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1. Introduction 

T~e ~igh luminosities and rapid va-riabilities _of c~mpact X~ray sources 

testify strongly to· en9rmous density of phOto.ns: ·fn the prod~ction regions. 

Under such conditions free e~caping of hard _gall"'lla.,.rays from the-~ sources. 
. . 

even at their efficient production, is greatly !>Uf?P.ressed _,ue to (e·e-) 

, photoproduction· provided th~at the essen.tial bearr'!'na of raCft~tion 1s absent. 

·Hertertch [1] was the fi.Tst who stressed the_ signifiCance n~ this t'lrocess 
' . ~ . 

in compact galactic X-ray sources ... CopioUs _pair produ_ctfon as a resu1t o" 

photon-photon .~ollisfons apparently 'takes p1~~e alsO· f.n ~he soUrces of 

garrma-ray bursts and in the nuc}ei of active galaxies ancl oua.~~rs · (e.9 •. 

[2], [3]). 
Basing on the observed X-ray fluxes Only and supp('ISiM that ·x-,..ays <!ll""e 

approximately isotropically distributed in the sourte,~ one_rr•ay obt~in the 

model-independent uPper· limit on the production region size Rc at 'fthich 

pair_ production on X-rays becomes inevitable. Indee~. usinp the appr~~i~te 

formula for optical depth to photon-photon collisions 

. fl). 
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where ( 
d )2 cj?x(W). 

nx(w);. R c . , 

from the condition C'lo =1 • we 0bt>~in, e.f!. for 

where d . is the distance fh the so!.rrce and Cf:'x \J" k.eV) is tfle '!.-riv' 

R 8 
flux at the ener:;y ·- W' = 10 ~eV. 0 articuliir1y c- 7 ·· Jt"l cw .f"1"1r. Cv!"' X-1 

cl ~.2.5 kpc and <Px (1~ keV)- 5"1n-?c"-2s-1 ,;v-1) anrl 

Rc""'3 · 101~cm for 3C 273 ·f .1 d::: Bf}) ·,.,fie at Ho= sc:. b_NllC s) "'rn:l 

q;,x( ----10 keV) I'V6 ·1Q-4cm-2~?j keV-1} resrJective1y . 
. ·tl 

On the other hand, it -r~l-lows froo tht" Y"rhhiHtie-s 1"1f" t~esP snlft'c-5 
~ ' I .1~~ 

that the linear sizes of the''2-1(l-"eY .f'lhoton PrOd!.lctiGin 'l"t"<"'icms C'o 'nnt ex-'>·' -

ceed those values, and tce-~~~1~,·:~·· T.l'~ ~i , if th., ra-"'iatifl!'1 is not hi,..l)lv 

beamed~ A similar situation ~~es ol?.::e i-n 'l1pny ot~er rmract X-ra_v sourcf:"s.· 

J?oth of galactic and extraga~ctic Cri'lin. Thus,. if h:o~rt o?JITtf'la-rays are in 

some way"fonrye<~_ in t;tre compabt ~-:<"y S~"~!J''="'· t~~n t!-o<'>v i11'!:e.ract efficiPntly 

with ~mbient X-ray field bej~·esc:p.in9 frOM the source. ~~ever the condi-

. ···~ .. , . I tion 1:K'X >·i 'does not r4_1y we.a-n ~hat t~ S0'JN:f' is -opaque.for-!'a~-

rays. Indeed. one of the .secOii;C: r;· f',:-:· -!~<:. rr~.~·_.:-f·-' ·~n the COMtlis'ions of 

ganma-rays With ambi-ent X-ra~: a.ca~lres ".:~£ -en;:-rc-y 
:l:~ 

electron. scattering then on ·ft,-. 
' .~·-

' the latter gainiflg approxima~l :•:· 1··~r-1e .,. ... ~.-~ .. -~~ ... ~~ ~~r,ir!e-n1: e1€'ctron 

. [s-7}. The processes of bre~:r~"'; ""' .~ :-;:· R.f'P.~""i1 , ... ~ r.~, '"'' nnl"'thef"!t'l;,1 he~ 

·~· . electr-ons aoo positronS may aws0. Y·"~ t·o tt-"' -f·n'"'1:"'~~1on nr t:inh eneror 0a~. 
ray:s [s, ;1] _ These gamna-f~ys 'i:""~n i.~:.~ll".i\Ctin"' .,..-:iti: ii'Rbient photon$ 

- ; 
·~gain produce '(e+e-) pai-rs~ arJr sc 01'\. Yt i-; .(:'!,.~-v~11JI..:rs t.tr..;ot the Sfl~triJTll nf 
. " 

"' the emerge ganma-radi.ati-on wii"1 ~-e i~·r~~ --3~~1 ~ -~ t.oJ~- t!le devi!-1opment o-f 



the hig_h-:en,ergy electroma_g;neti~ casc-ade in the source. 

In thts paper we inv~s~iga-t'e the deve.lopm~nt of rel~tivistic electron­

photon showers in coffipact X-ray sources. 

' )'he .dynamics of rel~ti~isttc :casca~e sh.ow~rs in hp.'t; pJaSYM_· has been 

studied by !1onte-Ca!lo technique. \~hen modelling ca~_ca,de., it: ~~s~ as.~umed 

that the plasma-target is stationary, i.e. the plas~a pertur~atidns ·due tO 

r~latiVist.ic electron- and .-ganma-ray b001bardnie'nt ~re aci·mifted ne91igib"ie. 

This assumption is made essenti~lly for. alL-th~ cases u~er c.9n·s1d~r~tion. 

Here we restrict our cons-icterati on to n·onrelati.vistic .1nedium, i :e. 

it's assUmed that th·e. mean energ; of' .photons and eleCtrons Of plasma is· less 

than 
2 . . ' . 

nlC = 0.5 MeV. Nonthermal -particles of electron-photon showers-are 

being tr!!ced _up· to -~the}_ne~ .. E_:.:...,roo·_keV,. later _on i't; is admitted ~heir 

"instant" thermalizatton 1": ·the plasma. E~_idently the. energy carried- by 

those· ~r,:tid~.s h't~C)_:·tb~-lll!fl~um .. ~st. ~~~lie~~ t~_an ... .total_ J:nnez:-. ener,gy. 
. - - ' 

In -s;tudyil!~-th~. dy~~s ,Of~ ·.~lectr~gnettc. c~s-ca(fe, 'd;ev~l?oed in hot 

plasmas, ·we~ took 1 nto ac~~nt ·the _·fo l:low-ing· PT"OC"esses: 

- pair P:~uct:fon 1-~ ,-p~~~on-pho_ton, col.1f~lO:~s.; 

1 nVerse coiitp~on -S'Ca-t~r1ng, of ·electron$· ( pOS 1-trons.) on ta;et tmo; 

tons; . 

- bremsstrahlung and ·a--nn•i'hi'lation of' ·electrons- ·and-- poSitrons; 
' ' ' . .,._ --

- ·sca:t:ter~ng.'of .. s~pr~~nial e-lectrons·,o~·the pl~sma· e-lectti>ns {-~l,ier 

· an(I'Bhaliha seatter'fng)'; 
+ -- . 

- 'Compt9!' .scatterin~;l-~nd ·(:e-:,e.-)·.pair .P.roduct1on·:bY -~gan'mll·~ra~ on the 

electronS and· rlu.C'l:ei -of· pla·sma~ 
, . - ' ' ! 

.:. Syrichrotr.on•en·ergy.-.·loues·· of relatbisti,c- 'ele<::trons .• 
' : . . ' . - - ... ~ . ,, ' 

In the ra<liation-dominat_'ld plasma.{ P,.,,,:f~ Psas ) the flrst:two'PfQCesse• 

play the main role in t~e: .. cascade- ~eve,~.O~nt ._ though_-;th~ in_ter.:aCtiOns- -wtth 

• 



. I 
anibient thennal electrons (espeCially the annihilation 'of thenna"1ized po-· 

sitrons} also become essentiC!-1 in forming the garmla:..ray speCtrum fn th~ ·loW­

energy ( -mc2 ) re_gion. 

Consider' now the microsc~oPic prcrces.ses ·responsible for the cascade de­

velopment iin hot pla-smas. 

2. Interaction Processes •, 

A. Pair Production in Photon-PhotOn Collisions. 

:t? -. 
·'-1'-he total ·cross section of the process is detel"''l1fned by einress1on 

(e.'9: [wJ ) 
(3) 

where t';~·=eYmC2 is the claSsical-radius of the'electron, j3
0
=vjc 

is the veloCity .:Of the ·electron (positron) in thE! centre-o't-momenttJ1T1. ( c .m.) 

·frame\ 

Let Ecr and CJJ" be the energies·o: the two ·colliding .photon.s, and 

e be the ang~e of coll~si'on. The relation -between E( ' Jif • flo. and 

e ·can be found frcm the conditio'n of .relativistic invariance of the 

total foUr-momentum: 

(') 

where E~- is 'the electron (positron) ener~y in the c."rr..-fraMe. 

The probability of gamma-r~y absorption on the unit 1engt't1 Hhen pass.inq 

through isotropically. distributed photon g'as w-ith density n(c.dJ is 

* In' the following -for simpliCity we tak.e C = 1i m•L 

6 
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( 5) 

I 

Introdudn~ S= ~ WEt(1-cos6) "!IV~ p~ssinn,~ro!'l't~e infe0rat_ion 

OYE'r a t~ t1'1e integra_tion- over $ one Ot:tains 

\ihere 
s.(w) 

lf (So (w)) = J S 6 (S)ds; 
1 

2 _ 26ee (sJ 
o(s)- grr.•-

- 0 ' 

• 

Analytical integration of"·~· (7) has_ been per~ormec' 1:-y r;nu1<' art:' , 

·schr~der [11] . The ilSyr.·ptc.tic exprf'SS~ ')rlS for the_ -¢'unction If (So)· h<!V€ 

a form 
- ~Lg 

'f(So) = 2So (en 45
0

- 2) t en4So (en 4So -z)- _3 ___ t 
r.o,, 

+S~1 
(en4So + 9/8)+ --- s. ~ 1 ; 

lf(So)= ~ (S
0
-1)'k + ~ (Soc!)%-(150J;"420)(S#1)V2' 

/ 

(So) 

·s.-1«1. 

The differential cross section o7 the process can h<:: _written as 

·e.g. [10] ) 
' 2 • 

d6pp = 2 (1-.)302)JloUodQ~, 

7 
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where 

1"".2J3~sin'e• -Jlo•(t+s~.n•e•) 
( 1 - Jl:· cos 2 e·;z 

• 

f9* is an angle between vectors K and P in the c.m.-frame; P is 

the m·omentum of one of the electrons. 

The energies of the ·produced elect~· in the laboratory (l) fr~me are 

equal to 

(10) 

and the emis§ion angles.re~'ative to·total momentum K1 + K2 are 

(10'1 

Here 

The spectrum of the_ s·econdary' electr:-o~s and positrons in the case of 
' . 

isotropic and monoenergetic field of low-energy photons ( W« 1 } has th~. 

form [4] : 
~- ~r;,Z ·[· 4E.2 en 4w(E-Ee)Ee _. 01) 
dEe - 4w'E} (E-Ee)Ee E · 

2 (2wE-f)E
2 (j j ~ E) e• J 

.- 8CAlE+ (E-Ee)Ee - - iw tE-·Ee)'Ee' ' 

wher~ f;e ~ E ± E ~ E K • The va.riatfon ra·nge of Ee is de-

termined from· the kinematics of the reaction 

8 



~---~---------~--~--- ~---~------···---

The electron spectrum is symmetric relative to energy 

In the case of E;r + W this point corresponds to the minimum Of the 

_spectrum, the spectrum displayf,ng t~o strong maxima' symmetric with reso:ct 

to the minimum. At Er--W the maxima approach each other. and in the 

case of Er = W fuse tog_ether, bringing to the logarithmical diver-

gency of the Spectrum, which does not h9Wever lead to the divergency of t~e 

t~tal cross secti~n [4].. 

The spectrum shape depends strongly on the parameter So = ~Et 
At the secondary electrons have a flat spectru,.. Tf 

S0 >> 1 , the maxima become more expressive, one o<F the electrons oain­

ing approximately the' whole energy of the high-ener~y ga~a-quantum. 

<_Ee-E,r ) [4] . The spectrum of produced' electrons evidentlv ~an ~e 

smoothed, if the field ph~tons have some broad dists1butfol1 functiOn n(W) . 

The Monte-Carlo stmulati6n of the pair chara-cteristics for arbitrary distri­

bution of fi~ld photons n(Ci>) based on the j:ross sectio11 {9) and kinema­

tic relationship (10) is described in the Appendix. 

B. COmpton Effect. 

The total cross se'ction'of the c·ompton scattering of the photon with 

energy W and the electron with energY Ee in the L-frame ls equal to 

(e.g. [to]> 

6. = 2.m;,• [(1·4jx,-a;x.nen(1+x.,)+V2+Bjx,-tj2(1+x,) 2 J, 
c x, 

( 1 ?) 

where X.1 = 2wEe ( 1-j3 coS 6) e is the'Sc~tterino anQ1e 

and J3 is the_ electron v-elocity in the L-frame. 

The probability-of the electron collision· on the unit 1en~th nassing 

9 



trough isotr·opica1ly distributed photon gns with ':'ensity n(w). is 

d'C'c = _1_ (\ .i_6,n(w)(1-jlcos8)stn6d8dw. 
dx Jl J J 2. · 

Changing variable integril.tion for .e by X1 cne ohtoins 

· z· 200 , · 

.d'C", grr, ( 1 ) r -2 ) ( )'\d dx =~ 2Ee, jw n(W 'f X 10 (W~ Ci!, 
0 

where 
X4rft+J3) 

'f(X,0 (w)) = ~ x,6, (x,)dx.,.; 
"X.toO~ft)· 

6, (X,)= q(x,)/2grr;';. X,0 =2wfe . 

A:ter integration over x1 fo~V(Xw) W'~ h?.'Je 

- . Xto(1"""J3) . . . (' en (1+X,) 
\f(X 10) = F(1•J3)- F(1-j3) -X.,0 j3-4 J · x,_ dx,, 

x 10 (1""fl) 

(14) 

The differential·cross section of the process can be expresseA thro'J\")h .. 
relativistic invariants x 1=2wo (Eo+Wo) a.nd X.z. = 2(ti0 ( Eo +.t#o cos B.) 

(e.g .. [!OJ ) : 

d6 = r: 2 Zw~ u d..Q"' c 0 x, 0 ' 

(15) 

10 
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where 

'·', .. and E.:.('·'·'+ 1)112 
- 1 f h d 1 d e~ w w are energ es o p oton an _-e ectron an 

is the angle between momenta_ K and K' in the.c.m.-frame. 

Relationship between (1) 0 and part_ic1es,1 p.iraWe'ters in" the L-fral)le -i_s 

~eterni'ined. from the condition (P+ K)'::i.nV 

x., 
w.= 2~ 

The energ'ies and emission angl'es (relative to total momentul"!) of photOn 

and electron in the l-frame after scatteririg are 

where 

w>x,w,( 1-flccose•), 

E~ = Yc Wo ( 1 ~ .P,fl. case·); 

(P; + K,/ .v,.=(1-A,')-Vz ,· J3,= Ee+W ' 0 .r, 

(16~ 

(17) 

In the- case of the inverse Comp-ton·~scatterfng .( Ee-t' >> W ) of re-

1_ativistic eleJ:;trons on the-1Sotropically distributed photon field the 

sPectrum of Single scattered photons essentially depends on par.ameter 

g:::: 4cpf: e . ·At g· « 1 · the sP~ctrum. m~notonously · ~e.creases with 

incre_asfng energy ~f sca·tt~_red_ pfloion(12]. In the.'o.ppOsite lirrift- { ·g-">> 1 

a strong rise of the spectrum is revealed near the upper 'kinematic ECly>c. 

l1 



i.e. ·affer the single _scatterfno hfoh-enerqy 

photon is produced, the. latter gaining approximately the whole eneroy of the 

relativistic electron [5-7]. 

The cr9ss section of the process becor1es essentially simplier when 
' hish-energy photons are scattered by nonrelativistic electrons, i.e. the 

condition Ee:.1<<W ·{di:rect Compton sc.atterin()) holds. Particularly, 
' the tot~l cross section is described by Eqs. (12) with 1(. 1 = 2W 

' Ee"' 1 ) afld the differential cross section. is 

(18) 

where E';UJ 2 (l-cos8r)/[1+w(1-cos6r)]+1, 

and W 1 varies within the li~its 

The s-cattering angles of photon and electron ?re respectively 

(19) 

" The Monte-Carlo simula~ion of parameters of scattenid .electrons and 

photons for ~rbitrary initi?l distributions is described in the Appendix. 

C. Annihilation of Electron-Positron Pairs~ 

The total cross section.of free.annihilation of an electron-positron 

p·air (neglecting the formation of positr~nium prior to annih11t~tfon) into 

two photons is (e.g. [lo] ) 

12 

' ................ ·-·~-.......... .:.-.. -.. ~- ......... ~ .......... .. 



e 
[ 
~fto 

Jlo 
(20) 

where is the positron energy in the rest fral"''·e 

of the e 1 ec_tron. 

The differ_entlal cro.ss section of the prOcess in the c.M:-fraf!le rr~ay ""' 

expressed in the form (e.g. [10] ) 

where 

. e 
1-Jl, u dS2* 
fto' 

0 

t+2J3,'strte'- J3:( 1+stn4·e•) 

( 1..: fl: cos'e*)' ,, 

-- .B*'" is the angle·betWe(!:;. .... 1t\, and--~ 
electron (positron)- in the €.m.-frame. 

and, j3
0 

is the vel,ocity_ of 

' . 

EnergiiS and angles Of emitt.ed annihilation· photons r'elative to the · 

' dir&tion of iriitial positron in .the rest frame of e-lectron are 

'I 

where 

e,, 2 = a.r:-ct~ [ 

~c= (1-J":;-'/a 

slnB* · J 
l!'c ($3, :t~o$19*) 

(22) 

I_n the general case the rilethOd f?r Mpnte:...Carlo simulathn of oaralT'eters · 

of .-annihilation photons for arbf trary. distributions of el ectroi'!S -1 s rlescrib­

ed in th~ Appendix. 

Irf the case of. rest electronS, i.e. When suprathermal 'pos1_tr-ons are 

r ii1je~ted in cdi'd mediUm ( E+>>KT« f }, ann1Mlat1on~takes place both 

. 
13. 

,.,. "~''"''''"''"'-· 



before and after ihermalization of positrons. /o.nnih11ation of" supratherme~l 

positrons leads to- continuous s,pectrum of photons r~: q] 

1 j . 
2·( E + + i - P+) ,;, w .; 2 ( E + + i + P +) , 

(21) 

where Pt .lnd E+ are initi~l momentum and ~nergy of' annihilatinr:! posit-

'· ron in the L-frame. 

The spectrum {23} 

the point of mi~imum 
"" displays two stronq maxima sy"r.nnetric with resoect to 
'· E++·1 

WmLn _= -z-- . The maxima are .reached near two 

ed£les Of kinematic ran9e {23h In the case· of annihilation of relativistic 

positrons ( Et >> 1 
points W ~ 0,5 

) "with· rest electrons the' rnaxi~a are reC!checl in tt>'~ 

and w·= E+ + 0,5 , i.e. one of the annihilation 

photons gains approx-imately the whole energy of the positron·. 

' However only small pbrtil1n of rel.ativisti.c positrons ~nage to ·annihi-

late before thermalization. Due to ionization, Compton an~·sync~rotron ener­

gy losses the main part of pOsitrons annihilate after thermalization in the 

n;;edium. ·As .. a' result. the 0.511 line and perhaps 3-ohoton continuum of pOsit­

ronium are. formed. The annihiiattOn spectrum formed in cold medium· . / 

(T ·~ 106K) has be~n c~nsidered·in detail by Ramilty.and c~-workers [13,14] 

'In the h~t plasma (~ >> t06K} (e+e-) pairs annihil~te·,ainly in the free. 

state. before the formation of positroni·um. 

Annih~lati,on _spectrum of hot Maxwellian plasmas has been recently cal-

- culat.ed by a riumber of a_uihors. Jn twoi.ext~ lfmits the radfatfon/ soectrum 

maY be expr.essed in a simple_analyt1c'al * .;form [ts, 16] * . -· ~· ·. . 
Here~fter we use the-physic-al constants ·ffi alld ·c ·~xplfcitly._ 

14 



tnd 

dN _ 
dw - n, n_ 

ci N :: n JL ;nr.Z c 
clw • ze" (en 8-j\ !'L € -W/Smc' 

TLE ') me!. Scu >>mce 

J "• ~o,5616; Ll. :wjmc'- 1 ;' .8= KTjmc'): 

(25) 

At low terrrperatur_es (- t<T<< mc 2 ) the SneC.t~m has a ll'axill'um at· 

{r)ma.:c::::mc2 +3/4KT, the mean enert']y of 1Jho'tons t-ein~J equi'il- to· 

<"c.u>=!md~·+'3/2KT The P~HM of the line is equal to 2-Jenz'x 
·. eYemc2 . . 

At relativistic temperatures { t<T >> .~c2. ·}the .maxiwurri 0~ snectru'1'1 

is at Wma:c=mc2+1,2 KT; the ~mean energ.r_ Of ph_otons is e(!ual to 

, and FWHM ~ 2.5. KT 

D. Pair Production _by Ganma-Rays, BremSs1:.ra'h·lung. !tnd Scattering of 

Electrons a·nd PositrOns in the &ases. 

A lot of reviews are devoted to these processes. Since here we exa~ine 

the development of the electrOO.Qnetic 'cascarle in nom•P.latiV.i_stfc nlas!"''as. 

we may assume that the plasma's _ele'ctrons and. ions are in rest. Tf·JerefOre 
\ . ' . ' 

-we may use well-developed·metheds aPPlied for si~latino electrOma9netic 
• I • - . . , ' • . 

cas-cade showers in the gases. Here we applied ttle s1111Ulation llle-thods suooest;.. 

ed by Messel and Cra~ford [17]. In itre cala.lations ct~ta.stroph1c events were 

considered ·to be only those at which the en_el-gy of the·Sl!'condary products 

. of reactio!ls (knock-on electrons·;_ bt!'emsstra·hlung photons-) -eXceeded ton k:e_V. 

For the low~r ener~ies of secondaries ·cont1nu~S enercy·los~es- due ·to­

bremsstrahlung and e+ -~ e""' aiJd · e- - e- scatterings have been introduced. 



E. Synchrotron Radiation. 

A more important Process, connected with interactions o-' char!=le<' uart­

icles with moderate magnetic fields. is the synchrotron radiation o~ elec­
trons. The spectrum of the radiation has an asymmetrical shaoe with Max1mul" 

at the energy 

• 
W: 5 ·10-s ( Eejmc'f H-'- eV 

':lhere in the case of chaotic• fields H; := ~ H2. 
Hence, X- and gamma-rays -can be ef-FicientlY producer! due to this oro­

cess only at extreme magnetic fields and electron energies. That is' ~hy in 

calculations this pr~ess as we11 as the Comq.ton scatterino of reh_tiv1st1c 

electrons on the low-frequency (_oPtical, radio) photons h<'ve been treatecf 
from the point of view of energy losses of electrons. For the rate of con­

tinuous (noncatastrophi.c)· energy losses we used the well-known formula [12] 

(26) 

\ 

where WeM:: Wr + H'/8g]" is the summary energy density of ma-gnetiC 
field and low-frequency photons. 

I 
3~ Results 

The most important parameter characterizing development of eleGtroman­
Ofi!tic c.ascade initiated hy rela,tivistic electrons· anr~/or g!M!Tia-rays :fn pho'f.on 
gas i,s the_Qptical deoth to photon-photon collisions. f;vidently at 1:40 < 1 
the region is transparent for gamma-rays and·hence the efficiencv of electron-
photon, shower formation is negligible. 

In Figs.la.b.c the e~caping spectra of gamma-rays from the active re-
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gion normalized per i_ncident particle are presented assumi1=1o 'that Sl'lherica1 

region, is isotropicaHy and ho_mo?eneously filled with the rronoenergetic 

X-ray photons and density of initiating cascade moMenergetic and isotropic, 

gamrr.a-rays rduces with increasinq the radjus. as r-z. . The -last assumotior. 

is inessent1al, espeeh11y at 'L.r¥ >>· 1 • It can be se!'!n from the comnari_s..,on 

' of Figs.la and lb with Fig.2, which corresoo_rids to the case. when the ini-

·_ tiating gamma-rayS are produced in point source, loC'I.ted in the centre of 

spherical X-ray photo'n cloud. 

The· spectra in Figs.la,b,c correspond to the values of optical depths 
' ' 

1. 10 ·and 100, respectively ( nx is the densit~' 

of ambient-X-rays, R is the radius of the' aCtive re')ion, ·and 6(t is 

the total pair productior;~ cross section, averaged over tl fiT _. rt ,.,as ~SSUI"'ed 

'' 
that the plasma particle density is essent~ally less than the photon density 

in active region of cascade development. Due to gen.eral symrretry of t~e re-

. ~io~. the· results d~pen.d only on the product nx R . From Fig~la (t'n? 1 1 

it follows that approximately half of the initial gamma.-r<'!ys e·scal'le freel_v 

from the region. The rest lead to the production of secondary p.hotons. elec·· 

trons and posi.trons, 10% of initial energy being released fn rohoto~s. ·an~. 

""40% in electrons and positrons. The _spectrum of escaping pho_tons essen­

tially depends both on ambient X-ray e~eY.gy ·w~ and on initi~l qamma-ray 

energy. 

The esc;;tping ga11111a-ray spectrum .is standardized when increasing the 

optical depth 1:~1 .. Indeed, at 'l:KK = 10 (Fig.lb) th~ power-la.,.1 spectruM 

of .secondary photons in the range of ( Ec being 

the threshold of phtitoproducti_on corr.e~pon4ing to- <cos e > =0 ) ls "oM"e~. 

practically independent of initial energy of photon; abOve the ener,qy Ec 

the spectru.!ll is steepening and further: on it·.becomes sOI'iewhat harder due to 

~scaping of hfg_h-energy ganma-ra}'s produced _on periphef:-y 'o-f the active re-

11 



gion. ~1ore than 70% of ir.itial gar..r.1a-ray enerny is transf'~rrec' into SIC!cond.3-

ry 1->hotons. with the energy ~ Ec ·• f_t;>r •:lhich the 's.,iJrce is tranSN!rent: 

and approxima-tely 15-20~ tra~-;f'or-~r! into ~scaoinc relath'istir e1!'ctr-:-r-; 

an~ r0sHrpns. ;'~e -Ca1cu1ations-sif!\1 t~a·t the rf'Stt1ts r!ep~n~-•·•e;>\:;1•:! f'lfl t'"IP. 

.soUrce JeO""·etry end initial Spectrufl' 0"' ga~n-rays. r~·s irt!"res~'!nf" ""o note 
' ' I 

that the sio~ihr results are ohtrlined also in the case wPen the r-'lsbrlP. is 

initiated by relativ-istic electrons. 

The spectr•JM of seciJndary !Jhoto-:s col"les to complete standi!rd at extre!l'~ 

values of the optica1 deoth· ~tO . T~is is seen fro~ Fin.lc whfc~ corres­

ronds to''t'rt = 100. Tile energy spectra have power-hw hehavinur with powe!'l 

index rz 1.s up to the eneriJY Ec and ~ut-off sharf)1-y at Ey ~ Ec . 

At suc-h great values of 7:%% the most efficient production of positrons 

a~d electrons takes place: 2 pairs Per one initiating particle with 

Eo= 200JT1C2 , and ...... 20 pairs for Eo= znon mc2. Due to Corn!'lt!)n 

,energy losses, Ol'llj the negli1ible part of.these e1ectrons .( .-...n.!~) escane 

through tne act1ve ·region' having relativistic energies, and their luminos~ty 
. ' 

'is not grea1E!:~ than ...... 1% of the garrma-ray one. These results have- sil"lrle 

phys:~cal' explanation. Inc!eed, at "t¥0 >> i the !"laXi~m nu~her of el~ 

tron-oositron pairs· produced by a sinqle initi~ting oarticle is eQUal to 

K- Eo/Ec ::_I£
0

Wo/m2c 4 , where Eo is the energy of initiat'in~ rqrt-

icle, Wo is the fi.e1d photon- energy. Jl.t E,· 200mc2 a'nrl 

Eo= 2000 mc2 one finds anrf ........ 20, reSoectively, GD0 he-

ing e~ual to o.oz·mc2 .. 

The p_roductio·n a'!._d escape of relativistic~ electrons comes to be most 

e'fficie!ht at "C'¥0'""' 1 ~ 10·. The escapfng electron spedra for the valUes 

of '?::rt = 1 and 'Ln = 10 are presented in Fig.3. Whereas at l:'u-1 

the e~caping electron spectrum is practically the.same 'as the electron pro-

duction one~ for greater values of ~li- the pawe.r:_-::law.spectrum_.js .fonna4 - 18 

' 



due to Compton scatterin_qs. For.exal'lp1e, at 

spectrur.t iS well a'pproxir1ated tr.rcughOut the wide· ·ener'~y r~r.:.<: h.v !"~1er-l~w 

• 
with r~ 1.8. --As was rrtentioned, the relativistic eleCtron 1urri.,0si,ty. -"'<; 

distinct from the gaiorna-ray one. reduces with increasing -t'"'e rrtic?.l .rle"th 

f"tt , Such an anticorrelation is generAlly explained·by ti-e thresho1rll~ss 

feature {unlike the pair productiOn ProceSs) of the Comoton scntterinn. 

··sc far we assumed that the active re!"'ion of casci'lrle r!evelo~ment is 

filled .IJP mainly with X..;ray' pfit"Jtons and neolecter interactions of' relati­

·vtstic particles with plasma electrons and ions. T~e ~a in narA~etQr. chi'!-, 

racteriz.ing- these interactions is an optical rleoth of' rHS"'" f'or Th('lr.Si>!'l 

scatterin~ It is obvious th;,t <~t ,..,or'erate v<>hes r,f 

'C'es the interactions with the Piasma· rhotons nley t'"'"' crtJci:ol rcrt: i!'l t~ .. 

cascade developffient ·as ~efOre, _tho'uflh the interactiflns ·witl'l ?f"hier.t: thE"rr-"1 

~electrons (especia,lly the annihilation .of themalizecl ·positron~) a'Tsn t-<>C('>:"E> 

essential in 'forming the ga~m~a-ray sPectrufll in the low-ene~ay { ........ rfic2 ) .. 
region. 

The spectra of escaping gaoma-rays fOr ·7:~0 = lf'l an(' 

shoWn in Fig.4. It was also assumed that 'field photons are rnonoener~etic 

with W 0 = 0102 rrica and temperature of plasrr.a in the active-ref!lon ;~ 

30 keV. rt should be noted ~hat these assu~ptions have illustrativ~ ch~r~cte~ 

only, howeyer, as follows frOm the calculationS:, rore reB1istic .~n<1 consist­

ent assumptions on plasma pa~~meters ('takin9 int;o accOvr.t. th:>rt·a1 "~1?rce 

. between plasma photons and electrons) lead to ?.nproxirrctely sir-·n:'lr re:~:;1"'s.. 

' . 
The distinctive feature of escapin9 ~arrrna-r<~y s~ectn1.,. ir. t}:is c~se is 

the presenc_e of the broad maximum at . E;r ...... ( 1- 2}rric2, csscdate"' \dth ... !-..~ 

lnnihilation of thermalized positrons. Approxir.oate1y ?S~ l"'f the er.crr:v of 

initiating panicles and respectively ....... ~5':1: ~f energ:y of eso:r:inc "'i'lrT'a­

_ray~_ .. ~.!=!~W.in t~_is broa_d ".H.ne" .~It should be note<!~ hc1-:ever, t:~at !"'e 
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spectrum in Fig.4 wa.s obtained on.the assumption that thermalized positrons • annihilate "inS-tantly". In fact, !he pr?duction of· anTJfhilation photons is 
I . ' • . somewhat delayed owing to f-i~ite annihilati~ ·time_. Indeed, in nonrelatiVis­.. 

tic- plasma the characte_ristic time of annihilation is ian:=:::(8Tr/cne)-1:. 

::::8R/3'tesC. _• ther;:efore onl,Y at 'Z'es;?i:-3 the ann-ihilation tiwe he­
comes less than mean time Qf photon escape from the actiVe re·gfon """Rjc . 
Thus _the photon spe.ctrum in Fig.4 is generally co!l'rect only in the case of 
stationary bombardment of plasma-target by relativistic particles. If t1'1e 
radiation is a result of some "burst", then it ·;s· necessary to take intO 
account the real times of photon production and propagation from the active 
region. 

It should be noted also that the escape time for the photons with ener-
gfes Ej' > Ec 

, photons with 

is less than that· for Ed~ Ec _. Indeed, oMly those 
, I , Ed > Ec Piay easfly escape from the source which are oro-

dwced i_n the periphery of the a~tive region, i..e. in the thin extern.:-.1 layer 
with the thickness tlR- Vnx6 00 . Therefore the escaoe ti~- of these 

. . .C!..R R -1 * . photons, equal by the order of magnitude to t ..... t- ct'to 
is. 1::(1 times less than ihat for 

' 
~,r < Ec . The ·accurate calculations 

of the times of photon escape for xarious energy ranges, presented in Fi~.s. 
are· in good agreement with this simplified estimate. It should be emph_asiied 
that the escaping from the transparent outer layer gaTTma-rays.., are seconda-ry 
prO<!uctS of the photo~s of various "generations", produced thro~·gh the whole 
track of escape. The. input froln_ 'the photons of, different "~enerations" 
essentially depends on the distribution of initial particles· 1n the actiVe 
reg'ion. Particularly, in the case of the point source lC'ca.ted at the .centre 

* Strictly speaking, this simplified estimation is ~orrect for initiating 
gamma-ray density dependenrP on the radius ~2 

• 

• 



---·-----------

' 

of X-ray cloud with z-
10 

» 1 all escapinf! photons are of t~e seco"'"'"'rv 

origin. In this case the differet:~ces of esC<~"f'E' tir-es f'/ ... ~<t!'lf'l~~ra,V'> \'.'itt, -v?>-

rious ·energies. are comrer.s~ted t>y the shift of their ·~roductinl" times anrl 

• 'therefore all photons (except tt"le therp<J:l annihilation ones) err.errte ""ro-

the source almost simultaneously for tbe tfMe ..;::.R/c after injection of 

initiating particles, th'e radiation transfer effects fQr relativistic part-

icles being inessential. Thus', at 'f:''KK = 10 the photor1s·with enerr,ies 
I 

0.2'mc2. ~ E~ "- Ec escape frOm the active region rlurin9 the ti~e 

..-..:.1.13 R/c . It is due to the fact that the photons are generally pron~­

gated ir: the direction of initiating particleS, nnd hence !hey "delay" 
• 

only at 0.13 R/c . 
Afl -the abo~e ca-lculations are performed under assu~iition that the rnaq­

netic field in the active ~egion is absent, anrl the density of low-Treouencv 

(optical, radio)_radiation is negligible. Evidently_ thi.s a"rnission ~s correc~. 

if synchrotron an-1 Compton losses_- on low-frequency pf!oton_s are suhst;ontially 

less than the Compton energy l_osses on X-rays: 

/ 

where Wx is energy density of x-=rays .. ( = nx·Wa)· 
_.:./_From the comparison of (26) and (27) we find 

( 
.. dE) f(ciE.\ _ 32 
clt EM/ 1 .clt)x ~ 9 

(?7) 

Thus, We may neglect synchrotron an-1 COI'!lpton losses on the 10.....--fre"o~•ency 

radiation pr~vided 

(2"1 
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Particularly. for U> 0 "' 10 keV and 

Otherwilse, the deveJopment of the cascade wi11 strongl.r be Stippress­

ed due to synchrOtron and Comrton (noncatastrophic) losses. 

So far we have been discussinq the cascade r:levelonr.lent tn ~"O.no~nerne~ic· 

X-ray field in orr!er to perceive cbvious·'ly the re'sulto;. Thcurrf, thl'! tr•Je 

spectra of· field photor.s SI"OOt!'len s1ioht1Y the<;e results, t.!'l"' o~t<'!in!:'r1 

features of cascade development reMain valid. The ~o~mation o~ electron­

photon s~owers in the real astrophySical objects is· co~sidered in our n~Y.t 

paper·. Rel.ativistic electron-photOn sho~ers initiated in J,ter h.vers o~ 

--accretion diSks around massive bhck holes were consirlered. e_,rHer by Btlrns 

and loveiace [1sJ . ""' 

The apthors are. thankfu.l to I..M.Atoyrm for V:Jlu.:~hle discu$sions. 
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A.l. SimUlation of C~mpton Scattering of Re1ativistic Electr.ons. 

The characteristics of secondaries after ComrtoP s-cattering i!l tb~ 

·L-frame are· unambiguously defined by the scat.terinr:J angl~ e* in the 

c .m. -frame ( cf. Sec .-2). The frequency distribution for X= cos 8'* i<> 

P ( ) = d6c/clx - 49Tro' '·' u· 
K X 6 - ;x_26 UIO 0 • 

c ' . ... 1 c . 
(A. 1 \ 

It is convenient to present ,(A.l) in t~"! form (e.rr.[19]) 

P(x) = Jlf(x)<J(x), 

where Jl i.s a constant, f (x) is sorre -finite ano:f SM,otllly v"lryin9 

function, and 

" hcxJdx = 1 
-1 

It is advis?-ble (from the viewpoint of ·calc~lation ·efficiency) to 

perfonn. the simulation of X· by two ways acc·ordfng to the v~lue o-f inva-

riant x,~2wE(1-pcqs6) 

are defi~ed beforehand by simulating the oarameters Of ohoton f'1el(f. 
- I sarro~ w~ :- :,, , 

!. Let 9(~) • 0.5 and' Jl= X~Oc . Then f(x)=Uo, 

Since inequality 

may be chosen by: 
• 

takes place:·, t!'le random.vari"ilMe 
'~ 

a)·select, two randcxn uni.c·J!':; numbers within th,~· r~nge (0.1): r,, Y2 

b) deterfriine 

~) Calculate· .f(.xo) and accept X :::xo .t'rovir'ed 
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~if rejected; i-epeat ane\'t wit!'! item a} 

2. Let 

. ' f . 
~ (x) ~ ( i + W0 XjE0) (Eo/w,En [(1 +Wo/Eo)/Q -Wo/Eo)] 

.R= 
Then 

'·- I .. 
In thi.s case prel_iminary s"mpling of .X is performed by formula 

, ' -. r 
. _ [ (i+ Wo/Eo) ' 

Xo- ( i - W,jE.)t;-1 

'-

] 
Eo _, 
Ulo . 

and this value is accepted if 

12 «. :f(xo)/2. 
Tile efficie!lcY of the ff,rsi procedure is egual .to 

· _ c:-; •e. ( 1+w&/Eo_) 
.. ETI ~~~vc 4gr~, n .. 1-<vo/Eoj-

At X.«1 €ra'~~~.eli approach 2/3_(6.-6T=fsrr.?, 
and at X 1 >> 1 E-x ~~proaches 0 as : en:X1/X1_ , .ar:t<J' Ell: 

appr.,;.clles 0.5 {6c ~2!ffr,'_ En ~1/x 1) . tne efficiencies of the two 
methods beCOme equal a_t X 1 .:G i 



A.2. s,;mu1atioi1 of r·air Production and Annihilation Processes . 

. The.characteris .... ti.cs of secondaries ~roc!uced in the nrocesses of M"ir · 

photoproduction (PP) and annihilation (.lq are rle-fine~ hy t'"!e er<1ission ~r.ale 

S~' in the c.~-frame. The frequency distributions .for X= cOS e* ~('r 

PP and A are respectively 

R (x)= d6ee/dx grr/ flo 
Uo , = 

pp . 6pp . 2 6ppWo 

Pa (x) = d6o#:c -- 9/r/. 1 u, . 
6a -2- 6a Co2 J3o 

(A.3) 

• 

Simulatioo. of .X , as in the"case with Compton scatterincr, was ner-

formed in two ways according 
(w;-1)Yz 

to the value of , which equals to 

and 
(<:;-1)'~< 

co for PP and A, resrect1ve1v. For· 

PP .the ene;gy CUe and coll)sion anqle B are obtained beforeh<!n~ hy 

simulating the parameters of pho~on f1e1d. 

1. Let Jl 
;j[ r;,' flo 

PP = 6 · w• ' pp • 

t+J3: 
for PP and A, respectiv-ely. Then j(x)=Uo< f-,f3

0
2 

nary sampling of X is perforfr:ed by formula xo=2r;-1 
1+J3: 

value is accepted if ~ ~ f(.Xo)/(-:r:p) 
• 

The orelirni· 

, "n~ this 

) 
fl, ' ' 0 l+J3, 

2. Let ~(X= (1- , '}I l+J'o and Jipp=(9Troj26pp"'•A)on 1-]30 

J\X n 1-Po, 

.. 
and Jla = (.rrr;;l26aE.:'J3,')En :~~: Hence 
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• 

The preliminary sampling of X is performe_d bl formula 

. - ( jtf',)2r,-t 1 . j-f', 

" [ 1. ( :~::r-· 
and-this value is a~cepteC if 

The-efficiencies of the first method are equal to 

and of the second one 

.. 
E~ ::· 26a.Jl:·e; 

11 5Tr,'( .J2-1)(PJ•.f2) enw::; 

A.3. Simulation of Parameters of Field Photons. 

It is assumed in c"alculations that _the 'field ph_otons are cflstributed 

isotropically. Then, the azi~th and zenith angles are sampled by formula 
.I 

cos8=2r.-1 
.; 1 ' 

where t;'- arid_ '2_ are random imiform nUmbers within the r~nge (0 .• 1). 

In the case of power-law energy spectrum of field photons 
' -i.. 

n(w)-6! 

by fortTllla 

) the photon energy is samPled 

(·1- ) . -.<+1]1/(1-J.) + r; w, 

and in the case of b_lackbody rad1ation by formula '[19] 

' 

-... :... .•.. ' ...... , ......... ~·-~""''""""'··~·""''""""II< ... of\. .... , .... . 



' 

.w = -KT,.en (r; r, G)/1], 

-,,•:.ere '1. is the n~,.;::'bcr def:neC hy the -.:onditio:1 
\ 

• 

!,202 '" < 1 
rn-t m ?=-r'< 1,202f4 < ?::- r 3 

, rn =2,3, ... 
J=1 J = 1 

, { 1 rr= 
m 

'It should be howev~r noteJ t.hat s~.:ch ~n inc'e~,enCent sa-•r.1hr.- o"' _o.~r-::· 

ters of field r::._h.otons is true only in t"Jo:: c;;:;t;· ')' t~-r~shcVlcss re!!·-:-:;or:s. 

1_:1 partku1ar. for Co11:pton scnttering. But b tSc ·~;:..s~ --;7 Nir ~-rc--~t<c~:(·!"' 

P1·ocess wfth -the ·thrcsho~d U)~ =-Ex ~i-cose) t:1c si··:uTc~ir:1 "'"'-~£' !,...~ 
i,fsomewhat Con:p1icateC.. Thus fOr powc!·-l:l\·1 spectr<l of fte!c~ rhotcr.s 

w::[ri(l);d.+l + (1.:..fi)~;+IT(f-~), Wm=ma,1;((1)1,w·); 

i!nd in the case of blackbody radiation 

w = - KTr en (r, r,)/'l:w· 

- KT,.en (r,)/'l+cv.• 

. . ,. ("'•'! )a 
M=2•2~+ -T-

. KTr K•r 
and if 

K·1 K • 

LM(J)<r:;jc,<LMU) c, =t/ ~ x'Nr·t)dx 
J=·i . • J=1 

IUj'KTr 

M (j) =j"3 exp[-Jw'/KTr] [ (jii>/KTr)
2 •2j~'/KTr •2]. 
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FIGUP.I: CAPTIOMC:: 

Fig.l. -Gamma-ray spectra escaping from the ~ctive regi?n of cascade 

development per incident particle~. The density of initiatinq 

cascade gamma-rays reduces by the radius as r-2 {Case I) 

a) ~es "c, · 1:,;-4 "!; b) t;s"n, 'lis"10; c) ~es"O, ~4"1110 

Fig.2. Es·capir.::; ~af'"':'!1.'1-r3y sre~tra oer incitient particle in the case 

of point sourc~ cf initiating ga~a-rays, 1ocated at the c~ntre 

of -S!'herical X-ray photon cloud {Case II}. 

Fig.3. The spectra of escaping electr~os {positrons) per- incirfent 

particle at t"es =0 fn tile Cas·e I. 

F1g.4. Escaping gamma-ray sp~tra per incident part1cie at 'C
30 

~10 

~es "1 In the Case I. and 

. cascade .initiated by· qanwna-rays; 

cascade initiated ~Y electrons. 

Ffg.5. Escaping times of p~otons In Case .I (In the units R(c · ), 

• 
32 

• 



REFE!?P!CES 

1. H,.erteri.ch K. _Absflrpti 0n flf "')l:r;~a -rays in intf'nse X' -ray_ SOIITCPS. -

Nature, 197B. V('1.25{\· p·.3H. 

2. Cavallo G .. Rees !' •• 1. /l. qu~litative stu,..,, t'lf c:n-s"'ic <fi .. e'-"t11s :otn.f 

l'-ray bursts.- ·~NRA~. 1t)n,.vo1.181, n.35o. 

3. Fabian A.C. Theories of the nuclei of active qalaxi~?s,-Droc~ q., ~oc. 

Lond .. 1979', vo1.3E6, J::-.dlla. 

4. Aharoniari F.A., Atoyan A.!'".·,. Nahapetian A.r... Photcoroduction rr'· e-lec­

·eron=·positron pairs in compact X-ray sources. - P~_trofizik:a, }ll<t-,_. 

vo1.19, _i'·324. 

5. Jones F.C. Calculat_ed spectrum of inverse CS'f'lpton sc'atter!"d ohotMs .. 

Phys.Rev·.~ 1968, vo1.167, r.''ns9·. 

6. Blumenthal G.R., Gould q:_J, Bremsstrahlung, synchrotron ra-di~tion, 111n-" 

Compton sca·-ttering of hiah ener(]y· electrons tr<~V~"rsi r.~ -li l•Jte .,~SPS. -

~ev.Mod.Phys., 1971), ·v01.42. r.237_. 

\ 

7. ~haronian F.A., Atoyan I'I..M. CO!l'~ton sc:atterina ~ rf>htivistir !?1.,..r:tr~ng 

in compact X-ray sources. - Astroohys. SPqce•'ci .•. 16~1. v~l.70, o.~?1. 

8. Aharonian F.A. 1 Atoyan A.M. Cos1'11ic ~a!'!ll'l'i'r-rays associ'ltl'!d wit!-t t~nniH. 

1ation of relativistic e+e- pairs.- Phys. letters. 1,op;1_ v('ll.oQ~."-~"1. 

9. Svensson R. The pair annihilation proCeS-s in re-1!'1-tivi.:;tic r>lil~r-".:_· -

}tp. J .. vo1.256, p.321. 

10. Akhfezer A.I., Serestetsldi V.S. 0uilntu~ t1ectrcdynil'"''cs. ·;of"'. N.Y., 

l~i1ey: 

11. Gou1d R.J., Schreder G.P. Pair production in rhotc~-rhotrn ~~111.:;;~n~. 

?t!ys.Rev~. 1967, vol.155, p'.-1404. 

12. Ginzburg V,l., Sirovatsldi S.I. Origin of cC!SMic r1'ys. 1oo, ~'.Y .. 

Mad"'ilan. 
I 



13. Crannel C.J., Joyce G., Ramaty R., Werntz C. Formation of the O.'ill M~1 • 

line in solar flares. - Ap.J'··• 1976, vol.-210, !).5~2. 

14. Bussard R:\L, Rarr.aty.R., Drachman R.J. The ann1h11ation of calilictic 

positronS .. - Ap. -J·. -. vo1.22~. p.928. 

15. Aharonian r.A.' Atoyan A.M.' Sunyaev R.A. ?adiation spectrum (lf OPti­

cally thin relativistic elec.trOn-positrcn o1asll"a. • Astrop~ys. Sf\~ce 

Sci., 1983, vo1.93, p.2-29. 

16. Svensson R. The thennal p~ir annihilation spectrum: A dP.tailert f'lalance 

approach:.· Ap. ,)., 1983, vo1.270, p.?;OO. 

17. _Messel H., Crawford D.F. Electron-photon shower function, 1q7o, Perga-

mon PTess. 

18. Burns M.L., Lovelace R.V.E. Theory of electron-positron showers in 

double radio sources. - Ap. J., ·1982, vo1.262, p.f!7. 

19. Pozdnyakov L.A., .Sobol I.M., Sunyaev R.A. In:- "Astrophysics and Space 

Physics of•Soviet Scientific RevieWs", Ed. R.A.Sunyaev, 19B2, N:Y., 

Harwood Academic :Publishers. 

T~e manuscript was received 19 July }983 

3A 



·, 

w.A.Ai:APOHHH, B.B.BAP;n:AHi!H, B.r.lOO'illlJIOB-YI'PKJ;IQB 

PA3Bil'll\E lllCOK02HEPIW!HOr0 8JIEKTPCMATIID:THOrO KACKA,llA, · 

illlilll.llliPY»IOro PEI!ilTI!Bl!CTC!il!Ml'l 8JIEKTPOI!AMll l! 

rAMMA-KBAHTJ\MI! B rbPl!'rEM <I?OTOIIIIOM rASE 
' 

, (Ha aHr~CKOM H3HKe, rrepeBO~ 3.H.A~) 

Epe:eait?Ki!l! \PJ<al<'!ecltlfli HHCTI!TyT 

'Pe~ru<Top Jl.II.MyR8JIH 

. Tex.pe~ru<To; A.C.A6paMHH 
.• 

3aKas380 Bli-05337 T!Ipa.JK 299 

<l?opwa~ H3~aHHH ~OxS4/I6 

UOJl1!11CaJIO K rre,aTii:B/Xl1-,83r. 2,0 yq.-E'3~.Ji..U. ;;u K. 

• • \13~a.HO OT~eJIOM HaY'lliO-TeXHH'!eCKOJi !!HJjlopMaUJ!I! 

EpeBai!CKoro \PJ<3W!ecKOro HHCTI!TyTa, EpereH 36 , I> Ia PKB.~a 2 

1. 



HH,'leKC 3624 

'"'"""'""' .... "''"""'''"'"~""'"'""""'''''""''-'''"'''"'-'"""'"''" '"''""""''" ... , "'"'""'"" ''""'''n''''''""'"''"~~-•-•"'"'''"~'''"'' ""~'''"'''''''' •••·••••• """'""'"''''""'"'"''""'"'"'"'""'""'"'"'" ·-·•'''' 


