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Calculation of the Transition Effect in Electromagnetic Cascades
for Depths beyond Shower Maximum*
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A model of the propagation of electromagnetic cascade showers for depths beyond shower maximum is
used to calculate the magnitude of the transition effect from lead to Plexiglas. The results of the calculation
compare favorably with previously determined experimental results.

~ 'HE manner in which high-energy electrons and
photons transport and deposit energy in matter

is through the production of electromagnetic cascade
showers. The energy is propagated both laterally and
longitudinally by an increasing number of diminishing
energy particles. This multiplicative process continues
until the average particle energy falls below the value
known as the critical energy. At the region in the
shower known as shower maximum, the average
particle energy is approximately equal to the critical
energy, and the number of cascade particles exceeds
that at any other depth in the shower. At longitudinal
depths in the shower well beyond shower maximum,
the energy deposition is known to decrease exponentially
as a function of depth.

The lateral and longitudinal distribution of energy
deposition in electromagnetic cascades has been studied
both experimentally and theoretically. It was suggest-
ed by Greisen' that at depths beyond shower maximum,
minimum-attenuation p rays are the primary energy-
transporting component of the shower. This was veri-
fied by subsequent experimental determinations' ' of
the longitudinal distribution of energy deposition in
materials with a wide range of atomic number.

In lead, with an atomic number of 83, the minimum
in the p-ray attenuation curve is suflj. ciently narrow so
that all the shower components of energy less than the
energy of minimum-attenuation p rays are much more
rapidly absorbed. That this is so is corroborated by
the experimentally determined behavior of showers in
lead at depths well beyond shower maximum. The
purely exponential decrease of the longitudinal energy-
distribution curve with a rate approximately equal to
the minimum-attenuation coefficient for p rays in lead
indicates that an equilibrium spectral-distribution of
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shower particles is ultimately achieved with the highest-
energy component being minimum-attenuation p rays.
The "daughter" products of absorbed p rays, either
from the Compton or from the photoelectric process,
have a negligible eGect in the energy-transport process.

In the present work, a model based on the preceding
observations is used to investigate the transition eBect
at a depth well beyond shower maximum. This tran-
sition occurs in the numbers and spectra of particles
when a shower passes from one medium to another
medium of diGerent atomic number. The energy-
transport —deposition process is treated as a parent-
daughter decay in which the minimum-attenuation y
ray is the "parent" and the "daughter" is the inter-
action product. To simplify this calculation, the inter-
action daughter products are treated as electrons which
carry off all the energy lost by the minimum-attenu-
ation y rays. The rate of energy absorption then is
determined by the rate of change of the number of
electrons with depth at any depth in the shower. The
rate of change of the number of electrons is given by

d6/dt='rX» 6X&, —

where ~ is the number of electrons, y is the number of
p rays, X~ is the p-ray attenuation coeS.cient, and X,
is the electron energy-absorption coeKcient.

As described previously, the number of minimum-
attenuation p rays decreases exponentially with depth,
so that Eq. (1) has a solution of the form

~op-)&»(t-(0) s {)«tg))0+ & g0)«(t lo) (2)-
X,—X~

where yp and 6p are the numbers of p rays and electrons
at the depth tp, which can be any depth in the shower
beyond which the average particle energy is less than
the energy of the minimum-attenuation p rays.

At a depth in lead, well beyond, shower maximum,
such that there is an equilibrium spectrum of electrons

' This is admittedly a poor assumption since it underestimates
the fraction of the energy transported by y rays and overesti-
mates the fraction transported by electrons. However, the magni-
tude of the transition eGect depends on the ratio of the fraction
of energy carried by electrons in Plexiglas to the fraction carried
by electrons in lead. The ratio calculated in this way is expected
to give a more realistic estimate of the transition e8'ect than the
previous model which had a cutoff energy greater than the energy
of minimum-attenuation y rays.
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e@cientfory ra s any and the energy-absorption coeS.cient
for electrons of the appropriate energy in Plexiglas,

In the numerical computation the folioe o owing pararn-

0.8 X„pb=0.041 cm' ' fg or 3.5-MeV p rays (minimum-
attenuation energy) in lead.

P „=0.032 cm' g
' for 3.5-McV p rays in Plexi las '

~, Pb=X, =0.57 cm' g
' for 35-M Vor . - e electrons in both

lead and Plexiglas;
p= 1.05 g cm ', the density of Plexiglas.

Thus (4) reduces to

e/eo 0 Se——0 o'.4*+0. 2e o 6.
~.

. 5
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