





"1, INTRODUCTION

~Many experimental results about electromagnetic showers pro-
" duced by high-energy gamma-quanta (GQ) in dense enough media '
have been obtained by now using various methods and technlques R
. since the phenomenon was first discovered 7, Most of these
”‘results concern the longitudinal or lateral profiles of sho-*
.. wers, malnly in-order to be used for the identification and
*energy determination of photons in shower detectors of several
concrete forms, ‘as-well as for some dosimetric purposes, Never-
- theless, scarce experimental 1nformat10n is available on such
important shower characteristics as fluctuatlo?s ‘and correla-
"tlons. On ‘the other hand, the EGS4 Code System considered "
‘to ‘be a  universal and adequate approach to the problem re--
quires a large amount of time of big computers, although the™
~one- and three-dimensional parametrlzatlons of average shower
profiles were suggested ”3 4 and further improvements of sho-
“wer simulation methods were elaborated’®~7' ., Meanwhile, for
- many practlcal purposes a compact and, as far as possible,
c-quantitative 1nformat10n on main characterlstlcs of showers»
. is necessary. : SEERTE A
) ‘In. this paper we report on an exten51ve and systematic ex-
;’perlmental study of longltudlnal and lateral development of
E electromagnetlc showers. created by GQ of 100-3500 MeV using
" pictures of the 180 liter xenon bubble chamber - (XeBC) of 'ITEP
(Moscow)’®’ . The major advantages 'of -the.liquid xenon for this
‘work” are that it has a short radiation length (rl), by~

= 4,05%0.17 cm’%/ as measured in the 24 liter XeBC of JINR¥,:
“>and prov1des an acceptably clear image of tracks of electrons
~with the energy not less than 0.5-1.5. MeV Large enough dimen-
~ sions of the 180f XeBC expressed in units of rl, 25.7x11x10 rl3
; enable one to measure practically all. ranges of shower elect-
. rons and positrons (later: electrons) registered in a picture
plane (PP). So,it turns out available a thorough investigation

% This value is somewhat larger than the" similar: one_ quoted‘ jn literatu-
re’1:10/ pecause of addition of ethylene (0.5% by weight) for quenching of
scintillation.
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of such complicated process without any substantial distor-
tion caused by the detector except, may be, a relatively small
region of length At = 2rl along the shower axis (SA), and of

" thickness Ap.= 0.25rl, around the shower max1mum near by the
SA at higher energies of primary photons (E
the density of electrons: becomes sometimes too large to sepa-
. rate some overlapping short electron tracks.

II MATERIAL AND METHOD

About 220 thousand ‘pictures of the 180 XeBC exposed to the
beam,of 7~ mesons at 3.5 GeV/c were scanned twice at least,
and 1657 events of showers satisfying the appropriate crite-
ria were selected. In particular, these criteria assume that |
the SA of each event is in the PP of a p1cture and there are

> 1500 MeV) where )

no other badkground showers or tracks on the picture. For each

event chosen during the scanning the energy Ey of GQ initia-
- ting the shower was evaluated using the linear.relation bet-.
~ween E and the total range Erlof shower electrons measured
" in the PP/1!/; - - 4
Ey=a2rl, (1)

‘where a = 0.59 0.02 MeV/mm.

25

*E,- 3375125MeV|. 0; Lpots as well as the maximum
o 2125*125MeV| . _io shower length t[ ., were measu-
N 445+ /5MeV ‘.;%°_ red, too. These lengths were.
~ 20 — - oo .. eounted out from,the conversion
%; f'?% Jlu;; point of a photon initiating
S ol opr " o @ shower along the SA respective-
; o-i'%:;oog',f ly up to the edge of the active
£§15- S éo-f——gjr: volume of the XeBC (Lpq; ) and:
X 3 10F'£EJ“[2 .~ the remotest visible tracks of
RS ’ ooo:: ot ¥ 9'5,_&0;: ' shower electrons (t). Then all
o = 4 q*% #Hiﬁ i selected events were grouped
10 0 F A+ I into 22 intervals of primary,
o+ 1ty ] Bl i .
+ 44t T + ; .
T + 't » Fig.l. Scatter plot of potential
5 At lengths Lpot vs maximum visible sho-
+ E! ! wer lengths t for the selected events
(1 15 20 25  to showers produced by photons of
Lpgt (rad. length) energy E, .
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- such plots

L, (B )<t

. are unbiased as far as possible. Here t

photon energy E so that half the relative width AE, y/ Byof )
these intervals mlght be roughly equal to the average energy
resolution in the XeBC, e.g.~ 0.1 712/ | To reduce the effect
caused by the limited dimensions of the registering volume of
the XeBC used in the work (S 25.7rl), the scatter plots

(L vs t) for all intervals were examined. Figure 1 shows
for three of these intervals. Supposing our sample-
of events to be represantative enough, one can expect that the
showers satisfying the evident cond1t10n :

pot

(E))

max‘ y

pot \Hy/ = (?)
max(E ) is the maximum
value of t in the sample of events belonging to a given inter-
val of primary photon energy centered at E

The numbers Ny of selected events of showers fa111ng to
each interval of energy Ey and the average values E, of E, in .
these intervals are given in table 1. The values of tmax(Ey)
and the numbers N* of events fulfllllng the condition (2) ‘are

presented there, too.
So, among 1657 events of

ﬁ ('(I'Gd Iengl‘h) showers selected in the scan-
_ ning and satisfying the basic

5} ' criteria only 908 passed the

l : 4.2+

condition (2) and were used
¥
N A, :
ﬂ an average enlargement of about

I ‘ for furtfer analysis which has
H;) | 0.94 using grid with the di-
| 4 30 mensions of the elementary

been carried out on the PP at
36+

S RY /J 7 I square At = 0.6rl along the
<< j“ / L . SA and Ap = 0.3 rl in its
'@ H 24+ transversal direction, as shown

p - l‘ in fig.2. For every event sum-
! 118 ‘mary plane projection ranges’
: I of shower electrons (SER),
s B Ay (Ey’: t-, p), were measured
/’( Z;? S S
N D . |

1

-

g) Fig.2. Schematic outline of a shower
‘ ] recorded on a picture of the xenon
75; () f; bubble chamber and the grid used in

the work to measure plane projection
ranges of shower electrons.
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. " AXE, (E,,t,p) ALt (Ey, t, p)
Table 1. Numbers Ny of selected events of showers produced by GQ with _ e( y p) 1 (By, .

‘the energy E,. N¥ is the number of events satisfying the condition (2). ’ AtAp = ”(E.y" t,p)- Atdp . (3)
E-y is the mean energy of the relevant interval . :
- : - ; It should be noted that within a small shower region in the
E, (MeV N, t pag(E,), rl N " immediate vicinity of the conversion point of primary photon,
{?ﬁ,;)AEW v ¢ . ) Y maey ¢ . e.g8., at t 5 0.5r1 and p 5 0.1rl, where one observes mostly
N € : two straight tracks of high energy (~Ey /2) electrons only and
d5375 + 125 3489 + 35 46 - 24.0 15 ' there is practically no.cascading, the cogfficie?t 7 i§ by
. + 18 42 24.0 12 .~ about 207 greater than its average value in all investigated
3125 + 125 3139 + 1 . : v :
+ 17 41 24.0 11 ~, interval of E,. Outside the aforesaid central region, where the
(2875 + 125 2850 + 1 ; r , :
’ : ' * 53 22.6 12 . shower fades, 'y slowly decreases, too, by about 10-15% mainly -
2625 + 125 2599 + 25 : >
2375 + 125 2373 + 16 .60 22.6 20 , ~along the SA and at higher energies (E, > 1000 MeV). Besides,
-2125 + 125 2117 + 15 63 . 21.3 35 ~ | . the coefficient 7, averaged over all t and p within each inter-
1875 + 125 1864 -+ 12 80 20.5 33 .'j val of energy E,,does not depend on Ey'laﬂ So, one can admit
1625 + 125 1615+ 9 . 108 20.0 66 » that n in eq.(3) is a constant value to the accuracy, on the
1375 + 125 1 1363.¢ 10 129. 20.0 58 . average, of ~37, as assumed in the work. Mention finally that
1125 + 125 1116 + 8 158 20.0 80 © the SER were measured with an average accuracy of about 203,
"875 + 125 871 + 8. 204 20.0 86 but at the end of a shower the error can reach even 507.
680 + 70 677 £+ 5 138 20.0 gg o
555 + 55 555 & 4 108 - 20.0 . =
455 + 45 459 + 3 103 18.6 > . III. LONGITUDINAL PROFILE ‘ | ’
~.375 £+ 35 380 + 3 65 17.3 < : o ‘ ,
58 16.0 53 E Figure 3 shows the longitudinal distribution of average IL
310 £+ 30 309 + .2 ]
' . 2 55 14.9 55 - for six among 22 analysed in the work intervals of primary GQ
255 + 25 252 + ‘ n 1
"5 210 + 20 208 + 2. 49 14.8 47 : energy E, as a function of the ratio t/t(E),) » where T(E,) is
- 175 + 15 177 + 2 29 12.6° 29 the estimate of the average value of shower depth t. The energy
3 145 + 15 145 + 2 24 12.6 24 < dependence of t(Ey) is illustrated in Fig.4 and fitted to the
N 120 + 10 1230+ 2. 21 11.6. . 20 ~ linear function of InE, '
100 £+ 10 . 100 £ 1 23 11.0 - 14 -
1 1657 908 i HE)=a +b -mE (4)
tota o , DA i ‘
- - 7. also shown in the figure as a solid line. Here a; =-4.84%0.09 r1,
L y . i . s

: © ¢ by =1.3240.03 at the linear correlation index r = 0.996 (Ey is
in . each square of the grid when the axis p = 0 c91nc1d?s with ﬂ' in MeV)..One can notice that at EE 3.590 vev the distribution
the SA. and the origin.coincides with the conversion point of i becomes 1ndePgn§ent of the energy » within the error, except
a primary GQ producing shower (fig.2). - . . the very beginning of a shover, i.e., at t/f(Ey) < 0.15, where
By means of the computer modeling of electron r?nges in ~., a strong descreasing of IL is obﬁﬁrved‘yhen E .

showers created in the XeBC by GQ of 100-3000° MeV 1t'ha§ be?n_ . caused by the diminishing (as ~E}%) of multiple scattering of
shown that the ratio n(Ey, t , p) of shower e}ectron 1on1z?t1?n::w electrons and p?sitrons from'the Pairs created directly by pri-
loss (IL), A3E (E.,,t , p), to relevant SER is c?nstant within mary photons while the relativistic incregse of their IL whi-
a few percent in t%e central shower region in which, on tb?z' thin logarithmical rising t(E,) is about m"E, only.(This ten-
average, more than 907 of the total energy E, is released - dency should be still much significant at very high energy,
So, a more general relation than (2) can be written: o ;.eésat Ey > 100 GeV,but this time owing to the Chudakov ef-

, ect).

increases. It is



o : E 10 - - - : Taking into account the
)\ | i o E=3375+125 MeV ; . -+ above, the data at Ey> 500 MeV
b ° = 3125425 ’i ‘ : - .have been averaged and fitted .
L X 2125425 ; ‘ to the function, normallzed
v# [ & a 4554 45 . o s 2
R + 175+ 15 . ‘ F (x)=3a x ex (_a X),
\_’Um:’ - ; . 1 _:\:’00 \ t( ) 1 p 3 . (5)
g : E where X = t/t(E ) and a; =
o AR = 83.1%3.4, 2—165.0 03,
S * o8 33 = 2.62#0.03 at ¥%, = 35.8,
N : g \ _ when x 3 0.15. The experimen~.
g < f\'\ 1~ tal results and f1tt1ng func-
\’0’ 10 tion are presented ‘in F1g 5.
' One can’ conclude that the
§ . average shower depth t(Ey) is
a useful scaling parameter
for cone;se and re11ab1e‘,“
L 0 i > 3 - enough description of the lon-
10'5 I 7 ,;_ g ‘ ‘/HE,) gitudinal distribution of IL
HE) Fig.5. Same as fig.3 but averaged at least in the region of not
I C . I3
Fig.3. Longitudinal shower development as a function of the ratio : over the range of Ey = 500-3500 MeV. too high primary GQ energy.
t/t(E})of ‘the depth t and the average shower depth t(E ) at the ’i . ’ o
energy E,,. ‘ . : ~ 100
6 .: e y‘% 3. . &
5 | t RN/ = —
c _,zr ] ~ ;
L 4 g < -
< / | (L S S——s< —
Sl M | , S ;0-__;.3“.? |G M|
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Fig.&. ‘Average shower depf.h as a function of. the primary photon N e 00 1 2. 3 .{/{ (E,)
energy E){. Superimposed is. the fitting function (4). k )

Flg 6 Same as flg 3 but for cumulative d1str1but1on



Figure 6 shows the cumulative distribution of IL along the
SA for the same as. in Fig.3 values of energy E,. It may be
seen from the figure that, for example, within the thickness
of ‘an absorbent equal to ~2- t(E,) more than 0.9 of the total
shower energy is realized. ‘ '

IV. LATERAL PROFILE
1. Plane Distribution

As the 180 1 XeBC used in the work enables one to obtain
the experimental information about the lateral IL distribution
in the PP, the relevant average radial IL distribution can be
reconstructed taking into account the geometrical conditions
of the showar electron ranges recording, as well as axial sym-
metry of the average IL around the SA’8.14/  1n Fig.7, as an
example, the lateral distribution of IL measured in the PP is
histogrammed with bins of 1 2 rl along the SA for showers ini-
tiated by GQ of energy E, = 1125%125 MeV. Experimental data
are fitted to the exponent1a1 function == o

~p/p(t, E Yo
fp(plt,Ey)_—.e /p(t, E)) (6)
also presenteddin the‘figUre as a dashed line. Here ot ,E)) is
the average shower width at the:shower depth t and a given va-
lue of Ey. The fitted values of the parameter p(t, E )
so shown in Figs.8a-8c for all 22 intervals of pr1mary photon
energy.

As the displayed points are

Fig.7. Plane lateral spread at diffe-
rent depths t of showers produced by
photons of energy E, = 1125 1125 MeV.
Dashed lines represent the best fit
to the form (6).

are al- .

Ss 0 " E=2125%125 MeV markedly collimated along some

Ne 6 straight lines, at least at lo-
§ ™ 9 wer values of t, it is reasonab- -
= g T 12 le to approximate the t depen-

g ' "$~\ dence of p.fo the 11near func-

N Ll T~ ‘| tion

] E(rL)

8 el .

= - p(t,E)) =a(®) + B(E)-t, (7)
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,7){ v F l. )5,;4: _-.i Fig.8. Dependence on t of the
poox Pan i slope parameter. p.for a.primary '
0'8!' : "I_% photon energy of: (a) 100-
N 310 MeV, (b) 373-1375-MeV,
an 2375 : () 1625-3375 MeV. The straight
S1oe s i : : “linés tepresent the linear func-
fiy A 1 [ SRR N e N
o | ey 8, tion (7) e :
h“i t v: . - A - - _
i § $: «".{ - _ - L 5 v
! : : . .
@y - " ﬁ“ 4 - where a and B-may depend-
RO : ! ~--t+~-1" on the. energy.E,. But be-
[ ;~ ST T %—ﬁ~7é-ceuSerdf-relativély low

statistics of-available
shower events™the spread

. of}) increases with t in-
cre351ng. That’s why the parameters a and 8- have been estima-_
ted for two t intervals: 0-6 rl, 0-12 rl and for all values -
of t. As a result we can conclude that the parameter a does not
depend on E (W1th1n,large enough errors) and is:equal-to

HON

s

‘15.
= 0.042%0. 015 rl >

whereas the Ey dependence of B can be represented by the for—'
mula' ' :

where the fitted values of . the parameters -c and d are-given
in table 2 for three intervals of t.



Table 2. Values of dimensionless parameters c¢ and d appearing
in eq.(8) at E, 2 175 MeV :

y~a
t (rl) c-10° ~d-10"
0-6 : 67 + 4 53 + 5
0 - 12 72 + 3 62 + 4
all | 75 + 3 66 + 4

N

2. Radial Distribution

The average radial distribution of IL, F (r E lt), is rela-
ted with the relevant plane distribution fp(p E, t) measured
“in the experiment by means of the follow1ng equatlon ‘147
: F(r,EQt)dr L
r(plEyvt)—z r'—'—'—"—"’"-__ . ' (9)
P y1- (p/r)2 2 o
In general, the solution of this equation is of the form”' 16" :
F (r,E |t) = [ 3tp-G(pIE, O] e— (10)
U TR Nrerys ,
R ;- V1=-(c/p) |
Unfortunateiy, although the ‘plane distribution f (p, ,t)  is

a simple exponential function (6), the radial d1str1but10n
- B (r,Ey|t) cannot be expressed in the so simple functional
form but its . numerical.values can be easily obtained using the
computer techniques. Nevertheless, the root-mean- square shower
radius can be 51mp1y computed as/17 cr%s = 2-p. ;

V. SPATTAL SHOWER STRUCTURE

The three-dimensional distribution of average IL released
within a ring of a volume AV.= 2 7srAtAt around the SA can
then be described by

AEEe(Ey,t,ﬂ

- E,-F,(t,E) -F, (r,E, |1}, (11)

2arArAt

where the functions F; and.F, are determined by the expressions
(5) and (10), respectively. This distribution allows, for exam-

10

ple, simple numerical estimation of the shower energy deposi-
tion within a given volume of a homogeneous and dense enough
absorbent.

VI. CORRELATIONS

"1. Longitudinal-Lateral Spread

Figures 9 and 10 display scatter plots of IL in showers pro-
duced by GQ of energy E; = 375 MeV and 3375 MeV, respectively,
at fixed fraction A of the total IL equal to 0.9, 0.8, 0.7 and
0.6. Every marked point (t, p) on the diagrams means that bet-
ween two parallel planes each perpendicular to the PP and se-
parated a distance p from the SA on its both sides whereas the
depth of an absorber, measured from the conversion point of
a primary photon, is equal to t, the fraction' A of the total
IL is deposited. As any given value of A can be obtained by
means of different sets of (t, p), the relevant points for some
individual event may form the regular tracks, particularly vi-
zualized at higher E.,, and A close to 1 when fluctuations are
not so important. Moreover, the collimation of (t, p) points
increases with decreasing A, especially at higher E_, indica-
ting that the main contribution to the fluctuations”’of IL is
caused by the remotest low energy shower electrons. Besides,
the lower is the fraction A the most collimated are the points

‘round- the average dependence of (t wvs. p) shown in the figures

by solid lines.

2. Average Longitudinal-Lateral Correlatlon

Figure 11 shows the estimates of the dependence ‘between ave-
rage values of the depth t and width p in the PP for showers
produced by.GQ at eight values of energy E, 100, 175, 310, 455,
1125, 1625, 2625 and 3375 MeV. These results refer ‘to four dif-
ferent values of the fraction A of the total IL dep051ted on’
an absorber volume limited to t along the SA and 2:p across it
with the SA in:the middle. Inspection of Fig.ll indicates that:
the probability of measuring energy of GQ with acceptable re-
liability increases significantly at large enough dimensions
of a calorimeter, viz. at t » 15 rl and p-2 2 rl. '

11
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VII. FLUCTUATIONS

"1. Longitudinal Fluctuations

Figure 12 shows the standard deviation (SD) crAt of a part
A of the IL deposited along the SA as a function of A for six
values of energy E, of shower initiating GQ. One can notice
that at E, 2 500 MeV the behavior of ¢{V with A is independent
of the energy Ey, within the experlmental error. It was para-‘
metrlzed by a s1mp1e parabohc function

9-4{1/ ,OA ?A(‘/azt+Bi('yt-A) —at)‘(l-z)

| , | with a, = 0.038:0.001, B; =
i V = 0.166+0.005, vy = 1.01x0.01,
i ™\ T which is illustrated in the fi=
hanE 1

5
=

:_\ g gure by the solid curve. It has
| been found too”!%/ that A as a”

random variable meaning the

- {‘—’ fraction of the total IL at the
B 1 . I\ depth t, where, on the averagey
| W, OE %;gfgg/\"ev the fraction A(t) of 'IL is de-o
s Y + 7375},25 posited, obeys the normal dis-
: X 555t55 >< tribution with the mean-value &
t A 2555 # A(t) determined by the probabi-
b I v 10020 - d 1lity density function (5) and
00 * 5 _ 1 the d1sper51on glven by eq (12)

‘ A NG
Fig.12. Longitudinal standard devia- A € N(A t); a )
tion of the part A of IL. Solid line A
displayes the fit to the form (12).

(13%

at least at A(t) 2 0.5. 5

2. 'L’atefal Fluctuatidns

The lateral fluctuatlons of IL descr1bed by the A dependen-
ce of the SD a(p), of the part A of the IL measured in the PP
as released in‘the transversal direction away from the SA are
shown in Fig.13. They are normalized to the maximum value

NG ))max which energy dependence is ‘displayed in Fig.l4. and
fittéd to the linear function of lnE also presented in the
figure: R ' '

—q - 14
(_{A) a B E , (14)
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Fig.13. Lateral standard deviation of
the part A of IL normalized to its ma-
Ximum value,

maximum lateral standard deviation
of the part A of IL.

S
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o) P ~ PN
0 . 05 A !
Fig.1l4. Energy dependence of the } 0

6 7 8
InE,(E,in MeV)

where ap = 0 48+0.02, Bp = 0. 048+0 003 and the correlatlon
coefficient r = 0.95. ,

3. Geometrlc Shape

The, long1tud1na1 and transversal shape d1ffuseness of a sho-
wer may be described_by the correspondlng coefficients of va-
riation St/t and S p/p which are plotted in Fig.15 for all
22 intervals of energy E of shower initiating GQ. Their ener-
g8y dependence was parametr1zed by linear functlons ‘of InE,, as

St/t = Ay - BtlnE,y and Sp/p = - BplnE,, (15)
64
X S 1562 where A, 0 61+0.02, B, =(5.8+%
N , L it —
NS £0.1)-107, r = 0.90, andAp =
RO X + 5 -2
< 1 AT S —338004B—(33+01)10
a3px _LX QQQi % ‘ — . © = 0.95, They are showen in the
]_+ ~ [ H figure as straight lines.
, 'i‘ N (X . [ . K
@ i ' ? ,‘)s({*?r,‘_ d ‘
o l X\‘§ ' Flg 15. Coeff1c1ents of va.r1at10n of
a ) ﬁd the longltudmal S, /Tt and the lateral
: i

S_ /p shower dimensions. Straight lines
. present the best flts to linear func-
InEL(Ey in MeV) tions (15).
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VIII. CONCLUSIONS

A systematic experimental study of electromagnetic showers
produced by GQ of energy E = 100-3500 MeV in liquid xenon
leads to the following conc1u51ons

1. The longitudinal distribution of average ionization loss
of shower electrons scaled in t(Ey) can be described at E,2
2 500 MeV with good accuracy, by the formula (5).

2. The transversal distribution of average IL, determined
as releazed within two parallel planes each being parallel to
the shower axis and remote from it by distance p at the depth
t, is an exponent1al function. Integrated over all t it also
displayed a simple scaling with the primary GQ energy and ma-
terial used when expressed in units of average widths D(E )19/,

3. The depth t and the width p of showers determining some
fixed fraction A of their total IL deposited reveal large fluc-
tuations round the relevant average dimensions.

4. Longitudinal fluctuations of IL are described by a simp-
le function of A and are energy independent at Ey2 500 MeV.
Transversal fluctuations of IL also reveal an approx1mate sca-
ling with the energy Ey when expressed as a function of A and
normalized to their maximum value which logarithmically decrea-
ses with increasing GQ energy. Finally, a shower outline detec-
ted by means of an ionization effect becomes more and more
distinct when the primary photon energy increases.
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