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I. INTRODUCTION 

In recent years the knowledge of an electromagnetic casca­
de process (ECP pr e.m.shower) induced by high energy gamma­
quanta (GQ) in dense enough media, which is of special inte­
rest from practical point of view, comes to the explicit, com­
pact and reiiable information about main characteristics of 
the process such as longitudinal and lateral profile, as well 
as their correlations and relevant fluctuations. Nevertheless, 
little experimental data on e.m.showers is available in the 
literature while the published ones are mainly fragmentary, 
aiming, for example, to carry out a calibration· of electro­
magnetic calorimeters, etc. On the other hand, existing Monte 
Carlo computer programs of ECP simulation/1,2/ being in prin­
ciple universal and exchaustive are rather embarassing in 
practical usage although a three-dimensional parametrization 
of appropriate data was obtained/3/. Therefore, a systematic 
and extensive experiment~l investigation of the ECP created 
by GQ of energy between 100 and 3500 MeV has been performed 
using pictures of the 180 1 xenon bubble chamber (XeBC) of 
ITEP (Moscow)

141
• This chamber having large enough dimensions 

expressed in units of radiation length (r.l.) equal to 
25.7xllxl0 r.l. 3

, and providing an acceptably clear image of 
electron tracks of energy not less than 0.5-1.5 MeV enables 
it to measure practically all ranges of shower electrons and 
positrons (late~: electrons) registered in a picture plane 
(PP). Consequently it turns out possible a thorough analysis 
of such complicated process without any substantial distor­
sion caused by the detector expect, may be, a relatively 
small, along the shower axis (SA), dt = 2 r .1., and thin (dp= 
= 0.25 r.l.) region very close to the shower maximum nearby 
the SA at higher energies (i.e. at Ey ~ 1500 MeV) where the 
density of electrons becomes sometimes too large to separate 
some overlapping short electron tracks. 

This work is the last one in a seri~s 15•91 summerizing 
our previously obtained results concerning the longitudinal 
and the transversal-development of e.m.showers within the 
sufficiently wide interval of primary GQ energy Ey = 100-
3500 MeV. These results include as well the longitudinal~la­
teral correlations and the fluctuations. The measured ECP 
characteritics are summary plane projection ranges of shower 
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electrons (SER), observed inside a rectangle with the dimen­
sions of ~t = 0.6 r.l. along the SA and ~p =-0.3 r.l. in its 
lateral direction161 , the shower depth t being measured from 
the conversion point of a primary GQ. As has been shown ear­
lier/10/ the SER multiplied by some constant value 77 = 
= 3.63 MeV/mm are appropriately, i.e. on the average and to 
within - 3%, equal to their ionization loss (IL) at least in 
the central e.m.shower region where more than 90% of the to­
tal IL of shower.electrons is released. Mention finally that 
the total number of e.m.shower events fulfilling the appro­
priate criteria161 equals 908 and they were grouped into 
22 bins of primary GQ energy161 in such a way that the rela­
tive width M:y/E y;;;; 0.1 don't exceed the energy resolution of 
GQ in theXeBC. 

II. LONGITUDINAL PROFILE 

The longitudinal distribution of shower electron IL is dis­
played in fig.1 for six among 22 analysed in the work inter­
vals of energy Ey of e.m.showers initiating GQ. As has been 
found out/6/ the experimental data may be parametrized by the 
Weibull function shown in the figure as smooth lines. But sim­
ple· inspection of fig.1 indicates that this function, being · 
acceptable as far as IL of shower.electrons falls below -1% 
of the total IL, is in bad response to the long tail of ex­
perimental distribution suggesting rather its exponential be­
haviour which may be well described by a gamma function. 

Figure 2 presents the cumulative longitudinal distribution 
of IL for six valugs of energy Er as a function of the dimen­
sion-free ratio t/t(Ey), where t(Ey) is the average value of 
the length t. Its energy dependence is illustrated in fig.3 
and fitted to the linear function of lnEy: 

t{Ey) =at + bt -InEy (1) 

also shown in the .figure as a solid line. Here at = -4.84± 
±0.09, bt = 1.32±0.03 at the linear correlation indes r=0.996, 
when t is in r .1. and E.y is in MeV. One can notice that at 
Ey ~ 1000 MeV the distribution bec~mes independent of the 
energy E. So, the average length t is useful scaling.parame­
ter for rongitudinal development of the ECP generalizing a 
description of its longitudinal IL deposition profile. 

2 

' .,~ . 
.fl 

I' 
li ... 
I 

.,_ 

·~l 

'frfE 1 1 1 

I 
1 

I 

1 1 

I !.. · £,= 3375!:/2S MeV I 
o · 312S#25 · 
~ 2125:!:f25 
v tt2Stf25 
!}.. 455± 45 
+ 175±15 

-~ 
~ 

~ 
~ 

c:: 
~1 
t:f 
.~ 
c: 
~ 

fU'I I \ I \ ~ ~'PrTJJr I J 

I I I ~' I I I I 

IU O 

Fig. l. Longitudinal distribution of average ionization loss in 
e.m.showers produced by GQ with the energy Ey in liquid xenon. 
The length t is in units of radiation length. Curves designate 
the fit to the Weibul1 function. 
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+ Fig. z.·Cumulative longitudinal 
distribution o~ average ioniza­
tion loss in e.m.showers produ­
ced by GQ with the energy Ey in 
liquid xenon; t/t(Ey)is the di­
mension-free ratio of the shower 
length t and the average shower 
length t(Ey) at the energy E y • 
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Fig. 3._The average shower 
length t as a function of the 

· energy Ey of primary photons· 
Superimposed is the fitting 
function 1 1 1 • 

III. LATERAL PROFILE 
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As pointed out earlier the 180 1 XeBC used in the work as 
a detector of high energy GQ enables it to obtain the experi­
mental information about the lateral IL profile in a.projec­
tion plane whereas the relevant average radial IL distribution 
can be reconstructed taking into account the geometric condi­
tions of the shower electron ranges recording in the PP, as 
well as axial symmetry of the IL around the SA, if averaged 
over all fluctuations 171 • Figure 4 shows the average lateral 
IL distribution summed over all depth t as a.function of the 
distance p measured from the SA in the PP for seven values 
of· energy Ey. The same distribution but vs. the ratio p/p(Ey) 
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Fig. 4. Lateral distribution of ave­
rage ionization loss in e.m.showers . 
produced by GQ-with the energy E.yin 
liquid xenon; p is the distance from 
the shower axis measured in the pictu­
re plane. 

is plotted in fig. 5. Here PcEy) 
is the average value of p at 
a given energy Ey • The energy 
dependence of p(Ey) was fitted 
to the simple linear function 
of ln Ey as f~ 

1 . w1th ap = 0.21±0.03, bp = 

p(EY) = aP + bp· ln Ey (2) 

= 0.058±0.005 and the linear 
correlation index r=0.93. Rele­
vant experimental data and the 
fitted linear regression/2/ are 
presented in fig.6. One can see 
that at Ey ;:: 500 MeV the pla:.. 
ne average lateral IL distribu-

X tion scaled in PcEy) is inde-
101'---L---L-......IIL..Ioll~-'. pendent of E y (fig.5) similar-

0 1 2 3 P (r:l.} ly as in the case of the cumu-

The lateral average IL 
any fixed shower depth t 
pendent on p as 

lative longitudinal IL distri­
bution (fig. 2). 

distribution f(p I t, Ey) in the PP at 
has been found 171 exponentially de-

f(pit, Ey) 
1 -p/p0 (t,Ey) 

• e (3) 
p0 (t, Ey) 

when normalized to unity. The slope parameter Po (t, E y) may 
be fitted to the linear function of t and ln E/7/. Correspon­
ding radial spread of the IL, F(rl t, Ey), is to be obtained 
as a solutipn of the integral equation/7/ : 

~ dr 
f(pi t, E ) = 2 J F(ri t, Ey) --- (4) 

Y P · v 1 -(p/r).2 
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Fig. 6. The average lateral width 
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following from the geometrical conditions of the. shower elec­
tron tracks registration in the XeBC pictures. 

IV. CORRELATION 

The experimental material used in the work makes it possi­
ble to study the correlation between such coordinates (t, p) 
that inside the volume of liquid xenon limited by two paral­
lel planes each distant from the SA'by p and the plane at the 
depth t along the SA the part A of the total shower electron 
IL is deposited when the conversion point of a primary shower 
initiating photon is at t = 0. Figure 7 presents the afore­
said (t,p) dependence averaged over all fluctuations for 
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Fig. 7. The average shower length t vs. the average shower width p for the 
part A=0.9 and 0.7 of the total ionization loss at different values of the 
energy Ey of pri~ry GQ initiating showers. 
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8 intervals ·of energy Ey and two values of A: 0. 9 and 0. 7 •. How 
much may be the relevant fluctuations at different Ey and A 
is illustrated in fig.8 where (t,p) scatter plots are dis­
played for two remote values of energy E.y : 3375 and 375 MeV, 
as well as two above values of A. In more detail this problem 
is discussed and experimentally argued in/8/, 

V. FLUCTUATIONS 

1. Internal Structure 

Figure 9 shows the standard deviation (SD) uit) _of a part A 
of the IL deposited along the SA as a function of A for six 
values of energy Ey of shower initiating GQ. One can notice 

~ 
~.-.-.--.~-,--~~~~~ 

Fig. 9. Longitudinal standard deviation u~) of the part 
A of the ionization loss deposited along the shower axis 
for different values of the energy Ey-of primary GQ. So­
lid lines display the fit to the form 151 ~ 
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that at Ey ;:: 500 MeV the bevavior of u].t> with A is indepen­
dent of the energy Ey• within the error. It was-parametrized 
by a simple parabolic function 171 

u}.t) =A(v'a; + {Jt(.Yt -A) -at) (5) 

with at = 0.038±0.001, /Jt = 0.166±0.005, ·Yt = 1.01±0.01, which· 
is illustrated in the figure by the solid curve. 

The lateral IL fluctuations may be char~cterized by the A 
dependence of the SD u1P) of the part A of the IL measured 
in the PP as released in the l~teral direction away from the 
SA. Relevant experimental data normalized to the maximum va­
lue (u AP)) max of u Sf> are displayed in fig. 10 for the samE; 
energy as earlier (fig.9) six values of energy Ey. The ener­
gy dependence of (u~> )max was fitted to the linear function 
of ln E as 

(u (p) I A) = ap - {3 p In E y ( 6) 
A max: 

with a p = 0. 48±0. 02, f3p = 0. 048±0. 003 and the correlation co­
efficient =.0.95. 
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2. Geometric Shape 

The longitudinal and transversal e.m.shower shape diffus­
ness may be_described by the correspondingcoefficients of.va­
riation St/t and Sp/P which are plotted in fig.ll for all 
22 1ntervals of energy Ey of shower initiating GQ. Their ener· 
gy dependence was parametrized by linear functions of lnEy 
as 

St/t'=At-Bt·lnEy and Sp/P=Ap-Bp·lnE.y, (7) 

where At= ·0.61±0.02, Bt = (5.8±0.1)·10-2 , r = 0.90, and 
Ap = 3.38±0.04, Bp = (3.3±0.1)·10-2 , r = 0.95. They are sho­
wed in the figure as straight lines. 

I I 0.41 1 + I ~ 5pjP•2 

Q]~X I )(-~- II 
+ StfF 

Q21 I I I ! ~..,1 

QJ• I I I -rt I 
5' 6 7 8 

lnEr (Erin MeV) 

Fig.ll. Coefficient~ of variation ~f the longitudinal St/t 
and the lateral Snip shower dimensions. Straight lines 
present the best fits to linear functions 171 • 

VI. CONCLUSIONS 

A systematic experimental study of e.m.showers produced by 
GQ of energy Ey = 100-3500 MeV in liquid xenon has been carri­
ed out using the pictures of the 180 1 XeBC of ITEP (Moscow) 
exposed to the beam of rr- mesons at 3.5 GeV/c. The results 
are as follows: 

11 



1. The longitudinal distribution of average ionization. loss 
of shower electrons was satisfactorily fitted to the Weibull 
function, at least up to shower depts t at which the IL falls 
to about 1% (fig. 1). The cumulative IL distribution scaled 
in the average shower depth t(E.y) is independent of the energy 
E.y at Ey ~ 500 MeV (fig.2). 

2. The transversal distribution of average IL, determined 
as released within two parallel planes each being parallel to 
the shower axis too and remote from it by a distance p, dis­
playes a simple scaling with th~ P,rim~ry GQ energy Ey when 
expressed in units of average values p(Ey) of P (fig.5). 

3. Average values of the depth t and the width 2 · p of a box 
formed by two parallel planes with the SA· in the middle and 
two other parallel planes perpendicular to the SA and separa­
ted a distance t (the part.A= 0.6-0.9 of the total IL of sho­
wer electrons is deposited (on the average)) reveal a strong 
correlation within a small interval of p ~ 1-2 r.l. only at 
all energies Ey (fig.?). Nevertheless, the_relevant fluctua­
tions are very large in this interval (fig.8). 

4. Longitudinal fluctuations a1t) of a part A of the total 
IL have been parametrized by a simple function of A which is 
independent of the energy Ey at Ey ;:; 500 MeV (fig.9). Similar 
fluctuations aiP) in the transversal to the SA direction as 
a function of A also displayes an approximate scaling with 
the primary GQ energy Ey when normalized to the maximum value 
of (a~) ) max (fig.10) which decreases with increa~ing ene~gy 
Ey as In-Ey 16 ~ The coefficients of variation St/t and Sp/P li-
nearly diminish with increasing ln Ey (fig.11) indicating that 
the outer shape of e.m.showers becomes, on the average, rela­
tively more distinct at higher energy EY. 
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Cnoe~HCK~A 6. 
3neKTpOMarH~TH~e n~BH~, B~3~Ba&~e raMMa-KBaHTaM~ 
c sHepr~eA Ey= 100-3500 MaS. VI. O~e ~epT~ 
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npoBeAeHO SKCnep~MeHTanbHOe HCCneAOBaHHe sneKTPOMarHHTH~X n~BHeA, C03• 
Aaeae~x raMMa-KeaHTaM~ c a~eprHeA Ey = 100-3500 MaS. HacTo~~a~ pa6oTa 
CYMM~pyeT OCHOBH~e pe3ynbTaT~, Kac~ec~ npOAOnbH~X H nonepe~H~X pacnpe• 
AeneH~H HOH~3a4~0HH~X OOTepb n~BHeB~X aneKTPOHOB, a Ta~e KOppen~4~H npo­
AOnbH~X M nonepe~H~X pa3Mepos n~BHeH M COOTBeTCTB~X ~YKTYa4HH. B·Ka­
~eCTBe HCXOAHOrO 3KCnep~eHTanbHOro MaTep~ana MCOOnb30Ba~ CH~KK 180-nHTpO 
BOH KCeHOHOBOH ny3~PbKOBOH KaMep~ HT3~ (MOCKBa), o6ny~eHHOH B ny~Ke w-·Me· 
30HOB C HMnynbCOM 3,5 raB/c~ 

Pa6oTa e~nonHeHa ·a fla6opaTop~M e~coK~x aHepr~A OHRH H a HHcT~TyTe 
~~3HK~ Bapwaeckoro non~TexH~~ecKoro ~HCT~TyTa.· 
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s~owinski B. 
.Electromegnatic Cascades Produced by Gamma-Quanta, 
with the Energy Ey = 100-3500 MeV. ~I. General Features 
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The extensive and systematic experimental study of electromagnetic 
showers initiated by gamma-quanta of energy Ey between 100 and 3500 MeV 
has been carried out using the pictures of the 180 1 xenon bubble chamber 
of ITEP (Moscow) exposed to the beam of"- mesons at 3.5 GeV/c. The.paper 
surveys our main results concerning the longitudinal and the lateral pro­
files of ionization loss of shower electrons, as well as the longitudinal 
and lateral correlation of shower dimensions,and the fluctuations of these 
characteristics. 

'The investigation has been performed at the Laboratory of High Ener-' 
gies, JINR and at the Institute of Physics of· the Warsaw University of 
Technology. ' 
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