MeV 

only the second process is possible. Fiq.l shows the kinematic curves of 

s-



these processes and of experimentally measured phase pof nts. As is seen in 

the case of ti~ 0.25 GeV, the protons from the Sf -meson photoproduction 

are possible only fn three points (lp =40 MeV and 50 MeV, Vp =30 ;Tp =40 MeV; 

Vp =35°). In other cases the protons are cumulative relative to the 

photoproduction. For the Comoton effect the six points are kfnematfcally 

allowed (Tp =40 and 50, 60 MeV at1'r •30°andVp=35: 40: 45° atrp =40MeV). 

The other points are cumulative. Atr~ 0.13 GeV all the measured points 

are cumulative, too. 

3. Discussion 

a) Anqu l ar ~endence. Fig,2 shows the angular dependences of the 

invariant cross sections for Pp "0.29 GeV/c, 0.34 GeV/c and 0.40 GeV/c 
Ii?. 6ll p 208 Ii! 

at Ee =0.25 GeV on C , Cu. and ~ and at E0 ,.0.13 MeV on C . As 

one can see, al l the angular dependences are nearly similar. A considerable 

asymmetry can be observed at ~p< 60 • Such a behaviour testifies to a pos­

sible significant cont r i bution of the evaporation processes at these angles. 

It is necessary to specially note the fact that the angular distributions 

on C12 at (E .. ) =0.13 GeV and 0.25 GeV are identical (at the same proton 
• MO.~ 

momenta), though at (E1) =0.25 GeV the essential contribution to the pro-,,o.,.. [22] 
ton yield gives the process of 3T -meson photoproduction , while at 

(E~) ..... "•0.13 GeV this mechanism is forbidden. 

b) The momentum spectra In Fig.3 in semi-logarithmic scale the de-
~ 

pendences of the invariant cross section f on P for the three nuclei 

are given. 

6 

If assuming J .... e.xp(-P>Pe) , then the slope parameter f> does' not 

depend on the target nucleus within the errors (see Table 1), but ft varies 
Ii! 

strongly with the initial energy ( forC ) • The tendency of decreasing the 

value of B fs observed with decreases of the emission angle of protons. 

It fs most evident for '60 and 30 angles. If in the angular range Vp < 60 ° 
the main photoproton contribution had been stipulated· by the ev ~or atfon 

process as it could be expected proceeding from the angular distributions 

fn Fig.2 (in 1'p< 60 the tendency of isotropy fs observed), then the slope 

paraneter B must have fncreasee at transition from the reqfor: ~>60° 

to the region\}p< 60 °_, since the typical nuclear temperature for the ev ~o­

ration process is of order 10 MeV, i.e. B ~ 50 (GeV/c) (B ~ 'l'2mT
0
}. This 

analysis shows that the character of the angular distribution fn Fig.2 1s 

stipulated not by the significant contribution of the evaporation process 

to the small-angle range, but by the specificity of other direct processes. 

In Fig.4 the dependences of the B on the energy of incident photons 
(g ,10] . . 

up to 4.5 GeV are given. Although the slope parameter B was deter-

mined in various momentum intervals for different (E1),.Clll• nevertheless, 

the given dependences are useful and should be explained by the future 

theory. 

c) A -dependence. The dependences of cross sections (yields) of the 

inclusive particles on the atomic number of the target-nucleus seem to be 

one of the most sensitive tests on the applicability of different theore­

tical models which attempt to explain the interaction nature. 

It has hen observed that the exponent rt in A"' -depe~ence for in­

clusive protons is larger than that for sr -mesons (under the sane kinena-
. [2.~] 

tic conditions) • It is inpossible to explain this effect by absorption 

in target-nuclei, since the total cross section of 91'" -mesons is less than 

that for the proton. Most likely, the .i ilcreasing of the .exponent It. in the 

7 
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case of protons is due to the additional flux of protons produced in inter-
~~ . 

actions of secondary particles (e.g.5r -mesons) in target-nucleus. The 

contribution of these processes to the 5f -meson production should be consi­

derably suppressed. If it is so, then the A -dependence of the proton yield 
( 

must be essentially different when the produ ction of the cxlditional protons 

is pos~ible and when i t is impossible. 

In partirular , the mentioned variations in the value of n must be 

observed at the transition over the threshold of Jr -mesons photoproduction 

on nuclei, since at E(J:::. 0.15 GeV the~ -mesons c:;_an be the source of the 

secondary (additional) protons. 

In Fig.5 :In twice-logarithmic scale the A -dependences at(fa-\ =0.13GeV 
J,.a.'11 

and 0.25 GeV for di fferent proton angles and eneroies are given. Only sta-

tisti c errors are shown. 

For the scrne momenta and emission angles of protons the exponents 

are ·different at(t~).,.a.;0.13 GeV and 0.25 GeV (see Table II). AtPp •0.29GeV/t, 

0.34 GeV/c and Vp =30 ' n. (0.13 GeV)~ 0.6, whereas n .(0.25 GeV·) ~1.15. 

Su ch a considerable jump in the value of n is difficult to be explained 

within the frilllework of the t heoretical models suggested for the runilative 

ef fe ct and nuclear scaling. It cannot be explained by the account of the 

secondary protons interactions in the final state, too. 

From Fig .5 and Table II one can see that at (Ea.) •O .25 GeV there are 
. "'4lC 

small variations of the value of exponent n. . It increases with variations 

of kinematic parameters of protons; with increasing of momentum at given 

angle and with decreasing of emission angle at given manentum. This fact 

also does not contradict the assumption about possible production of addi­

tional protons in the . interactions of slow photopions with the nuclei in . 

which they were produced. Due to the limitation of the inci dent photon ener­

gy , with the i ncrease of the pr otons energy the contribution of secondary 

.8 

( 
I 

interactions must decrease. On the other hand, for the given proton energy 

·this contribution must increase with.the deO"ease of the detection angle 

(due to the ft" -meson angular dependence). 

In conclusion the author should like to express his gratitude to 

S.R.Gevorgyan for the detailed discussion. 
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Table I 

Values of the slope paraneter El in (f;eV/c) 

in relation (1) for reactions (2) and (3) 

c'a . Cu'3 · 

60° 90° 30cr 600 900 30° 

·pf, c08 . 

600 90° 

0,250 I?,5± 2r± 24± rs± 2I,O 2r± 2I,5 22± 

I,5 2 2.5 I,5 i2,5 2.3 - ±2.5 2.8 

Q, I30 ::!O ± 42± 38,5 
2 2 ±4 - - - - - -

Table II 
~ 

Val ues of the exponent rt inA -dependence 

of the rroton yield in reactions (2) and (3) 

Ei 0,250 O,I3 

~ 0,29 0,34 o.40 0,29 0,34 . 

30° I ,I5;t0,04 I ,I?;t0104 ~O;t0.05 0,59;t0.08 6 0,62;tOOE 

600 - I,!7,;i-0,02 I ,2~,03 - -

900 r.o~.03 r.u;;1;0,03 r.2~.05 - -
.... 

IO . 

fOO 
- ~ x 

'° ~ l "'" . x 
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Fig. 1 
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FIGURE CAPTIONS 

Fig.1 The kinem ati c curves (regions) of the proton photoproduction; 

curve 1 was obtained for recoil protons in ~P-~-o'P at(Ea-) =0 . 13 GeV, 
MQJ( 

curves 2 and 3 were obtained for processes <}'P+~'p and d'N ...-grp 

at (E~)MQ)(=0. 25 GeV . The experime ntally measured phase points are 

denoted by crosses. 

Fig . 2 The relative photorroton yield s as a function of the emission angle: 

. 'the experimental points: 2•! - for Pp =0 .29 GeV/c; ~.f -0.34GeV/c, 

9, ! -0.40 GeV/c . Open points - for (tit) =0.25 GeV, dark points 

12 "'"x 6~ eoa 
for (E~)MQX =0. 13 GeV: a)-for C , b) - forCu , c) - for Pf> " 

Fiq .3 The momentum s pectra of pr otons. The experimental points: ~ and! 

for C'
2

, ~ - forCiJ~ El - for fl,20~ Open siqns for(Ell') =0 . 25GeV, dark 
MClX 

signs fo r (E~)MQJc=0.13 GeV; a)- for -Vp =30 , b) - for '\Jp =60 , 

c) - for ~p =90 . The 1 ines are drawn through the experimental 

points by the least s quares method. 

a 
Fig.4 Values of the slope parameter 5 in representationj"'exp(-BP) 

for the ~'A-PA' reaction as a function of the incident energy 

of d" -quanta. The experimental points: ~ -for ,,.p =60 ; § -for 

-\J"p =90 , g -for '\'Jp =1 50 . The data at (f~)Mu=l.2 GeV are 

taken from Ref. 25 ; at (E.,..) =2 + 4 . 5 GeV fran Refs. 9 ,10 . 
u M<LX 

Fig.5 A - dependences of the photoproton yiele in reactions (2) and (3). 

The experimental points: for (E~) =0.25 GeV; circles - Pp =0.29GeV/c, 
MW< 

triangles - Pp = 0.34 GeV/c, squares - Pp =0.40 GeV/c; semiopen 

signs for '\Jp =30 , open signs for -Jp =60, dark signs for~p =90; 

2 - (Ell')M"" =0.13 6eV and P,, =0 . 29 GeV/c; Vp =30; t -(f~)..,.i}l.13GeV 
16 

and Pp "0.34GeV/c;1/p =30 . 

The lines are drawn through the exoerimental points by the least-souares-

method . 
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K.m.EmHH 

~OTOOBPA30BAHHE IlPOTOHOB HA HnPAX B OEJIACTH 

8HEPI'l1Id 0 -KBAHTOB no 0,25 l'SB 

( Ha aHrJlllttCKOM H3blK6 ) 

EpeBaHCKH~ ~H3HqecKHtt HHCTHTY'l 

Tex.pe;!laKTOp A.C.A6pauHa 

3aKa3 I44 Bi-=05883 THoallt 299 
flpenpHHT E~li ~opuaT H3MHHH 60 x 84/I6 

flo.nrrncaao K neqaTH 23/Y-79r. I,5 y-q.Ha].{.JI. u. IO 

liaAaHo OTAenou uayqHo-TexaHqecKOH HH~opuaQHH 
EpeBaHCKOrO ~H3HqecKoro HHCTHTyTa,EpeBaH-36,nep.MapKapHHa 2 


