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I. INTRODUCTION

The longitudinal development of an electromagnetic cascade
process (ECP or e.m.shower) produced by high energy gamma quanta (GQ)
is traditionally considered to be a basic characteristic of the ECP
mainly for reason of relative simplicity of its theoretical recon-
struction (at least on the qualitative level) as well as of its great
importance from practical point of view. Consequently. the problem
of the longitudinal development of the e.m.shower (LDS) is studied
more frequently than another one. Recently relevant experimental
data /1,2/ are used often to check the accuracy of different
formulas approximating the LDS and computer modeling programs. par-
ticularly EGS-4 code system /3/.

In the present work we study the longitudinal distribution of
deposition of energy released as ionization loss of electrons and
positrons (later: electrons) in e.m.showers produced by GQ with the
energy EY: 100--3500 MeV in liquid xenon. The investigation has been
performed with the help of pictures of the 180 1 xenon bubble cham-
ber (XeBC) of ITEP (Moscow) exposed to the beam of [ mesons at
3.5 GeV/c.

The advantage of using for this purpose the pictures of the XeBC
with its dimensions 25.7%11%10 expressed in wunits of radiation
length (RL) is such that, firstly. it is possible to ensure maximum
potential length (L

pot
a XeBC picture one can distinguish many details of the e.m.shower

) for LDS as large as 25 RL and. secondly. on

structure (fig.l) and to measure all ranges of cascade electrons in
a picture plane (PP)/4/. Here Lpot is counted out along the shower
axis (SA) from a primary GQ@ conversion point up to the edge of the

registering volume of the XeBC.

Fig.l. Electromagnetic shower initiated by a high energy photon in
the 180 1 xenon bubble chamber of ITEP (Moascow).




On the whole 908 events of e.m.showers recorded on XeBC pictures
have been selected during the scanning and after  preliminary analv-
sie they were grouped into 22 intervals of primary GQ energy Er' Se~
lection criteria assume. in particular. that the SA is in the PP.

For further analysis 8such events were acceprted only in which

L (E.) is not lower than the maximum length t (E_.) on a sample
pot ¥ max 7Y

of showers belonging to a given interval centred at E} (the length
t(Er) is measured. as Lpot(Er)’ from the conversion point of a pri-

mary GQ up to the remotest visible shower electron tracks along the
SA).

In case of each event of e.m.shower satisfying the aforesaid
criteria partial shower electron ranges in the PP, AEr(Er.t)/At.
within a laver of liquid xenon of the thickneas At=0.8 RL at the
depth t were measured. As has been pointed out earlier /4.5/, multi-
plied by some constant value n=3.63 MeV/mm they correspond. on the
average and in sufficient good accuracy (~3%). to. the ionization
loss of relevant shower electrons, AZE(Er.t)/At. inside a laver of
the thickness At. Minimum range of cascade electrons in the PP which
can be discerned reliably enough is equivalent to their cut-off en-
ergy of 0.5-1.5 MeV. In more detail methodical problems and
experimental material used in the work have been described in /4/

and references quoted herein.

II. DIFFERENTIAL DISTRIBUTION

Figure 2 shows the differential distribution of ionization 1losas
(DD) in e.m.showers produced in liquid xenon by G@ within six energy
intervals centred at EY (bins of 0.8 RL). Smooth lines correspond to

the approximating functions:

ATE(E, .t) Ay g ATl v A1
_________ = A— (—)  exp(- —) (1)
At A2 A2 A2
(solid lines) and
AZ
E(Ey.t) Al
_________ = AO t exp(—A2 t) (2)

At
(dashed lines). where the parameters A.l (i:0.1.2{ have been
determined using the common fitting and goodness~of-fit testing pro-
cedure /6/. The relevant numerical values of these prarameters are
given in the table.Two parameters. viz. A, and A . of the Weibull

3 2 1 2
distribution (1) are also plotted in fig.3.
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Fig.2. lLongitudinal distribution of the average partial ionization
loss between O and Lpot(E_) (bins of 0.6 RL) for showers pro-
duced in liguid xenon by Eamma-quanta with the energv E_. So-
lid lines correspond to the Weibull approximating funttion.
dashed ones displav the fit to the form (2). Numerical valu-
es of Lpot are collected in the table.

It should be noted that the DD parametrized by th%Ofunctions (1)
and (2) are both normalized in such a way that ‘ff(Er.t)dt = Er'
c

where AEE(Er.t)
f(Er.t) S TTTAeTTTT (3)
Hence it follows. in particular that the parameter Ao in eq. (1)

should be equal to Er'

Inspection of the table indicates that the function (1) is some-
what preferable. especially at higher energies, i.e. at EyleOO MeV.
Nevertheless, within the shower maximum the experimental data are
systematically over both the fitting functions suggesting the
measured PER are perhaps overestimated in this region because of,
for instance. the peculiar compression of shower electron tracks

(fig.1). In order to clear up this question the parametrization has
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been repeated using experimental data without the aforesaid critical Table (continued) _
regions of extent of 2-3 RL. The obtained results do not differ sig- (1) 365 +/-9 131+/-2 342+/-6 17/27
i fi o 2 375 e 61 17.3
nificantly from the pretceding ones. although the =x“/NDF values +/-35 _(2) 141 +/-5__ 59+/-4 51+/-2 13,27
for both functions are markedlv lower. particulary in case of the (1) 300 +/-9 137+/-2 291+/-6 10/22
i i ; 5 310 o 53 16.0
W
eibull distribution (1). +/-30__(2)__159 +/-B____ B89+/-5____ 66+/-2___16/22
Table. (1) 241 +/-7 130+/-3 261+/-5  13/19
\ P R s 55 14.9
Fitted values of parameters A.1 (1=0.1.2) appearing in egs. (1) and +/-25__(2)___ 133 +/-7 54+/-5 63+/-3 14/19
. (2) vs GQ energy E . and corresponding x°/NDF  values. DUnits are 210 ) 195 +/-6 125+/-3 215+/-6  10/15 a7 4B
such that the shower depth t is expressed in RL and the DD - in MeV/ +/-20 _(2) 136+/-15__ 47+/-9 80+/-7 9/15 )
0.6 RL. N, is the number of shower events in a sample at a given GO 175 (1) 166 +/-6 124+/-4 192+/-7 10/15 28 4
energy centred at Er. Lpot is the potential length. +/-15_ (2) 136+/-15 47+/-9 80+ /-7 8715 .
- (1) 138 +/-8 113+/-4 190+/-8 6/15
2 - R 24 12.6
Ey(MeV) eq. A_(MeV) 100- 4, 100-A,  x"/NDF N)’ LDOt(RL) /<156 (2) 97+/-11 27+,/-9 70+/-7 8/15
-~ . (1) 115 +/-8 117+/-7 161+/-9 5/13
(1) 3450+/-76 190+/-2 693+/-7  18/36 L 20 10.86
3875 T T TTTT 15 24.0 +/-10__(2) __111+/-22 38+/-16___ 90+/-12___4/12
+/-126___(2)___2B6+/-14___176+/-5___ 49+/-1__69/35 (1) 95 +/-5 124+/-7 119+/-6 5/6
(1) 3052+/-62 191+/-2 620+/-7 51,34 100 —meo oo oo e e e s e 14 10.1
8125 e 12 24 .0 +/-10 (2) 188+/-47 61+/-17 144+ /-20 4/6
+/-125__(2)__ _299+/-10___ . 180+/-5 _ __52+/-1_ _62/34______ . A; - —_
(1) 2734+/-69 192+/-3 624+/-8 28/35 U . A, Fig.3. Fitted values of parameters
2875  —m oo mm o oo 1 24.0 o
+/-126__ (2)__278+/-13___ 164+/-6____ __49+/-1 . 47,35 _ __ . __ __ _ ____ AA‘I3&519 /7) of the Weibull distribu-
(1) 24T4+/-52 193+/-2 576+/-9  46/35 (A, in rad.fengt . .
2. tion (1) as a function of
2625 @ —mmmm e e e 12 22.6 20t | 5
+/-125__(2)____324 +/-9__ . 153+/-3__. _50+/-1___71/35 o - . the energy E_.
(1) 2320+/-52 178+/-2 624+/-8  15/31 ) L4
237§  — o mmmmmem o memmme e 20 22.6 _ Lo
+/-125_ (2).__ 258+/-12_ 153+/~6 ____4T+/-1__44/31__.___ L#«Mf/
(1) 2060+/-37 180+/-2 599+/-6 29/35 10+
2125 —mmmm o e 35 21.3 -
+/-125_ (2)._._254 +/-8 . 150+/-4__ __48+/-1_ . 65/35 _ _ . ..
(1) 1782+/-386 173+/-2 582+/-7 28/32
1875 oo oo e 33 20.5
+/-125_ (2)__ 248 +/-8B___ 135+/-4__  46+/-1__ 31r/32 __ . 0 7 3
(1) 1554+/-26 170+/-1 562+/-6 42 /34 5 .
1625  mmm oo m o 66 20.0 In[:ﬁ,. (E, in MeV)
+/-125_ (2)_ 241 +/-6_. . _123+/-3__ __45+/-1_ _41/33 __ .
(1) 1313+/-24 167+/-2 515+/-6 36/30
< 1< 58 20.0
+/-125_ (2)___ 243 +/-7 _ 130+4/-4___ Bl+/-1_ 52/30 _ __ __ I1I. CUMULATIVE DISTRIBUTION
(1) 1095+/-16 164+/-2 487+/-5 38/29 i
1125 ——mmem e S 80°  20.0 ) _ o _
+/-125  (2) 225 +/-5  117+/-3___ 50+/-1.__61/29__ _ _  __ Figure 4 shows the cumulative distribution function of the average
(1) 854+/-14 154+/-2 465+ /-5 25/30 ionization loas (ID), viz.
BT5  mo o o m 86 20.0
+/-125__(2)_ _208 +/-5___100+/-3 ____49+/-1_.29s30. 1 ¢
(1) 852+/-13  150+/-2 433+/-6  27/27 AE .t) = — [ £8_.t* Hat® (4)
BEHQ —mmmmmmm 60 20.0 . 4 [4
+/=70. (2).__178 +/-5 __ 89+/-3._  49+/-1_ 18/27__. .. | E “O
(1) 542+/-13 147+/-2 397+/-6 20/29 . 20.0 for several values of the energy E?" It follows from this equation
BB D o o e
+/_227W(2) 189 +/-6_____BO+/-4____ 60+/-2____11/29 [ that OsA(Er.t)sl because practicallv the whole of the primary photon
(1) 443+/-11 143+/-2 345+/-5 18s26 . 18.6 energy EY is released.on the average. as ionization loss of shower
455 m . . :
+/-45__(2)__ 181 +/-T _80+/-4 59+/~-2 __18/26_ _ _ o electrons up to the depth t being equal to about Lpot' The ID
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t(rad. length)
defined bv eq.{4) is useful in practice indicating, for example. how
large should be the average thicknesas t of active layvers of calori-
meters (or shields) to measure (or simply to absorb) the given part
A(Er.t) of shower electron ionization loss when exrosed to a beam of
GQ with the energy Ey' A better parametrization, i.e. the Weibull
function (1) is indicated bv smooth curves of fig.u.

It is suggestive to find such a simple demensionless and natural
variable x(E?) depending on ET only that,being used instead of ¢,
would make poasible to build a more general description of the LDS
within sufficientlv wide energv intervalnof GO producing e.m.showers

in dense enough media. Ton this end the ratio x(Ey)=t/€{E ) has been

4
used. where t(Er\ iz the average value of the length t, i.e.
1 oo
t(E ) = — ft-f(E .t)dt., {5}
v v
E ‘0
l4

Fig.5 shows our appropriate results obtained earlier on a part of
experimental material /7/. Smooth linas corresepond to the Weibull
parametrization of the cumulative distribution function. viz.
t A1
A(E?.t) = 1 - exp(-(—) ) (6)
Ay
for two extreme values of energy: 210 and 3375 MeV.
One can see (fig.5) that in this way (if anv) the experimental
data cannot be reduced to the one universal distribution, although
there are two common points for all energies: at x(Ey)31.2 and the

point of the shower origin (if media are not too dense). It should
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be also noticed that the higher is the enerav Er the more compact
are the showers. The energv dependence of the average length E(Ey)
is plotted in fig.6. This dependence can be parametrized by a simple

linear function of 1nEr:

T,(Ey) = b lnEk - a. (7)
where a = 4 RL and b = 1.2, t is expressed in RL.
7 1 Fig.8. Energv dependence of the

average thickness ¥(Ep)
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IV. CONCLUSIONS

The average partial ranges of electrons observed along the
shower axis within a laver At=0.6 RL as a function of depth t in
ligquid xenon for photon initiated e.m.showers with energies between
100 and 3500 MeV have been measured using pictures of the 180 1 XeBC
of ITEP (Moscow). This chamber permits to analvse many details of a
shower structure within the absorber thickness as large as 25 RL.
The obtained experimental results were fitted both to the Weibull
(1) and to the gamma (2) distribution. It turned out that the



Weibull parametrization is preferable, especially at the energy

range of primary photons Er 21000 MeV and the parameters A, and A,

1

of this distribution can be described by simple functions of lnE}

Ai = ay + bilnEf, (8)
where: a, = 0.014+/-0.0867. b1 = 0.23+/-0.10, a, = ~5.93+/-0.08.
b2 = 1.55+/-0.01.
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I1. MpomonbHOe pa3BHTHE

CnoBHHCKHI B. E1-89-676
J7leKTPOMArHUTHHE JIUBHH, Bbi3nBaeMsie

raMMa~KBaHTaMu C 3Heprued E. 100-3500 Ma3B.

llpuBenieHbl pes3ynbTaTH HECIEAOBAHMA 3/1€KTPOMATHUTHBX JIMB—
Hel, HHHUHHDYeMbX ramMMa~KBaHTaMH C sHeprued E —100 3500 MoH
B XMIKOM KceoHe. Iloyuefln pacnpepeneHus cpenﬂux HOHH3 21[HO H
HHX NMOTepb KaCKafHHX 3J1eKTPOHOB BAOJb OCH DAa3BHTHA JIHBHel,
O6cyxpaeTrcsa Bonpoc 06 annmpoOKCHMAUMH 3KCIePHMEHTalibHbIX OaH-
HbIX pacnpepeneHuaMH Belibyna U ramma-dyHKIHMAMH. B paboTe ucH
NoJIb30OBaHbl cTepeodoTOorpadun Co 180—HHTp080ﬁ.KCeHOHOBOﬁ my-
3pbKOBOH Kamepbl UTI® /Mocksa/, ob6iyuenHO#l B Nyuke T ~Me30-
HOB ¢ umnynbcoMm 3,5 MaB/c.

PaGoTa BbinmosiHeHa B JlaGopaTOpuH BhICOKUX SHepruii OUAU
U B HHcTHUTyTe ¢H3MKH BopmaBCKOTrO MOJHT eXHHYECKOro HH-—
CTHUTYyTA.
\
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by Gamma—-Quanta with the Energy E_=100-3500 MeV.
II. Longitudinal Development Y

The longitudinal development of photon-initiated sho-
wers of primary energy between 100 and 3500 MeV in liquid
xenon has been studied using pictures of the 180 1 xemon
bubble chamber of ITEP /Moscow/. The distribution of the
average ionization loss of shower electrons along the sho-
wer axis 1is obtalned and fitted both to the Weibull and
gamma functions.

The investigation has been performed at the Laboratory
of High Energies, JINR and the Institute of Physics of the
Warsaw University of Technology.
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