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In the present experiment, the three-dimensional distribution of energy deposition was measured for 1-GeV
electron-induced showers in water and aluminum. For the water target, two different detectors were em-
ployed: CsI(T1) and anthracene. The measured longitudinal distribution of energy in water was found to be
essentially independent of the detector employed in the measurement, while the radial distribution of energy
deposition shows a strong detector dependence. Data were measured for the aluminum target with a
CaF2(Eu) detector. All of these data support the description that the primary energy-deposition mechanism
at the initiation of the shower is ionization of the target material, and that the principle energy-transport
mechanism after shower maximum is the propagation of minimum-attenuation y rays. The radial distribu-
tions of energy deposition show that the apparent dependence on the atomic number of the target observed in
an earlier experiment was in part a detector-dependent result. The radial distributions nevertheless show
significant difFerences from the prediction based on the Monte Carlo calculations of Xagel.

INTRODUCTION

HE lateral and longitudinal distributions of energy
deposition in electromagnetic cascade showers

are of particular practical interest for media typically
used as radiation shielding materials. In the present
experiment, showers were initiated by electrons with
j.—GeV incident energy. Recently, improved experi-
mental techniques have been employed to measure
the lateral and longitudinal distribution of energy deposi-
tion in targets of low atomic number. Data have been
measured for a water target with both anthracene and
CsI(T1) detectors and for an aluminum target with a
CaF2(Eu) detector. The anthracene and CaF2(Eu)
detectors were chosen to match as nearly as possible
the effective atomic numbers of the respective target
media. The CsI(T1) detector was employed to obtain
data for a comparison with previous results which
indicated an apparent dependence of the radial dis-
tribution of energy deposition on the atomic number
of the target.

The principle processes responsible for the casca.de
shower phenomena have been discussed by Rossi. ' An
analytic treatment of the longitudinal behavior of
showers has been developed by Rossi and Greisen. '
Many other calculations, both analytic and Monte
Carlo, ' have been performed on various characteristics

~ W'ork supported in part by the U. S. 0%ce of Naval Research
Contract Xo. Nonr 225(67) and Contract No. N00014-67-A-
0377-0002.

'B. Rossi, High-Energy Particles (Prentice-Hall, Inc. , Engle-
wood ClifFs, X.J., 1952).

~ B.Rossi and K. Greisen, Rev. Mod. Phys. 13, 240 (1941).'For references to many of the analytical calculations per-
formed before 1959, see K. Kamata and J. Nishimura, Progr.
Theoret. Phys. Suppl. 6, 93 (1958); S. Z. Bien'kii and I. P.
Ivanenko, Usp. Fiz. Nauk 69, 591 (1959) t English transl. :Soviet
Phys. —Usp. 2, 912 (1960)j.Also see O. I. Dovzhenko and A. A.
Pomanskii, Zh. Kksperim. i Teor. Fiz. 4S, 268 (1963) I English
transl. :Soviet Phys. —JKTP 18, 187 (1964)g. For references to the
prominent Monte Carlo calculations, see C. Crannell, Phys. Rev.
161, 310 (1967).

of both the lateral and the longitudinal aspect of cascade
showers. Recently, a Monte Carlo program was de-
veloped by Nagel4 to calculate both the longitudinal
and the radial properties of showers, in which lower
energy partitioning of the shower is considered than in
previous work. The results obtained in this experiment
are compared with the results obtained by Nagel.

Kantz and Hofstadter, ' ' using scintillation detectors,
obtained the first measurements of the radial, as well
as the longitudinal, deposition of energy in an electron-
induced shower. Carbon, aluminum, copper, tin, and
lead were investigated using electrons with incident
energy of j.85 MeV. The technique employed in this
experiment is similar to that developed by Kantz
and Hofstadter.

The improved experimental apparatus and data-
acquisition procedure employed in this work have been
described previously" and are briefiy discussed in the
next section. The results are presented in tabular and
graphic form, and the interpretation of these results
in light of previous data and theoretical predictions is
dIscussed.

EXPERIMENTAL TECHNIQUE

In Table I, the numerical parameters associated with
the target materials are presented. The water target

'H. Xagel, Z. Physik 186, 319 (1965); for calculations ap-
plying Xagel's program to showers initated by higher-energy
incident particles, see U. Volkel, Report Xo. DESY 65/6, 1965
(unpublished); Report Xo. DESY 67/16, 1967 (unpublished).'A. Kantz, Ph.D. thesis, Stanford University, 1954 (unpub-
lished); Stanford University, High Energy Physics Laboratory
Report Xo. 17, 1954 (unpublished).

6A. Kantz and R. Hofstadter, Phys. Rev. 89, 607 (1953};
Nucleonics 12, 36 (1954).' C. Crannell, Ph.D. thesis, Stanford University, 1967 (un-
published); Phys, Rev. 161, 310 (1967}.

SM. R. Yearian, C. J. Crannell, H. Crannell, D. C. Smith,
P. J. Friedl, C. Sederholm, and W. Dye, IKEF. Trans. Nucl. Sci.
NS-14, 608 (1967).
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consisted of a steel tank containing 8000 liters of
&distilled water. The nlovable detector assenibly was
1rlounted on tracks above the tank. The incident bea&)l

entered the water through a 0.13-mm-thick aluminuni
window which was centered on the square end of the
tank. The entire detector assembly could be moved

by remote control both along the direction of the
incident beam and perpendicular (horizontally) to the
direction of the incident beam. The probe itself could be
moved remotely in a direction perpendicular (ver-
tically) to the incident beam. The probe consisted of a
photomultiplier tube optically coupled to a detector of
anthracene or CsI(Tl) by means of a Lucite and polished
aluminum light guide. Details of the construction of
the target and detector assemblies' and the closed-
loop data-acquisition technique' have been described
previously.

A pulsed beam of 1-GeV electrons was normally
incident on the target at a repetition rate of 60 Hz. The
energy of the incident electrons was known to 0.5%%uo

and the momentum spread in the beam was 0.2%. The
signal from the probe was amplified, converted to a
digital signal, and automatically read by an on-line
data-acquisition system after each burst of electrons
from the accelerator. A gas Cerenkov monitor' was
employed to measure the intensity of each accelerator
burst. The signal from the monitor was similarly ampli-
fied, digitized, and read by the computer. At each
probe position, the signals were measured and the ratio
of probe to monitor signal was calculated until a sufh-
cient number of measurements were made to ensure
that a statistical accuracy commensurate with the
other experimental parameters was obtained. The data
acquisition system then printed out the numerical
value of the ratio of the probe signal to monitor signal,
plotted the ratio as a function of the radial distance
of the probe from the beam axis, and moved the probe
to a new radial position which was determined from the
rate of change of the ratio and the size of the previous
ra.dial increment.

The aluminum target was composed of plates varying
in thickness from 0.64 to 2.5 cm. The plates were pressed
together to simulate a solid target of the dimensions
given in Table I. The probe could be moved remotely
only in a direction perpendicular to the incident beam.
The detector employed with the aluminum target was a
CaF2(Eu) pellet. . The atomic numbers associated with
the detectors used in this experiment are listed in

Table II.
The data-reduction techniques also have been de-

scribed previously. ' The measured energy deposition
as a function of the lateral and longitudinal position
of the probe was reduced and analyzed with the as-
sistance of an IBM 7090 computer. The three-dimen-
sional distribution of energy deposition for water as

' C. Crannell, H. Crannell, and H. Zeman, Rev. Sci. Instr. 40,
661 {1969).

TABLE I. Numerical parameters associated with
the target materials.

Target
material

Aluminum
Water

Atomic
number

13
1, 8

Dimensions
of target

(cml)

61 X61 X180
122 X122 X460

Radiation Critical
Density lengtha energy»
(gem ~) (gem~) (Mev)

2.7 24.3 40.0
1.0 36,4 73.0

a Calculated using Eq. 5,2(1) of Rossi (Ref. 1), and found to be in good
agreement with the corresponding values given by O. I. Dovzhenko and
A. A. Ponamskii, Zh. Eksperim. i Teor. Fiz. 45, 268 (1963) )English transl. :
Soviet Phys. —JETP 18, 187 {1964)J.

determined with anthracene and CsI(T1) detectors and
for aluminum with a CaF&(Eu) detector was obtained
by a numerical integration of the radial distribution
curves.

TABLE II. Atomic numbers of the principle constituents'
of the detectors used in this experiment.

Detector

Anthracene
C6H4.'(CH): C6H

CaF2(Eu)
CsI(T1)

Atomic
numbers

6, 1

20, 9
55, 53

& The europium (Eu) and the thallium (Tl) are present only in trace
amounts and should not significantly affect the energy stopping properties
of the detectors.

RESULTS

The fraction of the incident energy deposited as a
function of depth is determined from an integration
of the measured radial distribution of energy. A plot
of the energy deposited per unit depth as a function
of the depth is called a transition curve. The transition
curves measured for water with anthracene and CsI(T1)
detectors are shown in Fig. 1(a). The transition curve
measured for aluminum with a CaF2(Eu) detector
is shown in Fig. 1(b). Each of the three sets of measure-
ments has been normalized so that the total area under
each transition curve is equal to unity. The uncer-
tainties in the data presented in Figs. 1(a) and 1(b),
due to the inherent limitations of the experimental
equipment, are &3%%uo in the energy deposition, &0.5
cm in the depth for water, and —0.08 +0.32 cm in the
depth for aluminum. Systematic eQ'ects depending on
the symmetry of the incident beam and the size of
the detector are expected to afI'ect the determination
of the transition curve at the zero depth point by no
more than &25% in water and &30% in aluminum.
Near shower maximum and beyond, these eGects are
expected to be negligible. At depths beyond shower
ma, ximum the integration of the radial distribution of
energy employed an extrapolation of the data beyond
the greatest measured radius. The fraction of the
integral which depended on the extrapolation was never
more than 30%, and is believed to contribute to an
uncertainty in the transition curve at great depths of
no more than &10%%.
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FzG. 1. Experimentally determined transition curves for 1-GeV electron-induced showers in water and aluminum. The fraction of
the incident energy deposited per unit depth is plotted as a function of the depth in centimeters. The arrow labeled "I"indicates the
value calculated by Sternheimer for the energy lost per cm through ionization of the target material by 1-GeV electrons. The quantity

p& for each transition curve is determined by a least-squares 6t of the data. The lines drawn with X; absorption and ); attenuation
illustrate the slopes associated with these coefBcients.

The arrows labeled "I"in Figs. 1(a) and 1(b) indi-
cate the energy deposition per unit depth that would
be expected from ionization of the target media by 1-
GeV electrons. Since ionization of the target medium
is the dominant mechanism by which energy is de-

posited at the initiation of the shower, it is expected
that the transition curve should assume this value at
zero depth. Agreement with the ionization loss rate
calculated by Sternheirner' is obtained to within the
systematic uncertainties associated with the measure-
ments. The results are also presented in Table III.

Since the most penetrating component of a shower
is minimum-attenuation y rays, it was suggested
earlier, "and veri6ed by subsequent experiments, ~ '~'
that one might expect the transition curve to decrease
exponentially at a rate approximately determined by
the minimum-attenuation coefficient for p rays in the
particular target material. The experimentally deter-
mined rates of decrease as well as the slopes associated
with the minimum attenuation and absorption coefB-
cients are shown graphically in Figs. 1(a) and 1(b).
The measured rates were determined by a least-squares
fit of the data taken well past shower maximum and are
given in Table IV along with the related experimental
uncertainties.

The data were further analyzed to determine the
lateral distribution of energy deposition, integrated
over all depths. These results were then used to calcu-
late the fraction of the energy that would escape a
cylinder of semi-innnite length as a function of the
radius of the cylinder. The results for this experiment

'OR. M. Sternheimer, Phys. Rev. 88, 851 (1952); 91, 256
(1953); 103, 511 (1956)."K. Greisen, Phys. Rev. 75, 1071 (1949).

~ W. Blocker, R. Kenney, and W. Panofsky, Phys. Rev. 79,
419 (1950).

'I H. Thorn, Phys. Rev. 136, 8447 (1964).
'4 W. Nelson, T. Jenkins, R. McCall, and J. Cobb, Phys. Rev.

l49, 201 (1966).

DISCUSSION

Longitudinal Development

The results of this experiment for the longitudinal
distribution of energy deposition show the same general
behavior as found in previous experiments. ~~'~'4
However, the results of all of the experiments con-
sidered together show an atomic-number —dependent
characteristic.

TAsLE III. Energy lost by ionization in MeV cm~ g

Target
Material

Aluminum
Water

Sternheimer'
Calculated
for 1-GeV
incident
electrons

2.02
2.40

This experiment
1-GeV incident

electrons

1.5 &0.5
1.95+0.5

R. M. Sternheimer, Phys. Rev. 88, SS1 (1952);91.2$6 (19S3);103, 511
(19S6).

are shown as "radial escape curves" in Fig. 2. For
comparison, the results for a 900-MeV electron-induced
shower in tin from a previous experiment' and for a
950-MeV electron-induced shower in lead from the
Monte Carlo calculations of Nagel4 are shown.

The experimentally determined lateral and longi-
tudinal distributions of energy deposition for 1-GeV
electron-induced showers in water measured with the
anthracene detector and in aluminum measured with
the CaF~ (Eu) detector are presented in Tables V—VIII.
The differential energy block diagrams display the per-
centage of the incident energy deposited in a cylindrical
ring between the indicated radii and depths. The
integral energy block diagrams display the percentage
of the incident energy deposited in an entire cylindrical
section of the indicated radius and depth.
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TABLE IV. Comparison of experimentally determined coe%cients
with y-ray absorption and attenuation coefBcients.

Target
element

Aluminum
Water

&min
Absorption

cmQ g
—1

0.0183
0.0140

&min
Attenuation

cm'g '

0.0215
0.0150

Wee
cms g-i

0.0187m 0.0006
0.0130&0.0005

& W. S.Snyder and J.L. Powell, Oak Ridge National Laboratory Report
No. ORNL 421, 1950 (unpublished); also quoted in O. L Leipunskii, B.V.
Novozhilov, V. N. Sakharov, Thc Propagatsoss og Gamma Qssassta As Matter,
translated by Prasenjit Basu. 1st Eng}ish edition edited by K. T.Spinney,J. Butler, and J. B.Sykes, (Pergammon Press, Oxford, 1965}.

It was suggested by Kantz and Hofstadter" that at
the start of an electromagnetic cascade the energy
deposited per unit depth in the target material should
correspond to that fraction of the incident energy lost
per unit depth by the incident electrons through ioniza-
tion of the target media. To within the experimental
uncertainties, the measured rate of energy deposition
at zero depth corresponds to the energy lost by 1-GeV
electrons through ionization of the respective target
materials, as calnllated by Sternheimer. '

In previous experiments, v the transition curves were

found to decrease at a rate which was less than the
rate at which minimum attenuation y rays are atten-
uated and greater than the rate at which energy is
absorbed from a beam of minimum absorption p rays.
%hen the data measured previously with 900-MeV
electron-induced showers in copper, tin and lead are
considered together with the results of the present
experiment for 1-GeV electron-induced showers in water
and aluminim, an atomic-number —dependent effect is
observed. The agreement is better with the attenuation
coeKcient, the higher the atomic number of the target
material, and with the absorption coefBcient, the lower
the atomic number of the material. These observations
are consistent with a model suggested previously. ~

In materials of high atomic number, in which the
minimum in the attenuation curve is relatively sharp,
the & ray rapidly gives up all its energy to the med. ia
as soon as it suffers any collision. In materials of lower
atomic number, in which the minimum occurs at higher
energy and is relatively broadened, the attenuated
p ray may still propagate its energy to significantly
greater depths. The rate of energy deposition then more
closely approximates the rate of energy absorption at
the minimum in the absorption curve. The knowledge of
this behavior over a wide range of atomic numbers pro-
vides us with a more complete picture of the energy
transport and deposition mechanisms at depths beyond
shower maximum.

In the present experiment, the transition curve in
water was measured independently with two different
detectors. One detector, anthracene, has an efFective
atomic number approximately the same as that of
water. The other detector CsI(T1) has an effective
atomic number which is much greater (see Table II).
The stopping power of anthracene for all the shower

I.O—
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1(Te)

F&(Eu)

CsI(TE)

0
C3
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~ O. I
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FIQ. 2. Radial escape curves. The fraction of the incident
energy escaping from an infinitely long cylinder is plotted as a
function of the radius in Moliere units. The data from the present
and the previous experiments are compared with the Monte
Carlo calculations by Nagel for 1-GeV electron-induced showers
in lead. The values for the radiation length and the critical
energy, used in calculating the Moliere length for water and
aluminum, are given in Table I.

particles, from high-energy electrons to low-energy
p rays, is expected to be similar to that of water. The
relative stopping power of CsI(Tl) for low-energy
y rays, however, is expected to be much greater than
the stopping power for high-energy electrons. It is
surprising, therefore, that the energy deposition
measured with the CsI(Tl) detector is not significantly
greater in the tail of the transition curve and less in the
region before shower maximum.

Lateral Development

Radial escape curves, calculated from the lateral
distribution of energy deposition, are presented in Fig.
2. For the water target, the data measured with a
CsI(T1) detector indicate a much greater radial spread
of energy than do the data measured with the anthra-
cene detector. To the extent that the efFective atomic
number of anthracene is the same as the efFective atomic
number of water, it is expected that the lateral distribu-
tion of energy deposition measured with the anthracene
detector presents an accurate picture of the energy
actually deposited in the water target itself. The
effective atomic number of CsI(TI) is much larger than
that of water (see Tables I and II). It is not surprising
that the data measured with the CsI(T1) detector show
signilcant difFerences from those measured with an-
thracene.
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TABLE V. DiGerential energy block diagram 1-GeV electron-induced showers in water.

Depth in cm
Radius
in cm 0—20 20-40 40—60 80—120 120-160 160-200 200-240 240-280 280-320 320-360 360-~
24- ~
20-24
16-20
12-16
8—12
6-8
4-6
3—4
2—3
1—2
0-1

0.01

0.01
0.01
0.02
0.03
0.07
0.22
4.41

0.07
0.02
0.02
0.03
0.06
0.07
0.20
0.24
0.50
1.28
6.13

0.03
0.04
0.07
0.18
0.24
0.63
0.69
1.34
3,14
5.57

0.11
0.05
0.08
0.14
0.37
0.51
1.21
1.23
2.17
3.86
3.53

0.32 0.46
0.17 0.25
0.28 0.41
Q.S5 0.78
1.41 1.67
1.70 1.65
3.38 2.66
2.86 1.83
4.03 2.18
5.03 2.16
3.32 1.16

0.50
0.25
0.40
0.70
1.33
1.14
1.61
0.98
1.03
0.92
0.45

0.44
0.22
0.33
0.54
0.92
0.69
0.88
0.49
0.48
0.40
0.18

0.38
0.17
0.24
0.37
0.58
0.40
0.47
0.25
0.23
0.18
0.08

0.30
0.12
0.17
0.24
0.35
0.22
0.25
0.12
0.11
0.08
0.04

0.23
0.08
0.11
0.15
0.20
0.12
0.13
0.06
0.05
0.04
0.02

0.31
0.18
0.20
0.23
0.26
0.14
0.13
0.06
0.05
0.03
0.01

Tm~ VI. Integral energy block diagram 1-GeV electron-induced showers in water.

Depth in cm
Radius
in cm 0—20 40—60 60-80 80—120 120-160 160-200 200-240 240-280 280-320 320-360 360-~

24-~
20-24
16-20
12-16
8—12
6-8
4-6
3—4
2—3
1—2
0—1

4.85

4.78

4.77
4.76
4.75
4.73
4.70
4.62
4.41

13.5

13.3
13.2
13.2
13.1
12.9
12.6
12.0
10.5

25.5
25.3

2S.2

25.0
24.8
24.5
23.6
22.7
20.7
16.1

38.7
38.4
38.3
38.2
37.9
37.3
36.5
34.4
32.2
28.1
19.6

61.8 77.0
61.1 75.9
60.9 75.4
60.4 74.5
59.6 73.0
S7.6 69.2
55.1 65.1
49,6 57.0
44.6 50.1
36.5 39.8
23.0 24.1

86.3
84.7
83.9
82.7
80.4
75.4
70.0
60.3
52.5
41.2
24.6

91.9
89.8
88.8
87.3
84.4
78.5
72.5
61.9
53.6
41.8

24.8

95.2
92.8
91.6
89.8
86.6
80.1
73.7
62.6
54.1
42.0

97.2
94.5
93.2
91.2
87.8
80.9
74.3
63.0
54.3

98.4
95.4
94.1
92.0
88.4
81.3
74.6
63.2
54.4

42.2
24.9

100.0
96.7
95.2
92.9
89.1
81.8
74.9
63.3
54.5
42.3

T~LE VII. Differential energy block diagram 1-GeV electron-induced showers in aluminum.

Depth in cm
Radius
in cm 0-10 10-20 20-30 40—50 50—60 60—70 80-90 90—100 100—120

12-~
10-12
8—10
7-8
6-7
5—6
4-5
3—4
2-3
1-2
0—1

0.05
0.02
0.03
0.02
0.02
0.03
P.04
0.06
0.13
0.45
7.42

0.17
0.07
0.10
0.07
0.09
0.13
0.20
0.40
0.96
2.94

12.2

0.32
0.14
0.22
0.16
0.21
0.31
0.52
0.98
2.14
5.29

10.1

0.51
0.21
0.32
0.24
0.33
0.48
0.76
1.33
2.51
4.86
5.57

0.64 0.67
0.26 0.26
0.39 0.39
0.28 0.27
0.37 0.36
0.53 0.45
0.79 0.63
1.26 0.93
1.91 1.37
3.07 1.88
2.89 1.45

0.59
0.22
0.31
0.22
0.27
0.35
0.47
0.65
0.88
1.07
0.72

0.53
0.18
0.26
0.17
0.21
0.26
0.34
0.44
0.55
0.60
0.36

0.41
0.13
0.18
0.12
0.14
0.17
0.21
0.26
0.30
0.32
0.17

0.32
0.09
0.13
0.08
0.10
0.11
0.13
0.15
0.17
0.17
0.08

0.42
0.10
0.14
0.08
0.09
0.10
0.12
0.13
0.14
0.13
0.06

0.43
0.06
0.07
0.04
0.04
0.05
0.05
0.05
0.05
0.04
0.02

Radius
lIl CIA

Tax,E VIII. Integral energy block diagram 1-GeV electron-induced showers in aluminum.

Depth in cm

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-1pp 100-120 12p ~
12-
10-12
8—10
7—8
6—7
5-6

3—4
2—3
1—2
0-1

8.25
8.21
8,19
8.16
8.14
8.12
8.09
8.05
8.00
7.86
7.42

25.6
25.4
25.3
25.2
25.1
25.0
24.8
24.6
24.1
23.0
19.6

46.0
45.5
45.3
44.9
44.7
44.3
43.9
43.1
41.7
38.5
29.8

62.8
62.1
61.7
61.0
60.5
59.9
58.9
57.4
54.6
48.9
35.3

75.3
73.9
73.2
72.1
71.3
70.3
68.8
66.5
62.5
54.9
38.2

84.1
81.9
80.9
79.5
78.4
77.0
75.1
72.2
67.2
58.2
39.7

89.9
87.0
85.8
84.1
82.8
8f..2
78.9
75.5
69.9
60.0
40.4

93.8
90.4
89.0
87.0
85.6
83.7
81.2
77.4
71.4
60.9
40.8

6.2
92.4
90.9
88.7
87.2
85.1
82.4
78.5
72.2
61.4
40.9

97.7
93.6
92.0
89.7
88.1
86.0
83.1
79.1
72.6
61.7
41.0

99.2
94.7
93.0
90.6
88.8
86.6
83.7
79.5
72.9
61.9
41.1

100.0
95.2
93.4
90.9
89.1
86.9
83.9
79.7
73.0
61.9
41.1



184 CASCADE SHOU/ERS IN HgO AN D A1 431

The original motivation for plotting the data in the
manner of Fig. 2 was the suggestion made by Jenkins
et al." that the fraction of the energy escaping an
inhnitely long cylinder, when plotted versus the radius
in Moliere units, might form a universal curve. The data,
measured previously in copper, tin, and lead targets
with a CsI (Tl) detector yielded curves which fell farther
away from the Nagel prediction the lower the atomic
number of the target material. The behavior of the
water da.ta measured with two diferent detectors indi-
cates that the apparent dependence on atomic number
of the target is at least in part a detector-dependent
result.

Of all the materials investigated using the CsI(T1)
detector, tin with an atomic number of 50 is the best
match and would be expected to yield the most realistic
results. If the concept of the "universal" radial escape
curve were to be meaningful, then it would be expected
that the data measured in tin with the CsI(T1) detector
and in water with the anthracene detector should
coincide with each other and with the radial escape
curve calculated for lead by Nagel.

The curves are not the same, and the diGerences
are outside the experimental and calculational un-
certainties. Moreover, the radial escape curve measured
in aluminum with a CaF. (Eu) detector is found to
coincide with the tin curve, even though the match
between CaF2(Eu) and aluminum is as poor as the
match between CsI(Tl) and copper. And the previously
measured radial escape curve for copper was found to
lie significantly above the tin curve.

Conclusions

The results of the present and previous experiments
lead to several conclusions. The data verify that the
mechanism by which energy is deposited at the initia-
tion of the shower is ionization of the target media.
The data al.so indicate that the shower component by
which energy is propagated at depths beyond shower
maximum is p rays, the energy of which lies between the
minima in the attenuation and in the absorption curves.

While the measured longitudinal distribution of

energy deposition is relatively insensitive to the atomic
number of the detector (for the small detectors em-

ployed in this experiment), the measured lateral dis-
tribution of energy deposition is strongly dependent
on the detector used. No simple picture explains all the
data, but the data indicate that the radial distribution
of energy deposition is wider, for all materials studied
so far (see Ref. 7) than that predicted by Nagel. The
only exceptions to this are the data measured by Jenkins
et al." in lead and copper. However, they employed a
LiF detector which is of much too low an atomic num-
ber for these target media.

A question posed by this experiment is what mech-
anisms, neglected in Nagel's calculations, are respon-
sible for the diGerences between the theoretical curve
and these data. One component of electromagnetic
cascades neglected in the calculations is annihilation
p rays. The inclusion of this energy transport mech-
anism in the Monte Carlo calculations may produce
results which are more consistent with the measured
data,
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