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1. INTRODUCTION

The aim of this paper 1s to stress the similarities between the shielding
problems at a high energy, high beam power electron accelerator and those at a
high energy proton accelerator. TFor this viewpoint to be fruitful the shielding
of the electron-photon cascade must not dominate, and here is where the restric-
tions of high energy and high power come in. If the machine has high power, then
the shield must be thick and a penetrating component may dominate even though 1t
has low intensity at the source. If the energy is high, then significant numbers
of penetrating neutrons (with energies above a few hundred MeV) are produced, and
these may control the shielding. At very small forward angles muons may dominate,
if the maximum range exceeds the shield thickness--~just as in the case of hign
energy proton accelerators.

In an electron-photon cascade in copper a few-tenths percent of the initial
energy goes into photonuclear reactions, and this fraction decreases as Z in-
creases. In the transverse direction the electron-photon cascade spreads much less
than the nuclear component which almost always controls the transverse shielding.
In the forward direction the electron-photon cascade may penetrate significantly
in a low Z shield, like earth or ordinary concrete, but a modest amount of medium
or high Z material will cause the nuclear cascade (or the muons) to dominate.

Thus, outside a thick shield the radiation fields are similar at eleciron
and proton machines, so the dosimetry and skyshine problems are similar. Duct
streaming problems may be quite different, however, especially since the hydro-
genous plugs which are effective for fast neutrons are frequently inefficient
for photons.

2. ELECTRON-PHOTCON CASCADE

Arnalytic shower theoryl,2 accounts for the main features of the longitudinal
or one-dimensional development of the electron-photon cascade. Usually for shield-
ing calculations the behavior at great depths is needed where approximations in
the theory may have important consequences. Few experiments go deeper than 15 or
20 radiation lengths>» %> (denoted by Xp), but these and simple theory agree that
the shower decreases exponentially with an absorption mean free path of several
radiation lengths. This agreement may be accidental, however, because the most
penetrating component, which one would expect to control the shower at great depths,
consists of photons with energies near the minimum in the interaction cross sec-
tion®® (hence with the greatest mean free path, denoted by A), and in most ana-
lytic shower theory there are approximations that eliminate this minimum in the
photon cross section. Fig. 1 shows that A varles from about 2 X, at low Z
to about 4 X, at high Z. Scattering, which decreases the effective absorption
length in a real three-dimensional shower, is more important at high Z because
the average electron energy is lower, and an absorption mean free path around
3 Xo is reasonable for all Z. Fig. 1 shows that A, the nuclear removal mean
free path, is at least about twice the photon removal mean free path.

A useful guantity in calculations of photon induced reactions in the cascade
shower is the total path length traversed, anywhere in the shower, by all photons
with energy in (k, dk). In Approximation A of shower theory? this quantity, called
tne differential photon track length, is
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where Ey 1s the energy of the incident electron. Monte Carlo calculations®
show that BEq.l is accurate over a wide range of k, and that it exceeds the true
value for k near Ep or near the critical energy, €oe

The radial or transverse spread requires three-dimensional shower theory
which is too complicated to be done very accurately analytically, so Monte
Carlo calculations are useful.®,® Experiments are complicated by the require-
ments of a large dynamic range in the detector and of small sizes for the incident
beam and the detector.” For shielding applications a useful way to summarize the
Monte Carlo results is to consider the energy absorbed per unit volume, dw/dv.
Define the fraction of the energy absorbed beyond radius a by

e
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U is shown in Fig. 2 with a measured in units of X, which are determined
empirically so that the various calculations form a universal curve. For water
X, is chosen to coincide with the Moliere unit of length'®, Xy, which is the
characteristic measure for the radial distributions in analytic shower theory

B
Xp = Xo — (3)

€o

where Eg 1s a constant equal to 21.2 MeV. 1In summary

{ Material X, (g/cm®) Xm(g/cmz)(ref'7)
) H-0 10.6 ref. 9 10.6
AL 13.4 rer. 9 | 12.9
; Cu 15.6 rer. 9 | 14.7
. Pb. 21.5 ref. 8 | 18.4

In high 7 the shower spreads somewhat more than the simple theory indicates.
These values of X, are shown in Fig. 1.

Tor shielding purposes the behavior of U at large a 1s of interest,
but unfortunately in Fig. 2 neither the exponential nor the curve derived Ironm
shower theory at shower maximum (at s = 1 in the usual notation ',20) looks like
a good model for extrapolation. As a practical matter it is usually possible
to put a small high Z shield close to the sides of the target to absorb most
of the electron-photon cascade that leaks out.

3. NEUTRONS
The procedure outlined here for calculating the photonuclear shielding is

fairly simple. It is basically the same as that first used for reactor shielding,
and in many details it is a direct application of the scheme developed by Moyer
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and co-workers and applied to the 184 inch cyclotron and to the Bevatron.tl,12

Fig. 3 shows the general layout and defines some symbols. The radiation
level from a point source at a point P on the outside surface of the shield is

n
Dp = = J (1) B(T) exp[-H(8)/N(T)] 4%n(T.6) ar ‘ (4)
2 .
r . dT"aq
T neutron kinetic energy
r distance from target to P
F biological conversion factor (rem/n cm™2)
H shield thickness
A effective removal mean free path
B buildup factor so that B exp(-H/A)
represents the tail of the nuclear cascade
d%n yield of neutrons into (T, dT) and (6, 4aa)
a7 aq arising from the absorption of an electron

beam with current I and energy Eo.

At low energies B=1 and F is well calculated}l3 at high energies BF =G
may be taken from the work of Neary and Mulvey.l®

Eq. 4 may be written

10 dnj
D, = —— G. -H/N) —=
P > ) & exp(-E/M) — (5)

where the subscript 1 denotes a range of neutron energies for which G and A
are fairly constant and

Cee
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Moyer approximated the sum in Eq. 5 by a single term, (since below a couple of
hundred MeV A decreases rapidly as T decreasesl®15) with A = 158 g/cm?®
which is typical of the effective removal mean free path for neutrons with
energies above several hundred MeV, and with

Tmax(ey EO)
p=2
dn(e,0) _ f d%n oo . )
an aT a0
€
with € = 150 MeV.

The distribution in angle and energy of photoneutrons has not been measured
extensively above roughly 100 MeV. In an approximate calculation fictitious two-
body reactions replace the actual complicated reactions.® Then
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2 N * *
d2n =If_odo(k,e>a<k,e>_d_’gdk (8)
aT an A a® 3(r, 8) dk
I incident electron current
No, A Avogadro's number, atomic weight
do Assume isotropy in the center of mass so
aq this equals Ototal/lx.
*
—a—é—lg-’T——e—é—)- Jacobian from variable transformation
)
%E differentiel photon track length, Eg. 1.

The total cross sections are shown in Fig. 4. For thin shields the giant resonance
reactions dominate; these have been studied extensivelyl?»18,12, TFor thick shields
the pion reactions®0 are most important. The pseudodeuteron reaction 17 always
contributes but never dominates. The l/k2 variation of the photon track length
makes the neutron yields insensitive to the behavior of the cross section at higher
energies. Preliminary measurements 21 yp to 5 BeV are consistent with Ototal
roughly constant at the order of 100 mb/nucleon, and there 1s some evidence that
Ototal decreases at very high energies.®?

The two-body approach of Eg. 8 gives reasonable agreement with the measured
spectra of photoprotons with 50° £ 8 < 94°  from 950 MeV bremsstrahlung on copper.16
Fig. 5 shows do/d0 (essentially Eq. 7 from Eq. 8) for electrons on copper for
¢ = 100, 150, 200 MeV. Also shown is Moyer's dn/dQ per 6.3 BeV proton interacting
in copper for e = 150 MeV. The two 150 MeV curves have similar shapes; for equal
incident beam powers the neutron yielé from protons is about 400 times greater than
from electrons. Note that for electrons dn/dQ, and hence D, is proporticnal to
I E,, the incident beam power, and to Xo (via dt/dk). B

Figure 6 shows r2 Dp derived from Fig.5 and Eq.5 with five energy groups
and Moyer's curve for N (T).

Scme comments on this whole procedure may be appropriate.

a) This approach is sometimes called "semi-empirical because A 1s deter-
mined from experiment, and although dn/dﬂ and G are based on reasonable,
approximate calculations, various measurements indicate that there are no gross
errors.

b) In the model implied by Eq. 4 and Fig. 3 there is no spreading of the
nuclear cascade in the shield. All of the spreading arises from the angular distri-
putions of the neutrons from the source. These approximations are better the more
uniform the shield thickness, and the greater the separation between target and shield.

c) Since the cascade is taken to be one-dimensional ("straight ahead" approxi-
mation), A should be derived from a bad geometry experiment.

a) Empirically A scales with the inelastic o at high energies and with
the total o at low energies.*? These cross sectionsg vary approximately23 as A3/4,
so for different materials A is proportional to AY* (in which case the effec-
tive A of Sy Op is 20.2) and this is the variation or A shown in Fig.l.
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e) Most of the radiation field at the outer surface of the shield consists
of low energy particles, the secondaries in equilibrium with the penetrating, high
energy particles. These secondaries have a broad angular distribution so that
simply replacing r by r + r' in Eg. 4% may not give a good estimate of Dp',
the radiation level at P' (see Fig. 3). A better procedure is to treat the sur-
face of the shield as a new source by integrating Dp over the surface of the
shield and letting it reradiate according to some new angular distribution, for
example, isotropic into 1 or 2x , or cosine.

As an example of the application of all this, Fig. 7 compares measurements
made at CEA2* with the present method of calculation. The points are the levels
actually measured with a Bonner sphere dosimeter (uncorrected for background) at
four points outside the shield. The calculation is based on: a rough interpolation
between the 450 and 90° curves on Fig. 6; a factor of 0.5 to take account that the
dosimeter only measures part of the level; the level at the surface of the shield
is integrated over (multiplied by) 2 steradians and reradiated isotropically into
one-quarter of a sphere with a radius of 10 feet. Considering the crudeness of
this estimate, the agreement 1s amazingly close.

L, MUONS

Muons are readily photoproduced by ordinary Bethe-Heitler pair production.
Several reasonable assumptions make possible a simple calculation of the differen-
tial energy spectrum of muons arising from the absorption of an electron of energy
Eq.

At high energies the total muon pair cross section per radiation length is
approximately

o(k) = L /\2 2 dnx/u ) (9)
9 \p/ An 183/21/3

where m is the rest energy of the electron and p that of the muon. Assume that
the energy distribution of the produced muons is constant from O to kj this will
overestimate somewhat the yield near Ep =~ k. The differential spectrum is

EO
Mmoo, f o) & & (10)
aE,, ak k&

B

where the factor of 2 arises because there are two muons per pair. The integral
spectrum is ’

EO
an
n(Eu) = f — GE, (11)
~ 5 aE

98

and it is shown in Fig. 8 as a function of E /Es. Also shown is the yield of muons
from a high energy proton beam (taken from Fig. XILI-9 of reference 25) which is
richer at lower energies partly because lower energy pions are more likely to decay.
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For muons the production and eﬂasorption26 mechanisms are rather well known.
A fairly unique range is associated with each energy. At electron and proton machines
the high energy muons are peaked predominantly in the forward direction because in
pair production and in nuclear pion production the transverse momenta are on the
order of p, and muons are rarely a problem for transverse shielding.® 1In a thick
shield multiple scattering®’ introduces & spread comparable with that arising from

the initial angular spread so both effects should be combined in arriving at a
muon flux.2>
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FIGURE CAPTIOCNS.
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Variation with Z of the nuclear removal mean free path, A, radiation
length, Xp, the radial distribution parameter, X,, and the maximum
photon mean free path, A; all in g/cm®.

Percent of energy absorbed beyond radius a, U{a), as a function of
a/Xl. The points are from Monte Carlo calculations for the energies
and materials indicated.

Schematic of a typical shielding geometry.

Total photonuclear cross section divided by atomic weignt (mb/nucleon)
as a function of photon energy.

Neutron production by electrons and protons on copper &s a function of
neutron angle. The curves indicate the number of neutrons with energies

greater than €.

Normalized radiation level (r® Dp in Eq. 5) for 6 = 0°, 159, 90°, and
1350 as a function of shield thickness, H, in feet of earth equivalent.

Comparison of CEA shielding experiment with calculation.

Integral muon yields as a functlon of normalized muon energy.
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