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FLUCTUATIONS AND CORRELATIONS IN LONGITUDINAL
DEVELOPMENT OF ELECTROMAGNETIC SHOWERS
PRODUCED BY GAMMA QUANTA BETWEEN 200 AND 3500 MeV

B.Stowinski

The longitudinal development of electromagnetic showers created
by photons of 200-3500 MeV has been studied using the pictures of
the 180 liter xenon bubble chamber of TTEP (Moscow). It is found that
the longitudinal profile of jonization loss in showers scaled in the average
shower depth 1 is independellt of the primary photon energy E, when
Ey2 500 MeV and t2 0.15t. The conclusion is made about normal
distribution of the shower depth t.at which, on the average, some part
A of shower ionization loss is released. Qur analysis suggests also the
existence of short-range correlation in observation function of indivi-
dual events of a shower which could be used in order to increase the
precision of measurements of the photon’s energy.

The investigation™ has been performed at the Laboratory of High
Energies, JINR and at the Institute of Physics of the Warsaw Univer-
sity of Technology.

DIy KTyalMu B Koppensuuu B NPOZOJbHOM Pa3BUTHH
3/I€KTPOHHO-(OTOHHRIX JMBHEI, CO3aBaeMBIX raMMa-
KBaHTaMu ¢ 3Heprueii or 200 go 3500 MaB

B.CnoBunckui

lpoBeneno wuccnemoBanue TPO/IOJIBHOTO  PAa3BHTHA 3K TPOHHO-
GoToHHBIX NUBHE, CO3aBAEMBIX doToHamu ¢ 3Heprueii 200-3500 M3B.
HcxonnbiM akcnepuMentasism MaTepHasioM Gbutd CHUMKH 180-1uT-
POBOH KCEHOHOBOH MY3bIPHKOBOIA kaMepsr UTI® (Mocksa). Iloka-
3aHO, 4TO MpOHOJNBHOE pacTpefieNieHHe HOHM3AUHOHHBIX noTepp B NHB-
HAX, BBIDAXEHHOE Yepe3 OTHOCHTENbHYIO riyGuHy t/ T , Foe t — cpen-
HAA IyOMHA JIMBHA, He 3aBHCHT OT sueprum E 5 nepeuutoro ¢otona
npu Ey 2 500 MaB u t2 0.15% . Creman BBIBO/I O HOPMAJILHOM paclipe-
AeNMEHHH IyGMHBI JIMBHA t, Ha KOTOpOH, B CpenHeM, BbIOenserca
mona A MOHH3AUHOHHBIX MOTeph UBHA. OGHAapYKeHbI TakoKe KOpoTKoO-
AEACTBYIOIME KOPPENALMA B IPOHOITHHOM pacripeesieHMH HOHH3aIMOH-
HBIX NOTEPh HHOMBHAYANbHBIX JIMBHEl, KOTOpbie MOXHO HCIOJIb30BaTh
Ansi NMOBBILIEHHA TOYHOCTH OMNpeNleeHHs JHEPTUH BBICOKOIHEPTETH-
YeCKHX [aMMa-KBaHTOB.

Pa6ora Beinonuena B JlaGopaTtopuu BbICOK HX sxeprui OUAU u B Un-
érnryfe ¢u3mukH Bapumasckoro TeXHHYECKOTO YHHBEPCHTETA.



I. Introduction

The longitudinal deposition of energy in electromagnetic showers
created by high energy gamma quanta or electrons in dense media is
for years most frequently studied in literature as a basic characteristic
of the process. Nevertheless our present knowledge in the subject first
of all comes to the energy dependence of average shower’s profile and
its scaling behaviour. Meanwhile for many practical purposes a reliable
information about such important features of longitudinal shower de-
velopment as its fluctuation and correlations are of great interest at
present.

In the work we analyse these problems using the pictures of the
180 liter xenon bubble chamber of the Institute of Experimental and
Theorerical Physics (Moscow)/ v exposed to the beam of #~ mesons
at 3.6 GeV/c.

II. Method and Material

For all 908 selected events of showers satisfying the appropri-
ate criteria and grouped into 22 intervals of primary photon energy
E, the summary electron and positron (later: electron) ranges (SER)
2ry(t, pl E )/ At Ap have been measured in the picture plane within
the squares of constant area AtAp with the side of At =0.6 radiation
length (rl) along the shower axis and Ap =0.3 1l in its transversal di-
rection. Here t and p mean the coordinates of a square, t bemg measu-
red from the conversion point of a shower initiating photon .Asis
shown’3’ the SER are proportinal to the relevant ionization loss (SIL)
of shower electrons to an accuracy of about 3 % at least in the central
region containing more than 90% of the total shower ionization loss.
In more detail methodical problems were expounded earlier %, For
the purpose of the present work the SER summed over all p at a given
depth t are used.

III. Cumulative Profiles

Figs. 1-6 show the scatter plots of the depth t and the part A of a
total SIL at such shower depths at which, on the average, the part
A=0.1, 0.2, .., 0.9 of the total SIL is released. The plots correspond
to six values of primary photon energy E,. On five plots (A, t) the fit
of the average data performed by the function
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Fig.1. Cumulative longitudinal distribution of ionization loss as a fucntion of the
shower depth t and the part A of the ionization loss (inner plot). Bold lines in both
plots infer to averaged distributions. The most remote points refering to single
shower events are connected by broken lines. Ny is a number of analysed events
of showers produced by photons of energy E y= 3375 £125 MeV.
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Fig.2. Same as Fig.1 for E.y
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Fig.v3. Same as Fig.1 for Ey =2375+125 MeV.
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Fig.4. Same as Fig.1 for E‘y =1375+125 MeV.
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Fig.5. Same as Fig.1 for Ey =555+ 55 MeV.
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Fig.6. Same as Fig.1 for Ey =210120 MeV.
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_ t
Aty =T a x 2exp(-x) -dx

- (1)

valid at E, 2 500 MeV and x 20.15 is superimposed asa smooth line.
Here a;=8.65%0.34, a,=1.65%0.03, a;=2.62 +0.03, x = t/H(E, ),

t(Ey) =a, + b, lnEy,'

(2)

where a, =-4.84%0.091], b = 1.320.03, E., is in MeV '/,
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Fig.8. Same as Fig.7 for Ey = 3125 ¢
125 MeV. Straight and oblique crosses
refer to two different and normally
distributed samples of the same size
as our experimental data.
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Fig.7. Cumulative distribution of ordered
values of a part A (points) of ionization
loss deposited at the shower depths at
which, on the average, the part A =0.1,
0.2, ..., 0.9 of the total shower ionization
loss is released. The probability P; is sca-
led in such a way that a sample of points
having a normal distribution should be
arranged along a straight line. The lines
are drown by eye and at the_top of each
one the relevant value of A is marked
(Ey = 3375 +125 MeV).
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1. Fluctuations

We may observe from the figures that both the depth t and the part
A are subjected to large fluctuations. Expressed as depending on A ,the
root—mean-s%r;ue deviation ai‘) Was parametrized by a simple parabo-

lic function

o8 ~AWa: +B(y -A) -a) 3)

with a; = 0.038+0.001, By =0.166+0.005 and vy =1.01 £ 0.01.
Moreover, the A values may be considered as following a normal distri-
bution at A <0.7 as can be seen from figs.7 and 8 where the probabi-
lities Py = i/(N,+1) for each value of A = 0.1, 0.2, ..., 0.9 at two ener-
gies Ey =3375+ 125 MeV and 3125+ 125 MeV are displayed. Here i
means a currant number of A ordered according to its increasing value
at a given A and N,, is a sample size. The P, axis is scaled in such a way
that the normally distributed data should be arranged along a straight
line. For comparison two 12-element’s samples selected from a normally
distributed population using a table of random numbers’ 5’ are also
shown in fig.8. Note also that at A 2 0.7 the A-distributions turn out
asymmetric because of evident limitation: A $1. They can be appro-
ximated by two halves of normal distributions with different variances:
o,(ASA) >o,(A>A) (figs.7 and 8). The t-distributions, i.e. the
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Fig.9., S8ame as Fig,7 for the shower Fig. 10. Same at Fig.7 for the shower
depth t, depth t and E,y= 3125+125 MeV,
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distributions of shower depths at which some fixed part A of SIL is
deposited may be also consider as normal ones. Two examples of such
distributions are presented in figs.9 and 10 for E, = 3375 MeV and
3125 MeV, respectively, and 9 values of A=0.1,0. 2 .- 09ateachE,

2. Correlations

In the (A, t)-diagrams (figs. 1-6) the most remote points are connec-
ted by means of linear segments in such a way that each broken line
represents one shower event or, in other words, an observation function.
It is to be noted that observation functions become, on the average,
more and more smooth with increasing primary photon energy suggest-
ing some increase of short-range correlations. To estimate them quan-
titatively the slope X; = (AA/At); of an observation function at diffe-
rent t; has been used when AA=0.1 and At =t;,-t;_;, t; being
equal to the shower depth at which, on the average, the part i/10 of
the total SIL is deposited (i =2, 3, ..., 10). Tables 1- 6 gwe the value
of the conventionally formulated correlatlon coeff1c1ent

cov(Xi,Xj)

Py = = (4)
e (X))

for six pointed values of energy E,, (j > i).

Table 1. Value of correlation coefficient r;; defined by (4).
E, =3375%125 MeV

i 3 4 5 6 7 8 9 10

-

2 052 0.64 0.48 042 0.07 0.38 0.02 0.19
3 0.79 0.49 042 0.18 0.26 0.41 048
4 0.76 0.62 0.33 0.256 0.34 0.27
5 0.90 0.43 002 0.13 011
6 0.45 0.77 0.26 0.08
1 0.24 0.24 0.22
8 0.14 0.48
9 0.14
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Table 2. Same as table 1 for 'E‘y =3125 *125 MeV

R B 5 6 7 8 9 10

2 0.24 031 005 068 017 0.17 0.05 0.01
3 0.71 067 042 026 039 001 0.06
4 053 001 012 029 0.17 0.10
5 0.23 007 004 032 013
6 067 068 0.8 0.39
7 . 060 048 0.58
8 0.72  0.04
9 0.32

Table 3. Same as table 1 for E, =2375 %125 MeV

R 5 6 7 8 9 10

2 0.74 003 010 013 0.18 012 008 0.29
3 0.24 004 027 019 012 009 0.08
4 0.53 052 049 0.53 008 0.14
5 0.70 061 0.29 013 0.06
6 0.76  0.37 0.11 0.02
7 0.56 0.18 0.16
8 0.35 0.16
9 0.09

Table 4. Same as table 1 for E, =1375+125 MeV

S T 5 6 7 8 9 10

2 0.50 039 008 0.28 006 003 027 024
3 069 050 053 011 011 010 0.16
4 065 056 015 001 012 001
5 0.85 045 0.22 037 0.09
6 0.59 0.26 032 025
7 0.41 0.38 0.06
8 0.65 0.10
9 0.01
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Table 5. Same as table 1 for Ey = 555+ 55 MeV

; V8 4 5 6 7 8 9 10

2 064 0.13 0.08 0.14 0.11 0.10 0.08 0.04
3 0.70 0.26 0.04 0.02 0.08 0.11 0.05
4 0.68 0.20 0.15 0.08 0.01 0.03
5 ’ 0.55 0.30 0.23 0.06 0.02
6 0.68 0.44 014 0.14
7 068 0.25 0.22
8 0.33 0.01
9 0.03

Table 6. Same as table 1 for E, = 210+ 20 MeV

i J 3 4 5 6 7 8 9 10

2 0.56 0.38 0.30 0.20 0.17 0.15 0.10 0.05
3 0.72 0.59 0.50 0.25 0.21 0.14 0.06
4 0.91 068 0.49 030 0.22 0.10
5 0.78 0.54 0.36 0.20 0.08
6 0.70 041 006 0.04
7 068 0.09 0.25
8 0.10 0.25
9 0.15

Unfortunately, because of low number of analyzed shower events
the quoted results are mainly of qualitative importance. But assuming
approximate normality of the slope X; at a given depth t; we can
- infer that there exists a short-range correlation (i.e. j =1 +1) essentially
within the shower maximum (i.e. at i =4+ 7) at the level of significance

of about 0.01/8/ .

IV. Conclusions

The results of the work can be summarized as follows:

1. The average longitudinal profile of showers scaled in t is independent
both of primary photon energy Ey and of the material used at
Ey > 500 MeV and t > 0.15%.
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The shower depths at which some fixed part X of the total ioniza-
tion loss is released are spread approximately normally. Similar
property reveals the part A at the depth f at which, on the average,
the part A of the total ionization loss is deposited at a given pri-
mary photon energy Ey. But at A > 0.7 A—distx;ibutions congist of
two halves of normal distributions centered at A and having diffe-
rent variances so that o A(AsA)>0 A(A > K).

One can perceive a correlation among two slopes of observation
function registered in adjacent absorbent layers mainly within the
shower maximum.
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