


E13-5152

Z.S. Strugalski

SHOWER COUNTERS
OF GAMMA-QUANTA
AND ELECTRONS

Submitted to Acta Physica Polonica

P ey

Yooz

E N
AL,

A &R b

L]

!

f._l";. .

s L '



In this article we report on the systematic search for the
methods of energy measurement of gamma-quanta and electrons
in wide range of values - from a few MeV to the highest which
may be met in physical investigations. Those methods and coun-
ters will be under consideration only whose operation is based
on the energy dependence of characteristics of electron-photon
shower propagation process in matter,

As the basis for the analysis performed the results of expe-
. rimental investigations of the electron-photon showers/ 1-4/

sults of the cascade theor3/5-6/ are used,

and the re-

The progress in the development of gamma-quanta and elect-
rons energy determination methods is the base for the progress of
wide range of investigations in elementary particle physics, cos-
mic~ray physics, and gamma-ray astronomy, The always actual
methodical problems come be lately object of the special interest

of many investigators, therefore.

1. Method
In the capacity of the results of experimental investigation

of electron-photon showers the sample of characteristics of the



cascade process being in clear dependence on the energy E,
of the shower initiating particles was selected, These characte-
ristics are the base. for the analysis of the methods of gamma-
quanta and electrons energy measurement, and for making of the
fundamental scheme of the corresponding shower counters,

The investigations of the shower propagation process have
been made using the 26-litre JINR xenon bubble chamber, The
use of this chamber to measure the longitudinal and radial shower
propagation has proved to be quite effective, The ratio of the cham-
ber length, 1 = 55 cm, over the radiation length, t = 4,05 cm,
is equal 13,7. Therefore the possibility exists to study the diffe-
rent shower development processes at shower initiating particle
energies less than 5 GeV. The minimum length, in projection on
the film plane, of the electron tracks which may be detected has
been found to be,5+0.2 cm, being independent on the shower
energy in the total energy interval, This minimum track length
corresponds to the minimum electron energy E = 3+1,2 MeV.
The accuracy of Eo determination is near 10%, The localization
of the depth t  of the cascade development, and the localiza-
tion of some point on shower electron tracks may be performed
with the accuracy, in average, 1 - 2 mm,

The typical photograph of the events investigated is shown
in fig, 1. The shower propagation can be observed starting from
the primary gamma—q uantum zeneration point or fromthe point of its conver-
sion, For any set of electron-photon showers at some primary
energy the following experimental information have been obtained:
about the longitudinal and 'lateral development of the showers,
on the fluctuations of the average characteristics of the shower
propagation process, and about the rate of the primary energy
loss in material and on the fluctuations of this energy loss as

Well/ 1—4_/.'



Typical set of fundamental experimental data for the sample
of showers at energies Eos is shown in fig, 2. The energy range
of sho;/ver analysed was 20-4000 MeV, The experimentally deter-
mined features of the shower propagation process may be extra-
polate to the higher energies, however, because of the regula-
rity of the cascade process,

Everywhere the comparison of experimental results with
those of cascade theory was performed, if some need and possi-

bilities have existed.

2, The Basic Characteristics of the Electron-Photon

Shower Propagation Process

2.1, The shower development length

The development length 4 of the electron-photon shower is
defined as the distance in matter on which the cascade propagate,
starting from the point of conversion of primary gamma-quantum
to the point at which the shower axis intersects the first perpen-
dicular plane being no reached by secondary shower electrons,
For the electron-induced showers as a starting point we accept
the point at which the primary electron.‘went in the matter. The
average development length is a function of the shower energy E,.

For definite value of E  this length fluctuates within the
20% interval of average value of d(E; )/ 1/.

In table I the energy dependence of d is presented., The
theoretical_lyj 5-6/ evaluated values concern the E; interval from

1 to 104 GeV, The experimental information includes the energy

region from 20 to 4000 MeV,
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2.2 The radial propagation of showers

The collisions of shower electrons with nuclei of the matter
lead to the lateral spread of shower particles, The approximate
and simple expression for the radius R of the shower, accor-

fsl.

ding to the cascade theory, is following

—~ 091 E,
' B

R int , E, = 21 MeV, B - critical energy in MeV,

The investigations of the fluctuations of the radial shower

[2-3/

ters reaching 90%,The experimentally evaluated

show the significant spread of the shower diame-

[2-3/

mined according to formula (1) as well the average values of the

development

and deter-

=7
shower radius R_ andv R, at different E, are shown in
table II,

2,3, ‘"he cascade curves

The dependence on t of the average number l-\-l(E0 ,E ,t)
of shower electrons with energies no less than E in showers
induced by electrons or gamma-quanta with energies E  fluctuates.
At shower maximum, i.e. at N (E,E,t) 'TN(EU'E’tmal the fluctuations
are approximately Poissonian,

The spread of the conversion length of the primary gamma-
quantum influences the fluctuations at t < thex in shower with

el

E, greater than 1 GeV . In showers with E; less than 1 GeVv

the fluctuations depend on the spread of the primary gamma-
quantum conversion length along the whole shower development

13/
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Table I

The shower propagation length d energy dependence

E, d, d,

eV t, t

2 107 1 -

4 107 1.5 -

8 107 4.5 -

1.5 108 5 -

3 108 6 -
109 10 11

2 10° 11 -

4 10 1z 13
101° - 19
5 101° - 25
10tt - 28
3 101t - 32
1012 - 36
3 1012 - 40
10" - 45

Ee -~ experimental data, E 2~3£, B - critical energy., The accura-
cy of d, s equal to 20%, d; - theoretical data,E > 0 /5_6/.



Table II

The shower radius

E, R, \/—EF
eV t, tot
107 0,.5 1,9

10l7 0.8 1.9

107 ) 1 1.9
1.5 108 1.5 1.9
108 1.3 : 1.9

10° 1,5 1,9
1.5 109 1.5 1,9
10° 1.5 1.9
1013 - 1.9

2.4, The location of shower maximum

The location of the cascade curve maximum can be evaluated

/

from the cascade theory/ 5-6 . The experimental endeavour to esti-

mate the location of this maximum showls the average depth g _

X

to fluctuate very strong,

In table Il the calculated values of t for showers at

max

E, from 1 to 10000 GeV are shown, There are given the expe-

rimental values of t at E0 from 1 to 4 GeV as well,

max



Table III

Shower maximum location energy dependence

0 max 0
eV
Theoryx/ experimentxx/
9 +4,5
10 3 3.5 ~1.5
9 +3
2 10 - , 4 -
9 +3
4 10 - 5 2
5 109 . 4 -
1010 5 -
5 1010 6.5 _
1011 7 -
3 1011 8.4 -
1012 9.5 -
3 1012 11 -
1013 12 -

x/at E> 0 MeV,

xx/at E>—'-3}—ﬁ .

2.5. Number of particles at shower maximum
The average number of shower particles at its maximum,

depends on E0 and E . In showers with energies greater
max
than 45 few hundred of MeV N fluctuates within + \/'N
max - max

interval,



The approximate number Nma,(EO’E>0,t) of the shower particles

whose energies are greater than 0 can be evaluate using the

J6l

relation
- 0.3 Eg
N = - . (2)
max _‘EO
\/ln—ﬁ' B

Usually it is necessary to determine the number of shower elect-
rons of energies greater than some definite value E . On pur-
pose to state quickly the N . (E ,Et .) we can use relation (2)

ana the energy spectrum of shower electrons at t ., (fig.3 ).
2.6, Fluctuations of the shower energy deposition in matter

The fraction A of the shower initiating particle energy laid
up in matter was estimated on xenon bubble chamber photographs
Iz]

for shower electrons of energies greater than E =3+1,2Me .

a
The fluctuations TA" of the shower energy deposition are

[7/

than 5%, if this depth is equal to the shower length
e
A

being no higher

&Y

on the shower cut-off is shown in fig, 4, The

a function of the depth of shower propagation

. The depen-

dence of
shower initiating particle energies were no greater than 2 GeV,
It should be expected the fluctuations to be no greater at higher
energies, however,
2,7, Integral cascade curves

The integral cascade curve is defined here as the sum off

items:

=N =N"(E0,E,At) +N(E L,E,24t) + X
(3)
.+N(E ,E,3 -At) +N(E0,E,5)
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N (E; ,E,iAt) denotes the average number of shower electrons of
energies higher than E crossing the perpendicular to the shower
axis plane at the distance i At from the primary gamma-quantum
conversion point (i =1,2,... ). _

, Making the At  sufficiently small, the estimation of £ N
gives the same information as the measurement of the shower

electron total track length S R. The I N and £ R are the simple

functions of the shower energy. Putting At - 0 andj 5 o , we
get:
151 N(EO,E,iAt) -»ZR(EO,E,d) . (4)
At -0

Practically, within lthe frame of the reachable measurement accura-
cy, making up about 10%, this relation is fulfilled if At = A_ ¢

for E , higher than 300 MeV, and ifAt = -%——- t, for E; %ralueos
from 20 MeV to 300 Me\/s/. The dependence of 2N on t at
definite E; is shown in fig, 5.

The fluctuations of 2N depend on E| and on At

For showers of energies above 1 GeV ratio makes up

10% for At = A . .This value can be reduced,in fact, to be
equal to the fluctuations of total energy deposition in matter making

At >0

2.8. Energy dependence of the shower electron total track length

The average total track length £ R of shower electrons is
the simple function of the shower energy/7/. As example of such
a dependence the relation between 3 R and E in liquid xenon

0

is presented in fig, 6/3/.



The fluctuations of £ R are practically the same as the
fluctuations of the shower energy deposited in matter, This fol-

lows from the simple relation between XR and E; .

3. Energy Measurements of Gamma-Quanta and

Electrons

The analysis of the electron-photon showers leads to the
following methods of shower initiating gamma-quantum and electron
energy determination:

1., Using the information on the total shpwer energy deposition
in matter,

2, Using the information on some rate of total shower energy
deposition starting from the definite shower depth,

3, Using the integral cascade curves,

4, From the energy dependence of the shower electron number
at shower maximum,

5. From the shower length energy dependence,

Each of the five possible methods are wvalid at some energy
range of shower initiating particle and can give some definite
accuracy of the energy measurements, Each of these methods

leads to some special constructions of the shower detectors,

4, The General Characteristics of Shower Counters

of Gamma-Quanta and Electrons

We now make some analysis of the gamma-quanta and electrons
energy determination methods mentioned above, The consequences
of the analysis will be noted concerning the technical solutions

of the shower counters,

12



4.1, Total energy absorption shower counters

By means of the total absorption counters we can estimate
the energy of gamma-quanta or electrons using the information
on tgta.l ‘shower enérgy deposition in matter, From § 2,6 it follows
that the energies E, can be measured by means of such a coun~
ter with an accuracy better than 5%,

Typical construction of this counter is shown in fig. 7. The
piece of transparent material-.absorber is the medium in which the
shower propagate, Scintillation effects or Cerenkov radiation in
absorber is registered by means of photomultiplier, The total absorp-
tion counters were proposed some years ‘ago/ 9. Good results,
especially good er-zrgy resolution were presented by R, Hofstadter
concerning the counters with monocrystalline absorbers,

The energy range for total absorption counters is limited

by the absorber dimensions,

4.2, Multiplate shower counters

In these counters the numbers N of' shower electrons at
shower propagation depths At, 2At, 3At, .. . are estimated,
For E estimation the relation between E  and X N is used
(fig. 5).

Typical construction scheme of the counter is shown in
fig. 8, The counter is composed of some number Ad thick plates
of scintillating plastic separated by At thick plates of lead. If
the thickness of scintillating plastic plates measured in t, units
is small,in comparison with the thickness of lead plates, than
the showers will develope mainly in lead. By means of the thin
scintillators it is possible to measure accurate the numbers of
particles at shower propagation depths At, 2At, 3At, . . .

therefore. A shower developing in lead plates will be sampled

13



by the scintillating sheets sulfficiently often to give a good estimate
of the total energy of the shower initiating particle,

An estimation was made of the error in a shower energy
measurement based on sampling electron numbers at regularly
spaced distance intervals / 8/ . The energy resolution of this coun-
ter can be better than 10%.

The multiplate shower detector composed of alternate sheet
of scintillating plastic and lead was built and tested by placing

/10/

it in a beam of monoenergetic electrons .

4,3, Non-total absorption shower counters

In non-total energy absorption shower counters the energy
of shower initiating particle is measured using information about
the rate of total shower energy deposited in absorber,

It follows from the total shower electron track length depen-
dence on the shower propagation length t , at some E, range,
to be possible to estimate the shower energy taking into account
only the part of the total energy deposition in material. For
example, from fig, 6 one can see that for shower estimation in the
energy range 1500 - 1800 MeV it is sufficient to measure the
energy deposition in absorber at shower development depth t >4t
ie,at t > t_ . .

Schematic representation of the tylpical non-total absorption
shower counter is shown in fig. 9. The scintillation counter Sl
restricts gamma-quanta conversion area to the small thickness
lead absorber. It is working in coincidence with the scintillation
counter §, which is connected with the transparent part of the
absorber. In this part of absorber the rate of shower energy cor-
responding to the shower development length above t > 4t is

deposited. The approximate length 1 of the transparent part of the

14



absorber can be estimate from the relation 1 ~d-t _.,, where d
denotes the average shower development depth, It is expected
the probable percentage error of shower energy determination will
be highef, in contrast to the total absorption counters, being

10 - 20%,

The optimum dimensions of lead absorber and that of trans-
parent part absorber can be determined uéing the information of
§ 2.1 and of § 2.4, The very big error expected of the shower
energy estimation follows from the strong ﬂﬁctuations of the

max

location,
4,4, Shower particle maximum counters

The céhstruction of the counter should give the possibility
to determine the number of shower electrons at shower maximum,

It should be possible to estimate the numbers of shower electrons
at some region At of shower dgvelopment depths t around
the tn.x because of the big fluctuations of the location of the
shower maximum, The sufficient accurate approximate location

of t ., is easy to estimate from the cascade theory.

Typical shower particle maximum counter is schematically
shown in fig. 10, The electron or photon initiated shower propagate
in the lead absorber 1 and in the sheet of lead plates separated
S S ey S

by plastic counters § g 1S4 e

, + Changing the lengths

of the blocks of absorber 1 we can prepare the counter for
measurements at some Eo energy region, The thickness of the lead
plates between scintillator counters S, -8, and the number of
counters .should be determined by the t o fluctuations, The lead
plates between the counters S, should be of small thickness

and the number of counters should be as big as possible, This is



necessary in spite of the maximum accuracy of particle number

determination. The error of maximum number of shower particle

estimation is expected to be no higher than N ax
Having the number N_., it is easy to %eéermine the
shower energy E , . Expected accuracy equals —¢ = N“‘“ .
0 max

4,5, Shower length counters

The shower length counter should give the possibility to
estimate the shower development length in absorber. Typical
technical solution of the counter is shown in fig. 11,The propaga-
tion of the electron-photon cascade occur in the lead absorber 2,
The scintillation counter Sl shows that the gamma-quantum con-
version occur in the lead plate 1, The scintillator counter S,
shows the electrons do not escape the lead plate separating
the counters 82 and S3 . The coincidence of signals from the
counters S, and S, and simuldtaneous absence of signal
from the counter S; is needed,

For each E, value the definite length of absorber 2 is
necessary, The shower length counter gives the approximate va-
lue of E; only, within the 20% accuracy., These counters can be

used for estimation of electron or photon beam energy spectrum,

4,6, General remarks
1

The information concerning the technical solutions of the
shower counters follows from the electron-photon cascade charac-
teristics (§ 2.1 - § 2.8). For accurate measurements of gamma-
quanta and electrons energies the counters should be tested in

a beam of monoenergetic electrons, however,

16



5. Limits of Shower Counters Applicability

It is expected the efficiency of gamma-quantum or electron
registration by means of shower counters will be close to 100%.

The most accurate measurements can be performed by means
of the total absorption shower counters, The E, estimation accu-
racy is near a few percent, in average, and can be equal to the
value less than 1% as well, The accuracy is determined by the
fluctuations of the shower energy deposited in the matter, however,
According to the approximate estimation, on xenon bubble chamber
photographs, the fluctuations should be no higher than 5%, The mea-
surements performed in recent works show these fluctuations to be
smaller than -5%, being close rather to 2%/11/.

The less accurate measurements can be performed by means
of the multiplate shower counters, The information about the shower
characteristics indicate the E, measurement accuracies expected
to be better than 10%, The E;, estimation region for such counters
is wide. The down limit is about a few tens of MeV and the over
limit is determined by the absorber dimensions only, Practically
does not exist some higher limit for E, measured,

The non-total absorption counters can be used for very short
energy ranges at E0 values above a few. GeV, The shower energy
determination accuracy expected is worse than that for the multi-
plate counters, being about 15%,

The shower particle maximum counters are designed for
measurements at very wide energy range above some tens of GeV.

The percentage error expected will be no higher than

AE Vv chx

0 max

17



The measurements of Eo by means of shower lengths

counters can be performed with the accuracy no better than 20 -

30%, at the energy range above a few GeV,

For very high energies it is expected to be covenient to

use the multiplate counters or shower maximum counters.
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Fig. 1, Typical photograph

of the shower investigated,
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Typical set of experimental data for the sample of gamma initiated showers

at E,=1000 MeV [2,3[: &) The cascade curve and fluctuations of the shower par-
ticle number, The starting point - the point of conversion of the primary gamma-
quantum, b) The cascade curve and fluctuations of the shower particle number,

The shower starting point - the point of generation of the primary gamma-quantum,
c) Longitudinal energy deposition in matter, The shower starting point - the point
of gamma-quantum conversion, d) The average shower width longitudinal dependence

x=f(t) , The shower starting point - the point of gamma-quantum conversion,

e) Longitudinal dependence of the shower particle distances from the shower axis,

f) Characteristics of the lateral distributions of shower particles,
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at shower maximum' ',
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Fig. 7. Typical scheme of total absorption shower counter. R -ab-
sorber, PM - photomultiplier.
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Fig. 8. Typical construction scheme of shower multiplate counter,
The shaded areas represent lead plates, non-shaded areas
represent scintillating plastic plates, L - light conductors,
PM photomuiltipliers. '

f
25



™ < ——
\ \ N
N \\‘ — N
AY .
I R - o - PM
T ~ ‘ﬁ\_&\\ > - -
‘,\ e x\<\ T/—-‘,—- - —
P -~ - =
: S

Fig, 9, Schematic representation of the typical non-total absorp-
tion shower counter,

s, [P s s,

N \
AN \ N NN NN N R

— \\ N N N
T, e \\\\ N N R N \\\ N
\\ '\\ N N NN N A

’ 1
SZ 54 Sc

Fig., 10, Schematic representation of the typical shower particle
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In this article we report on the systematic search for the
methods of energy measurement of gamma-quanta and electrons
in wide range of values - from a few MeV to the highest which
may be met in physical investigations. Those methods and coun-
ters will be under consideration only whose operation is based
on the energy dependence of characteristics of electron-photon
shower propagation process in matter,

As the basis for the analysis performed the results of expe-
rimental investigations of the electron-photon showers/ 1-4/

sults of the cascade theor;J 5-6/ are used,

and the re-

The progress in the development;(of gamma-~-quanta and elect-
rons energy determination methods is the base for the progress of
wide range of investigations in elementary particle physics, cos-
mic-ray physics, and gamma-ray astronomy, The always actual
methodical problems come be lately object of the special interest

of many investigators, therefore,

1. Method
In the capacity of the results of experimental investigation

of electron-photon showers the sample of characteristics of the

4



cascade process being in clear dependence on the energy E,
of the shower initiating particles was selected, These characte-
ristics are the base.for the analysis of the methods of gamma-
quanta and electrons energy measurement, and for making of the
fundamental scheme of the corresponding shower ;:ounters.

The investigations of the shower propagation process have
been made using the 26-litre JINR xenon bubble chamber, The
use of this chamber to meésure the longitudinal and radial shower
propagation has proved to be quite effective, The ratio of the cham-.
pber length, 1 = 55 cm, over the radiation length, t, = 4,05 cm,
is equal 13.7, Therefore the possibility exists to study the diffe-
rent shower development processes at shower initiating particle
energies less than 5 GeV. The minimum length, in projection on
the film plane, of the electron tracks which may be detected has
been found to be(,5+0.2 cm, being independent on the shower
energy in the total energy interval, This minimum track length
corresponds to the minimum electron energy E < 3+ 1,2 MeV,
The accuracy of Ego determination is near 10%. The localization
of the depth t  of the cascade development, and the localiza~
tion of some point on shower electron tracks may be performed
with the accuracy, in average, 1 -~ 2 mm,

The typical photograph of the events investigated is shown
in fig, 1. The shower propagation can bﬁe observed starting from
the primary gamma-quantum generation point or fromthe point of its conver-
sion., For any set of electron-photon showers at some primary
energy the following experimental information have been obtained:
about the longitudinal and 'lateral development of the showers,
on the fluctuations of the average characteristics of the shower
propagation process, and about the rate of the primary energy
loss in material and on the fluctuations of this energy loss as

weﬂ/1-4/.



Typical set of fundamental experimental data for the sample
of showers at energies E; is shown in fig, 2, The energy range
of shower analysed was 20-4000 MeV, The experimentally deter-
mined features of the shower propagation process may be extra-
polate to the higher energies, however, because of the regula-
rity of the cascade process, '

Everywhere the comparison of experimental results with
those of cascade theory was performed, if some need and possi-"

bilities have existed,

2, The Basic Characteristics of the Electron-Photon

Shower Propagation Process

2.1. The shower development length

The development length d of the electron-photon shower is
defined as the distance in matter on whijch the cascade propagate,
starting from the point of conversion of primary gamma~quantum
to the point at which the shower axis intersects the first perpen-
dicular plane being no reached by secondary shower electrons,
For the electron~induced showers as a starting point we accept
the point at which the primary electron went in the matter, The
average development length is a function ;:f the shower energy E .

For definite value of E, this length fluctuates within the
20% interval of average value of d( E, ) 1.

In table I the energy dependence of d is presented. The
theoreticalt 5-6/ evaluated values concern the E, interval from
1 to 104 GeV, The experimental information = includes the energy

region from 20 to 4000 MevV,



2.2 The radial propagation of showers

The collisions of shower electrons with nuclei of the matter
lead to the lateral spread of shower particles, The approximate
and simple expression for the radius R of the shower, accor-

/3.

ding to the cascade theory, is following

— 091 E,
' B

R int , E, =21 MeV, B - critical energy in MeV,
The investigations of the fluctuations of the radial shower
development/ 2-3/ show the significant spread of the shower diame-

/ 2_3/ and deter-

ters reaching 90%.,The experimentally evaluated
mined according to formbie_l_(_l) as well the average values of the
shower radius Re and -l?,z at different E, are shown in
table II,

2,3, The cascade curves

The dependence on t  of the average number lrl(E0 yE L t)
of shower electrons with energies no less than E in showers
induced by electrons or gamma-quanta with energies E fluctuates,
At shower maximum, Le, at N (§,E,t) =N(E,Et_ ) the fluctuations
are approximately Poissonian,

The spread of the conversion length of the primary gamma-—
quantum influences the fluctuations at t < thax in shower with
E, greater than 1 Ge\//z/. In showers with E, less than 1 GeV
the fluctuations depend on the spread of the primary gamma-
quantum conversion length along the whole shower development

131
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Table I

The shower propagation length d energy dependence

E, d, d,
eV t
2 107 1 -
4 107 1.5 -
8 107 4.5 -
1.5 108 5 -
3 108 6 -
109 10 11
109 11 -
4 10 12 13
101° - 19
5 1010 - o5
10M1 - 28
3 1011 - 32
1012 - 36
3 1012 - 40
1013 - 45
Ee —_experimental data, E _BB—’ B - critical energy, The accura-

cy of d¢ is equal to 20%,

2
d

t

theoretical data,E > 0 /5_6/.



Table II

The shower radius

E, R, VR
eV t, tct
107 0.5 1.9

10° 0.8 1.9

107 1 1.9

1.5 10° 1.5 1,9
3 10° 1.3 : v . 1,9
10° 1.5 1.9

1.5 10° 1.5 1,9
10° 1.5 1,9

2 1013 - 1.9

2.4, The location of shower maximum

The location of the cascade curve maximum can be evaluated
from the cascade theorsJ 5- / The experimental endeavour to esti-
mate the location of this maximum shows the average depth £
to fluctuate very strong. ‘ "

In table III the calculated values of qu for showers at
E, from 1 to 10000 GeV are shown., There are given the expe-

maXx

rimental values of t at E0 from 1 to 4 GeV as well,



Table III

Shower maximum location energy dependence

0 max 0
eV
Theoryx/ experimentxx/
9 +4,5
10 3 3.5 -1.5
9 - +3
2 10 - , 4 -
9 +3
4 10 - 5 )
5 109 : 4 -
10 10 5 -
5 1010 6.5 i,
1011 7 -
3 1011 8.4 -
1012 9.5 -
3 1012 11 -
10 13 12 -

x/at E> 0 Mev,
xx/at E> —31—/3 .

2.5, Number of particles at shower maximum

The average number of shower particles at its maximum,

N depends on Eo and E . In showers with energies greater
max
than 5 (o  hundred of Mev N fluctuates within + v N
max - mdax
interval,



The approximate number Nmﬂ,(EO:E>0yt) of the shower particles
whose energies are greater than 0 can be evaluate using the

fs/.

relation

- 0.3 Eq i
N = —— . (2
VIn —B'g B

Usgually it is necessary to determine the number of shower elect-

rons of energies greater than some definite value E . On pur-
pose to state quickly the N . (E ,E, t ) we can use relation (2)

ana the energy spectrum of shower electrons at t_ ., (fig.3 ).
2,6, Fluctuations of the shower energy deposition in matter

The fraction A of the shower initiating particle energy laid
up in matter was estimated on xenon bubble chamber photographs
for shower electrons of energies greater than E =3+_1.2Me\//7/.

The fluctuations —Zﬁ" of the shower energy deposition are

/7]

than 5%, if this depth is equal to the shower length/l/. The depen-
) P p

a function of the depth of shower propagation being no higher

dence of on the shower cut-off is shown in fig. 4, The
shower initiating particle energies were no greater than 2 GeV.
It should be expected the fluctuations to be no greater at higher
energies, however,
2.7, Integral cascade curves

The integral cascade curve is defined here as the sum off

items :

=N =1\T(EO,E,At) +ﬁ(E0 JE 248 ) +

(3)
.+RN(E ,E,T -At) +N(E0,E,&- )

10



l\; (E, ,E,iAt) denotes the average number of shower electrons of
energies higher than E crossing the perpendicular to the shower
axis plane at the distance i At from the primary gamma-quantum
conversion point (i =1,2,... ). _
Making the At  sufficiently small, the estimation of £ N
gives the same information as the measurement of the shower

electron total track length SR. The SN and 2 R are the simple

functions of the shower energy. Putting At 5 ¢ andj 5, o , we
get:
3 N (E ,E,iAt) »ER(EO,E,d) . (9)
i=
At 50

Practically, V\}ithin the frame of the reachable measurement accura-
cy, making up about 10%, this relation is fulfilled if At = A t
for E, higher than 300 MeV, and ifAt = —}4—»—— t for E %/alues
from 20 MeV to 300 Me\/ . The dependence of 3N on t at
definite E; is shown in fig, 5.

The fluctuations of 2 N depend on E | and on At
For showers olg energies above 1 GeV ratio ;;N

10% for At = —— ¢ o - This value can be reduced, in fact, to be

makes up

equal to the fluctuations of total energy deposition in matter making

At -0

2.8, Energy dependence of the shower electron total track length

The average total track length 3 R of shower electrons is
the simple function of the shower energyf?/. As example of such
a dependence the relation between SR and E in liquid xenon

0

is presented in fig, 6/3/.



The fluctuations of £ R are practically the same as the
fluctuations of the shower energy deposited in matter, This fol-

lows from the simple relation between LR and E, .

3. Energy Measurements of Gamma-Quanta and

Electrons

The analysis of the electron-photon showers leads to the
following methods of shower initiating gamma-quantum and electron
energy determination:

1. Using the information on the total shower energy deposition
in matter,

2, Using the information on some rate of total shower energy
deposition starting from the definite shower depth,

3, Using the integral cascade curves.
.4. From the energy dependence of the shower electron number
at shower maximum,

5. From the shower length energy dependence,

Each of the five possible methods are valid at some energy
range of shower initiating particle and can give some definite
accuracy of the energy measurements, Each of these methods

leads to some special constructions of the shower detectors,

4, The General Characteristics of Shower Counters

of Gamma-Quanta and Electrons

We now make some analysis of the gamma-quanta and electrons
energy determination methods mentioned above., The consequences
of the analysis will be noted concerning the technical solutions

of the shower counters,

12



4.1. Total energy absorption shower counters

By means of the total absorption counters we can estimate
the energy of gamma~quanta or electrons using the information
on total shower enérgy deposition in matter, From § 2,6 it follows
that the energies E;, can be measured by means of such a coun-
ter with an accuracy better than 5%,

Typical construction of this counter is shown in fig. 7. The
piece of transparent material-.absorber is the medium in which the
shower propagate, Scintillation effects or Cerenkov radiation in
absorber is registered by means of photomultiplier, The total absorp-
tion counters were proposed some years ago/ 9. Good results,
especially good en2rgy resolution were presented by R, Hofstadter
concerning the counters with monocrystalline absorbers,

The energy range for total absorption counters is limited

by the ,absorber dimensions,

4.2, Multiplate shower counters

In these counters the numbers N of' shower electrons at
shower propagation depths At, 2At, 3 At, . . . are estimated,
For E  estimation the relation between E and I N is used
(fig. 5).

Typical construction scheme of the counter is shown in
fis. 8, The counter is composed of some number Ad thick plates
of scintillating plastic separated by At thick plates of lead, It
the thickness of scintillating plastic plates measured in t, units
is small, in Comparison with the thickness of lead plates, than
the showers will develope mainly in lead, By means of the thin
scintillators it is possible to measure accurate the numbers of
particles at shower propagation depths At, 2At, 3A¢t, . .

therefore, A shower developing in lead plates will be sampled

13



by the scintillating sheets sulfficiently often to give a good estimate
of the total energy of the shower initiating particle,

An estimation was made of the error in a shower energy
measurement based on sampling electron numbers at regularly

/8l

spaced distance intervals 8. The energy resolution of this coun-
ter can be better than 10%.,

The multiplate shower detector composed of alternate sheet
of scintillating plastic and lead was built and tested by placing

/10]

it in a beam of monoenergetic electrons .

4,3, Non-total absorption shower counters

In non-total energy absorption shower counters the energy
of shower initiating particle is measured using information about
the rate of total shower energy deposited in absorber,

It follows from the total shower electron track length depen-
dence on the shower propagation length t , at some E_; range,
to be possible to estimate the .shower energy taking into account
only the part of the total energy deposition in material, For
example, from fig, 6 one can see that for shower estimation in the
energy range 1500 - 1800 MeV it is sufficient to measure the
energy deposition in absorber at shower development depth t >4t ,
ie.at t > t __ .

Schematic representation of the typical non-total absorption
shower counter is shown in fig. 9. The scintillation counter S1
restricts gamma-quanta conversion area to the small thickness
lead absorber, It is working in coincidence with the scintillation
counter 82 which is connected with the transparent part of the
absorber, In this part of absorber the rate of shower energy cor-
responding to the shower development length above t > 4t0 is

deposited, The approximate length 1 of the transparent part of the

14



absorber can be estimate from the relation 1 za—tma,, where d
denotes the average shower development depth, It is expected
the probable percentage error of shower energy determination will
be higher, in contrast to the total absorption counters, being

10 ~ 20%,

The optimum dimensions of lead absorber and that of trans—
parent part absorber can be determined using the information of
§ 2.1 and of § 2,4, The very big error expected of the shower
energy estimation follows from the strong ﬂl;lctuations of the

max

location,
4.4. Shower particle maximum counters

The construction of the counter should give the possibility
to determine the number of shower electrons at shower maximum,
It should be possible to estimate kthe numbers of shower electrons
at some region At of shower development depths t around
the t..: because of the big fluctuations of the location of the
shower maximum, The sufficient accurate approximate location
of t ., is easy to estimate from the cascade theory.

Typical shower particle maximum counter is schematically
shown in fig, 10, The electron or photon initiated shower propagate
in the lead absorber 1 and in the sheet of lead plates separated

by plastic counters §, ,S, ,S_ ,...., S . Changing the lengths

| S
of the blocks of absorber 1 we can prepare the counter for
measurements at some EO energy region, The thickness of the lead

plates between scintillator counters Sl - S and the number of

i
counters should be determined by the to fluctuations, The lead
plates between the counters § should be of small thickness

i

and the number of counters should be as big as possible, This is



necessary in spite of the maximum accuracy of particle number
determination, The error of maximum number of shower particle

estimation is expected to be no higher than + y N__,

Having the number N_ . it is easy to deEtermine the
shower energy E ; , Expected accuracy equals Tg— = _'_.ﬁmn_..,
0 max

4,5, Shower length counters

The shower length counter should give the possibility to
estimate the shower development length in absorber, Typical
technical solution of the counter is shown in fig, 11, The propaga~
tion of the electron-photon cascade occur in the lead absorber 2,
The scintillation counter S, shows that the gamma-quantum con-
version occur in the lead plate 1, The scintillator counter S3
shows the electrons do not escape the lead plate separating
the counters S2 and 53 « The coincidence of signals from the
counters §, and S, and simulstaneous absence of signal
from the counter S; is needed,

For each E; value the definite length of absorber 2 is
necessary. The shower length counter gives the approximate va-
lue of E, only, within the 20% accuracy, These counters can be

used for estimation of electron or photon beam energy spectrum,
4,6, General remarks

The information concerning the 'ééchnical solutions of the
shower counters follows from the electron-photon cascade charac-
teristics (§ 2.1 - § 2.8), For accurate measurements of gamma-
quanta and electrons energies the counters should be tested in

a beam of monoenergetic electrons, however,
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5. Limits of Shower Counters Applicability

It is expected the efficiency of gamma-quantum or electron
registration by means of shower counters will be close to 1009%.

The most accurate measurements can be performed by means
of the total absorption shower counters, The E, estimation accu-
racy is near a few percent, in average, and can be equal to the
value less than 1% as well, The accuracy is determined by the
fluctuations of the shower energy deposited in the matter, however,
According to the approximate estimation, on xenon bubble chamber
photographs, the fluctuations should be no higher than 5%. The mea-
surements performed in recent works show these fluctuations to be
smaller than 5%, being close rather to 2%/11/.

The less accurate measurements can be performed by means
of the multiplate shower counters, The information about the shower
characteristics indicate the E;‘measurement accuracies expected
to be better than 10%, The E, estimation region for such counters
is- wide, The down limit is about a few tens of MeV and the over
limit is determined by the absorber dimensions only, Practically
does not exist some higher limit for E; measured,

The non-total absorption counters can be used for very short
energy ranges at E  values above a few GeV, The shower energy
determination accuracy expected is worse than that for the multi-
plate counters, being about 15%,

The shower particle maximum counters are designed for
measurements at very wide energy range above some tens of GeV,

The percentage error expected will be no higher than

AE VN
N

1] max

.
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The measurements of E; by means of shower lengths
counters can be performed with the accuracy no better than 20 -
30%, at the energy range above a few GeV.

For very high energies it is expected to be covenient to

use the multiplate counters or shower maximum counters,
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Fig., 1, Typical photograph

of the shower investigated,
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Fig.2,

1.0

-,

Typical set of experimental data for the sample of gamma initiated showers

at E,=1000 MeV [2,3/: &) The cascade curve and fluctuations of the shower par-
ticle number, The starting point - the point of conversion of the primary gamma-
quantum, b) The cascade curve and fluctuations of the shower particle number,

The shower starting point - the point of generation of the primary gamma-quantum.,
c©) Longitudinal energy deposition in matter., The shower starting point — the point
of gamma-quantum conversion., d) The average shower width longitudinal dependence

x=f(t) , The shower starting point - the point of gamma-quantum conversion.

e) Longitudinal dependence of the shower particle distances from the shower axis,

f) Characteristics of the lateral distributions of shower particles,
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Fig. 7. Typical scheme of total absorption shower counter. R -ab-
sorber, PM - photomultiplier.
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Fig. 8, Typical construction scheme of shower multiplate counter,
The shaded areas represent lead plates, non-shaded areas
represent scintillating plastic plates. L - light conductors,

PM photomultipliers,



Fig. 9. Schematic representation of the typical non-total absorp-
tion shower counter, :
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Fig, 10. Schematic representation of the typical shower particle
maximum counter, ,
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