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Summary 

Four high ene-rgy ( rv 1012 ~~) electron-photon cascades · 

have been investigated at the first stage of their develop­

ment. The number and the energy of the electron-pairs of the 

first generatipn produced on the first radiation length were 

estimated and compared with the theoretical values calcula­

ted on the basis of the theory of Bethe and Heitler. On the 

other hand the same was calculated according to theories of 

Landau, Pomeranchuk and Ter-Mikaelyal1 which take into ac­

count the influence of medium on the bremsstrahlung of elec­

trons of very high energy. The experimental results are in 

better agreement with the predictions of_ ~andau, .Pomeranchuk 

and Ter-Mikaelyan than with that of Bethe and Heitler. This 

fact ~onfirms the results obtained earlier in our laboratory 

an~ given in a previou~ paper ( Mi~sowic~ et· al. 1957 1) ). 
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Introduction 

Up to. the present time there were very few experiments in.­

vestigating the problem of the i1:1f1uence of the_dense medium on 

the probability of emission of bremsstrahlung photons by ele~­

trons of very high· energies •. The point in questio~ is an effect 

first predicted by Landau 2~ Pomeranchuk and Ter-Mikaelyan J,4) 

and followed up in papers by Migdal 5• 6• ?). According to theories 

deveioped by these authors we ought to expect that for very high 

energies ( ~ 1o 12 eV in nuclear emulsions ) , ·the spectrum of 

bremsstrahl~g photons is strongly cut down for low energy pho­

. tons as compared with the Bethe and Heitler spectrum. 
' · Landau, Pomeranchuk and Ter-Mikaelyan have put into ques-

tion the validi.ty of Be the and Hei tler formulas for very high 

electron energy and for photons for· which W/E «1, where W 

denotes the energy of the emitted photon and E the energy of 

the radiating electron. According to Landau, Pomeranohuk and 

Ter-Mikaelyan theory which will be further denoted by L-P-T 

the reason for·this is as follpws. If W/E is sufficiently small, 

the change of the momentum of an electron in consequence of an 

emission of photon is so sma~l that the uncertainty of the loca-
• .lization of the event due to the Heisenberg's principle is much 

greater th·an ·the distances between the scattering centres. If so, 

in Landau's opinion, the effects due 'to the particular centres 

can not be treated -additively as in Bethe and.Heitler B) (B-H) 

calculations. If this uncertainty range is large e_nough, the 

·L-P~T theory predicts that multiple coulomb scattering of ·the 

electron on the distance can destroy the coherence between elec= 

tron and photon waves. It is thus expected that the bremsstra­

hlung cross section at high enere;y will decrease below B=H value. 

The polarization of medium leads also to analogical "decoherence 

effect". The quantitative estimations of these phenomena were 

made firstly by Landau and Pomeranchuk (multiple scattering ef­

fect) and Ter-Mikaelyan (polarization effect). The more rigo­

rous calculations based on the quantum theoret'ical treatment were 

given by Migdal. 



The existence of the effect mentioned above was reported in 

a. previous paper from our laboratory (tU~sowicz et .al. 1)). For 

studying the quantitative agreement of the observed effect with 

the theory, mo-re events of very high energy electron~photon cas-· 

cades were rte~ded, for increa~ing the statistical significance 

of ·the obtained results. 

The ai!Jl of this paper is to present an·analysis performed 

on four electromagnetic cascades with primary energies ~· 1012 eV. 

The results obtainedD were compared with the theoretical predic­

tions of B~H and L-P-T theories~ 

Just before.sending our work to print we received a paper 

by Varfolomeev et al. 9) *in whi~h the discrepancy between the ob­

perved development o·f. electron-photon cascades and the develop­

ment predicted by cascade theory, has been also interpreted on 

the basis of L-P-T theory. 

Experimental method 

The present analysis concerns four electron-photon cascades • 
• Three of them (ca~cade A,B,C in Table 1.) have been generated in 

a nucle·on-nucleon interaction of the type 0 +. 14o<. ·and energy 

3.3 X 1014 eV/nucleon (Ciok et al. 10
))o The fourth isolated 

cascade (cascade D in Table 1.) was described in the paper of 
1) 

Mi~sowicz et al. • 

D 

The energy of the primary photon of cascade 

( 7.0 ·~ ~·.1) X 'I u11 eV. 

Since cascades A9 B9 C originate from the decays of ~0 gene­

rated in the same nuclear interaction, th'e mutual radial distances 

between them are small. In consequence, ~lectron tracks belongin~ 

to the different cascades are crossing each other at·greater depths 

thaiJ..about one·radiation length from thepoint of origin of each 

primary pair. Therefore there was no possibility to evaluate·the 

energy of each cascade separately. For this reason we have evalua-

*We are much indebted to Professor Gurevich for.sending us 

the preprint before publication. 
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ted the mean energy of each cascade unde~ the assumption that 

there is energy equipartition between primary photons and elec~ 

trons of the primary pairs. This mean energy has been evaluated 

from the longitudinal development of the cascades taking into 

account the co.rrection for l~teral distribution according to 

Pinkau 11 ~ From the number of electrons with en~rgies greater 

than 1 x 109 eV and 4 x 108 eV within·two different radii 

(these values of energies have been received from ~cattering 

measurements) at the depth 2o76 rad. lengths from the point 

?f interaction we have obtained for the mean energy of the cas­

cade the values (U~g:i) x 1012 eV, (i.3~g·.~) x 1012 eV res-

pectively. In these calculations we used the cascade tables of 
12) . . 13) 

Janossy as well as Janossy's 

following we have accepted the value 

mean energy of each cascade. 

standard deviation. In the 

1.2 x 1012 eV for the 

The mean energy of 1t 0 ·meson ( assur:ling the equiparti tion 

of energy between the two photons) equal to 2.4 x 1012 eV is 

in good agreement with the energy values of two charged mesons 

which are contained within the same angle as the cascades. Their 

energies obtained from the secondary interactions are equal to 

1 x 1012 eV and 2 x 1012 eV respectively • 

. Now we investigated the energy spectrum of pairs of the 

first generation only, generated on a given length from the 

point of origin of the cascade 9 and not the energy spectrum of 

all secondary electrons at a given depth as in cascade theory. 

By first generation pairs we understand pairs produced by the 

conversion processes of bremsstrahlung photons emi-tted by elec= 

. trons of the primary pair_. 
We succeeded in·e~aluating the· energy of almost all elec-

tron pairs of first generation for each cascade separately. It 

is obvious that the distance from the point of origin of the 

primary pair up to the end point whe~e the scanning for elec­

tron pai~s is stopped, ought to be as long as possible (in 

our case about one radiation length from the point of origin 

of each primary pair). 

J 
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The restriction to electron pairs coming from the first 

generation only 9 was imposed by conditions of our measurements. 

As it was mentioned above 9 the small radial distances between 

the separate cascades ·A 9 B9 C do not allow to correlate with the 

particular c~scade any electron pair generated in a rather 

great distance from the tracks of the primary' electron pair. 

On the other hand 9 it is known that all the electron pairs of 

the first generation, in·consequence of great energy of the 

primary electrons, must originate in close. proximity to the 

parent track as apparent tridents. Since the losing of such 

pairs is rather improbable, our procedure releases us from the 

scanning bia:s. In our opinion, investigation performed on elec ... 

tron pairs of the_first generation is more sens~tive for detec­

ting the L-P-T effect than the investigation of the develop­

ment of the whole cascade. The L=P=T effect is rather dimi­

nished by the degradation of energy, whereas in our procedure 

such a degradation does not take place. 

We have·used two criteria 9 energy' and geometry criteria, 

whether a pair is a first gener~tion one. Such a procedure was 

successful in all ~ases except in.the case ~f three electron 

pairs where there was no possibiiity to establish the order ·of 

generation i.e. in which successive generation the pair was 

produced. The energy measurements have been performed by scat= 

tering, especially the differential one. In cases in which. the 

application of scattering was not possible, we have based on '· 

the data derived from the measurements of t.he angle o:t diver­

gence. 

In Table 1 there are given the results of our measure­

ments performed on four cascades. The energy spectrum of elec­

tron pairs of the first generation created on the fir,t radia­

tion length has been done on the basis of the data given in 

Table,. (Fig.1). The histograms represent the experimental 

spectrum taking into account the uncertainty of the order of 

generation of the three electron pairs (histogram a and b). 

For energies greater than about 109 eV (the point with an 
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arrow on Fig.1) the shapes of the histograms are unknown be• 

~auoe of the impossi'bili ty of evaluating the upper li.mi t of 

such high energieso Curves I and !! represent the B'"'li and 

L-P-T spectra respeeti'l(ely for the p~imary electron er1argy 

equal to. 5 x 1011 eV at the depth of one radiation iengt~. 
This energy value correspon:ds to the_mean energ;y of eight pri ... 

' ,. .. ' . . ~. 

mary·· electrons of our cascades under considera-tion (six pri­

mary electrons each of energy of 6 x _10 1 ~ eV and two primary 

electrons e.ach of' ene;-gy of· ) .. 5 X 1011 ev)~ The dashed cur-

. ves represent the Poisson 9 s ~aviation from the theoretical 

curves of -B-H and L~P-T. • . '1,, 

Discussion on experimental procedure 
. ' We have calculated the average number of electron pairs 

of first generation with energy·.greater than w·, created by 

··the pr'imary · ele.ctron of initial energy E0 .on _the length . t, 
where t is the distance from the beginning or the electron 

trajectory. The calculations were made 9 first: on the· basis. of 

B-H formulas·and then also performed by means of the L-P ... T 

formulas. 
Fig.2 ·shows thein.tegral energy spectrum of- electron 

pairs of first generation obtained from these two .. theQries. 

Theoretical curves I and II on Fig.,1 have been obtained on 

the same way as the ,curves on Fig .. 2o 
We hav.e taken into account the energy loss of the .pri-

mary electron resulting from the radia-tion. The enetr·gy -losses 

from ionization (about . 2' x 1 o7 . eV on one radiatio,n -l~o.gt.h) 
are -in our case negligible in comparison with the an.EJrgy of 

v .... :· ...• ·: ::..... ~ ,--'1 ,l ~ • •• '. ' :',.'.) 

abo-·u·t· -,·o1 2' ,..·v-
In o'ur problem we· must take into consid;e~ati.QA: tl;l.:~- ;r \ 

cross s_ections of:· the: following processes . .whi,~:h ·€!;I',e, ~-eci_Ei-~ve 
in. f6rming the energy spectrum o:f a·lectr.on· pa~r.s-o ::.'' '· ' ~ ~ -. 

· lo Pair production by photons, 

2~ C6m~ton -eife6t;' · 

)~ Photonuclear reactions, 

4. Production of tridents. 
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Processes 1, 2 and J are competitive. From the geometry of the 

experiment, namely the fact that we obs~rve the number of pairs 

on the first radiation length follows that the diminishment of 

the number of pairs eaused by 2 and J is.n~gligibleo The number 

of pairs of energy W ~ 1 o7 eV is dim:!.nished by about 2 - J %o 
The number of pairs of energy W "'# 1 o8 eV practicaly rests 

unchanged, because in this energy region the cross sections of 

the processes 2 and 3. are very small in comparison with the 

cross section of 1. 
The increasing of ~ean free path for pair production with the 

..., 
decreasing energy of photon ( "" 101 ev·) results in the same 

direction. Although this effect and the P._ffects 2 and J act in 

the same direction as the modifica~ion of L-P~T neverthelass 

they are much smaller than this modification. We have estimated 

that the whole cumulative· influence amounts only some per cent 

and so, is negligible in compari~on with L-P=T mod.:i..ficationo 

So we see that the number of electron pairs of first ge­
neration is ~ sensitive detector of the character of the brems­

strahlung spectrum.and quite insensitive to competitive effects,. 

in comparison with the process of pair production. 

ThenumbE!r of pairs is of course increased by the trident 

product~on, however, this last one does not privilage the pro­

duction of pairs of small energies. Accepting for E
0 

= 
= 5 x 1011 eV the mean free path for trident production abo.ut 

).5 rad.lengths, we obtain a contribution of about 6 % of the 

whole number of pairs produced.by the first process. Finally 

we see that the effects'2, J and 4 are of no importance in our 

problem. 

On Fig.2, representing the results of both theories 

(B-H and L-P-T), it is interesting to remark that in B-H 
, 

energy spectrum we have the dependence of the number of pairs 

on E /W only, while in the analogical curves of L-P~T there 
0 

is a depE!ndence on both E0 and W. 

ting 

Although there is a possibility of great error in estima ... 

E - the primary energy ·of the electron, it is important 
0 

6 
1 



~-~--~~~-------------111!111111111------­
'lR 

I 
:I· 
~~~ C. 
' 
~.; 

'~: f 
·~ ,, 

to stress that ·the change of E even of the order of magnitude, 
0 

does not change the character of L""P=T spectrum. From Fig.2 we 

see also that the L~P=T spectrum curves have a plateau begin­

ni.ng from a certain E , which feature is not shown, by the B=H 

spectrum curve. This is the main consequence of ·L=P=T theory 

which just ·expresses the'lack of small energy pairs. 

Conclusions 

1. The experimental energy _spectrum of the electron pairs of 

the first generation, produced.on the first radiation length, 

shows a sta-tistically significant deviation from the Bethe 
' 

and Heitler energy spectrum curve. 

2 •. There is rather a good agreement between the experimental 

results and the curve which represents-the energy spectrum 

of Landau, Pomeranchuk and Ter~Mikaelyan. 

JQ The method of investigation of electron pairs of the first 

generation only, is in author~ opinion a sensitive tool in 

detecting the difference between the energy spectrum of Bethe 

and Heitler and that of Landau, Pomeranchuk and Ter-Mikaelyan, 

since in cascade develop!l'l_ent there is a degradation of energy 

of the emitting electron. 

We wish to express our gr.ati tude to ProfCtssor M.Mi~sowic~ 

for suggesting these investigations,. his perm.anent interest in 

our work and many valuabie ideas and hints during the progress 

of.this work. 
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T A B L E' 

·:.; ,. ' 
Qj Reeeived from the scatterin~ Received :;;-o.::_ 
E c: "'...c measurements from the ·.· ·-~ 

'-• !·~~c: angle of Remarks ·a· cu o, ~.!! a.. g ~ "i: ood E1 ( eV) E2 ( eV) W=E1+E2 (eV) diver-
"*·E iE A g_ ._. g~nce 

' 

c a s c a d e A 

1 0 - Primary pair * ---- ---- OO.:tCIQ>c;i ---- 1012 E.1+E2 ~ 1o2 X 
· ... 

10~ 109 109 - ' 

2 0.-26 7.7 X 1 0 2 x 2.0 X ---c .:First generation 
... .. 

3 0.42 1.) X 108 6.6 X 108 7.9x 108 ---- The order of gene-
ration is· unknown 

4 0.50 >2 .4 X 109 >2.5 X 109 >4.9 X 109 ---- First generation 

5 0.64 CloG!' .. _ ---- ---- )1 X 109 First generation . 

6 0.81 
( +2·.5) 8 ( . +4. 0) 8 ( +6.5\ 8 

The order of ).0 x10 . .3.5 x10 6.5 oc10 ---- ge:ne .. 
-0.9 . -1 .2 . -2. ,, . . ration is unknown 

·.· 

7 0.92 ---- GD--co ---c:l >4.6x109 First generation 

8 0.96 
. 9 First generation ---.o ___ ..... --co- >J.5x10 - " 

c a s c a d e B ' . 
1 0 ----- __ _,_ 

co-cog-= ca:>--GD Primary pair * E1 +E
2 
~ L2 X 

, 012 
: 

2 0.02 )1 X 1010 ( . +1 0 0 7\ 8 
7.8 oc10 

= 2. 7/ 
>1 X 1010 )1 x1o10 First generation 

J 0.18 >J.S X 109 )).4 X ·109 'fl. 2 X 1 o9 >1 X 1010 First generation 

4 0.52 >J.5 X 1 o9 ___ .., 
>J .6 X 109 )1 X 1 o9 First generation 

.. 
1010 5 0.9) ---.. --ooag ---- . . >1 X First generation 

6 0<94 -CliO-~ ---- IID-CIDQD )7 X 109 First generation 

* E E 2E 1 + 2 a 0 according to the assumption of the equiparti·'tion of energy 



.::.T_A:..:.. ....:B=-...:L::.....;.:;E~----'-1 ( Con tin uep. ) 

:Eb·a Received from the scattering ,Received 
E.S c...- measurements from the 

'- ~-~~~ angle of Remarks ·a '+-.Q 0 ~ 
m'+- E QJ E· (eV) E (eV) W=E 1+E2 (eV) diver-P- u o·--

' .S"E 3..~ 1 2 
• en ·- o, t:f gence 
·- 0 ..c &.. A a... ...... -

c a s c a. d e c ··-·-· ... 

1 0 -Q;;;I~-- I """~cr;gg, _,-.:;;;>~ Cl<;l ......... ._, . Primary pair 1 2* 
E 1 +E2~ h2x10 

.... , 
~~ 

( +0~ 6) 8 ( +2o6) . ( +2.7) 
_......_-. - - ., .. 

2 Oo27 1 "1 · x1 0 1.3 x109 1o4 x1o9 >5 X 108 Ff~st· ~~~iih·~t:ton ·· 
"'0.3 =0.5 . =0.5 <1 X 109 .. 

3 0.57 >3.2 X 1 o9 >4 .8 X 1 o9 >8.0 X 109 )1 X 1010 First generation 
.. 

( +0~5) 8 ( +3.6) 8 ( +4.1) 108 
4· 0.57 1o3 x10 3o0 <") x10 •LJ x1o8 <1 X First generation 

·' 
-o. 3 c:='-oO -2.3 . 

( +2 0 5) 
0 

8 ( +2.2) 8 ( +4.7) 
5 0.89 2.2. x10 2.7 x10 4.9 · x108 

COKIC>-~ The order of gene 
'=0.7 =0.8 =1.5 ration is unknown 

c a s c a d e D 

' 
1 0 --~~ 

s::;;toz;::> ,.;:,,go;,;. ..... <Q ... <Q ,-..<O;)CIQ~ Primary pair 1 1* 
. ~ 1,·1 E201 7 .Ox10 

2 0.32 2o0 X 108 1 .o X 108 . 108 
.. 

3~0 X • ~~~·.::::;;> First generation 

3 Oo57 1.3 X 1 o8 1.0 X 107 L4 X 1 o8 
I .:.:l~IOO:Io~= First generatton 

4 0.60 G.,o X 1 o8 
~7.0 X 108 4-1.3 X 109 

r;::;;!,;:Q~= ... First generation 

5 0.82 .1 oJ X 1 o8 8.0 X 107 2 01 X 1 o8 
..0-CIO)<:i:) l.i'irst generation 

6 0.96 )1.0 X 1 o9 7.5 X 108 ), 1 o8 X 1 o9 
c;:;;l--.:;:1 ?irst generation 

. 

* · E + E :s 2E according to ·the assumption of the equip. a. rti tion of energy 
·1 2 0 

.... 

I 
-: 

-;·· 

J 



; 
4' 

-~. 

.. 
I 

so 

34 

32 

30 

28 

24' 

22 

20 

f6 

14 ------ ---- ----

12 

10 

8 

---------- --- --

Fig. 1 •. Integral energy spectrum of electron pairs of the 

first generation created on the first rad.length. 

NP,= number of pai~s of energy greater than the 
given value W 

apb- experimental histograms 

I, II = Bethe=Hei tler and Landau, Pome.ranchuk, 

Ter=Mikaelyan curves respectively 
(primary eleclroil, enerQY 5 x 10 11 e V ) 

Curves I and.II are given with their standard de-

viations. 
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Jx 10 11 eV 
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Fig. 2~ Integral energy spectrum of electron pairs of 

the first generation. 

N ~ number of pairs of energy greater than that 
P · corresponding to the val~e 8 . -

Full curves - Bethe-Heitler cu~ves for three ~ . 
different.depths (1.0, 1,5, .2.0 rad.lengths). 

Dotted a.lid dotted_.dashed curves - Landau, Pom~ran­
chuk, Ter-Mikaelyan curves for the depths (1.0, 
1.5··, 2.0 rad.iengths) and the primary electron 
.eriergy E0 .s 3 x 10 11 eV, .. 1 x 1012 eV and. 3 x 1012 eV. 
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