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ABSTRACT

This report discusses the transport of electrons through material, with
emphasis on space radiation problems. Brief reviews of the electron radia-
tion environment and electron transport properties are presented. Parame-
tric representations of the electron transmitted fraction, energy spectrum,

- angular distribution, backscatter coefficient, and energy deposition are given
as functions of electron energy and target material. Parametric equations
for thick-target bremsstrahlung are presented. Calculations of the transport
of isotropically incident electrons relevant to space applications are shown.
Comparisons of parametric representation with data, photon attenuation coef-
ficients, electron energy deposition data, flux-to-dose conversion relations,
and formalism applicable to space shielding problems are presented.

xiii



FOREWORD

The work described here was done at Science Applications, Inc. ,.
under NASA Contract NAS826753. Mr. Martin Burrell, Space

Sciences Laboratory, Marshal Space Flight Center, was Project

Manager.



SUMMARY

This report presents a comprehensive discussion of the transport properties
of the electrons encountered in the space enrivonment. The purpose of the re-
port is to provide a single source of information to make calculations of the
electron-induced radiation on, or within, a spacecraft.

The electron environment is briefly discussed to allow the user to make
estimates of the radiation fields encountered in different regions of space. The
properties of electron transport are discussed in detail and parametric formulas
for the transmitted fraction, angular distribution, energy spectrum, and energy
deposition are presented for the penetrating primary electrons. Parametric
formulas are also presented for the fraction of electron energy converted into
bremsstrahlung, the angular distribution of the transmitted bremsstrahlung

energy, and the differential energy spectrum of the bremsstrahlung radiation.

Calculations using the parametric formulas are presented for isotropic elec-
tron incidence which are useful for space applications. Examples of calculations
of the radiation transmitted through various thicknesses of material are presented -
for typical electron environments.

The entire discussion has been written in such a manner as to assume no
prior experience with electron radiation on the part of the user. The parametric
representations and resulting calculations provide a tool whereby the user can
quickly and without the aid of a computer estimate the radiation levels behind
arbitrary amounts of effective shielding on the interior of a spacecraft. Example
problems are provided as guides in the methods of solving space radiation
problems.

Comparisons of the parametric formulas to experimental data, a discussion
of photon attenuation, conversion factors for flux to dose for electrons and photons,
and the formalism and approximations used in solving complicated space shield-
ing problems are presented. '

xvii



1. INTRODUCTION

For the past 60 years or so scientists have known that radiation exists
outside of the earth's atmosphere. Some of the most important discoveries
of modern physics have been obtained by studying these radiations. With
the advent of rocketborne experiments, it was discovered that large re-
gions of space surrounding the earth contained intense fluxef of energetic
protons and electrons trapped in the earth's magnetic field. 1,2) These
regions of trapped radiation presented an exciting opportunity to study the
nature and extent of the geomagnetic field, the nature of the earth's sur-
roundings, the nature of trapped plasmas, and many other interesting prob-
lems. Considerable effort has been,and continues to be,expended to under-
stand the spacial extent of the radiation fields, their time variations in
connection with the solar cycle, the nature of the trapping mechanism, the
decay rate of injected particles, and so forth. All of these problems relate
to a basic understanding of the nature of the radiation fields.

From a pragmatic point of view the regions of trapped radiation present
a shielding problem to scientists and space engineers who plan to put men
and equipment into space. This report will deal with the problem of deter-
mining the radiation transport through shields for the electron component
of the trapped radiation fields.

1.1 PURPOSE OF REPORT

The purpose of this report is to provide methods for estimating the dose
that might be absorbed behind an effective shield in a space electron environ-
ment. The methods are intended to be as simple as possible to implement,
considering the inherent complexities of electron transport and brems-
strahlung production. Parametric expressions of the transport results
required for the solution of space shielding problems are presented. It is
assumed that the reader is familiar with the problems of space radiation

and with radiation physics in general, but no assumptions are made about

his knowledge of any of the details of electron or photon transport. All the
information required to use the results presented here is included; however,
this is not a textbook on radiation transport. No attempt is made to provide
physical or mathematical justification for the methods. Final results of .
transport calculations are compared with experimental data in a few in-
stances only to indicate the accuracy of the methods. This report is also
intended to provide a convenient reference to aid in the solution of electron
and photon transport problems which might arise from sources other than space



radiation. The methods presented here are known to be accurate for the
50-keV to 5-MeV electron energy range. Extrapolations to higher or
lower energies are appropriate in some cases, but the user must provide
his own éstimate of the accuracy of such procedures

1.2 METHOD OF PRESENTATION

The organization of this report reflects our goal in making the transport
information accessible to a wide range of users whose experience and
familiarity with radiation physics are varied. We have concentrated the
introductory information in the second and third sections where the trapped
radiation environment in space is described, and the phenomenology
associated with electron transport and bremsstrahlung production is dis-
cussed in general terms. Someone familiar with this technical area need
not read these sections in order to make use of the information in sub-
sequent sections. Precise methods for calculating radiation transport
problems are discussed in Section Four. These methods, coupled with
the experimental data, form the basis for the parametric modeling.

The parametric representatmns of electron transport a.nd photon pro-
duction properties are presented and discussed in Section Five. This essen-
tially summarizes the technology in precise analytic form. Formulas are
provided to calculate the results of transport interactions for most radiation
shielding and dose deposition problems in the energy range for which these
formulas are valid.

In Section Six the parametric representations are translated into a form
that can be used for the solution of space shielding problems. Quantities -
peculiar to space problems are defined in terms of the formulas presented
in Section Five. Section Six includes sample calculations for typical or fre-
quently occurring situations. The emphasis is placed on the calculatlon of
integral quantities such as dose.

Specific topics which warrant more discussion than is reasonable to
include in the text are given in three appendices. In the first appendix the
parametric representation of bremsstrahlung production is compared with
experimental data. This work is new and it was thought that a discussion of
its source and a comparison with experimental data were needed in order
to meet the wide use that can be made of it. In Appendix B extensive tabu-
lar data on the energy deposition by electrons in aluminum are presented.
These data are included to provide a convenient reference for the user. The
quantity, dose, and related concepts are defined in Appendix C. Here the
relationships between electron and photon fluxes and dose are presented
explicitly.



1.3 ENGINEERING APPLICATIONS

There are several ways this report can be applied to space radiation
problems. The curves and tables presented in Section Six can be used
along with shield sectoring data and the integral electron fluxes to
obtain quick estimates of the dose rates at given points in B-L space or
for integrations over circular orbits. This method is illustrated at the
end of Section Six. Also, the present parametric representation of
electron transport could easily be incorporated into complex geometry
computer programs to obtain total electron and bremsstrahlung fluxes
-throughout the spacecraft for isotropic source electron fluxes. These
results, along with those of the electron environment computer code
TRECO®) could then establish the instantaneous fluxes for particular
orbits. Finally, the results of orbital integrations could also be used to
establish average fluxes and average doses for particular orbits.



‘2. ELECTRON ENVIRONMENT IN SPACE

2.1 VAN ALLEN BELTS AND THE MAGNETOSPHERE

The only region of space where electrons contribute significantly to the
total radiation environment is in the magnetosphere around the earth (and
in similar domains around some other planets). Fields of electrons were
discovered by Van Allen(1) in 1958, when radiation counters were satura-
ted by unexpectedly high fluxes encountered in a satellite mission designed
to measure cosmic radiation. Since that discovery, many experiments
have been performed to measure the spatial and temporal properties of
this radiation. High electron fluxes were found to be distributed in toroidal
belts about the earth's magnetic dipole axis. A pictorial description of the
electron flux intensity distribution during mid-1964 is shown in Fig. 2.1,
In this figure the dark regions indicate an increased concentration of elec-
trons. There are two peaks in the electron flux onthe radial profile along
the magnetic equatorial plane. This is the origin of the terminology for the
Inner and Outer zones, but it is applicable only for energetic electrons.
Protons and low-energy electrons exhibit a more uniform spatial behavior.

Electrons are trapped in the Van Allen belts by the magnetic field of the
earth. The particles follow helical paths about field lines. As the electrons
move toward the poles along such a path, the magnetic field intensity will in-
crease to a point where the electrons reverse their direction and return
toward the equator. (4) In a static magnetic field electrons will neither gain
nor lose energy. Consequently, electrons will pass through the equatorial
plane and again be reflected in the other hemisphere. This motion of elec-
trons oscillating between mirror points located symmetrically about the
equatorial plane is illustrated in Fig. 2.2. In addition to the helical and
oscillatory motions, the electrons undergo a slow drift in the easterly direc-
tion. This motion is due to the non-uniformity of the magnetic field over
the helical path. Typical periods for these motions are: (1) microseconds
for a single gyration about a field line, (2) seconds for a bounce between
mirror points, and (3) minutes to drift around the earth. Because these
periods are so different, the motions are mathematically segarable to a first
approximation and have been treated by several authors. (4,9)

2.2 B-L COORDINATES

Because of the spatial correlations between the earth's magnetic field and
the distribution of trapped radiation, Mcllwain'\®/ was able to develop a
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Figure 2.1. A model of the earth's electron radiation belts
(from Aerospace Medicine, Dec. 1969, p. 1442)
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Figure 2. 2. Schematic illustration of electron motion in thé
earth's magnetic field (From Ref. 7, p. 169)



convenient set of coordinates that are commonly used in discussions of the

. Van Allen belt. The coordinates in this system are: B, the field intensity
and L, a parameter which identifies a surface upon Wthh all particles that
drift on a given field line will remain. To get a feel for this parameter if we
‘assume the earth's magnetic field to be a perfect dipole, L. would then be
the radial distance in the equatorial plane to the magnetic lines of force.

A precise numerical definition is given in Ref. 6. This coordinate system

is shown in Fig. 2.3. A surface of constant L. resembles a tire casing fitted
to the earth. A surface of constant B is a prolate spheroid everywhere perpendi-
cular to the lines of force. To help illustrate this system, the surfaces and
regions indicated in Fig. 2.3 are projected into B-L coordinates in Fig. 2.4.

For a pure dipole magnetic field, the relation between the radius from the
earth's center to a particular point in space and the corre Fondmg L value
depends on the geomagnetlc latitude X through the equatmn

L = R/cos by (2.1)
The corresponding magnetic field B is obtained from the relation

B = M(4-3 cos k)l/?‘

/R® (2.2)
where M = 0. 311653 (Gauss RE3) and R is the distance from the center of
the earth to the space point measured in Rg. (RE is the earth's radius.)

2.3 SPATIAL DISTRIBUTION OF TRAPPED ELECTRONS

The spatial distribution of the trapped radiation intensity is shown in Fig. 2.1.
cated. In general, the intensity is highest in the equatorial plane and decreases
as the latitude increases toward the poles. This results from the trapping
mechanism which places the mirror points for electrons with large pitch angles
(see Sect. 2.5) near the equator while electrons with smaller pitch angles will
reverse their direction at higher latitudes. At the poles the intensity of the
radiation vanishes. :

The radiation belts are not exactly symmetric about the earth, as might
be implied from the previous discussion. Because the center of the earth's
magnetic dipole is displaced from the geometric center of the earth and
tilted from the axis of rotation, magnetic fields are not even axially symme-
tric about the earth's surface. An important consequence of this asymmetry
is a region off the coast of Brazil where surfaces of constant B reach their
lowest altitudes. The region is known as the South Atlantic anomaly and is
significant because at this point trapped radiation from nuclear devices or
from natural causes reaches its lowest altitude.



Figure 2.3. An illustration of the geomagnetic coordinate
system. The following examples are shown:
(1) a line of constant magnetic field intensity;
(2) a line of constant L, L =4; (3) a line of
constant I, L =6; (4) a polar orbit; (5) a
synchronous orbit; (6) an orbit with an apogee
of R =3, a perigee of R = 2, and an inclination
of 30° to the geographic equator. (From Aero-
space Medicine, Dec. 1969, p. 1443)
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Medicine, Dec. 1969, p. 1444)



In addition to the asymmetry caused by the variations in the earth's mag-
netic field there is a significant asymmetry caused by the interaction of the
solar wind and magnetosphere. The solar wind compresses the magneto-
sphere on the side of the earth facing the sun and extends it on the night side
of the earth. The asymmetry from this source is pronounced in the outer
trapping regions and fairly minor in the inner regions.

9.4 ELECTRON ENERGY SPECTRA

92 shape of the energy spectra of trapped electrons normalized to 1 particle/
cm® above 0.5 MeV is, to first order, independent of B but dependent on L.
There may actually be a B dependence of the energy spectra, but with the
data presently available a B dependence cannot be separated from existing
experimental uncertainties. The L dependence is indicated in Fig. 2.5,
where the energy spectrum for L. = 2.0, 3.5, and 6. 0, are plotted. These
spectra are also tabulated for convenience in Table 2.1, where N(E, 0.5) is
ithe energy spéctrum (per MeV) of electrons. This quantity is normalized
so that

-4

f‘N(E,o.s)dE =1 (2.3)
0.5

The curves were taken from Vette's AE2 environment model(g) which will be
discussed in more detail below. To indicate the spread in the data, the differ-
ential flux of electrons at L = 3.5 is plotted with the satellite data in Fig. 2. 6.

2.5 PITCH ANGLE AND ANGULAR DISTRIBUTION

The angular distribution of trapped electrons is best described in terms of
the pitch angle. This is the angle an electron makes with the lines of force
about which the electron is circulating. A pitch angle of 900 implies that
the electron is moving perpendicular to the lines of force. Trapped elec-
trons have pitch angles of 900 at the mirror points where they are reflected.
A pitch angle of 00 implies that the electron is moving parallel to the lines
of force and is, therefore, not circulating about those lines. Such electrons
will not be mirrored and are consequently not trapped. In fact, there is a
range of equatorial pitch angles about 0°, for which the electrons are
mirrored at such low altitudes that they are lost in the atmosphere. This
range of pitch angles for which electrons fail to be trapped defines ''the
loss cone." The angular distribution of electrons is known to change due

to variations in the magnetic fields during magnetic storms and to other
perturbations, but the pitch angle distribution will diffuse to a steady state
in a few days. In Fig. 2.7, th1s beh/av1or is indicated. The flux is plotted
versus a parameter x = (1 - /B) 2 which is the value of the cosine of

the equatorial pitch angle for a particle which mirrors at a field intensity

of B. If an electron is lost at an altitude corresponding to B then the range

9
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TABLE 2.1. ELECTRON ENERGY SPECTRA FROM AE2;
(ELECTRON/MeV - ELECTRON GREATER THAN 500 keV)

L=2.0 L=3.5 L=6.0

E N(E, .50) N(E, . 50) N(E, .50)
0. 0.267E 03 0.650E 03 0.492E 02
0.25 0.411E 02 0.514E 01 0.108E 02
0.50 0. 634E 01 0.211E 01 0.399E 01
0.75 0.970E 00 0.115E 01 0. 147E 01
1.00 0.196E 00 0.577E 00 0.542E 00
1.25 0.116E 00 - 0.462E 00 0.200E 00
1.50 0. 909E-01 0.261E 00 0.736E-01
1.75 0.737E-01 0.173E 00 0.271E-01
2.00 0. 597E-01 0.113E 00 0.100E-01
2.25 0.484E-01 0. 696E-01 0.368E-02
2. 50 0.392E-01 0.488E-01 0.136E-02
2.75 0.318E-01 0.311E-01 0.500E-03
3.00 0.258E-01 0.198E-01 0.184E-03
3.25 0.209E-01 0.126E-01 0. 679E-04
3.50 0. 169E-01 0.801E-02 0.250E-04
3.75 0.137E-01 0.510E-02 0.922E-05
4.00 0.111E-01 0.324E-02 0.340E-05
4,25 0.902E-02 '0.206E-02 0.125E-05
4.50 0.731E-02 0.131E-02 0.461E-06
4,75 0.592E-02 0.836E-03 0.170E-06
5. 00 0.480E-02 0.532E-03 0. 626E-07
5.25 0.389E-02 0.339E-03 0.231E-07
5. 50 0.316E-02 0.216E-03 0.850E-08
5.75 0.256E-02 0.137E-03 0.313E-08
6. 00 0.207E-02 0.873E-04 0.115E-08
6.25 0. 168E-02 0.556E-04 0.425E-09
6. 50 0.136E-02 0.354E-04 0.157E-09
6.75 0.110E-02 0.225E-04 0.577E-10
7.00 0.895E-03 0 0.213E-10

. 143E-04
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of allowable pitch angles at the geomagnetlc equator o is 90° > ag > cos_1 X.

For most dose calculations, the flux dlstrlbutlon labeled « in Fig. 2.7 best
indicates the angular distribution. :

2.6 ARTIFICIAL RADIATION INJECTION

The artificial injection of electrons by nuclear detonation has altered the
energy spectra by the introduction of many high energy electrons. This
effect was most pronounced at low values of L near the injection point but
all the inner zones were affected to some extent. The data shown in

Fig. 2.5 were measured in 1964--two years after the Starfish event. In
‘these data there is still a large contribution due to artificially trapped
electrons. In Fig. 2.8, the spectrum at L. = 1. 2, measured a few months
after the artificial injection, is compared with the spectrum measured two
years later. The decay of the high energy component is evident.

The decay of the abnormally high flux levels accompanying the detona-
tion of nuclear devices is L-dependent. The behavior is indicated in the
curves for 2-MeV electrons in Fig. 2.9,

Recent evidence indicates that there are no natural sources e)f %nner
zone electrons for energies greater than approximately 700 keV.(10) This
means that the higher energy electrons are the residue of Starfish. It is
reasonable to assume that they will contmue to decay at the same rate as
they have over the past 5 or 6 years. There seems to be no direct effect of
solar activity on this decay.. Therefore, by 1969, the inner zone electron
contours for energies > 1 MeV should be decreased by about a factor of

12, The lower energy electrons seem to have reached their natural back-
ground levels by late 1966. The E > 0 energy contours have remained about
the same as in 1964, and the E > 0.5 MeV have dropped about a factor of 6.
Until a new electron model is generated, these are the best estimates that
can be given.

2.7 TIME VARIATIONS

Electron radiation fields in space are not stable in time. There are fluc-
tuations in the spatial distribution that are due to a variety of sources. The
more systematic effects are caused by the rotation of the earth relative to

the sun. This rotation causes diurnal effects in the spatial flux distribution
measured relative to the earth since the radiation will tend to remain fixed

to the field contours and will consequently fluctuate with local time. However,
these effects are small compared to the fluctuations caused by solar magnetic
storm activity. Prior to a solar flare, magnetic activity can cause the flux
in the inner zone to change by as much as factors of 2 or 3. 1In the outer zone,
the flux might change by more than an order of magnitude. These fluctuations
are illustrated in Fig. 2.10, where electrons (>1. 6 MeV) are plotted versus
time for several values of L. In the center of this figure, Kp, which is a -
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measure of the magnetic activity, is plotted. The correlation between

- magnetic activity and electron flux variation is obvious. There are also

long term variations in the trapped electron radiation belts associated

with the 11-year solar cycle. These changes are most pronounced in the
outer belt where, during periods of solar maximum, the fluxes of energetic
electrons can be increased by an order of magnitude compared with solar
minimum conditions. The position of the maximum electron flux also

changes during the solar cycle. During periods of solar maximum the position
- is closer to the earth being at about L =3 to L =4. At solar minimum,

the position of the maximum ranges from L =4 to L =5.

2.8 MODELS OF THE ELECTRON ENVIRONMENT

Data measured aboard satellites since 1958 have been cgllﬁ:t?g and assim-
ilated in a systematic fashion by NASA. Vette, et al., have developed
models of the radiation environment that have been computerlzed and are
available to interested users. These models are being updated as more
measurements become available. This has been particularly important
during the last decade while the artificially injected radiation has been dis-
sipating. The Vette codes can be used to read out the radiation environment
along any path specified by the user. Vette's AE2 electron distribution model
which is used in this report is considered to be outdated at the present time
due to the decay of the artificially injected electrons. A new model environ-
ment (AE4) is soon to be released (1972). They can also integrate the flux
along the path of a specified orbit to yield the total flux exposure during a
mission. These models and the accompanying system of codes are virtually
the only places where all the data on space radiation have been assembled.
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3. ELECTRON TRANSPORT PROPERTIES

3.1 INTRODUCTION

"~ In this section we discuss the general features of electron transport. Since
electrons interact with matter in a significantly different manner than do
other radiations (such as protons, neutrons, and heavier charged particles)
it is instructive to point out the relat1onsh1p between the basic interaction
mechanisms and the effect these processes have on the properties of the

~ transport of electrons through bulk media. It is important to understand the
diffusive properties of electron penetration that are very unlike the sharply
defined quantities such as range and stopping power associated with protons
and heavier particles. On the other hand, unlike photons, electrons are

not attenuated exponentially as they pass through matter. Consequently,
there is no highly reliable first order analysis that can be used to determine
the penetration of electrons. However, some properties of the electron
transport have smooth, predictable behaviors so that analyses of specific
problems can be made if the analyst is willing to expend the effort needed

to correlate these properties with the problem of interest. The effort in-
volves assembling the parametric representations presented here and using
them correctly where they apply.

3.2 INTERACTION MECHANISMS

Electrons will interact with matter in essentially three different ways. (1)
They will scatter from other elec {ro$ns causing the target electron to recoil.
This is called Mgller scattering, and the recoiling electron is known as
a knock-on electron. Mgller scattering applies to the interaction of one
free electron with another free electron, but it is used to approximate the
interaction of a free electron with an electron bound to an atom; (2) an elec-
tron can sc?,taer from the atomic nucleus. In this case, known as Rutherford
scattering, ) the electron loses very little of its initial energy to the
nucleus but may be scattered in any direction. Often,in electron-nucleus
interactions the acceleration imposed on the electron in order to change its
direction will result in a photon being emitted in the process. In this case
the photon and scattered electron share virtually all the energy of the inci-
dent electron; (3) the electron may interact with the whole atom leaving
some of its energy with the atom. This energy is converted to either
photons, ejected electrons, or heat, usually by a comphcated series of
interactions in the atom.
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In the process of slowing down from an initial energy of 1 MeV to
thermal energies in matter an electron will undergo on the average more
than 100,000 interactions. Since all three of the cases mentioned above
are possible, the energy and direction of any incident or secondary elec-
tron at an intermediate point in the slowing down process is not unique.
The large number of intereactions and the wide range of possible final states
after any single interaction result in the complication of electron transport.
On the other hand, since there is such a large number of interactions in-
volved, electron transport can be treated in a statistical manner yielding
smooth distributions which can be used to characterize electron transport
with a rather high degree of confidence.

Below 10 MeV or so, electron-electron scattering is the main
mechanism for energy loss by energetic electrons. (1 Depending on the
scattering angle an incident electron can lose any amount of ‘its initial
energy in one collision. However, it is assumed that an electron never
loses more than half its initial energy. Though an incident electron can
lose all its initial energy in a straight-on nonrelativistic collision, in that
case the target electron recoils in the forward direction with the initial
energy of the incident electron. Since there is no way of distinguishing be-
tween the two electrons, such an interaction is counted as no collision. If
we extend this argument it is not difficult to see why at least one electron
will have half or more of the incident electron energy after a nonrelativistic
collision. So, if it is always assumed that the incident electron is the more
energetic of the two recoiling electrons, then it always has at least half the
incident energy. When the incident electron has a kinetic energy of the order
of 500 keV or more then relativistic effects alter the energy distribution. The
relativistic effects can be pictured by imagining the electron increasing its
mass as the energy increases above a few hundred keV. The relativistic
effective ma(.is‘increase can be stated quantitatively by the following
expression: 6)

m E
r—ﬁ— =1+ —'—2‘ : (3° 1)
o - moc

where m/ mg is the ratio of the effective mass to the rest mass and E is the
electron kinetic energy in MeV. This ratio is plotted in Fig. 3.1 over the
transition region from nonrelativistic energies to relativistic energies.
Relativity affects the transport properties by weighting the angular distribu-
tion of scattered particles in the forward direction. In general, electron
angular distributions tend to become isotropic after the electron loses

from a fifth to a third of its initial energy. 17) Because of the relativistic
effects, the depth at which this occurs increases with energy.

The electron-electron collisions dominate the energy loss distribution.
In spite of the fact that there is a rather wide range of energies that an
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electron can lose in a single collision, the average energy lost after a few
thousand collisions is not subject to large fluctuations. Quantitatively, if
the path length the electron actually traverses is greater than a few percent
of the path length nominally required to stop the electron, then the energy of
the electron after traversing that path length is predictable to within 10 per-~
cent with better than 90 percent confidence. (Path length here refers to the
actual distance traveled on the slab as distinguished from the depth of
‘penetration.) The fll)lctuations in energy loss per unit path length have been
studied by Landau( 8) and are given by a distribution function bearing this
Russian physicist's name. '

Electron-nucleus collisions do not transfer a significant amount of energy
to the recoiling nucleus. If energy is lost in these interactions it is typically
converted into electromagnetic energy through the bremsstrahlung process.

In general, the bremsstrahlung process does not play an important role at
electron energies below 10 MeV. For example, if 10-MeV electrons are
incident on aluminum the bremsstrahlung process accounts for 8 percent of
the energy loss; in gold it accounts for 33 percent. The bremsstrahlung

adds a low energy tail to an essentially Gaussian final energy distribution for
electrons penetrating a given thickness of material. This effect is illustrated
in Fig. 3.2. The photon distributions will be discussed in more detail below.

The important effect that the electron-nucleus interactions have on elec-
tron transport is that they change the direction of the electron from the in-
~ cident direction enough so that after a small number of such collisions (rela-
tive to the number of collisions required to stop the electron) the directional
distribution of the electrons approaches isotropy. Directional dispersion has
the significant effect of making the depth of penetration of electrons into
matter shorter than the path length they travel. Electrons execute a random
walk as they penetrate matter, eventually proceeding in every direction with
essentially equal probability. To illustrate the effect of directional disper-
sion on the transport properties consider the energy distribution of mono-
energetic electrons incident on a slab of material and penetrating to a specific
depth. If there were no directional dispersion the energy distribution might
look like the solid line in Fig. 3. 2 since the depth would be always equal to
the path length. However, in actual fact directional dispersion implies that
the electrons reaching a given depth arrive there after traversing a variety
of different path lengths. Consequently, the energy distribution of these
electrons might look more like the dashed curve in Fig. 3.2. The direc-
tional dispersion caused by the electron-nucleus collisions broadens the
energy loss versus depth of penetration distribution and thus complicates the
properties of electron transport. '

The energy loss to the excitation of entire atoms is not important to
electron transport until the electron energy gets down to the order of a
few tens of keV's. At these lower energies the electrons begin to transfer
their energy to the whole atomic structure putting the bound electrons in
excited states. These states decay by a variety of modes which eventually
leave the sea of bound electrons and nuclei with increased thermal energy
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which heats the material. Some of the excited states will decay by photon

. emission radiating in the visible and infrared regions. In addition, there
are some other interactions which affect the atomic and molecular structures
that are not important to the electron transport properties, but are signi-
ficant to a description of radiation damage mechanisms.

3.3 ELECTRON TRANSPORT PROPERTIES

The previous section discussed the mechanisms with which electrons inter-
act with matter and how they relate to the transport properties of electrons.
In this section the transport properties will be discussed explicitly since
they are the observable results of electron interactions with matter. Speci
fically, transport properties are defined here as those quantities which are
observed and readily measured when energetic¢ electrons are directed at
bulk media. These are the properties that are determined and manipulated
in shield designs. The specific properties defined are the transmitted frac
tion, range, backscatter coefficient, transmitted spectra, angular distri-
bution, energy deposition, bremsstrahlung production, and bremsstrahlung
spectra. These quantities are discussed with regard to their overall signi-
ficance and their dependence on energy and atomic number.

3.3.1 Transmitted Fraction

"~ Assume that a beam of monoenergetic electrons is incident on a slab of
material at right angles to the plane of the slab. The transmitted fraction
is defined as the number of electrons penetrating through a thickness of
material per incident electron. Throughout, the assumption is made that
the '"thickness of material' and "depth of penetration' are the same. The
difference in the expressions is that thickness of material implies a slab of
- a given thickness and depth of penetration implies depth into a semi-infinite
medium. The transmission fraction and other properties are different due
to ibackscattering in the latter case but this difference is assumed to be
negligible in this discussion. The transmitted fraction is a function of the
incident electron energy, the atomic number of the material, and the depth
of penetration. Throughout this d'bscussion, depth will be defined in units
of mass per unit area e.g., g/cm* since most of the electron transport
quantities can be scaled in this unit regardless of density. This unit of
length is defined in the following expression:

x(g/cm?) = olg/ cm3)Z(cm)

where p is the material density and z is the thickness.

The shape of a typical transmission curve, i. e th i i

: . . e, e transmitted fraction
as a function of.depth, is shown in Fig. 3. 3. 'I,‘hese ,curves correspond to 1-
MeV electr.ons 1n01de.nt on aluminum and gold targets. The general shapes of
the transmitted fraction are also found at other energies and in other materials,
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Note that the transmitted fraction exceeds one after penetrating a few tenths
of ag/ cm2. This is typical and is the result of the flow of knock-on electrons
recoiling in the forward direction after electron-electron collisions. To

first order, the transmitted fraction is independent of incident electron energy
when the material thickness is measured in terms of the csda range (see
Sect. 3.3.2). A second order effect due to relativistic considerations would
indicate a tendency to push the penetration to larger depths. This effect is
essentially cancelled, however, by the increase in the energy loss due to
bremsstrahlung production at higher energies. As is seen in Fig. 3. 3 the
transmitted fraction decreases more rapidly as a function of thickness for
high Z targets than low Z targets. The decreased penetration is attribu-
table to the increased angular dispersion at higher atomic number. This
effect is enhanced by the increased bremsstrahlung production at higher
energy (see Fig. 3. 3).

3.3.2 Range

The range is a single number which relates an electron of a given energy to
a depth of penetration in a given material. It is a very useful concept for
bounding electron shield problems. However, its precise definition is com-
plicated by the fact that electrons of a given energy will not penetrate to a
single depth. This effect is called range straggling. Electrons are in con-
trast to protons and heavier ions which have well defined depths of penetra-
tion (range straggling is only a small perturbation for protons and heavy ions).
Typical distributions are displayed in the transmission curves of Fig. 3. 3.
Because of the usefulness of the concept, several ranges have been defined
for electrons. The continuous slowing down approximation (csda) range is
defined by the expression for an electron of energy E

E _
R = (dE'/dx)-l de' ' (3.2)
o J |

where dE'/dx is the average rate of energy loss along the electron path
length (stopping power). In this approximation the range is defined to be the
length required to stop the electron, assuming the average stopping power
dE'/dx to be without fluctuations. For this reason it is sometimes referred
to as the average path length. A comparison of the values of R, as a
function of electron energy for Al and Au is shown in Fig. 3.4.

Another range defined to facilitate comparisons of experimental measure-

ments of electron penetration is the extrapolated range, Rex (sometimes
called the practical range). The extrapolated range, Ry is the depth at
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which a straight line tangent to the transmission curve, at the point where the
transmission fraction is 1/2, is extrapolated to zero transmission. This
definition is illustrated in Fig. 3.5. The extrapolated range is not simply
related to Ry but is roughly of the order of 30-40 percent less than R,,. An ex-
pression for the relationship is given in Section Five. The csda range

is to first order, proportional to energy and independent of atomic number.

A rough estimate of the stopping power is 2 MeV per g/cmz, so that the

range of a 1-MeV electron is roughly 0.5 g/cm2 in any material (except for
hydrogen). The extrapolated range Rgy tends to become increasingly smaller
than R, as the atomic number increases.

One of the convenient uses of the range concept is that the properties of
electron transport can be discussed universally and rather accurately in
terms of range, thereby eliminating the need to reference the energy or
atomic number except to discuss bremsstrahlung production. In the remainder
of this section, references to the range will imply the continuous slowing dow
approximation range.

3. 3.3 Backscatter Coefficient

Electrons incident on a surface will mainly penetrate the surface but some
will be scattered and emerge in the backward direction. The fraction of
incident electrons that do so is defined as the backscatter coefficient.

In the case of normal incidence the backscatter coefficient is very
dependent on the atomic number, increasing from about 5 percent in beryllium
for 1-MeV electrons to 30 percent for 1-MeV electrons in gold.. The energy
dependence of the backscatter coefficient is weaker, varying by a fact'?r of
six in aluminum as the energy is increased from 1.0 MeV to 10 MeV. 19)
The energy spectrum of backscattered electrons tends to be harder (more
energetic electrons) when scattered from low atomic number materials.
This is because the electron-electron collisions degrade the electron energy
while the electron-nuclear collisions cause the backscattering. Since there
are more electrons per nucleus in high atomic number materials, there is
more energy loss per backscatter collision.

3.3.4 Transmitted Energy Spectrum

As discussed above, the energy spectrum of electrons penetrating to a given
depth is primarily broadened by the angular dispersion of electrons penetra-
ting matter. This effect is illustrated in Fig. 3.6. Spectra are shown for
1-MeV electrons after penetrating thicknesses of aluminum corresponding to
0.2 and 0.56 of the csda range. A characteristic feature of these spectra

is that for normal electron incidence highest energy electrons correspond

to an energy loss equal to that calculated assuming no angular dispersion;
that is, the thickness equals the path length. This results in a high energy
cutoff in the transmitted spectra. The distribution of energies below that
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point results from the combined effects of angular dispersion and energy
loss fluctuations. The general features of these transmitted spectra are

independent of atomic number and energy (when they are scaled to the
range). However, there is a tendency toward more smearing as the atomic

number is 1ncreased

3.3. 5 Angular Distribution

The angular distribution of electrons after penetrating a given thickness
of material is rbearly Gaussian for very thin depths of the order of 0.05
range or 1ess ) and becomes almost a cosine current distribution (iso-
tropic flux) at thicknesses of the order of 0.2 range or greater. That
~ the distribution approaches a cosine shape at a few tenths of a range and does
not change as the thickness is increased is due to the fact that at these depths
the angular dispersion has succeeded in making the internal distribution of
electrons essentially isotropic. Angular distributions for electrons penetra-
ting thicknesses of aluminum corresponding to 0.10 and 0.5 ranges are
shown in Fig. 3.7. The energy and atomic number dependences of the angu-
lar distribution are reflected in the thickness at which the cosine-like shape
sets in and dominates. This occurs at smaller thicknesses for lower ener-
gies and higher atomic numbers. (17) The thickness region over which these
variations are observed is approximately 0. 15 to 0. 30 of the range. Again,
a quantitative parametemzatmn of the angular distribution is given in similar to

Section 5.

3.3.6 Energy Deposition

The deposition of energy by electrons as they penetrate into material is
characterized by an initially low value which increases with depth to about
0.3 range where it reaches a maximum and decreases to zero at the end of
the range. (21,22) The deposition by 2-MeV electrons penetrating aluminum
is shown as a function of depth in Fig. 3.8. The dependence of this property
on energy and atomic number is again (and for the same reasons)
dependence of the angular distribution on these quantities. As the energy is
lowered and/or the atomic number is increased the energy deposition profile
varies less rapidly with depth.

3.4 BREMSSTRAHLUNG PRODUCTION

When a char&ed particle is accelerated it emits energy in electromagnetic
radiation. ( The amount of energy emitted depends on the magnitude of
the acceleration. In the process of stopping in matter charged particles
s uffer many decelerations and emit this radiation called bremsstrahlung
(oreaking radiation). For protons and other heavy charged particles the
individual decelerations experienced in stopping are relatively small and,
consequently, little bremsstrahlung is emitted. Electrons, which have a
rest mass about 1840 times smaller than protons, but the same electric
charge, experience much more drastic accelerations in their interactions
with atomic nuclei and hence will produce much more bremsstrahlung than
heavier charged particles.
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The production of bremsstrahlung by electrons is a very important shield-
ing consideration. This process is usually responsible for the dose that is
delivered to points behind shields thick enough to stop most of the electrons.
This is due to two facts: (1) the amount of energy converted to bremsstrahlung
becomes si?ﬁicayt as the electron energy and the target atomic number are
increased, 15,24) gnd (2) a mean free path for photons (which corresponds
to a shield thickness required to reduce the photon intensity by 1 /e) is on the
order of ten greater than the ranges of electrons of the same energy.
Consequently, shields are often designed sufficiently thick to stop electrons,
but not to adequately attenuate bremsstrahlung which requires much heavier
shields. The radiation hazard is then caused in these cases by the brems-

strahlung production.

The cross section for the production of bremsstrahlung by electrons
incident on atomic nuclei is proportional to the squafe f the atomic number
Z of the target material in the Born approximation. 26) The electron-
electron collision rate which determines the rate of energy loss is proportional
to the atomic number of the target. This indicates that the number of nuclei
an electron encounters in slowing down to rest in bulk media will be pro-
portional to 1/Z. Bremsstrahlung, which is produced mainly by the interaction
of electrons with atomic nuclei, will be approximately proportional to the
atomic number of the stopping material.

Actually, the effects of the angular dispersion caused by multiple scatter-
ing with atomic nuclei tend to lessen this Z dependence. This occurs because
in high atomic number materials the electrons suffer large deflections sooner
in the energy loss process. Since the bremsstrahlung production cross sec-
tion is proportional to the square of the electron’s energy at any given point in
the stopping process and the bremsstrahlung cross section for relativistic
electrons is strongly peaked in the direction of the electron's motion, a larger
fraction of the photon intensity will be radiated into larger angles for high Z
targets. ' :

The angular distribution of the bremsstrahlung emitted from thick targets
reflects the angular distribution of the electrons in the first few tenths of the
electron range. In light materials the electrons at these depths are much
more forward peaked than in heavy elements. Consequently, the brems-
strahlung angular distribution is more forward peaked in light elements.

3.4.1 Thin Target Bremsstrahlung

The differential cross section (d20/dkdS) for the production of bremsstrah-
lung by an atomic nucleus falls off as the photon energy increases and is very
strongly peaked around the direction of the electron. Figures 3.9 and 3. 10
show the differential cross sections for él)e production of bremsstrahlung by
1-MeV electrons on Al and Au targets.( ) " The energy spectra can be ap-
proximated over most of the photon energy range by (1-k/E)/k per MeV where
k is the photon energy and E is the kinetic energy of the incident electron.
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Figure 3.9 shows that the angular distribution of the cross section for fixed
photon energy decreases by about a factor of 10 in the first 25 degrees and
continues to decrease almost exponentially as the.angle increases. The ex-
tent to which the differential cross section is forward peaked becomes more
pronounced as the energy of the electron increases.

3.4.2 Thick Target Bremsstrahlung

For all practical situations one will be dealing with thick-target bremsstrah-
lung where the effect of the dispersion of the electrons as they penetrate the
material will smear the thin-target distribution over a larger angular spread.

~The energy spectrum will also be increased for low-energy photons as the
electrons lose energy in the material. Examples of the thick-target brems-
strahlung intensity yields for 1-MeV glectrons incident on targets Al and Au
are shown in Figs. 3.11 and 3. 12. (28) It should be noted that the intensity
(photon number times photon energy) is plotted in these graphs.

To first order, the shapes of the energy spectra are independent of elec-
tron energy and atomic number when plotted vs k/E, the ratio of photon to
electron energy. Because of the energy-angle correlation of the electrons in the
early penetration stages, the shape of the spectrum is angularly dependent.

The effect of this correlation is to make the spectrum harder in the direction
of the electron motion than at nonzero angles with respect to the incident
beam direction. This effect, as will be seen in Figs. 3.11 and 3. 12 is more
pronounced in low Z material than in high Z material. At angles greater -
than 90 degrees, that is in the backward direction, there is a noted increase
~ in the number of low energy photons. This occurs because in thick targets the
bremsstrahlung is generated close to the surface on which the electrons are
incident. Low energy photons are readily attenuated by the target material and
must pass through much more material to emerge in the forward direction
than in the backward direction. Consequently, the soft portion of the spectrum
is more prevalent at backward angles. Low energy photons are more readily
attenuated by high  Z materials so that the thick target bremsstrahlung
intensity spectra from aluminum extends to lower photon energies before

it drops off than for higher Z materials.

In the foregoing discussion the transport properties of monoenergetic
electrons incident at right angles on bulk media has been described. In the
more practical case where electrons with a spectrum of energies will be inci-
dent on bulk media from a variety of directions the problem of predicting re-
sults is more complicated. In general, the procedure is to build up the final
transport results by superimposing the properties discussed for monoenergetic-
monodirectional beams. The effect of many incident energies and directions
is to wash out what structure exists in the transport properties. That is, the
dependence on energy, thickness, and atomic number becomes smoother and
- weaker. Quantitative numbers for these cases can be extracted from the
formulations discussed in Section 5. -
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4, ACCURATE METHODS OF CALCULATING
- TRANSPORT PROPERTIES

There have been several excellenz review articles concerned with the basic
properties of electron transport. 14,29,30) This section is not meant to
supplant or duplicate these articles. Its purpose is simply to serve as an
introduction to the theoretical treatment of electron transport. The
interested reader can find details of the theories in the review articles

or more detailed descriptions of their application to transport problems

in other works. This section contains short descriptions of the inter-
action cross sections, theories of multiple interactions, and methods of
using these theories in transport calculations. S

4.1 INTERACTION CROSS SECTIONS

The basic force between electrons and other charged particles is the Coulomb
interaction. This force is the only interaction in the field of atomic and nuclear
physics which is completely understood. The Dirac theory of the electron®1)
and the field theories of quantum electrodynamics put the properties of elec-
trons on an exact mathematical basis. The basic interaction cross sections
can be calculated using these theories. ‘ :

4,1.1 Elastic Nuclear Scattering

The elastic scattering of electrons from nuclei can be calculated for a bare,
point nucleus and a spinless electron according to the Rutherford nonrela-
tivistic scattering theory. (14) Modifications introduced by the spin of the
electron ha&e2 been incorporated in the Mott relativistic theory of elastic
scattering. ) Another effect on elastic scattering is the screening by atomic
electrons of the nuclear Coulomb potential for large impact parameters. This
has been tgkgg iégo account in a number of approximate ways by various
authors. @Us 93-39) The results of calculations of the cross section for elas-
tic scattering using these corrections agree with experimental data. An
excellent review article by Mots, Olsen an(g 6l)(och presents the relevant
formulas for electron-nuclear scattering. _ -

4.1.2 Electron-Electron Scattering

The scattering of electrons from electrons is formally different from the
scattering of electrons by nuclei because of the Pauli principle. Mgller has
derived the cross section for the elastic scattering of electrons by free elec-
. trons. (13) Because the incident and atomic electrons are indistinguishable,
a.iter the collision the higher energy electron is treated as the incident par-
ticle. A comparison of the electron-electron cross section with experimental
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data is presented in the review article by Birkhoff (14)arid shows good
agreement. The fact that the electrons are bound to atoms complicates
the electron-electron collision considerably. The physical processes are
understood,but the numerical complication involved in an exact calculation
of the cross section makes such an endeavor impractical for atoms heavier
than hydrogen at this time. Q)pproximate methods have been developed and
are discussed by Birkhoff. (1

4.1.3 Bremsstrahlung Production

Bremsstrahlung can be produced in the scattering of electrons from atomic
nuclei or to a lesser extent in scattering fr?rns atomic electrons. The inter-
action matrix element was first calculated using the Born approximation.
This approximation assumes that the incoming and outgoing electron wave
functions can be treated as plane waves. For cases where both incoming and
outgoing electrons have high energies, that is,

(4.1)

and Vf >>_——I§7— (¢

where Vj and V¢ are the electrons'initial and final veloeities, the approxim-
ation is valid, and reasonable results are obtained. For low-energy
electrons in the outgoing channel (corresponding to high photon energies) the
approximation breaks down and the theory may underestimate the cross sec-
tion by orders of magnitude.

Calculations of the bremsstrahlung cross section using Dirac wave
functions for the electron and 4%arhal wave expansions for the Coulomb field
have been performed These calculations do not yield analytic
formulas however, and requ1re extensive numerical procedures to obtain
results. For this reason these calculations have not been used extensively.

4.2 AVERAGE QUANTITIES

Although the basic cross sections for electrons are well known, ‘it is difficult
to apply them directly to electron transport properties since an electron
undergoes so many 1nteract1or%s in the process of slowing down. A 1-MeV
electron experiences about 10V interactions in stopping. It would thus
become very time consuming to attempt to follow the electron as it slows
down interaction by interaction. Approximations have been developed to treat
the average properties of electron transport which are applicable to short
path lengths. The formulation of energy, Sraggling due to electron-electron
collisons has been developed by Landau (18 and improved by Blunck and
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Leisegang. (41) Directional dispersion has been approximated by a number
of authors. (20,35,42,43) The theories which are most commonly used for
multiple nuclear scattering are the theories due to Moliere, ?21051 and
Goudsmit and Saunderson. 89) Reviews of the various theories are given
by Birkhoff, (14) Scott, 43) and Zerby and Keller. (30)

4,3 APPLICATION OF AVERAGE PROPERTIES TO THICK TARGETS

The theories of the average behavior of electrons penetrating matter are
typically valid for the passage of electrons through amounts of material
which are small compared to the electron range. There have been many
attempts to solve the problem of the penetration of electrons and the produc-
tion of bremsstrahlung in bulk media. Some of these attempts make use of
various approximations to reduce the problem to a point where analytic or
semi-analytic solutions are possible. (17,44-47) However, these approxi-
mations limit the application of the analytic solutions either to a very high
electron energies or very small angles, which in turn limits their usefulness
in space radiation problems. Other methods of solution that are not based
on limiting assumptions on the electron energy or electron angle employ
either a pumerical summation of the contribution of scattering in multilayered
shields, (48, 49) a moments method type of calculation, (22, 48) or Monte
Carlo solutions. (51, 53) All these methods rely on rather lengthy computer
calculations to obtain solutions. o

4. 3.1 Moments Methods Calculations

The moments method was developed to solve the Boltzman transport equation
for electrons by Spencer and Fano(22) The method employs a semianalytical
solution to the transport equation in which the energy, angular, and spatial
dependence of the flux are described by a series of polynomial expansions.

. Electron-electron collisions involving small energy transfers are treated
according to a continuous slowing-down model which assumes that the form
of the cross sections for these collisions is unimportant as long as the cor-
rect stopping power is obtained. The stopping power is the average energy
loss per unit path length and is the result of many electrons making many col-
lisions. In the moments method the relativistic Mg@ller cross section is
assumed to be valid down to a very small fractional energy loss which is de-
fined so as to give the correct total stopping power. Typically, moments
method calculations can be practically performed in infinite homogeneous
media. For this reason their application to problems related to space radia-
tion has been limited.

4, 3.2 Monte Carlo Calculations

The second method of accurately solving electron transport problems is
through the use of Monte Carlo techniques. Theoretically, Monte Carlo cal-
culations can follow each individual electron through every collision as the
electrons are slowed down and scattered through the target foil. In practice,
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this is not feasible due to the large number of collisions involved.
Instead, theories describing various segments of the transport problem
are used to group together large numbers of collisions. The computation
proceeds by considering successive spatial intervals with the resulting
distributions determined by a convent%o al random sampling based on the
suitable multiple scattering theories. 35 Berger and Seltzer have
written a Monte Carlo code ETRAN, in which the angular deflections can
be computed by the methods of Goudsmit and Saunderson, Moliere, and
Fermi's Gaussian distribution. The spectrum resulting from energy loss
is determined by the modified Landau energy straggling distribution or
from a continuous slowing down model. Collisions involving large energy
transfers can be considered separately from the continuous slowing down
model, and secondary electrons and photons are produced and transported
through the target sample.  In general calculations based on ETRAN

have shown good agreement with experimental results.

The principal disadvantage of the Monte Carlo electron transport calcu-
lations is that they require a considerable amount of computer time. Because
of the stochastic nature of the method the accuracy is directly dependent on
the number of particle histories that are run and hence the computer time
required. Another disadvantage of ETRAN is that in its present form it is
only capable of performing calculations in homogeneous slab material. How-
ever, Buxton and others have modified ETRAN so that it is capable of mak-
ing calculations in multimaterial laminations of slabs. (54)

4.3.3 Discrete Ordinates

Recently Bartine et al., '(55)have employed the method of discrete ordinates

~ to perform electron transport calculations. This method has been used in
neutron and gamma ray transport successfully for some time. In this method
an analytical solution to the Boltzman transport equation is obtained through
the use of approximations in the representations of the angular, spatial, and
energy scales. Briefly, these variables are grouped into a finite number of
increments which cover the range of interest. By then expanding the angular
dependent flux and cross sections as a series of suitable functions (usually
Legendre expansion) the Boltzman equation can be reduced to a.set coupled
equations. By a judicious choice of discrete angular structure the number of
equations is reduced to those corresponding to a few terms in the expansion.
Each of the equations is then solved numerically using iterative techniques.
The advantage is that an analytical solution is obtained everywhere the spa-
tial mesh is defined so that accurate results can be obtained at deep penetra-
tions where it is costly in computer time to obtain good statistical accuracy
using Monte Carlo methods. The disadvantage of the technique in general is
that the savings in computer time is significant for one-dimensional problems
only. By one dimension it is implied that only one linear dimension is varied.
Infinite slabs, spherical shells, and infinite cylinders are examples of one-
dimensional configurations. In discrete ordinates calculations the angular
distribution of the flux is calculated,but this is still a one-dimensional
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configuration if only one spatial dimension is varied. Another dis-
advantage of the application of discrete ordinates approach to electron
transport is that the techniques have not been fully developed. The
present accurate methods of incorporating the cross sections cause the
computer time required for a given calculation to be comparable with
Monte Carlo calculations. Bartine et al., have used the continuous
slowing down approximation with success at low atomic number but with
some uncertainty in heavy elements. The discrete ordinates method
seems to have a lot of potential and hopefully the work that just started
in the last year or two will lead to as useful a tool in electron transport
as discrete ordinates has proven to be in neutron and gamma-ray
transport problems. '
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5. PARAMETRIC RE PRESENTATION OF
TRANSPORT PROPERTIES

5.1 INTRODUCTION

In practical problems in which it is necessary to make a quick determina-
tion of the radiation dose delivered to a point partially shielded from a radia-
tion source, it is very useful to have an inexpensive means of obtaining
reasonably accurate results. In particular, in the space environment it is
often necessary to establish the dose level due to both electrons and associated
secondary photons at points inside a spacecraft. Just as frequently the initial
estimate becomes the burden of an engineer or scientist whose professional
interests are related to the experiment or person being placed in space and
may have only a passing familiarity with the properties of electron transport
and bremsstrahlung production. One simple method of calculating electron
transport properties makes use of parametric representations which express
the results of experimental data or accurately calculated results. The method
by passes the mathematical complications inherent in a rigorous analysis
which incorporates all of the intermediate processes.

This section will present such parametric formulas for the electron and
photon transport properties. Many of these formulas have been obtained in
the past by others and are collected here for completeness while some have
been generated by the authors. |

For ease of access, these formulas are presented with a minimum of ex-
planation or justification. A detailed comparison of the parameterization for
bremsstrahlung production which is new, with experimental data and results
generated with Monte Carlo calculations are presented in Appendix A.

5.2 PARAMETERIZATION OF ELECTRON TRANSPORT PROPERTIES

In this section, formulas which describe the property specified are displayed.
As mentioned above, many of these formulas are the result of the efforts of
other workers. Those which are presented have been selected because they
best represent the experimental data with which we have been able to compare
them, ' '

5.2.1 Transmitted Number Fraction

The number of electrons penetrating through a given depth within a material
per incident electron is defined as the transmitted number fraction.
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Ebert et al., (56) have measured this quantity for normally incident electrons
in the energy range 4 to 12 MeV and have suggested the following pa.rametrlc

representatlon

~

T \8 electrons .
_ T 5.
TF(E, Z,7T) exp[ o (Rex) ] (incident electron), ©6.1)
where
1-
a = (1-1/8) B

387 E ]1/4
B = 5
Z(1 + 7.5 x 10™° ZE2)

the quantity, T is the penetration depth in (g/cm?) N

(57) has suggested a parametric representation for the transmitted
number fractlon based on the results of Monte Carlo calculations for elec-
trons with energies between 0.4 and 10 MeV as

| -0.23 V(Z)]
~[0.634 E Z ~
TF(E,Z,T) = exp [- ( TO‘ 343 ) | - (5.2)

where A
y(Z) = 7.0(Z - 3.25)70-24

and E is the initial kinetic energy in MeV.

The transmitted fraction for electrons incident on aluminum has been calcula-
ted by Watts and Burre11‘(58) using ETRAN, (59) The results of these calcula-
tions are tabulated in Appendix B as a function of incident electron angle,

energy and slab thickness.

5.2.2 Range .
There are two commonly used definitions of range, one is the extrapolated
range, the other is the continuous slowing-down approximation (csda) range.
The extrapolated range is more easily determined from experimental data.
The following expression is due essentially to Katz and Penfold' (60) with some

~ modifications by Ebert et al.,

. 125 175 | '
Rex(E’ Z) = 0.565 (m)E - 0. 423(Z 162)(g/cm2)E>2._5 MeV
| | (5.3)
- 0.38 EA /em?
. (g/cm*) E<2.5 MeV
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where

A = (1.265 -0.095 tn E) (1.7 - 0. 2’73 in Z)
Here E is the electro'n kinétic energy in MeV and Z is the atomic number.

The continuous slowing-down approximation range is more easily cal-
culated than is the extrapolated range and has come into rather wide use
because of the very convenient tabulation of this quantity by Berger and
Seltzer.15) Watts and Burrell (58) have suggested the following parametric
fit for the csda range in aluminum.

2

Ro(g/cmz) = (1.33 - 0.019E) (\/0 2713 E™ + 0.0121 - 0. 11) (5.4)

which is accurate to within 2 percent for energies between 0.3 MeV and .

10 MeV. For other elements R, for aluminum can be multiplied by 2.08 Z /A
to obtain the csda range for element Z to within about 15 percent in the

same energy region. From the data of Ebert et al., (56) and Bergers tabula-
tion, we have derived the following relationship between the extrapolated and
csda ranges ' ‘

(R, /R) = 1.21-0.208 tn Z + 0.0242 E (5.5) .

which is valid for electron energies between 250 keV and 12 MeV. This
formula agrees with the experimental data to within 5 percent for elements of
atomic number of 13 or higher and within 10 percent for carbon.

5.2.3 Backscatter Coefficient

The backscatter coefficient is defined as the fraction of electrons

incident on an infinitely thick target that are scattered in the backward direc-
tion. - The following expression was derived by Tabata(19) from data he
measured and is valid for Z > 6.

-0. 65 -0.37 .0.65
0 E% %9)]

n(E,Z) =1.28 exp [- 11.9Z (1+0.1037% (5. 6)
The backscatter coefficients for aluminum have been generated by Watts and
Burrell (58) using the Monte Carlo code ETRAN. (59) The results of these cal-
culations are tabulated in Appendix B as a function of the incident electron

angle and energy and slab thickness.

5.2.4 Transmitted Energy Spectrum

The energy spectra of electrons penetrating a depth (T/Rg), that is, pene-
trating through a thickness of some fraction of the continuous slowing down
range, have been fit. The experimental data measured by Lonergan
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et al., (23) Costello et al., (61) and Rester et al., (62) were used as the base

from which the following parametric representation was derived:

p

. (E Ep)2 .
‘ S(E,EO, T, Z) = N exp |\ - W +C E-E (5- 7
: 1+ exp -—W——

( electrons out - )
MeV total electrons out

where Ey = E[1-T/R]

W = 0.05VZ(T /RO)

= (T/R)*VZ

where E, is the energy of the incident eiectrons in MeV and E is the energy
of the degraded electrons. This function is normalized so that integrating it
over E from 0 to E; yields unity

E
1 = foo S(E,E_,R) dE

The absolute number of emergent electrons as a funct1on of E is obtained by
weighting S(E, E , T, Z) by the transmitted fraction.

The energy transmltte thsrough slabs of a&v),x inum has also been calcu-
lated by Watts and Burrell using ETRAN. They define a quantity
called the energy transmission coefficient which: ‘

Energy Transmission Coefficient = energy current transmitted/
energy current incident

where current is defined in Chapter 6. The energy transmission coefficient
is tabulated in Appendix B as a function of incident electron angle and energy
and slab thickness. Also tabulated as a function of these same parameters
is the energy reflection coefficient for aluminum which is defined as

Energy Reflection Coefficient = energy current reflected/
energy current incident
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5.2.5 Angular Distribution

The angular distribution of electrons integrated over all electron energies
(differential electron current) penetrating a slab after striking it normally
has been fit in two regions. If the slab thickness is less than approximately
1/3 the extrapolated range, a Gaussian distribution fits the data reasonably

well: |
4(E, Z,T)= ( )exp( K2 | (5. 8)
TT .

(electrons,

where ST

0.88

k% - E2/[0.1212TZ°% % ¢n (T/0.00105)]

where E is the kinetic electron energy in MeV, T is in g/c_mzJ and f8is in
radians. However, if the slab is thicker than 1/3 the extrapolated range,
the distribution x?exiges into a thlckness-mdependent form given by Bethe,
Rose, and Smith ®

o lect
4 = 0.23 (0.717 + cos f)cos By () (5.9)

This expression is normalized so that the integral of ¢ over the hemisphere
of the outgoing electrons yields unity. The absolute number of electrons
emerging in a given directionper incident electron is obtained by weighting ¢
with the transmitted fraction for the appropriate slab thickness, where 6p
refers to the polar angle relative to the normal to the plane from which the
electrons are emerging. It is important to note that 6p is not referenced to
"the incident electron direction.. Experimental data(23,62) indicate that for
thick targets (T/Regx > 1/3) the angular distribution is independent of the inci-
dent electron direction,

5.2.6 Energy Deposition

The energy deposited by elgctrons as they penetrate a material has been
calculated wit ETRAN a Monte Carlo electron transport code. Watts

and Burrell{98) pave made parametric fits to these results for two cases. The
first is for a broad monodirectional beam, normally incident on a semi-
infinite slab of material and is given by

4 .
0. (B,X) = exp| Y A xi-1 (5.10)

wherep is the energy deposition in (MeV/g unit current) and:

A1 = 0.913 exp(-0.963 E) + 0.021 E + 0. 215
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>
H

5.0 -0.49 E

2
Ay = 57.6 (E - 5.0)/(E + 30)
A, =-1.6 g0- 837

The second case is for a half space isotropic incident flux of electrons, which
is an isotropic distribution in one hemisphere and normalized so that an integra-
tion of the flux over that hemisphere yields unity. In this case the energy de-
position is parameterized as -

5 ) _ .
b (B,X) = exp E Aixl'1 (5.11)
| 1 |

where p,_  is the energy deposition in(MeV /g unit half-space isotropic flux) and
-1. 47 '

A, = 0.52+0.098 E
A, = exp (-0.82E) - 1.0

Ag =-2.5 [exp (-1.022 E) + 1.0]
A, = 3.25 exp (-0.323 E) + 5.8
A =-15.44+1.55 F - 0.0786 E2

where X is the depth of penetration in units of Ro'

The energy deposition coefficients p, and Piso for aluminum which
were calculated to provide the data base for the parametric fit are tabulated
in Appendix B. The quantity ¢ is tabulated for beams incident at several
angles relative to the normal of a semi-infinite plane.

5.2.7 Non-Normal Electron Incidence |

The parametric representation of the preceding sections deals with eleg—
trons normally incident on a target. It has been found experimentally (64)
that for targets thicker than about three-tenths of the csda range, non-
normal electron incidence shifts the energy spectra slightly down in energy,
hardly affects the relative angular distribution of the emitted radiation, and
decreases the transmitted fraction T (E,Z,T) by a factor that is approxi-
mately given by the cosine of the angle between the direction of the incident
electron and the target normal raised to some power which depends on the
target thickness and initial electron energy. As an approximation one can
assume that the energy spectrum and angular distribution are unaffected
and write the transmitted fraction for non-normal electron incidence as
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’ a
T &, Z,T,6) = TE(E,2,T,0) [cos 6]

.12
where X is given for Al as (5.12)

a=|0.41 +3.7 (T /Ro)? +[o.14(-RT_—) - 0.0BQ]E
. 0 :

Here T is the slab thickness in- g/cm , R, is the continuous slowing down
approximation range defined in Section 5. 2.2 and. TF(E Z,T,0) is the
transmitted fract1on for normal 1nc1dence defined in Sectlon 5 2.1,

5.3 PARAMETERIZATION OF BREMSSTRAHLUNG PRODUCTION

Electrons slowing down in matter emit electromagnetic radiation which is
typically more penetrating than the electrons themselves and hence must be
considered in radiation shielding calculations. The photons which are
created in the bremsstrahlung process emerge in all directions with respect
to the direction of the original electron and have energies ranging from zero
up to the kinetic energy of the electron. For a complete description of the
production of bremsstrahlung one must consider both the angular and energy
dependence of the photons as functions of the electron energy, the target
material, and the direction of both the electron and photon. Often, however,
useful information can be obtained from integral quantities. Presented in
this section are formulas that relate both integral and differential quantities
to the electron energy, target material, initial electron direction relative

to the material orientation, and direction of the final photon.

5.3.1 Total Electron Energy Converted to Bremsstrahlung

When an electron stops, part of its initial kinetic energy is converted into
bremsstrahlung. The amount of energy converted into bremsstrahlung
depends strongly on the initial energy of the electron and the atomic number-
of the stopping material.

Convenient tables of the stopping powers and raagﬁs of electrons in
various elements ca1<(‘u1§1ted by Berger and Seltzer, and more recently
by L. Pages, et al., 24) include values for the fractlon of the electron
energy which is converted into bremsstrahlung. Examples of these calcula-
ted fractions plotted vs the incident electron energy are shown in Fig. 5.1
for carbon, aluminum, iron, tin, and gold. Figure 5.2 shows the calcula-
ted fraction vs the target atomic number for 1 MeV electrons. Over the
energy region 0.1 < E < 10 MeV, the fraction F(E, Z) of the electron energy
E which is converted into bremsstrahlung can be parametenzed as

_ -4 . 1.145 _ o(Z) {MeV photon 5.13
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Figure 5.1. Calculated fraction of electron energy converted
' into bremsstrahlung (points) (Ref. 24) and
parametric representation (solid lines) for different
atomic numbers vs incident electron energy
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Figure 5.2. Fraction of 1 MeV electrons converted into

bremsstrahlung vs target atomic number.
Dots are calculated values due to L. Pages
et al. (Ref. 24). The solid line is the
parametric representation.
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where Z is the atomic number of the stopping material and E is the initial
kinetic energy of the electron in MeV. The function ¢(Z) can be parame-
terized as

0.79 -5x10°4Z 1+ 6.4x 1072 exp(-22/466) ; 0.1<E <1

o(Z) =
~ Jo.79 -2.68x 1073 2

_ 9 _ (5.14)
Z+8.4x10 “ exp(-Z°/831) ; 1< E< 10
over these energy regions. The solid lines in Fig. 5.1 are the parame-
‘terized values of F(E, Z). The total energy converted to bremsstrahlung
I will be given in this parameterization as

_ _ -4 1.156 _o+1 [photon «+ MeV :
I, (E,2) =F([E,2)E=5.7T1x10""Z E (electron ) (5.15)

Approximate estimates of the total electron energy converted into bremssf_rahluhg
can be obtained assuming 1.145~ 1 and ¢ ~ 1 so that IT becomes:

Ip (E,2) = 6 x 1074 zg?

It should be pointed out that the values listed above are total energy con-
verted to bremsstrahlung. A fraction of the bremsstrahlung energy will be
absorbed in the stopping material and will not emerge from shielding material.
The total bremsstrahlung energy which emerges from thick targets for
normally incident electrons is discussed in the next section.

5.3.2 Total Bremsstrahlung Energy Radiated from Thick Targets

Because of absorption in the target, the observed bremsstrahlung emerging
from a thick target (one which is thick enough to stop the electrons) will be
less than that produced by the incident electrons.

A comparison of the measured(zs) values of the total bremsstrahlung
energy radiated for normally incident electrons and calculated values of I
for Al is shown in Fig, 5.3. It is seen that the measured values fall con-
siderably below the calculated values; differing by a factor of threeat 0.2
MeV and a factor of 1,8 at 2. 8 MeV. Some of this discrepancy may be due
to the backscatter of electrons which decreases with increasing electron
energy, but the main contribution is due to the absorption of photons in the
target which decreases rapidly as the average photon energy increases. The
measured total radiated energy for electrons normally incident on targets of
Be, Al, Fe, Sn, and Au is shown in Fig. 5.4. The targets in these experi-
ments were just thick enough to stop all of the incident electrons. These ex-
perimental values have been parameterized by Dance(28) as

54



IT(E, Z) (MeV/electron)

[~ I LR
= ' -
L -
b -
- -
- ]
1072 | —
- —
T _
- |
= —
103} ]
r—- o
— —
- -

- 1ol i N R T O

0.1 1.0
Electron Energy (MeV)
Figure 5.3. Comparison of calculated total energy converted

into bremsstrahlung (solid curve) (Ref. 24) and
measured total bremsstrahlug emitted from a

- thick Al target (points) (Ref. 28).

55



= 1 1 Il-lm', T 1 IIHH, =
— : i
< |
= I07E =
8 — Z2=26 E
0 u _
~ — —
>
[+ }] - -
= Z=13
102 Z=4 3
o ~ -~
i — -
~ ~ -
< . -
O - o
g ,
(2
> 1073 == -
G - =
o e =
] N _
=z N .
s | _
1074 £~ =
ool gl
O.1 1.0 10.0

BOMBARDING ENERGY (MeV)
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A(Z)

r E,Z) = C(Z)ZE ' (MéV/electrdn) ' (5.16)

IT(

where the values of C(Z) and A(Z) are given in Table 5.1

TABLE 5.1. VALUES OF PARAMETERS |
C(Z) AND A(Z) FOR EQ. 5. 16

z cx10* A(Z)

4 3.53 2. 16
13 . 3.51 2. 02
26 3. 85 1,91
50 3. 24 2.07
79 2. 96 1,90

5.3.3 Bremsstrahlung Energy Radlated as a Functlon of Photon Angle

In some applications it is necessary to have some 1nformat10n about the
angular distribution of the bremsstrahlung energy which is radiated from a
target. Angular distributions of the bremsstrahlung energy radiated from
thick targets (integrated over the photon energy from some nominal lower
cutoff value) for 1 and 2 MeV electrons normally inc%dent on targets of Be,
Al, Fe, Sn, and Au are shown in Figs. 5.5 and 5. 6. The relative angu-
lar d1str1but10ns of forward going radiation If(E, Z, 8) are shown in Figs. 5.7
and 5. 8 where the data have been plotted vs E1/ 2 9 and the zero-degree data
have been normalized to unity. It is seen that to a fair approximation the
relative angular distributions depend only on Z when plotted in this coordi-
nate system. The data for the forward going radiation have been parame-
terized as

If(E, Z,0) = IO(E, Z) {o. 8 exp (-JEO/KI(Z))
' ' f (5.17)

MeV
Sr - electron

+ 0.2 exp (-E62/2320) (

where 0 is the angle between the direction of the electron and the photon in
degrees and E is the kinetic energy of the incident electron in MeV. The

Z dependence of the forward going bremsstrahlung energy is contained in

the terms I and Ky. The quantities I (E Z), the bremsstrahlung radiated
into a unit differential solid angle at zero degrees, and K(Z) a measure of the
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Figure 5.5. Angular distributions of bremsstrahlung intensities,
integrated over photon energy, k>0.050 MeV, for
1.0 MeV electrons on thick targets of Be, Al, Fe, -
Sn, and Au. (From Ref. 28)
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Figure 5.8. Relative angular distribution for forward hemisphere
bremsstrahlung intensity plotted- vs v E -0 for targets
of Fe, Au, and Sn. The different symbols refer to
different incident electron energies. The solid line
corresponds to the parameterization discussed in the

text, (Eq. 5.17). All of the curves have been normalized
to unity at 0 = 0 degrees.
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rate at which the bremsstrahlung energy falls off with angle are parame-
terized as

_ B(Z) MeV 5
I,(E,2) = Ap(Z)E ( 'Sr electron ) (5.18)

and

Kl(z) - 76 - 43 exp (,-z2/695) . (5.19)

The values of Ap(Z) and g(Z) in the expression for I (E, Z) are listed in Table
5.2 for several elements from Z = 4 to 79. v

TABLE 5.2. VALUESOF A, AND g FOR EQ. 5.18

z Ar 8

4 1.2 x 10‘2, 2.89
13 2.4 %1073 2.59
26 3.5 x 1075 2. 43
50 4.2x107 2. 40
79 5.1

x107° 2.17

The solid curves in Figs. 5.7 and 5. 8 are the paramétric representations
of Eq. 5.1T7.

5.3.4 Bremsstrahlung IntenS1ty as a Function of Photon Energy and
Photon Angle

For calculations where accurate dose estimates are necessary or where the
energy spectrum of the incident bremsstrahlung is needed, one must know
not only the angular distribution of the emitted radiation but also its energy
spectrum.

5.3.4.1 Parameterization of Normal' Incidence Data

Most of the available experimental data on bremsstrahlung production are
for electron beams normally incident on thick targets of elementally pure
materials, Examples of the bremsstrahlung mtensﬁg as a function of photon
angle and energy are shown in Figs. 5.9 and 5. 10 ) where the brems-
strahlung intensities produced by 1-MeV electrons on Al and Au targets are
displayed. It will be noticed that the spectra for Au are harder (i.e. they
contain more high energy photons) than the spectra for Al at the same angles
and that for both cases the spectra become softer as one increases the photon
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‘angle. The bremsstrahlung intensity data have been parameterized as a
- source term and an attenuation term with

IE,k,6,2) = Ig(E,k,0,Z)AL(k,6,2) (5. 20)

where k is the photon energy. The attenuation term is calculated in this
parameterization by assuming that the electrons produce a point source of
bremsstrahlung at a penetration depth of 0. 2 times their range. The attenu-
ation is then calculated using mass attenuation coefficients (see Section 5. 4).
The attenuation term thus is given for normally incident electrons by the
expression

é—p(k, Z)(T - 0.2 R )/cos 8  6<n/2

Ap(k,0,2) = (5. 21)

e-u(k, 7) 0.2 RO/Icos ] o>n/2

where T is the thickness of the material in g/cm?2, R, is the csda range

of the electrons and u(k, Z) is the mass attenuation coefficient in units of
(cmz/g) for photons of energy k in a material of atomic number Z. 1t is
known that although the electrons emit bremsstrahlung along their entire
path length most of the bremsstrahlung is emitted near the front surface of
the material. The simple treatment of the attenuation term ‘should there-
fore be reasonable. Alsog errors introduced by this parameterization of the
attenuation will tend to be compensated in the parameterization of the source
term. ‘

The source term I4(E,k,6, Z) has been parameterized as a function of
electron energy E, photon energy k, photon emission angle 6, and target
atomic number Z. It was found that all of the individual photon energy spec-
tra could be fit very well (i. e., with errors less than 10 percent) by a three-
parameter function of the form

0B k/E

I=A (1-k/E)C - (5. 22)

S
Expressing the parameters A, B, and C as functions of E,0, and Z the"
parameterization was accomplished by noting that the shapes of the differ-
ential bremsstrahlung intensity spectra (with the attenuation term removed)
formed a smoothly varying family of curves when plotted vs the ratio of
the photon to electron energies. This is illustrated in Fig. 5.11. The
numbers on the figure are arbitrary and simply label the different curves.
A single curve of Fig. 5. 11 represents several energy spectra for different
target materials, electron bombarding energies, and photon measurement
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angles. The curve 1abe1ed 6, for example, is a fairly good approximation to .
the shape of bremsstrahlung intensity spectrum for the following situations:

Kinetic Electron Photon Observation
Energy (MeV) . Target Angle (deg)
1 Fe 60
-1 . Au , 120
2 Fe B 45
2 Sn 60
2.8 Al 30
2.8 Fe 40
2.8 Sn ~ 45
4 Sn 40
8 Sn 60

The functional forms of A, B, and C thus obtained are given as
A(E,0,Z) =[A’(E,6) + a(E, Z) + b(E, Z)-6] x 10~2

A’(E,8) = 0.4 E2 exp(-E62/575)

(%)

+0.82(0.925 EL % L 0.30 yE)\ B0
a(E,Z) = (0. 34z 1.6 VE

b(E,z) = [0.004 - 0.06 exp(-Z2/695)JE2/60 . (5. 23)

B(E, 0, Z) = [1. 41+1. 41 x 10"%(6)%] [0. 4+0. 6 exp(~(E-1.5)2/7.6)]

6° = a(E,Z) - 6 +B(E, Z)

10.5 E)O' 15

a(E,Z) = 0.78( 0.6

2 -0.3+E)0'36

-4 ZZ)

33(1.15 x 10
(0.709 + 4.35 x 10

B(E’ Z) =
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and

8" +50 '
0.95 + 0.35 ( ) ) - D(Z
S5+ Cos \m (_—1-0—6— D( )

C(E,0,2Z) =
8" = 8 + D6(Z)
D(Z) = 0.245 exé (~(2-12)%/1470)
D6(Z) = 36 exp (-(Z—68)2/830).

In these equations E is the electron kinetic energy in MeV, 6 is the photon
observation angle in degrees and k is the photon energy in MeV. Compari-
sons of the parametric representation and the bremsstrahlung data below

3 MeV are presented in Appendix A.

Undoubtedly, other, perhaps simpler, parametric representations
could be derived. The above representation in no way is claimed to be the
simplest representation. As is seen from the comparisons of the data,
however, the parameterization gives a good representation of the data over
most of the energies and atomic numbers for which it is valid.

5.3.5 Parameterization of Non-normal Incidence Data

The extension from the parameterization of normal incidence data, which
are symmetric about the beam axis, to non-normal incidence data which
show no complete symmetry about any axis could be quite difficult, Since it
is known that the high energy portion of the bremsstrahlung is created very
. near the incident face of the material and it is suspected that the majority
of the bremsstrahlung is also created close to the incident face of the material, -
an approximate treatment of non-normal incidence electrons is used in this
parameterization. All of the bremsstrahlung is assumed to be created at a
point 0. 2 times the range of the electron in the direction of the original elec-
tron motion. (The value of 0.2 was obtained by trial and error in obtaining
fits to the normal incidence data.) The angular and energy dependence of

the bremsstrahlung produced at this point is assumed to be independent of

the electron's original direction relative to the surface of the material and

is given by the source term I (E k,6,Z) of Eq. 5.20. The difference between
normal and non-normal mmdence is assumed to be taken up in the attenuation
term Ar(k, 8, Z) of Eq. 5.20. The situation is sketched in Fig. 5.12. Here
the electron enters the material at an angle 6 with respect to the normal of
the material, travels 0. 2R in the material and emits a photon which travels
in a direction 6., with respect to the normal to the target. The attenuation
term in this case will be
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_ -u(k) - (T-O0. 2Rocos Ge)
AT(k’ Z, ee, 679T) = €exp COS ey e‘y < 17/2

(5.24)

-(k) - 0. 2Rocos ee
= &Xp “Tcos 9_}] o 6 > ”/2,

where T is the target thickness, R is the csda range, u(k) is the mass attenu-
ation coefficient for photons of energy k in a material Z, and 6, is shown
in the figure. :

The angle between the direction of the electron and photon, By 15 given by
the relation : ‘ v

cos ee-y= cos 6, cos 67 + sin ee' sin 67 cos o, - (5. 25)

where the photon is assumed to emerge in xz plane. A comparison of the
parameterized bremsstrahlung intensities and experimental data (64) is shown
in Figs. 5.13 and 5. 14 for 1-MeV electrons incident on Al and Au targets at
30 degrees and 45 degrees with respect to the normal, respectively. It is
seen that there are some fairly large discrepancies at low energies for -
angles greater than /2 between the electron and photon. This might be ex-
pected since the simple model neglects the fact that the low-energy brems-
strahlung is created throughout the target. It is felt that these discrepancies
will contribute little error to the analysis of the bremsstrahlung created by
isotropic electron fluxes since the electron fluxes are weighted by cos 8 in the
integration over the direction of the incident electrons and the highest secondary
intensities are in the direction of the incident electron. A comparison of the
bremsstrahlung intensities calculated for monoenergetic half-space isotropic
electrons incident on Al using Monte Carlo methods:(65)and the parameteriza-
tion presented here is shown in Fig. 5.15. The agreement is quite good.

5.3.6 Limits of Bremsstrahlung Parameterization

Although the formula presented for the bremsstrahlung produced in thick
targets is continuous in E,k,0, and Z there are practical limitations on its
use. There are limitations as to target material, target thickness, electron
energy, photon energy, and photon angle. The present representation of
thick target bremsstrahlung was intended to be useful for dealing with the
electron environment encountered in space. Extrapolations to other uses
should be done tith caution.
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5.3.6.1 Limitations on Target Material .

The parametric representation presented above is based on data for elemen-
tally pure targets with atomic numbers ranging from Z = 4 to 79. Extra-
polations to below Z = 4 may be dangerous since the bremsstrahlung pro-
duction rate is changing so rapidly in this region. However, this should not
be serious in space shielding studies, since one is not likely to be using
shields of hydrogen, helium, or lithium. A much more severe limitation is
the restriction to elementally pure targets. The results of the present study
are difficult to extend to shields of chemical compounds since the angular
distribution of the bremsstrahlung radiation follows the electron angular dis-
tribution at small penetration depths which depends on the density of electrons.
However, the bremsstrahlung production rate depends on the nuclear charge.
Also, multilayered shields are not covered by the present parameterization
unless the first layer is about 0. 6 of the electron range. In this case the
bremsstrahlung may be considered to be produced entirely in the first layer.

5.3.6.2 Limitations on Target Thickness .

The parameterization is based upon data which were obtained for target
‘thicknesses equal to the range of the incident electrons. For targets thinner
than this, the dose due to bremsstrahlung is usually unimportant in compari-
son with the dose caused by the incident electrons. Extension to thicker tar-
gets will only involve the attenuation of the photons. Therefore, this restric-
tion should not be a severe limitation for space shielding applications but may
cause difficulties in other applications.

5.3.6.3 Limitations on Photon Emission Angle

In the interest of simplicity, the backward angle photon data were given very
small weighting in the fitting procedure. This is justified because these
photons are not nearly as intense as the forward going photons and they pro-
duce only a small fraction of the penetrating intensity, even for isotropically
incident electrons. In space applications where bremsstrahlung is important
the point where the dose is needed will be completely surrounded by material.
The discrepancies introduced by assuming an isotropic electron source are
probably much larger than the errors introduced in the parameterization of
the backward component of the bremsstrahlung intensity.

5.3.6.4 Limitations on Electron Energy

The parameterization presented above agrees well with the thick target
bremsstrahlung data for electrons in the 1~ to 3-MeV energy region. The
fits obtained for 0.2-MeV electrons are poor, with discrepancies on the
order of 30 percent. Above 4-MeV there is little experimental data, and

the parameterization over much of the region of Z is uncertain by an un-
known amount. However, the 8-MeV electron data 23) on Sn agree well with
the parameterization. .
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5.4 PHOTON ATTENUATION

Photons that are produced in the bremsstrahlung process interact with
matter in a different way than electrons. 1In this section the main photon
interaction mechanisms are outlined briefly and the problem of photon at-
tenuation through shields is discussed.

5.4.1 Interaction Mechanisms

There are three main interaction mechanisms by which photons interact with
atomic electrons in matter; the photoelectric effect which dominates at low
photon energies (< 50 keV), the Compton effect which is important at inter-
mediate energies, and pair production which dominates at high photon
energies (>5 MeV).

5.4.1.1 Photoelectric Effect

The photoelectric effect occurs when a photon transfers essentially all of its
energy to an atomic electron.. To conserve both energy and momentum in such
an interaction, there must be a third body nearby which will share some of the
momentum. Usually this third body is the atomic nucleus. The closer the
electron is to the nucleus, the more probable is the interaction. This explains
why the most tightly bound electrons (the K electrons) are more likely to be
affected in photo-absorption than less tightly bound electrons and also why the
probability of photo-absorption increases with the atomic number of the atom.

Emplrlcally, it is found that the photo absorptlon cross section per elec-
tron is approximately proportional to Z /k , where Z is the atomic number
of the material and k is the energy of the photon. 6 The photo-absorption
cross section is found to increase in this manner as the energy of the photon
decreases until a critical point at which the photon energy is not sufficient
to eject the inner-most electrons. At this point (K edge) the absorption cross
section drops abruptly by about a factor of from 5 to 10. As the photon
energy is decreased further, the cross section again increases as 1/k3 until
another series of dlscontmultles arise. The energies of these discontinuities
correspond to the energies necessary to remove electrons from the L orbit.
Other series of discontinuities are seen at still lower energies correspond-
ing to the energies necessary to remove electrons from the outermost
orbits. These discontinuities in the absorption cross section are 111ustrated
in Fig. 5. 16.

The electron that absorbs the phofon (photo'electron) typically will be
ejected from the atom. It will then interact with other electrons causing
ionization, bremsstrahlung, etc., until it stops or leaves the material.
5.4.1.2 Compton Scattering

Compton scattering corresponds to situations where the photon scatters from
an essentially free electron. Since this process does not depend on the
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presence of an atomic nucleus, it will depend only on the number of electrons
a photon encounters. When the path length is measured in g/cm2, the num-
ber of electrons per path length is essentially independent of the materlal SO
the Compton absorption coefficient, when expressed in cm /g, is essentially
independent of atomic number.

In Compton scattering the energy of the photon is decreased and its
direction is changed. The energy (in MeV) of the scattered photon, k*, is
related to incident energy (in MeV), k, and the angle of scattering, 6, through
the relationship :

K’ = - k - (MeV) (5. 26)

1+ _k 2(1-cos 8)

m C
0

where moc2 is the rest mass of an electron (m002 0.511 MeV) The maxi-
mum energy transferred to an electron E occurs when 6 =7 and is given by
the relation

(MeV) | (5. 27)

5.4.1.3 Pair Production

The third important interaction mechanism is pair production. Photons with
energies greater than twice the rest mass of the electron (k >1.02 MeV)
may encounter the field of a charged particle and disappear, creating an
electron-positron pair. The kinetic energy of the electron-positron pair
approximately equals the energy of the original photon minus the rest
mass of the pair.

Usually pair production takes place in the field of an atomic nucleus.
The nucleus receives some momentum but little energy. 16 1t pair production
takes place in the field of an electron (triplet production) the electron and
electron-positron will all share the photon energy. Triplet productlon occurs
only rarely, however. :

In the process of stopping, the positron produced in pair production can
encounter an electron, which results in annihilation of the pair, giving rise
to two photons. If the positron is at rest when it annihilates, the photons will
each have an energy of 0.511 MeV. If the positron annihilates in flight, the
photons will share the kinetic energy of the positron. Each of these photons
may, if their energy is high enough, create electron-positron pairs giving
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rise to another set of annihilation photons. If the initial photon has enough
energy this process could occur many times, giving rise to many secondary
photons; a phenomenon known as a shower.

Unlike the other photon interaction mechanisms pair production increases
with increasing photon energy. There is no closed form expression for the
pair production cross section in the energy region of interest here (1. 02 to
10 MeV), but values obtained by numerically integrating analytical expres-
sions for the cross section are provided for aluminum (see Table 5.3). The
pair production cross section varies closely with the square of the atomic
number so that the cross sections for other elements can be computed by
multiplying the aluminum cross section by Z / 169.

TABLE 5.3. PAIR PRODUCTION CROSS SECTIONS
FOR ALUMINUM

Pair Production

Photon Energy Cross Section

(MeV) - (b/atom)
1.5 . 7.69x 1073
2.0 3.03 x 1072
3.0 8.64 x 10”2
4.0 1.40 x 1071
5.0 1.87x 1071
6.0 2.20 x 1071
8.0 2.99 x 1071

10.0 3.57 x 1071

5.4.1.4 Other Processes

There are several other gamma-ray interaction processes which affect

the transport of photons through matter. These are Rayleigh (coherent)
scattering from atomic electrons, two photon Compton scattering,
photonuclear reaction with atomic nuclei and elastic and inelastic scattering
from atomic nuclei. Rayleigh scattering occurs at low photon energies

~ where photoelectric absorption is large. Rayleigh scattering does not -
~significantly change the direction or energy of the photons and is conse-
quently ignored in most photon transport calculations. Photonuclear
absorption has a very small cross section compared to atomic process.
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The thresholds of photonuclear absorption 3re typically around 6-8 MeV with
a few exceptions such as 2H (2.2 MeV) and “Be (1.66 MeV) and play no part
in the transport of photons below 5 MeV. The cross sections for the other
process are also very small in comparison to these for the dominant processes.

5.4.2 Photon Attenuation Coefficients

In practical problems, one is concerned with the amount of the original photon
intensity transmitted through the material. This depends on the geometry of
the problem, the types of shields, the quantity one is measuring behind the
shield, etc. These considerations make the transport of photons a fairly
comphcated problem, which typically is treated by sophlstlcated transport
computer codes. :

5.4.2.1 Narrow Beam Mass Attenuation Coefficients

If a narrow beam of monoenergetic photons is incident on a shield and a col-
limated detector is placed behind the shield, (see Fig. 5.17) the transmitted
intensity of photons decreases exponentially as the thickness of the shield is
increased. The unscattered intensity behind the shield is given by

e #T

I(T) (5. 28)

where I is the incident intensity, T is the thickness of the shield, and u is
termed (%he narrow beam or total attenuation §oeff1cient If the thickness of
the shleld is measured in units such as g/cm# (thickness (cm) x density, p,
(g/cm? )), then the appropriate units of u/p are cm2/g The quantity #/p is re-
ferred to as the mass attenuation coefficient. The attenuation coefficient
represents the probability per unit path length that any interaction (photo-
electric, Compton, or pair production) will occur. The attenuation coefficient
is related to the total microscopic interaction cross sectlon through the
relationship

N
Elem?/g) = 0. -2 zM |
p(cm /g) = op & ZM (5. 29)

where

O‘T is the total cross section (cmz/électron)

p is the density (g/cm3)

# molecules) _
mole

Z is the atomic number of the material,

Ny is Avogadro's number (

M is the number of atoms of material Z per molecule,

and A is the atomic weight (g/mole).
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The mass attenuation coefficients for various materials as functions of photon
energy are tabulated in many places. (66-68) Table 5. 4 is a copy of the mass at-
tenuation coefficients presented in the ""Compendium of Radiation Shielding. " 67

5.4.3 Parameterization of Total Absorption Coefficients

For convenience in using the bremsstrahlung production parameterization,
the total mass attenuation coefficients, u/p(k, Z), have also been parame-
terized. The photoelectric mass attenuation coefficient has been parame-
terized for photon energies above the K absorption edge as

| -0.1142 :
illff .27) - 3. 71.x 10-1025. 21%-(4.4 Z ) (cmz/g) .30
Shield
— t
% Z
nr
0
18
70 W
ggﬁgg< / Detector
Z Z
 Collimators

Figure 5.17. Illustration of narrow beam
attenuation geometry

80



TABLE 5.4. VALUES OF THE MASS ATTENUATION COEFFICIENT
wo[cm2/g], EXCLUDING RAYLEIGH (COHERENT) SCATTERING AND
THE PHOTONUCLEAR EFFECT, FOR A NUMBER OF ELEMENTS
(FROM REF. 67)

Photon , )
encrgy H Be «C N O nNa Mg 13-\
MeV]
0.01 " 0.385 0.536 2.16 3.57 5.58 15.1 20,3 1 259
0.015 0.376 0.268 0.721 1.09 1.62 4.37 5.98 ‘ 7.66
0.02 0.369 0.206 0.387 0.541 . 0.754 1.88 2.56 3.24
0.03 0.357 0.171 0.230 0.276 0.335 0.639 0.839 1.03
0.04 0.346 0.159 0.193 0.212 0.236 0.355 .437 0.514
0.05 0.335 0.152 0.179 0.187 0.199 0.254 0.298 0.334
0.06 0.326 0.147 0.170 0.175 0.1381 0.209 0.236 0.255
0.08 0.309 0.139 0.158 0.160 0.163 0.170 0.183 0.189
0.10 0.294 $.132 0.149 0.150 0.152 0.152 0. 1ol 0.162
0.15 0.265 0.119 0.134 0.134 0.134 0.131 0.136 0.134
0.2 0.243 0.109 0.122 0.123 0.123 0.118 0.122 - 0.120
0.3 0.211 0.0945 0.106 0.106 0.107 0.102 0.106 0.103
0.4 0.189 0.0847 0.0953 0.0953 0.0954 0.0914 0.0943 0.0921
0.5 0.173 0.u773 0870 0.087u0 00371 0.0834 0.0861 0.0340
0.6 0.160 0.0715 0.0805 0.0805 0.0806 0.0771 0.0796 0.u777
0.8 0.140 0.0628 0.0707 0.0707 0.0707 0.0677 0.0699 0.0682
1.0 0.126 0.0565 0.0635 0.0636 0,0636 0.0609 0.0628 0.0613
1.5 0.103 0.0459 0,0517 0.0517 0.0518 0.0496 0.0512 0.6500
2 0.0875 0.0393 10445 0.0444 0.0445 0.0428 0.0442 0.0431
3 0.0691 0.0313 0.0356 0.0357 0.0359 0.0348 0.0361 0.0353
4 0.0581 0.0267 u.0305 0.0308 v.u31Y 0.03u4 0.0316 0.0311
5 0.0505 0.0235 0.0271 0.0275 0.0278 - 0.0276 0.0288 0.0284
6 0.0450 0.0212 0.0247 0.0251 0.0255 0.0256 0.026R 0.0266
8 0.0375 0.0182 0.0210 0.0221 0.0227 0.0232 0.0245 0.0244
10 0.0325 0.0163 0.0196 0.0203 0.0209 0.0218 0.0231 0.0232
15 0.0254 0.0136 0.0170 - 0.0178 0.0187 0.0203 0.0217 - 0.0220
20 0.0215 0.0123 0.0158 0.0167 0.0177 0.0197 0.0213 0.0217
30 0.0175 v.0110 0.0147 0.0159 0.0170 0.0196 0.0214 0.0220
40 0.0154 0.0104 0.0144 0.0157 0.0170 0.0199 0.0218 0.0225
50 0.0142 0.0102 0.0143 0.0156 0.0170 0.0203 0.0223 0.023}
60 0.0133 0.0100 0.0143 0.0157 0.0172 0.0207 0.0227 0.0236
30 0.0124 0.00993 0.0144 0.0160 0.0176 0.0213 0.0235 0.0244
100 0.0119 0.00993 0.0146 0.0162 0.0179 0.0219 0:0242 0.0251



TABLE 5.4. (CONTINUED)

Photon
energy CSi Ll w3 AT i sl e et
[MeV
0.01 336 40.2 50.3 63.8 80.1 95.6 172.0 223.0
0,013 9.97 12.0 15.2 19.5 24.6 29.6 55.7 73.3
0.02 4.20 5.10 6.42 8.27 10.5 12,6 25.1 330
0.03 1.31 1.55 1.95 2.48 34 3.82 7.88 10.6
0.04 0.635 0.731 0.891 1.11 1.39 1.67 3.46 - 4.71
0.05, 0.396 0.441 0.524 0.630 0.777 0.925 1.84 2.50
0.06 0.292 0.318 0.367 0.420 0.512 0.595 1.13 1.52
0.08 T 0.207 0,215 0.238 0.252 0.296 0.333 0.550 0.718
0.10 0.173 0.175 0.189 0.1389 0.216 0.237 0.342 0.427
0.15 0.140 0.138 0.145 0.136 0.150 0.159 0.184 0.208
0.2 125 0122 0.127 0.117 0.128 0.133 0.139 0.148
0.3 0.107 0.104 0.108 00979 0106 0.109 0.107 0.108
0.4 0.0954 0.0928 0.0958 0.0868 1.0938 1.0966 0.0921 0.0919
0.5 0.0870 0.0846 0.0873 0.0789 0.0852 0.0877 0.0829 0.0821
0.6 0.0804 “1.0781 0.0806 0.0729 0.0786 10809 0.0761 0.0752
0.8 0.0706 1 0.0685 V.0707 0.0639 0.0689 0.0709 0.0664 0.0654
1.0 0.0634 0.0617 0.0635 . 0.0574 0.0619 - 00636 0.0596 0.0586
1.5 0.0517 0.0502 0.0517 0.0468 0.0505 n.y519 0.0486 0.0478
2 0.0447 0.0436 0.0448 0.0406 0.043Y 0.0451 0.0425 0.0419
3 0.0367 0.0358 0.0571 0.0338 0.0366 Ww.0377 0.0361° 0.035¢
4 0.0324 0.0317 0.0329 0.0302 0.0328 0.0340 0.0331 0.0332
5 0.0297 0.0292 0.0304 0.0280 0.0306 0.0318 0.0315 0.0318
6’ 0.0279 0.0275 0.0287 0.0267 0.0292 0.0304 0.0306 0.0309
8 0.0257 0.0255 0.0268 0,0252 0.0277 0.0289 0.0299 0.0307
10 0.0246 0.0245 0.0259 0.0245 0.0270 0.0284 0.0299. 0.0310
15 0.0235 0.0237 0.0252 0.0242 0.0269 10,0234 0.0309 0.0324
20 0.0234 0.0236 0.0253 0.0246 0.0274 0.0291 0.0322 0.0341
30 0.0239 0.0243 0.0262 0.0257 0.0287 0.0308 0.0347 0.0370
40 00246 0.0251 0.0271 0.0267 0.0300 0.0321 0.0367 0.0393
50 0.0252 0.0258 0.0279 0.0276 0.0311 0.0333 0.0384 0.0412
60 0.0256 0.0264 0.0286 00284 0.0319 0.0343 0.0397 0.042¢
80 0.0268 0.0275 0.0299 0.0297 0.0335 0.0359 0.0418 0.0449
100 0.0276 0.0283 0.0308 0.0307 0.0346 0.0371 0.0432 0.04606
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TABLE 5.4. (CONTINUED)

Photon At G
encrgy wMo - 305N sal 2a W 52 Pb 02U Absorption
NMeV] = : edges
0.01 84.0 139.0 158.0 91.2 132.0 173.0
0.015 26.8 44.3 53.4 136.0 112.0 60.3
L,-cdge
0.02 1.7 | 201 247 | 637 83.4 68.5 3
0.03 28.3 415 7.98 21.5 27.9 39.6 Ly Lyedges
0.04 13.0 18.4 22.3 9.86 13.1 18.7
0.05 6.97 9.94 12.3. 5.39 7.17 10.4
0.06 4.25 6.15 7.55 3.30 4.47 6.45
0.08 1.92 2.95 3.52 7.66 2.12 3.04
0.10 1.05 1.64 1.91 4.29 5.62 1.71
0.15 0.399 0.597 0.673 1.50 1.99 2.47 K-edge
0.2 - 0.228 0.311 0.349 0.738 .| 0.969 1.23 '
0.3 0.131 0.155 0.168 0.302 0.385 0.484
0.4 0.101 0.110 0.116 - 0.180 0.221. 0.273
0.5 0.0858 0.0911 0.0936 0.129 0.154 0.185
0.6 0.0766 0.0790 | 0.0807 0.103 0.120 0.140
0.8 0.0663 0.0655 0.0660. 0.0772 0.0856 0.0963
1.0 0.0576 0.0571 0.0574 0.0639 0.0689 0.0754
1.5 0.0467 0.0459 0.0459 | - 0.0487 0.0509 0.0538
2 0.0414 0.0408 0.0409 0.0433 0.0450 0.0470
3 0.0365 0.0366 0.0369 0.0401 0.0416 0.0435
4 0.0348 0.0355 0.0359 0.0399 0.0415 0.0434
5 0.0343 0.0353 0.0359 [ 0.0406 0.0424 0.0443
6 0.0343 0.0357 0.0364 0.0416 0.0435 0.0455
8 0.0351 0.0370 0.0378 0.0440 0.0460 0.0481
10 0.0363 0.0387 0.0397 0.0466 0.0487 0.0509
15 0.0396 0.0428 0.0441 0.0527 0.0553 0.0578
20 0.0425 0.0464 0.0479 0.0581 0.0611 0.0641
30 0.0473 0.0520 0.0539 0.0663 0.0701 0.0739
40 ©0.0507 0.0560 0.0581 | ~ 0.0720 0.0760 0.0804
50 0.0534 0.0591 0.0614 0.0764 0.0806 0.0854
60 0.0555 0.0615 0.0640 |  0.0798 0.0843 0.0893
80 0.0587 0.0653 0.0678 0.0848 0.0899 0.0950
100 0.0611 0.0678 0.0705 0.0881 0.0936 0.0993
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where A is the atomic weight of the target.

This parameterization does not consider the abrupt decreases at the K
and L edges and, hence, greatly overestimates the attenuation for photon
energies below the K absorption edge. Since the highest energy K edge is
below 100 keV, even for heavy elements,where the absorption is large, this
limitation of the parameterization is not important in space radiation shield-
ing problems. :

The Compton mass attenuation coefficient has been parameterized as

-k/0.63
.0484-0.00532k + 0. 09 2 -

0.85 27

")
c

—(k,Z
p(,)

and the pair production mass attenuation coefficient as

. i o, |
Balr (1, 7) = 8.06 x 10 4log10(k+4)Z2/A (cm?/g) (5.32)

for k > 1. 022 MeV

[T ' :
_P‘;L“‘d 0 for k < 1.022 MeV

The total mass attenuation coeff1c1ent My is equal to the sum of the three
absorption coefficients

pk,2) p_ o ow, oM.
a = + L4 par (5. 33)
o PP P

A comparison of the parameterized mass attenuation coefficients and the
values presented in Siegbahm is shown for Al and Sn in Fig. 5.18. It is seen
that the parametric fits to the coefficients are accurate to about 5 percent
from the K absorption edge to about 2 to 3 MeV where the deviations in-
crease to about 10 percent,

It should be pointed out that the uncertainty introduced in the brems-
strahlung intensity from the uncertainty in the mass attenuation coefficient
can be large for low-energy photons since the percent uncertainty in the at-
tenuation is given by

% error in A |ei€“x-1| x 100 , | - (5.39)

T
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Figure 5.18. Examples of parametric fits for total mass attenuation
coefficients. Dots and crosses are data from Siegbahm
for Sn and Al, respectively. Lines represent parametric
fits. The parametric fits greatly over estimate the
attenuation coefficients for energies lower than the K
(Points from Ref. 66)
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where ¢ is the fractional error in the parameterization and ux is the product

of the mass attenuation coefficient and the thickness. For a 2 g/cm2 Sn tar-
get, the error introduced by the parameterization would be about 80 percent

at 0.06 MeV assuming a 5 percent error in 4, and less than a 1 percent

error at 2 MeV assuming a 10 percent error in y. For accurate calculations

at low photon energies one should obviously use tabulated or accurately cal-
culated values of u. In general the spectrum of electron generated photons

that can be expected in the space environment will peak at or near several
hundred keV and fall off sharply below 100 keV and above 5 MeV. Consequently,
the errors in dose calculations encountered by using the parameterized form of
the mass attenuation coefficient will be small. The high energy photons will

be only slightly attenuated by typical space shields so that a large uncertainty
in the attenuation will not result in large uncertainty in the flux. Also, low
energy photons account for only a small fraction of the dose and fairly large un-
certainties in the low energy component do not result in large uncertainties in

the total dose.

5.4.4 Broad Beam Attenuation

In space shielding problems one deals with spatially distributed sources of
gamma rays which surround the point of interest. One of the mechanisms

for the removal of photons from a narrow beam of gamma radiation is Compton
scattering. This mechanism changes the direction of the photons and lowers
their energies which removes them from consideration in a narrow beam
geometry, but does not remove them from consideration in a distributed
source geometry. Radiation which is scattered in the shielding material,

but not absorbed, can contribute to the dose. This is illustrated in Fig. 5.19
which shows a sketch of possible photon paths in a segment of shield. Photons
which originally were directed away from the detector can have their direc- -
tions changed in the shield so they enter the detector. Figure 5.20 is a
schematic of the relationship between the dose behind a shield and the shield
thickness. Also shown in Fig. 5. 20 is the dose due to the unscattered radia-
tion. In situations such as this it is common to define buildup factors which
correct for the effect of scattered radiation. The total detector response D
(number of photons, energy fluence, or energy deposited by the radiation) will
be given by a relationship of the sort

D =BD, , _ (5. 35)
where B is the buildup factor and D, is the detector response to the uﬁ—-
scattered portion of the radiation.

The values of the buildup factors depend on many things, such as the
geometric configuration of the original gamma-ray source, the configuration

of the attenuating medium, the geometric relationship of the source and de-
tector to one another and to the attenuating medium, the angular distribution
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E . Detector

Figure 5.19. Possible paths of photons as they are transported
through a section of space craft shielding
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Figure 5.20. Contribution of scattered flux to total dose behind
a shield for broad beam geometry

88



of the gamma-ray source, the composition of the medium, and the quantity
~ being measured by the detector (e.g., number, energy fluence or dose).

5.4.5 Buildup Factors

Dose, energy fluence, and number bulldup factors have been calculated for
dlfferent source geometmes, source angular distributions, and shield
geometries. (69) The number buildup factor is defined as the ratio of the total
- number of photons, Nr, which pass through the detector (volume of interest)
to the number of unscattered photons N;;.. The total number is the sum of
the scattered N and unscattered photons Ny, so the number buildup factor

is

NS + Nuc '
BN =N - A (5. 36)
uc

The energy fluence buildup factor is slightly more complicated than the num-
ber buildup factor. It is defined as the total photon intensity divided by the
unscattered photon intensity where intensity is defined as the number of
photons with an energy k times this energy. If dNg/dk” dk”is the number

of photons scattered into the detector with energies between k" and k* + dk’
then the energy fluence buildup factor will be given by

dN_
k N, +j0 dk* k* -

By = N S (5.30)
uc

where k is original photon energy and k’ is the energy of the scattered
radiation. Both the number buildup factor and the energy fluence buildup fac-
tor are independent of the type of detector. ‘A more useful quantity in some
applications is the energy deposited in the detector relative to that which

is deposited by the uncollided flux of photons. This quantity is termed the
dose buildup factor and is, of course, dependent on the material of the detec-
tor or volume of interest. The dose buildup factor for photons of energy k

is defined as - :

[‘k _ dNS
‘ uc ”a

where p,(Z,k) is the energy absorption coeff1c1ent for photons of energy k in
a material of atomic number Z.
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It might appear from these definitions that one must solve the entire
photon transport problem to obtain buildup factors for each geometrical
situation. If this were the case the use of buildup factors would actually
complicate any given problem. The usefulness of buildup factors results
from the fact that they vary more slowly as functions of atomic mass and
photon energy than the attenuation term. Interpolations are therefore easier
and more reliable for buildup factors than for the corresponding attenuation
terms. Also, buildup factors for complicated geometries can be approxi-
mated in some cases by buildup factors calculated for simple geometries.
Buildup factors for some simple geometries are given in the next section.

5.4.5.1 Calculated Buildup Factors

Buildup factors have been calculated for several simple geometries and source
angular distributions. The most commonly calculated geometries include:

A point isotropic source in an infinite medium

A broad parallel beam in an infinite medium

A broad parallel beam incident on a semi-infinite medium
A broad parallel beam incident on a slab of material

A plane of isotropic sources in an infinite medium

A plane of isotropic sources on slabs of material

SAppp-

These six cases are illustrated schematically in Fig. 5.21. The buildup fac-
tors for these cases will be discussed below. S

Point Isotropic Source - Infinite Medium — The buildup factors most com-
monly employed are calculated for a point isotropic source in an infinite
medium. The detector is assumed to be isotropic and separated from the
source by a distance r (g/cm ). The dose is given for this case by the
equation :

- S k-ya- BD(ur)e'“r .
D(k, r, Z) =« : 5 ’ : _ (5.39)
- dgr '

Wh‘ere k is the conversion factor from MeV/g to Rad.

_ -8 (Rad g _
K = 1.6X10 (TVTEV) . (5.40)

S is the source strength in photons/time, k is the photon energy (MeV),
K, is the mass absorbtion coefficient for the detector material (cm2/g)
(typically assumed to be tissue) u (cm2/g) is the mass attenuation coeffi-
cient for the shielding material. and Bp(ur) is the dose buildup factor.
Values of these buildup factors (69) are given in Table 5.5 for several
materials. : '

. 9 0 +
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Figure 5.21. Geometries used in buildup factor calculations
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TABLE 5.5. TISSUE DOSE -BUILDUP FACTORS FOR A
POINT ISOTROPIC SOURCE IN AN INFINITE MEDIUM
: (FROM REF. 69)

E, ur
MeV] 1 2 P | 10 15 20
Water
0.255 3.09 7.14 23.0 72.9 166 456 982
0.5 2,52 5.14 14.3 38.8 71.6 178 334
1.0 2,13 3.1 7.68 16.2 - 27.1 50.4 82.2
2.0 1.83 2,77 4.88 8.46 12.4 19.5 21.7
3.0 - 1.69 2.42 3.91 6.23 8.63 12.8 17.0
4.0 1.58 2.17 3.34 5.13 6.94 9.97 12.9
6.0 1.46 1.91 2.76 "3.99 5.18 7.09 8.85
8.0 1.38 1.74 2.40 3.34 4.25 5.66 6.95
10.0 1.33 1.63 2.19 2.97 3.72 4.90 5.98
. Aluminum
0.5 2,37 4.24 9.47 21.5 38.9 80.8 141
1.0 2.02 3.31 6.57 13.1 21.2 37.9 58.5
2.0 1.75 2,61 4.62 8.05 11.9 18.7 26.3
3.0 1.64 2.32 3.78 6.14 8.65 - 13.0 17.7
4.0 1.53 2.08 3.22 5.01 6.88 10.1 13.4
6.0 1.42 1.85 2,70 4.06 5.49 1.97 10.4
8.0 1.34 1.68 2.37 3.45 4.58 6.56 8.52
10.0 1.28 1.55 2.12 3.01 3.96 5.63 7.32
Iron
0.5 1.98 3.09 5.98 11.7 19.2 35.4 55.6
1.0 1.87 2.89 5.39 10.2 16.2 - 28.3 42.7
2.0 1.76 2.43 4.13 7.25 10.9 17.6 25.1
3.0 1.55 2.15 3.51 5.85 8.51 13.5 19.1
4.0 1.45 1.94 3.03 4.91 7.11 11.2 16.0
6.0 1.34 1.72 2.58 4.14 6.02 9.89 14.7
8.0 1.27 1.56 2,23 3.49 5.07 8.50 13.0
10.0 1.20 1.42 1,95 2,99 4.35 7.54 12.4
Lead
0.5 1.24 1.42 1.69 2.00 2.27 2.65 (2.73)
1.0 1.37 1.69 2.26 3.02 3.74 4.81 5.86
2.0 1.39 1.76 2.51 . 3.66 4.84 6.87 9.00
3.0 1.34 1.68 2,43 3.75 5.30 8.44 12.3 -
4.0 1.27 1.56 2.25 3.61 5.44 9.80 16.3
5.1097 1.21 1.46 2.08 3.44 5.55 11.7 23.6
6.0 1.18 1.40 1.97 3.34 3.69 13.8 32.7
8.0 1.14 1.30 1.74 2.39 5.07 141 44.6
10.0 1.11 1.23 1.58 2,52 4.34 12.5 39.2
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Broad Parallel Beam, Normal to Source Plane — Buildup factors for
broad beams have been calculated for infinite media, semi-infinite media,
and slab geometries. (69, 70) The buildup factor for broad parallel beams
normally incident on the source plane in infinite media are given in Table 5. 6.
The energy fluence buildup factors for broad parallel beams normally inci-
dent on slabs of material are given in Table 5.7. The dose calculated for a
normally incident beam is given by the equation

D(k,X,7) = x Skp, BuX)e X | (5. 41)

where S is the source strength in photons/*"m2 and X (g/ cm2) is the separation
distance between the source plane and the detector. For slab geometries X
is the thickness of the slab.

Planes of Isotropic Sources; Infinite Medium — Buildup factors have been
calculated for planes of isotropic sources in both infinite and slab geometries.
These are termed plane isotropic buildup factors (the source here radiates
current isotropically from each differential area; the flux radiated from
the differential area is not isotropic, see Section 6). The plane isotropic
dose buildup factors for infinite media are given in Table 5.8 while those
for a slab geometry are given in Table 5.9.

The dose calculated for a plane of isotropic sources is given by the
equation

Sk p, BuX)E1(uX)

5 , (5. 42)

D(k,X,Z) = «

where S is the tot?l source strength in photons/ cm2 and E1 is the first ex-
ponential integral ) defined by the equation

© e'y
El(vkX) = [ =—dy

pX y .
It is significant here that the dose falls off as E1(yX) rather than as e X s
it does in the other cases. The function E1(uX) has two characteristics which
are different from the simple exponential function. First, it goes to infinity
as uX approaches zero. This is as it should be since the dose from an infinite,
unshielded plane of isotropically emitting sources is infinite. Second, it drops
off considerably faster than e~ The buildup factors for a plane of isotropic
sources can therefore be cons1derab1y larger than other buildup factors, but
the product of the buildup factor and the exponential integral can be less than
the corresponding value of B e-uX for a point isotropic source.
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TABLE 5.6. TISSUE DOSE BUILDUP FACTORS
FOR A NORMAL PLANE PARALLEL BEAM IN
AN INFINITE MEDIUM. (FROM REF. 69)

E, ‘ nx
(MeV] 1 | 2 | 4 | 7 | 10 ] 15

Water

0.5 2.63 | 4.29 | 9.05 | 20.0 | 359 | 74.9
1.0 2.26 | 3.39 | 6.27 [ 115 }180 | 30.8
2.0 1.84 | 2.63 | 4.28 6.96 1 9.87 | 14.4
3.0 1.69 | 231 | 3.57 | 5.51] 7.48) 10.8
4.0 1.58 | 2.10 |} 3.12 4.63 ] 6.19] 8.54
6.0 1.45 | 1.86 | 2.63 376 | 486} 6.78
8.0 1.36 | 1.69 | 2.30 3.16] 4.00] 5.47

0.5 207 | 2,94 | 4.87 8.31 ] 12,4 | 20.6
1.0 1.92 | 2.74 | 4.57 7.81 | 11.6 | 18.9
2.0 1.69 | 2.35 | 3.76 6.11 8.78 | 13.7
3.0 1.58 | 2.13-4 3.32 5.26 | 7.41|11.4
4.0 1.48 | 1.90 | 2.95 461 | 6.461 9.92
6.0 1.35 1 1.71 § 2.48 3.81 5.35| 8.39
8.0 1.27 | 1.55 | 2.17 3.27] 458 7.33
10.0 1.22 | 1.44 | 195 2.89 | 4.07| 6.70

0.5 1.24 | 1.39 1.63 1.87 | 2.08 —

1.0 1.38 1.68 | 2.18 2.80 | 3.40] 4.20
2.0 1.40 | 1.76 | 2.41 3361 4.35] 5.94
3.0 1.36 | 1.71 2.42 3.55} 4.82| 7.18
4.0 1.28 1.56 | 2.18 3.29 ] 4.69| 7.70
6.0 1.19 | 1.40 1.87 297 4.69{ 9.53
8.0 1.14 | 1.30 1.69 2.61 4.18] 9.08
10.0 1.11 1.24 1.54 2,27 | 3.54]. 1.70

Uranium

0.5 1.17 1.28 | 1.45 1.60 | 1.73 —
1.0 1.30 1.53 | 1.90 2,32 2.70| 3.60
2.0 1.33 | 1.62 | 2.15 2.87) 3.56] 4.89
3.0 1.29 | 1.57 |} 2.13 3.02] 3.99] 5.94
4.0 1.25 | 1.49 | 2.02 294 | 4.06] 6.47
6.0 1.18 | 1,37 | 1.82 2,74 | 412§ 1.79
8.0 1.13 | 1.27 | 1.61 2,39 3.65] 17.36
10.0 110 | '1.21 1.48 2,12 3.21} 6.58
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TABLE 5.7. ENERGY FLUENCE BUILDUP FACTORS -
BROAD PARALLEL BEAMS NORMALLY INCIDENT
ON SLABS (REF. 69)

. Energy el

Material MeV)

. : : 0.5 1.0 2.0 4.0 8.0 16.0
0.66 1.49 1.96 3.10 5.99 13.3 39.4

Water 1.0 1.40 1.80 2.72 5.01 10.5 25.7
4.0 1.22 1.42 1.83 2.60 4,21 7.20
1.0 1.40 1.72 2,43 4.07 7.80 17.8

Iron 4.0 1.20 1.36 . 1.72 | 250 4.17 7.45
10.0 1.07 1.16 1.35 1.75 2.80 5.85
1.0 1.29 1.56 2.10 3.15 5.31 .10.2

“Tin 4.0 1.16 1.31 . 1.63 2.35 4.12 9.41
10.0 1.06 1.12. 1.26 1.59 2.75 8.22
1.0 1.20 1.35 1.63 2.09 2.87 4.24

Icad 4.0 1.11 1.23 1.44 1.98 3.28 7.46
10.0 1.03 1.08 1.17 1.40 2.17 6.47



TABLE 5.8. TISSUE DOSE BUILDUP FACTORS —

PLANE ISOTROPIC SOURCE, INF

INITE MEDIUM

(Ref 69) :
E, {MeV]
nx
0.5 1 2 I 3 4 6 8 10
LExposure in water
1 4.74 3.34 2.57 2,23 2.02 1.80 1.66 1.57
2 8.71 5.24 3.60 3.03 2.66 2.29 2.03 1.87
4 20.6 9.98 5.87 4.55 3.94 3.12 2.73 2,46
7 50.3 19.8 9.78 7.00 5.77 4.45 3.65 3.28
10 94.5 319 13.9 9.52 7.62 5.67 4.60 4.04
15 205.0 56.8 213 13.9 10.7 7.60 6.05 5.21
Exposure in lead .
1 1.38 1.61 1.67 1.61 1.49 1.37 1.28 1.22
2 1.55 1.92 2.11 2.03 1.86 1.66 1.47 1.38
4 1.80 2,52 2,91 2.86 2.64 2.38 2.05 1.84
7 2.14 3.30 4.11 Co427 4.21 4.09 3.53 3.06
10 2.43 4.07 5.37 5.97 6.26 6.95 6.20 5.48
15 2.73 5.15 7.40 8.86 10.9 16.7 17.8 16.1
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TABLE 5. 9. TISSUE DOSE BUILDUP FACTORS - PLANE
[SOTROPIC SOURCE, SLAB GEOMETRY (Ref 70)

ALUMINUM

(M,F.P.) T .7 048 1.0 2.0 4.0 Te0
ENERGY {(MEV) . :
3.08 1s457 1,730 24201 20940 34663
0.10 1780 - 2576 4e265 84290 19,260
0.30 . 1¢738 24621 40490 10.220 ‘22040
2450 1,702 24410 4e213 8ef0? 19.720
2.70 1.687 24382 3,683 84076 154690
1,00 leb24 24288 3,673 60602 124150
2,00 1,539 2,051 2.823 S+104 7373
3,00 1,481 1.858 2:622 34846 64153
409 1ekbe 1.7 264627 34593 44513
6400 1.388 14610 2:046 - 2+8R4 4elb6
2409 1¢304 1516 1,909 20492 3.768
LEAD
(M.F.P.) 065 1.0 2.0 4,0 7.0
ENERGY (MEV) | :
0,05 1.011 1.015 1.022 1032 - 14037
0,10 1,015 1,030 1.054 1.151 1.989
0+30 1,090 10160 1.209 1+2946 1+366
0.50 1.172 1.283 1,420 leb76 1.907
0.70 : 1,251 1,428 1.627 24,009 26247
1,00 1.335. 1e512 1+834 24316 © 20831
2.00 14367 1+560 1923 24603 44096
3,00 . 1.302 16497 1,906 24767 3,678
4,00 - 14254 1440 1e717 2522 bLott54
6400 1.177 1299 1.590 24221 3.644
R.00 » le134 1,237 “le435 14957 24143
WATER
(M. F.P.) 0e% : 1.0 2.0 ) 4.0 ) 7.0
ENERGY (MEV) _ ' '
‘0405 2.166 3.355 6938 17.690 34.850
Ne10 . 2.Q14 3.399 8,251 254990 T.020
Ne30 l1.203: 24599 . S.bbu 154060 36,9090
0,50 1751 26075 4,368 11.950 27.959
0.70 1,686 20364 44195 7793 18,730
1.00 le641 2+283. - 34708 64306 14.09C
2.00 1.556 2,041 3,017 44564 843061
" 3400 l.682 1922 24550 %.233 60569
4,00 le&56 1.8173 2,377 3.817 52505
- Re00 1383 1e6673 2.062 24755 be$592
8.00 1,301} 16573 1s916 - ‘20528 Jet22
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5.4.5.2 Comparison of Buildup Factors for Different Geometries

Realistic space shielding problems seldom will have the exact geometries
used in most buildup factors calculations. It is useful, then, to know how
well buildup factors calculated for one geometry and source angular dis-
tribution can be applied to other geometries. Figure 5.22 shows a com-
parison of the buildup factors calculated for 0.5 - MeV photons in water.

This should be a sensitive comparison since the buildup factors are greatest
for low energy photons in low Z material. It is seen that the buildup factors
for a plane of isotropic sources are considerably larger than the others. The
buildup factors for the other geometries are similar for penetration depths

of less than two mean free paths. As was pointed out before, the plane of
isotropic sources is an extreme case and often reasonable results can be
obtained by using buildup factors calculated in one geometry for problems
with similar geometries. ' "

It is also instructive to cohapare the doses calculated for di_fferent
source distributions. Figure 5.23 illustrates the different source distribu-
tions under consideration for slab geometries. Included as Case 2 is a dis-

tributed source of radiation which emits radiation into the slab as the cosine
of the angle to the normal. The dose in ,this case is given by the equation

D = 2kSkp B (2X)E2 (#X), - (5.43)
a - .

where E2 (#X) is the second exponential integral defined as -

dy. ' (5. 44)

-y
E2(uX>=qu°° °
kX y

Figure 5. 24 shows the doses calculated for these five cases. (Case 2 was
calculated using the buildup factors for a plane of isotropic sources and
Case 4 was calculated assuming no contribution from scattering). It is
~apparent from this figure that the effect of the shielding depends strongly

on 1.) the source normalizations and 2.) the angular distribution of the
emitted radiation. This should be considered when calculating the attenu-
ation of photons passing through complicated shields.

5.4.3 Buildup Factors for Low Energy Photons

The buildup factors given in Tables 5.5 -5.8 are useful for photon energies
above 0.5 MeV. The bremsstrahlung energy spectrum extends to energies
lower than this so buildup factors for lower energies must be used. Extra-
polation of the buildup factors to lower energies is dangerous since for low

Z material the buildup factors given in Tables 5.5 -5. 8 increase monotonically
as the photon energy decreases to 0.5 MeV. Extrapolation would lead to

very high values as the energy is lowered further. Such is not the case.
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Figure 5.22. Comparison of buildup factors for 0.5
MeV photons in water
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Figure 5. 25 and Fig. 5.26 show the buildup factors for a plane of isotropic
sources and a slab geometry for shield material of Al and Pb. These fig-
ures show the low energy dependence of the buildup factors for various
slab thickness. Figure 5.26 shows the point isotropic dose buildup fac-
tors for photons in water. It is seen that for low photon energies the build-
up factors decrease to a value of 1. This is easily understood since photo-
absorbtion becomes larger for low photmm energies. Thus as the photon
energy decreases an increasing fraction of the scattered radiation is ab-
sorbed before it reaches the detector. Also shown in Fig. 5. 27 is the

quantity
m

where p and u, are, respectively, the total attenuation coefficient and the
energy absorpt1on coeff101ent It is seen that this function reaches a maxi-
mum at essentially the same point as the buildup factors. This holds true for
other elements as well. So one can estimate the photon energy at which the
buildup factor will have its maximum value.

5.4.5.4 Buildup Factors for Multilayered Shields

Buildup factors represent the contribution to the dose (photon number, energy
fluence) from scattered radiation. High Z elements are much more efficient
at absorbing scattered gamma radiation than low Z elements and have cor-
respondingly smaller buildup factors. The amount of scattered radiation
- which will reach the detector depends on the order of shields in a multi-
layered system. If a low Z shield is followed by a high Z shield much of
the radiation scattered in the first shield will be absorbed in the second
and the buildup factor for the entire system will be smaller than the product
of the buildup factors for the two layers. If the situation is reversed and
the high Z shield is followed by a low Z material the buildup factor will be
higher than the product of the buildup factors for the individual layers. An
estimate of the appropriate buildup factor can be obtained, if the last shield
is greater than about one mean free path, by using the bu11dup_factor for the
last material, with the argument of the buildup factor being the number of
mean free paths in the entire system. Thus, if the system is comprised of
one mean free path of Al and one mean free path of Pb the appropriate bulld—
up factor would be for two mean free paths of Pb

5.4.6 Energy Spectra After Shielding Material

- It was shown in the precedmg section how one could estimate integral quanti-
ties such as the dose, the energy fluence, or the number fluence of photons
after shielding by using buildup factors. These quantities cannot lead to an
understanding of the energy spectrum of the transported radiation. In some
applications it may be necessary to understand, or predict, the energy spec-
trum of the transported radiation. The following is a simplified solution to
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the problem and is not meant to give an accurate description of the trans-
mitted energy spectrum. For accurate calculations it is necessary to use
sophisticated computer codes which treat scattering to all orders.

The model presented here considers only the contribution of single
Compton scattering as it affects the photons which emerge at right angles
to the target. The unscattered radiation which emerges normally to the
target will be given by

4(5. 45)

_ -uk,Z) (photons . MeV)
1, 0) = 1lk, O)e = MeV.Sr ) °

where I(k, 0) is the intensity of the incident photons per unit solid angle
normal to the plane of the shield, k is the photon energy, u(k, Z) is the total
attenuation coefficient for photons of energy k in a material Z, and T is the
thickness of the material. The intensity of the scattered radiation which
emerges at right angles to the plane of the target will be composed of a spec-
trum of energies from the initial energy k down to some minimum energy.
If scattering through all angles is permitted this minimum energy will be

K . o= — - (5. 46)

while if only scattering through angles less than 7/2 is perm1tted the mini-
mum energy will be a minimum energy. :

k . = ——— | (5.47)

The intensity spectrum of the scattered radiation in this model is given by ,
the equation

N _Zk’

. _ 0
I, (K,0) = —— I(k,6)

-u’ T_e-pT/cos 6
+4=11 COS 6

do
dk'

(k,k)dk'[e } (5. 48)

which has units of

(photons . MeV
MeV . Sr

106



In this equation N is Avogrado number, Z is the atomic number of the shield-
ing material, k”is the energy of the scattered photon, A is the gram molecular
weight of the shielding material, I(k, 6) is the intensity spectrum of the original
photons. MeV

| Mevosr ) 2nd
‘do/dK’ is the cross section for scattering from an energy k to an energy
K, and g and p’ are the mass attenuation coefficients for photons of
energies k and K/, respectively. The quantities K and 6 are related
through the equation

photon source as a function of angle 6 with units of

k.
(1-cos 8)

k’ = (5. 49)

1+

k
2
m _c
of

and the cross section g—k(l; (k,k”) is given by the Klein-Nishina formula for -

free electrons as(69)

2

2
frm ¢C 2
. k’ k 2/1 1 2 /1 1
gk__o’ k,k*) = —01:2-0—- e 2moc (l?-f) + (mocz)‘ (E' 1?-) ‘{ ,
(cmz/electron) - (5.50)
13

where r, is the classical electron radius (2.81785 x 10~

cm) and m c2
is the rest mass of the electron. ~

o)

Figure 5. 28 shows examples of the calculated energy spectra of the .
scattered component of the radiation for 2-MeV photons and Al shielding mate-
rial. The angular distribution of I(k,0) assumed for these calculations is

I(k,8) = I(k,0) cos 6
and directed into the shield. -

5.4.7 Characteristic X-rays

When charged particles or photons pass through matter, they encounter
atomic electrons. If the energy of the incident charged particle or photon

is above the binding energy of the atomic electron, the atomic electron may
be ejected from its orbit leaving the atom in an excited state. This state
decays either as an electron drops into the vacancy and the atom emits a
photon of fixed energy (x-ray fluorescence), or by an Auger transition in
which an electron instead of a photon is ejected from the atom. Since there
are many possible orbits between which the transitions can take place there
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Figure 5. 28.
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Single Compton scattering photon energy spectrum

for 2 MeV half-space isotropic photons after passing
through various thicknesses of Al (Eq. 5.48)
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will be a number of characteristic x-rays. The series of transitions to the
innermost shell of a given atom all have very nearly the same energies and
are called the K x-rays. The energy of these x-rays is given by the
equation : :

2

E, = 0.0136 Z (keV) . (5.51)

K
All characteristic x-rays have energies below 120 keV and hence will be
readily absorbed in fairly thin shields. For example, 0.7 cm of Cyu will
reduce the intensity of the 69-keV x ray from W by a factor of 103, while
it would take about 14 ¢cm of Cu to produce the same attenuation for 1-MeV
photons. An interesting point, however, is that a material is very trans-
parent to its own characteristic x-ray. That this is the case can be seen
by the fact that when an atom absorbs a K x-ray it will more than likely
reradiate the same energy photon as it deexcites. Figure 5.29 (70) shows
a spectrum of K x-rays from Al (E = 1.58 keV) after passing through
1.5 mg/cm*® of Al and Mg. It is seen that there is approximately a factor
of 100 times less attenuation in the Al absorker than in the equivalent
thickness Mg absorber. In applications where the greatest attenuation
of the photon flux is desired, it is often necessary to use multi-layered

shields of different materials to reduce the number of transmitted character-
istic x-rays. -
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Figure 5.29. Pulse height distribution produced by K x-rays
from Al after passing through a matched pair
of Al and Mg filters (From Ref. 70)
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6. SPACE RADIATION SHIELDING

6.1 INTRODUCTION

In the preceding chapter parametric representations of the results of
electron transport experiments and calculations were presented. All the
 experimental results (and most of the calculated results) were obtained

for monoenergetic beams of electrons incident on small areas of plane
targets. Since the electron radiation encountered in the space environ-
ment is spatially distributed, omnidirectional, and has a continuous energy
distribution, all outside surfaces of the spacecraft will be bombarded

with electrons incident from all possible directions and kinetic energies
ranging from 0 to about 7 MeV. Consequently, the results of the preceding
section cannot be applied directly to space radiation problems. Integra-
tions over the solid angle subtended by the primary electron directions,
over the surface of the spacecraft, and over the electron energy spectrum
must be performed to obtain results which are useful in space shielding
problems. This section will present the formalism necessary to perform -
these integrations. It will be seen that the exact solution of the most
general problem is quite complicated and in most cases is not even desired.
Next, approximations for the angular distributions of primary electrons, and
for the angular distributions of the electrons, and bremsstrahlung penetra-
ting the shield material, will be introduced which greatly simplify the problem.
The results of calculations for various useful quantities will then be pre-
sented for both electron penetration through the shielding material and the
secondary bremsstrahlung intensity. Finally, the errors introduced by the
approximations will be discussed.

6.1.1 Statement of Problem

In space shielding problems one typically wants to know the dose rate, or
accumulated dose, at some point on the interior of an enclosed vehicle
caused by an external radiation environment. Since the structure of the
vehicle and its internal components may be quite complex, setting up a

. formalism to solve the problem rigorously is difficult. The formalism
presented here will introduce several simplifying assumptions which reduce
the problem to a manageable size. An illustration of the problem
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to be solved is schematically shown in Fig. 6.1. Here, the problem is to
calculate the dose at some interior point of a complex enclosure which is
bombarded on all exterior surfaces by an omnidirectional flux of electrons.

There are several methods that can be used in the solution of this
problem, the choice of which depends on the amount of effort one is will-
ing to spend. The most accurate would be to consider the surface area to
a depth of two or three g/ cm?2 and calculate the penetrating electron and
secondary bremsstrahlung radiations emerging from the interior of this
surface. These radiations could then be transported to the dose point and
a dose estimate obtained. However, this approach is difficult. It is more
convenient to assume that all shielding materials can be considered as part
of the surface since it is likely that most of the material will be concen-
trated in the surface region. The problem is thus reduced to the situation -
shown in Fig. 6.2. : '

The method presented here for solving this problem is to segment the
interior of the shield into differential elements and assume that the thick-
ness of the shield is small compared to the other dimensions in the problem
(e.g., inches in comparison to several feet).. The results of the preceding
section can be used to establish the radiation pattern emerging from this sur-
- face and the portion which arrives at the dose point can then be determined.
This procedure can be repeated for all other elements of the surface and the
contributions summed to establish the dose at the point of interest. As will
be pointed out, additional assumptions will be made since even this simplified
approach can become very complex. - :

-6.2 DEFINITIONS OF TERMS AND CONCEPTS

This section defines the quantities used to convert the results of experi-
ments using monoenergetic, monodirectional beams of electrons incident

on small areas of targets to quantities useful for space radiation shield-
ing problems. Since problems often arise in notation, and normalization,
particular attention will be paid to these quantities. In most cases the nota-
tion will conform to normal usage, but in some cases, to avoid confusion,
new symbols will be introduced. These will be fully discussed where they
are introduced. Definitions will be presented for each quantity., Where
confusion might arise between the units for the primary and secondary
radiation subscripts will be used.

6.2.1 Primary Electron Density

The primary electron number density, which is a function of electron direc-
tion and kinetic energy is defined so that

12
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Figure 6.1 Schematic illustration of complex
‘'space shielding problem
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n(Q E)dEd Q = The number of primary electrons per unit volume -
of space which have kinetic energies between E and
E + dE and which are traveling within a solid angle
d Q about the direction Q.

The units of n(ﬁ, E) are

electrons
P

MeV_ Sr cm3
p P
where the su‘bscript"p" refers to the primary electrons.

6.2.2 Primary Electron Flux

From the primary electron number density one can define an angularly
dependent electron flux through the relation

o(Q,E)dEd Q = n(Q,E)v dEdQ = The distance traveled per unit time
- : per unit volume by electrons which
have energies in the kinetic energy
interval E to E+dE and travel in the
direction © within the solid angle
aQ.

Here v is the average velocity of the electron in the ‘kinetic energy inter-
val E to E+dE. There is an alternative definition of ¢(Q, E) which is

. sometimes more useful than the definition given above. If one considers a
unit differential area perpendicular to the direction Q then, since Vv is
the distance traveled by electrons in the energy interval E to E+dE per
unit time, the flux can be defined as

n(Q,E)vdEdQ = ¢(Q,E)dEdQ
= the number of electrons traveling
within d © about the direction O
with kinetic energies between E - and
E and E+dE which cross a unit dif-

ferential area perpendicular to
per unit t1me

The umts of the angular primary electron flux are

electrons
p

2
MeV
e pSrpcm sec
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6.2.3 Primary Electron Current

It should be emphasized that the unit area referred to in the definition of
flux is perpendicular to the direction & and, hence, its orientation depends
on the direction § . The definition of current j is similar to the defini-
tion of flux (and often confused with it) but in the definition of current the
unit area is fixed in space. The angular dependent electron current at a
differential unit area of surface is

j(Q,E,u)d QdE = The number of electrons in the kinetic energy
interval E to E+dE traveling in the direction
© within the solid angle dQ which cross a fixed
unit differential surface area per unit time.

Here the variable g is the cosine of the angle between the normal to the sur-
face 1_ and the electron's direction . The direction of fi_ is taken such
that a positive current results from a flux of electrons hitting the outside of
the spacecraft. That is, the unit normal vector ﬁs at a differential surface
area is taken as being directed into the spacecraft. The currentj is related
to the flux ¢ through the equation

i(@,E,0) = o(@,E) (e O = o@Ep (6.1

where Q is a unit vector in the direction of the electron motion. The units
of the electron current are the same as those of the electron flux and are:?

electrons
p

2
MeV_Sr_cm sec
P P

6.2.4 Penetrating Electron and Bremsstrahlung Radiation

The penetration of electrons and the production of secondary bremsstrahlung
-radiation were discussed in the preceding section. The penetration proba-
bilities for electrons and the production probability for bremsstrahlung were
expressed in forms which gave the number of penetrating electrons or
secondary gamma rays radiated into a particular solid angle. The parame-
tric representation of the probability for electron penetration and brems-
strahlung production can be defined in a general way as

P(E,E% Q, w,£,T,Z)dE’dw = The number of secondary particles which
_ emerge from a plane target with kinetic _

energies between E°+dE’ in the direction w
within the solid angle dw that are produced
per electron of kinetic energy E incident
from the direction . The variables £,T,
and Z specify the target orientation, thick-
ness, and atomic number, respectively.
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- For the bremsstrahlung production, the intensity or number of photons
times their energy was parameterized. The concept of "P" for brems-
strahlung will reflect this distinction so the units of '""P'" are

electronss'

MeVS Srs electronp for pepetratmg electrons

and

photonsS : MeVS

MeVs Srs electronp for the bremsstrahlung intensity .

* The subscripts''s''refer to the units of the seécondary radiation.

6.2.5 Secondary Radiation Current

The secondary radiation current j_. emitted from a differential area of the
interior of the spacecraft shield which is produced by the primary current j
is given by a product of the primary current times the production probability
P. :

is(E,E,Q,w,¢,T,Z) = P(E,E,Q,w¢,T,2) JED . (6.2

The quantity jg is defined such that

jS(E,E’,ﬁ,B, ¢£,T,Z)dQdE ds dE’ dw = The number of secondary particles
' radiated into a differential solid
angle dw about the direction w with
energies between E’ and E'+dE’

- from a fixed differential surface area
ds which is bombarded with primary
electrons with kinetic energies be-
tween E and E+dE which are inci-
dent from the direction Q within the
solid angle dQ. The quantities £, T,
and Z refer to the orientation of the
surface, the shield thickness, and the
atomic number of the shield,
respectively.

The units of js are

electrons s.

D) for penetrating electrons
cm- sec MeV_ MeV_ Sr_Sr
P S p s
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and

photons MeVS

5 for the bremsstrahluhg intensity .
cm~ sec MeVp MeVS Srp SrS

The quantity jg is a function of eight variables and integrations must be per-
formed to obtain information useful to space shielding calculations.

6.2.6 Isotropic Primary Electron Flux

It is possible, in principle, to evaluate the integrals implied by the pre- .
ceding formalism. This requires keeping track of the direction of the geo-
magnetic field in relation to the orientation of each surface element of the

- spacecraft for the integration over the surface ds. It also requires perform-
ing these complicated integrations for many steps along the spacecraft's
trajectory to obtain results for a single orbit. Such calculations are usually
not carried out in practice. Instead, assumptions are introduced which greatly
reduce the complexity of the problem but still allow reasonably accurate
""average'' quantities to be obtained. The first of these assumptions is that
the primary electron flux is isotropic (that is, the electron current incident
on a differential area is distributed as cos 6,). If the total electron flux
® (E), energies between E and E+dE is defined by the equation

HE)dE = j'4ﬂ<p(E,,ﬁ)dﬁdE , | | (6_.3)

where & has the units of

electrons
. p

MeV cm2 sec
p
and ¢ is assumed to be independent of a , then
E A
o® = 52 . 69

The quantity ®(E) is defined such that
HE)AE = the number of electrons with kinetic energies between

E and E+dE which pass through a sphere of unit cross
sectional area per unit time .
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' 6.2.6.1 Incident Electron Current

It is instructive at this point to evaluate the number of electrons which strike
a fixed unit surface area in terms of the isotopic omnidirectional electron
flux ®. From the definition of the electron current j(Q,E u) one sees that
the number of electrons which strike a unit surface area from one side can

be defined as
. Jin(E)dE = the number of electrons whose energies rangé from E to

E+dE which strike a unit differential area from one side
per unit time. '

and is equal to: , L .

2w 1 :
J B = [ deo [ i(E,p)du
0 (o)
L | .
I (B) = 2m Io w(E)udu‘ (6.5)

=1p(E) = q—’-%i) .

Thus, the number of electrons which strike a fixed unit surface from one side
is equal to the isotropic omnidirectional flux divided by 4. This number will
be defined as the incident electron current. :

6.2.6.2 Vette's Model of the Ele_Ctron Environment

In Vette's model of thé electron environment the omnidirectional electron
flux ®(B,L,E) is written as a product of a function which depends on B and
L and a function which depends on E and L such that

$(B,L,E) = F(B,L)N(E,L) |, ‘ - (6.6)
where F(B,L) is defined as the total omnidirectional flux of electrons with

energies above a cutoff energy E, at a point in space described by the
parameters B and L :

F(B,L) - [° 4E &(B,L,E) (6.7)
g, -
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and N(E,L) is the energy spectrum of the electrons for a given L value
(the electron energy spectrum is assumed to be independent of B in this
model) normalized per unit electron with energy greater than E,, that is

B,L,E)

N(E,L) = (6. 8)

[ dE &B,L,E)
EO

The units of F(B,L) are

electrons_ (E >E )
p 0

2
cm~ sec

where the symbol "electrons (E >Eg'" denotes the number of electrons with
energies greater than the cut off energy E,. The units of N (E, L) are

electronsp
MeV electron (E >E
D p( )

In this model the total electron current with energies greater than E0
incident on a fixed unit area from one side is given as: :

T _ F(B,L)
JIn (B,L) = —
with units of

incident electrons (E > EO)
. , (6.9)

2
cm- sec

This quantity may be used as the source term in space shielding calculations.

6.2.7 Secondary Radiation Current for Isotropic Electron Flux

The secondary radiation current as defined in Equation 6. 2 cannot be inte-
grated simply for an isotropic electron flux since the secondary source term
P(E, E’, 6,w, ¢,T,Z) depends on the incident electron coordinates. The inte-
gration over incident electron solid angle can be performed numerically, how-
ever, and results can be obtained which are useful in succeeding calculations.
The secondary radiation current produced by an isotropic primary electron
flux incident on one side of a shield is
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3 (E,E'6,,T,2) dEQE" ds dw = 28 o, k"0, T, Z)dEAE" ds do

(6.10)
where Jlsso is defined as
pX g /2
1so _1 . .
(E,E’ e , T, Z) = - ‘jo do, . cos 6_ sin 6_ P(E,E,eefeyT,Z)dee .
(6.11)

where the direction @ amd w have been replaced by the angles. 6o 0e and
8y of Figure 6.3 and P(E,E’, 8¢, 0, 8, T, Z) is the secondary production
probability. The quantity JLSC is the probability that, given a unit incident
electron at a surface with energy E , a secondary particle will emerge per
steradian at an angle 6,, relative to the surface normal with energy between
E'and E+dE'. As was shown previously &(E)/4 is the total electron cur-
rent incident on the unit area so Jg is the total secondary current. The
units of J150 are

electronsS

MeVS SrS incident electronp for penetrating electrons

and

photonsS MeVS

MeV Sr_ incident electron for the bremsstrahlung
s s . p/ . intensity

6.2.8 Isotropic Secondary Radiation Flux

In most cases one is not concerned with the radiation emitted from a small
area of the interior of the spacecraft shield, but rather one is interested in
the flux or dose at some point on the interior of the spacecraft. To calculate
these quantities it is useful to consider another coordinate system located at
the dose point (or detector, observer, etc.). Figure 6.4 shows the geometry
used in converting from a shield oriented coordinate system to a detector
centered coordinate system. The detector (or dose point) is assumed to be
spherical with a cross sectional area a located at a distance r from the
differential area ds. The solid angle dw, subtended by the detector as
viewed from the surface area ds is

dwa=%-. T (6.12)
. |
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Secondary
Radiation

Figure 6.3.

Incident
Electron

B
- Magnetic
Field

Geometry of primary electron - secondary radia-

tion system. The incident electrons direction is

given by the vector Q or the angles fe and ¢
relative to the surface normal which 1s in the Z axis.
The direction of the magnetic field B is given by the
angles ¢ and B. The primary electron pitch angle is
feg - The direction of the secondary radiation @ is
specified by the angle Oy . 6Bev is the angle between
the direction of the primary electron and secondary
radiation. :
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ds

Surface
Normal

Detector
Area = a

Figure 6.4. Geometry of solid angle transformation from
a coordinate system located at an element of
surface on the spacecraft ds to a detector
centered coordinate system

123



The solid angle d Qs subtended by a differential area ds as viewed from the
detector is ' :

ds cos 6 : .
d_ = __.2__'>L , _ (6.13)
r

where g is the angle between the surface normal ﬁs and a unit vector in

the diredtion between the surface area and the detector. From these _
definitions one can see that the product dwds of Eq. 6.10 can be equated
to the quantity - : ' '

adnS _
dwds = co5 B (6.14)
y.
Using this substitution, Eq. 6. 10 can be modified to express the flux
at the detector as
S _ - dEdE 'adQs
(ps (E’ E " 677 é, T7 Z) dEdE adﬂs = JS (E’ E " 6 )-T’ Z) cos e'y
(6.15)

I (E,E%e,,T,2)

cos
e‘Y

- ¥E) dEdE’ adQg

where ¢ defines the orientation of the differential surface area relat}ive R
to some fixed coordinate system located at the detector point. The
quantity ¢ g is defined such that

o.(E,E%g_ ,ET,ZYdEJE“ adQ_ = the number of secondary particles
s v S BT P
, per unit time incident from the
direction ¢ within the solid angle
dQg with energies between E*
and dE *which cross a differential
~ area a perpendicular to £ which
are caused by an isotropic flux of
primary electrons with energies
between E and E+dE incident on one
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~side of a surface which éubtends
-dQ g as viewed from the detector.

The angle g_ gives the orientation of the surface relative to the direction
t. Asis s&en from this definition, ¢g is a flux of secondary particles.

If the quantity J;S° is assumed to depend on 8, as the cosine of
this angle; that is, if it is assumed that - _

iso

S (E,E',O0,T,Z) cos gy - (6.16)

iso '
= ' 0 =
I (E,E', y,T?Z) J

where JISSo (E,E',0, T, Z) is the value of the secondary radiation current
evaluated along the normal to the shield then it is seen for fixed values
of T and Z that ¢s is independent of 0y or is "isotropic''. The assumption
implied in Eq. 6.16 is rather drastic and will be examined in detail later.
The consequences of this assumption are important since the integration
over the solid angle d(g which was complicated by the orientation of
surface ds relative to the direction £ now becomes trivial. The problem
is seen to reduce to summing contributions from shield segments each
differing in thickness and composition. The units of ¢gs are
electronss for penetrations
electrons

2
MeVS SrS cm sec

photons MeV
S S for the bremsstrahlung

intensity

and —3
MeVs Srs cm sec

where now Srg refers to the solid angle as viewed from the detector point.

6.2.9 Dose Rate Due to Secondary Particles

The flux of secondary radiation incident on the detector will produce

different effects depending on the nature and energy spectrum of the secondary
radiation. Typically one is interested in obtaining the rate of energy de-
posited (the dose rate) in the detector by a flux of secondary radiation.
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6.2.9.1 Dose Rate Due to Secondary Particles Produced by Monoenergetm
Prlmary Electrons.

The dose rate deposited by the secondary flux ¢g of Eq. 6.15 is obtained by
integrating this flux weighted by the proper flux-to-dose conversion function
(see Appendix C) over the energy spectrum of the secondary radiation. If
one assumes an "isotropic' flux of secondary radiation (that is, Eq. 6.16
holds) then the dose rate, d, produced by the secondary radlatlon in a target
material Z' Wlll be

, E iso 2
d(T,Z,E,Z) = f dE* K(E4Z ") J;° (E,E40,T,Z) (6.17)
0 .

where Jéso is evaluated at zero degrees with respect to the surface normal
and K(E’,Z") is the flux-to-dose conversion function which is discussed in
Appendix C. For electrons, the flux-to-dose conversion function is

dE ..., - -
K (E*,Z°) = *IX (E,Z) ’ (6.18)

where » is the conversion from MeV/g to Rad

-8

* = 1,6x10 ~ Rad g/MeV (6.19)

dE

dX (E;Z") is the rate of energy loss or stoppmg power in a material Z’,

2
) dE MeV cm
The units of ax are -(mg

K(E’Z) is defined as

) . For the bremsstr’ahlimg intensity

K(E*Z*) = »  u(E%Z%) , (8.20)

where # is the mass absorption coefficient in cm /g phOton for the
material Z'. (The quantity u(E', Z') is not to be confused with u ,

the cosine of the angle to the normal defined in Eq. 6.1.) The quantity
d(T, Z,E, Z') therefore has the umts of
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Rads cm2
\ SrS incident electron

The limits of the integration in Eq. 6.17 extend only to the energy of the
primary electrons since there is no mechanism for producing secondary
radiation with energies greater than the primary electron kinetic energy.

6.2.9.2 Dose Rate Due to Secondary Particles Produced by a Spectrum of
Isotropic Primary Electrons T

The dose rate deposited in a spherical detector of unit cross sectional area
which is composed of material Z* by a spectrum of isotropic primary
electrons incident on one side of a differential element of the spacecraft

surface of material Z and thickness T which subtend an angle dQS as viewed
by the detector will be glven by the expression

. « E . : )
| D(T,2,2°) dg, - [ ae 2B «r,2,5,2) do, . 6. 21)

The units of D(T,Z,Z*) are

-Rads
Srs Sec

The total dose rate will be obtained by summing the contributions from all |
of the shield sectors of thickness T, and atomic number Z, :

Tot 2" = Z; D(Ti,Zi,Z‘) AQ; 4 ‘ S o (6.22)

where A Q. is the solid angle subtended by the ith ghield segment which
consists of a uniform thickness and chemical composition. The shield seg-
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ments can have any shape or actually be composed of different pieces of
material at different locations. As long as the thickness and composition
~of the pieces are the same these pieces can be considered a single segment

Rads
sec ) .

The units of DT(Z') are (

6.2.10 Orbital Integrations

In most cases the interest is not in the instantaneous dose rate but in the
‘accumulated dose received by rmen and materials aboard a spacecraft over
extended periods of time. If one defines the total electron flux through
~which a spacecraft passes in a specific orbit § as

& (5,E) = §¢<B,L,E) d (6.23)
T

where d4 is a differental element of the orbital path and the symbol ¢ repre-
sents an integration of d¢ over a complete orbit. Since $(B,L, E) is assumed
to be isotropic, ®r(8,E) can be used to replace (B, L, E) throughout the pre-
ceeding section. The units of the resulting quantities will be changed to re-
flect this substitution by replacing the normalization per second in the units of
Jin» Jgs 8s, and Dy by the normalization per orbit,

6.3 DOSE DEPOSITION FROM PRIMARY ELECTRON PENETRATION

There will be some cases where the shielding is not sufficiently thick to
stop all of the electrons encountered in the space radiation environment.
For these cases, the dose delivered by the electrons typically will be ,
considerably greater than that caused by the secondary photons. In Sect. 3
of this report the parameterization for non-normal incidence electrons
gave the probability of electron penetration for targets thicker than 0.3

of the csda range as : ' '

‘P(E’E'a Ge, Gy,T)dE ‘dw = S(E’E"T) ¢ (Gy)TF(E,T, Ge) dE'flw ’ (6'24)

where E is the incident electron energy, E’ is the energy of the trans-
mitted radiation, g¢ and 9,,, are the directions of the incident and trans-
‘mitted electrons with respéc':t to the normal, and T is the target thickness.
The quantities S(E, E*, T), #(8y) and Tr(E, T, §¢) are, respectively, the
differential energy spectrum, angular distribution, and transmitted fraction.
(The angular distribution of the transmitted electrons & (8y) is not

to be confused with the primary electron flux of Eq. 6. 3.)
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In this approximation only the transmitted fraction depends on the direction
of the incident electron 6

| ) ._
Tp(E, T,0¢) ~ To(E, T, 0)[cos 6] - (6. 25)

where o is defined in terms of E and T in Eq. 5.12.

6.3.1 Secondary Electron Current

The secondary electron current produced by an isotropic primary electron
flux Jlso (defined in Eq. 6.11) can be evaluated analytically to yield

iso | 1 m/2 @ +1
JS (E,E',G,,,T, Z) = T,/;)_ dqoe/; [cosee] sip ee dee S(E,E',T)

: q:(ey) Tp(E, T,0) . ‘ - (6.26)

=Ta+?) S(E,E', T) &8 )TF(E T, 0)

Graphs and parametric representations of the transmitted electron angular
distribution, & (6.,), and energy spectrum, S, have been discussed in .
Sections 3 and % of this chapter.

6.3.1 Dose Due to Primary Electron Penetration: Parametric Method

One can estimate the dose delivered to a dose point (detector, etc.) on the
interior of a spacecraft by using the expression for Ji5© (Eq. 6.26) in

Eq. 6.17 along with the expression for the flux-to-dose conversion function
for electrons given by Eq. 6.18. The dose d(T,Z,E,Z') (Eq. 6.17) is

| E
d(T,Z,E,7Z) = Z__)' ® (6 JTL(E,T,0)f  dE' S(E, B T) (E3 (6.27)

The electron stopping power g_g (E') is a relatively complicated function

of the electron energy. At very low electron energies dE/dX is quite
large, decreasing to a minimum value around 600 to 1,300 keV and then
increasing slowly as the electron energy increases. Instead of evaluating
the function, d, numerically a parameterization of the dose calculated
using Monte Carlo methods due to Watts and Burrell(56) can be used.
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6.3.2 Dosé Due to Primary Electron Penetration: Mdhte Carlo Method.

Watts and Burre11(56) present parametric representations of the results of
Monte Carlo calculations of the dose deposited in thin layers of uniform
slabs of material. The calculation generates average energy deposited per
unit mass per electron at a given depth into a plane, infinitely thick, slab of
material by penetrating electrons. The slab is broken up into thin layers
and an inventory is kept of the energy deposited in each layer. This total -
energy deposited is divided by the number of initial incident electrons and
the layer thickness to obtain the average energy deposited per unit thick-
ness per initial electron. The quantity so obtained is

N;j
AEj;

_1=1

where p is the energy deposition in (MeV /g incident electron), E is the
energy of the primary incident electron, g isthe angle between the primary
electron and the normal to the slab surface X. is the depth to the center of
the ]th layer, AE;j; is the energy loss in MeV &eposned by the ith electron

in the jth layer, NJ0 is the number of incident electrons and AXj is the thick-
ness of the jth layer in g/cm2, If the directional primary electron flux is
isotropic (Eq. 6.4) then the dose deposited at a thin layer located at a distance

X in the slab of material will be given by

/2
D SO(X‘) = —;— ﬁE_/: p(E, §,X) cos gsin gdp &(E) dE , (6.29.)

where x is the conversion from MeV/g to Rad. It should be pointed

out that in this definition &(E) differs by a factor of two from the quantity
&o(E) as used by Watts and Burrell. Watts and Burrell define their primary
electron flux only over 2¢ steradians. Hence their d1rect1ona1 electron

flux is related to their half~space isotropic flux by

0, (B, Q) = & (E)2m . (6.30)
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The quantity ®(E) in Eq. 6.29 is full-space isotropic and related to the
.directional electron flux by Eq. 6.4. Watts and Burrell define a funct1on

P1so through the equation

/2 } ’
Piso (EsX) —A’ o(E, 8 X) cos 6 sing de (6. 31)

which they parameterize (the parameterization is given in Sect. 3). The
dose D, (X) thus becomes

c® = ¥ [aE o (B a®) . (6.32)

The formalism described above is very useful in that it eliminates
the numerical integration over the secondary electron energies of Eq. 6.27,
In its present form it is not, however, readily applicable to the formalism
- presented in the preceding section. The preceding section developed the
formalism necessary to obtain estimates of the dose on the interior of
shielded enclosures. It was necessary to retain the angular dependence of
the secondary radiation up to the point where the integration over the solid
angle subtended by the. shielding was to be performed. At that point, an
approximation for the angular distribution of the secondary radiation
emerging from the shield was made. The results of the Monte Carlo calcula-
tions implicitly contain integrations over the energy and angular distribu-
tions of the secondary radiation in the function p (E,X). Thus the results
of Eq. 6.32 cannot be compared directly with results obtained using the
formalism of the preceding section. The relationship between the two is
discussed in the next section.

6.3.3 Relationship Between Parametric and Monte Carlo Methods

An approximate relationship between the method outlined in Section 6. 2.9, 1
and the Monte Carlo method outlined above can be obtained by understanding
the implications of the Monte Carlo calculation. The slab geometry calcula-
tions discussed above can be thought of in a slightly different way where one

. has a point source of electrons which have a given angular distribution enter-
ing a slab of material. The electrons are transported along a line perpen-
dicular to the slab (that is along the normal to the slab) with the directional

131



aspects of the problem being taken into account with the use of projections
onto the slab normal. At a given depth of penetration one has a point source
with an angular distribution which is determined by both the initial angular
distribution and the transport of the electrons through the material. The
electrons from this point source are then allowed to transverse a thin layer
of material and the energy deposited is calculated. This gives the quantity
Piso(E,X) for forward going electrons. This geometry is shown schemati-
cally in Fig. 6.5. Watts and Burrell calculate the dose deposited in thin
layers of a semi-infinite slab so there will also be a contribution to the

dose from backward going electrons in their calculations. In the relation-
ship which we will define here, however, only the forward going component of
the electron flux will be con51dered The dose deposited by the secondary
electron current JISO in the thin sheet will be

D (T,Z,Z") = f&(ﬁ)l dE'dE (E72f desme

Layer “cos 8

Jis° (E,E’,0,T,2) . (6.33)

The cos 6 term is included in the denominator to take into account the de-
pendence of the electron path lengths in the thin slab as a function of electron
direction, The integration over, d@ will be taken over the hemisphere sub-
tended by the thin layer. Also J1S0 will be assumed to go as cos 6 . With
these approximations the layer dose DLayer will be

E
_T LA4E .,\ . iso s
Dpayer(T %29 =3 " fGE o(E) [ B SE(E) 5% (8, E7,0,T,2), (6.34)

where J S © is evaluated at zero degrees. A comparlson of this equation
w1th Eq.” 6. 32 shows that Plso(E T) is related to JS through the equation

E . v
, 9E ., 1 iso .
piSO(E’ T) ~ ,/0' db daX (E ) JS (E’ E ’07 T, Z) . ‘ (6. 35)

This relahonsh1p is only approximate, of course, since it depends on the
assumptions preceding Eq. 6.34.
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The function p;g(E, T) has been tabulated by Watts and Burrell for energy
deposition in Al slabs They show, however, that since the quantities
dE/dX for tissue is 1.3 times dE/dX for alummum over a very wide
energy range that p;g, for tissue is simply 1.3 times pjg, for Al.

In the approxiination given above the total tissue dose prbduced by
electrons penetrating various Al shield segments is

D = 2.08x10 ; E——l'.[dE d’(E) piSO(E’Ti) (Rad/sec) N (6.36)

where A Qj is the solid angle subtended by the ith shield segment in ster-

adians, (E) is the full space omnidirectional electron flux in (electrons/
. MeV cm2 sec) and E is the electron energy in MeV. The quantity Piso

" (E, T) is tabulated by Watts and Burrell and reproduced in Appendlx B for
aluminum slabs of various thicknesses.

6.3.4 Dose Due to Primary Electron Penetratmn for a Spectrum of
Electrons ' .

| The dose deposited in an isotropic detector by penetrating electrons from
a spectrum of electrons incident on a umt solid angle of the shield is given by
Eq. 6.21 as

==}

D(T,Z,Z") =£ dE 3’-&@ d(T, Z, E, 2') (6. 37)

which has the units of (Rad/Sr sec) for an electron flux measured in
(electrons/cm? sec). Values of D(T,Z,Z*) have been calculated usmg
Watts and Burrell's parameterization of 'the quantity pjgo (See Sect. 6.3.3).
for three types of electron spectra. These are _

e A simple exponential function
®(E) = oo P e PE

e Vette's AE2 electron distribution for different
values of L; &(E,B,L) = Fo(B, L) N(E, L)

e Vette's prOJected 1968 orbital integration electron
spectra.
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6 3.4.1 Dose Due to Penetrating Electrons; Simple Exponentlal Electron
'  Spectra

The penetrating electron dose transmitted through an Al shield for an
exponential spectrum is shown in Fig. 6.6. In this flgure the quantity

dE Pe piso(E,T) /m (6. 38)

is plotted which corresponds to the dose per incident electron per cm2
~ per unit solid angle subtended by the shield and has the units’ of

( Rad cm )
Sr incident electron/

(The integration is carried out only to seven MeV to be consistent with
Vette's electron distributions which only extend to 7 MeV.) The values
of D for various thicknesses of Al shield and values of P ranging from
‘0.5 to 5 are listed in Table 6. 1.

6.3.4.2 Dose Due to Penetrating Electrons; Vette's AE2 ‘Electron Spectra

The q‘uant1ty D has been calculated for several of the electron spectra of
Vette's AE2 electron environment. The quantity D in'this case is given

by the equation

-8 T™MeV _ ’ _
_ m 6.39
D=2.08 x 10 f0 dENE, Ly, (B,) /7, (6. 39)

where N(E, L) is defined in Eq. 6.8. In this case the units of D are

/ : Rad cm2
\Sr incident electron (E>E )} ’

The calculated values of D for various values of the parameter L are
shown in Fig. 6.7 as functions of the thickness of Al. These values of

D are tabulated in Table 6.2. (It should be pointed out that AE2 electron
environment is considered outdated by many since it was obtained from
measurements conducted while there were many electrons from the Starfish
nuclear detonation.)
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Transmitted Dose (Rad cmz/Sr Incident Electron)
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Al Shield Thickness (g/cm?)
Figure 6.6. Transmitted dose due to penetrating electrons caused

by isotropic flux of primary electrons incident on one
side of a unit area of shield. The incident electron
spectrum is given by N(E) = Pe~PE, The curves are
normalized per incident electron. The values of P

.are listed on the figure. The steep fall off with increas-

ing shield thickness for the low P values is due primarily
to the integration cut-off of 7 MeV.
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Al Thickness (g/cmz) .

Transmitted tissue dose caused by isotropic flux of
electrons incident on one side of a unit area of an Al
shield. The electron energy spectra are given by
Vette's AE2 electron environment. The L values
associated with the various electron spectra are shown
on the figure. The curves are normalized per unit
incident electron. (N.B. The AE2 distribution is
considered to be outdated by space scientists. )

138



TABLE 6.2. TRANSMITTED DOSE DUE TO PENETRATING
ELECTRONS CAUSED BY ISOTROPIC FLUXES OF
ELECTRONS WITH ENERGY SPECTRA GIVEN BY VETTE'S
AE2 ELECTRON DISTRIBUTION INCIDENT ON ONE SIDE
 OF A UNIT AREA OF AN Al SHIELD.,
. "~ (Rad cm2/Sr incident electron)
(N.B. The AE2 Electron environment is considered to be outdated
by space scientists.) :
' Thickness (g/cm?)

L 0.2 0.4 0.6 .0 1.5 2.0 2.5
;j;;- .672-8 .313-8 .145-8  .304-9 4.576j16 .808-11 . 452-12
1.50 .612-8 .279-8 .188-8 .360-9 684-10 . 908-11 .500-12
2.0 .274-8 .984-9 .560-9 190-9 . 456-10 .700;11 . 416-12
2.5 .307-8 .123-8 .473-9 ..8.00-10 .102-10 .101-11 .468-13
3.0 .412-8 .152-8 .532-9 .736-10 .768-11 648-12 270-13
3.4 .500-8 .179-8 .704-9 .122-9 .154-10 150-11 ;684—13
4.0 . .544-8 .199-8 .804-9 .144-9 Q194-ip 20111 .948-13

5.0 .424-8 .960-9 .257-9 ,207-10 .126-11 .696-13 .224-14

6.0 .324-8 .444-9 .756-10 .242-11 .552-13 ,127-15 ,221-17
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6.3.4.3 Dose Due to Penetrating Electrons Vette's PrOJected (1968)
Orbital Integrated Electron Spectra

The doses for circular orbital integrations were calculated for Vette's pro-
jected(1968) orbital integrated electron spectra. The quantity calculated
in this case was

TMeV o
D =2.08x10° dg 2 (E) p..  (E,T) - (6.40)
o o 4n iso

where ¢»°(E) is the total orbital integrated flux averaged over one day. The
units of D, are (Rad/Sr day). The calculated values of the quantity D,
are given 1n Table 6. 3. '

6.4 SECONDARY BREMSSTRAHLUNG RADIATION |

In cases where all, or most, of the electron energy spectrum is stopped

in the shielding material, the dose will be determined by the bremsstrah-
lung production. Section 5 gives a parametric representation of the brems-
strahlung intensity as a function of photon energy and solid angle. The
production probability P defined in Eq. 6.2 can be written for the brems-
strahlung intensity as

P,(E,E', 0, w,¢,T,2) =L(E,E',6,,,2) A(E', Z,6,,0,,T) , (6.41)

-y

where Ig is the source term defined in Eq. 5.20 of Section 5, 3 and A is the
attenuation term. The angles gy, 6 and 6y are shown in Fig. 6.3 and
correspond to the angle between the direction of the incident electron and
the secondary photon, the angle of the direction of the incident electron with
respect to the shield normal and the angle of the direction of the secondary
photon with respect to the shield normal. (In Eq. 6.41 the energy of the
photon is denoted as E' rather than as k) The units of P,y are
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TABLE 6.3. TRANSMITTED TISSUE DOSE FOR CIRCULAR ORBITS FROM
PENETRATING ELECTRONS CAUSED BY AN ISOTROPIC FLUX OF
ELECTRONS INCIDENT ON ONE SIDE OF A UNIT SOLID ANGLE OF

AN Al SHIELD. 2

Thickneés (g/ cmz)

Height Inclination ;55 «500 «750 - 14000 1¢250 1.500 1.750 2.000 4.000
(nm) (deg) ' . :
150 33 e141=01 445803  e182=03 +112-03 +798=04 56109 «3B7-DY4 424[=04 +446-0Q7

60« 025291 e572+20 1530400 +436=-01 18301 +499-02. «179=02 +695=03 +380-06

Ne 217303 «787-C5 «956-78 436706 +160=086 +704+07 +304=07 S130=-07 000
300, 35 0982¢00 397400 356430 319900 283400 «247¢00 210400 17100 4572-D%
60« s 4594Q1  oTD3400 1236400 74201 ¢254=01 103~0) 481202 4233=02 +392-05

O +309°00 «131=01 +207-02 +102-02 +568=03 432703 +(9(=03 «113=03 «172~06
450, 30¢  o724*0G1 2241420  ea0H=71 o551=01 +388=01 +273-01 418601 ¢125-01 ¢304=0%
60+ 0128%°C2  #207%I1  o525+03 164400 638Dl e295-01 o154=01 4891202 «180-04

O 0l52902 4596430 125400 ¢732=01 46501 29901 +192-01 2122-01 e241-04
600. 33 0262402 - 28p1°C0 #296+40D 2205400 +145¢00 J101+00 4698-01 +449=0) «115=-03
60 «3J43eC2 «523+01 v 138+01 + 453400 -lﬂb‘oov «901~01 s 490~01) 2289=0) e 602=04

O¢  o126°C3 438401 124431 +BH1+D0 577400 0393400 +264+00 174400 +388-03
800, 3g, 113903 ¢359401 133901 4917400 669400 472400 328400 4220400 #542-03
60¢  o90C*02 102402 282401 (107401 ¢516400 #289+400 4175+0D° 110400 +252-03

Dr  +96190) . o151902 +515901 +359431 253401 4177401 121401 ,808+00 +191-02
1000. ic. 429903 908401  «373°01 .268+01 «194+01 4138431 +%63+400 +655+00 .166-02
60, «196+03 4171902 «S5C5¢01 2219401 120401 ¢736+00 474400 3103+¢00 748-03

Qe e125%04 376402 4155+02 112402 +809%01 +577+01 +403401 274431 +4693-02
1250, 30. ¢S587403 172402 o7A9+01 4559401 <4C8401 293401 2206¢01 - J141e0)  o366-02
60 0381903  ¢294+02 «921+01 4431401 +251%00 4160401 106401 4706400 .177-02

O 0107904 4528402 2247432 L1681402 133402 49461401 878401 44656401 o124-01

1500. 30, ¢704+403  e202402 ¢9069*01 4711431 +¢523%01 437840) 2567401 4183401 0493-02
40 0495403 «902%02 128402 593401 <349401 4221401 <1%7e0) L9725+400 4251-02
. . ) . /
0. eISEY0Y  +M21%02 «215°02 1560402 119402 866401 617401 SJ427¢D03  0120-D1
11750. . 30 »504+G3 2148402 756401 4552401 +4C4901 2293401 420701  L143401 2392-02

(1.3 vH48+403 47002 140402 +580401 309401 4188401 4122401 4804400 +211=-02

O «893+03  JLIRB4C2 +990°0! 727401 534400 4386401 272401 L1870l  4508-02
2000. 33. 0239+33 4359001  «449v01 321401 +231°01 165401 o114v01 4790400 +210-02
400 €ISH*DI 548402 153402 4543¢3] 245901 4130401 762400 474400 «113-02

Qe 0202%23  2105%02 60791 432401 30901 421801 15001 L1010} o25)-02
2250. 3g. 0892402 60301  o304%31  J194¢01 13101 4885400 +5946+00 4395400 «959-03
60 0313403 (618+C2 ¢168+02 4544401 214001 974400 1495400 4277400 452303

~ "0¢  «887402 ¢488401 280401 ¢198607 191401 o967400 - +679+00 456400 11102
2500, 30. e598202 463+01  +290%31 +157¢01 944400  «593400 378400 «2%)+00 +520~D3
40c 0339003  ¢709%32 187902 578401 +212401 4874400 +3946+00 4200460 +290-03

. 0¢  +528432  +350°D1 0212401 4147401 102901 4708400 +481900 +319400 72703
2750. 39s . 2573902 108432 423431 4194401 101400 4571400 334400 4201400 +363-03
‘ 60+ ©367903  +735%02 207432 +63340) +226+01 4896400 +333+00 181400 +203-03

" The numbers represent the dose received per day per solid angle for circular
orbits using Vette's projected AE2 electron environment. The top heading
gives the Al thickness in g/ cm2, The first column gives the orbital height in
nautical miles, the second gives the orbital inclination in degrees. The remain-
ing columns give the tissue dose in (Rad/Sr day) for various thickness of the Al
shield. ‘141



Height Inclination

o
3000, .

3500,

(deg)
Qe
30.
80

Qe
30.
60,

Qe
ag.
40

Qe
3g.
60

G
30
60,

Qe
30.
60+

Os
30
60

g
30,
60

[+]}
30.
60

- 1]
30.
600

Qe
30,
60.

.250

«402+02
«803+02
+913+0]

0362¢92
0184403
0 Q812N

058402
03460423
¢560+03

«163¢3)
«b43+0)
045593

«285°0)
«892+9)
« 7644233

«$63+03
0122474
0884433

0 9564°0)
e156+04
o 100494

+200%9%
«211%0%
0317008

026724
0221 +0%
o116°9%

0266424
o174+ 34

¢100°04.

02284
«158+34
«793+0)

TABLE 6. 3., (CONTINUED)

500

+313+01
«1086¢02
e891+02

«394+01
e179+02
«$05+0)

0776401
e 94102
«124+0)

«215+02
177403
0148433

+587+02
0233°0)3
« 176403

+135+03
032533
0212+0)

«258+0)
«421+03
0245493

«403+03
2578093
«299+03

0792+Q3
56523
«285+03

2720433
*445+))
0223493

e519+3)3
«307+0)
015403

.T150

«188901
2681401
223802

¢234¢0)
016402
«284402

«433%0})

-e311e02

»3%3+p02

+101¢02
*511¢02
*821+02

241002
2748432
*Sl1e02

503402
0103403
042592

+903+02
0132+0)
0726092

e199+9)
v176+0)
e876%02

+259°03.

e161+03

¢e79%+02.

0211403
e116+0)
«577+32

«130+0)
+688¢92
«JHb002

Thickness (g/cmz)

1.000

e126401

«285+01
«736+0]

e 149401
062940}
«885+0)

e262401

e115+02

.o 10902

«535¢0]
018302
¢138002

ol18%e02
0269002
«170+02

«221+02
«365+402
«210¢02

eJb%e02
+%454+02
0242402

«697+02
«587¢02
280402

«822+02
24999402
0245+02

868002
«335+02
0167402

v351+02

« 172002
«849+01L

142

1.250

+86100
«135¢01
«25%e01

«®71+00
026801
e319¢01

slbdegl
+ 878401

40401

" «300+01

«7%3+ql
«S19%¢01

+572¢01}
«108+02
s68440!

¢105+02
elé3epn2
«799%+p1

o158+02
«172+02
+903+01

«2463402
«220%02
0784401

0 294¢02
«171402
«833¢91

«231¢p2
«109¢02
«S%1ept

«105+02
«3869p01
«248¢01

1.500

0583400
693400
«990¢090

062900
«1249¢01
012440}

«103+01

0212401
0162+0)

17101
«319+01

210401

e291¢0}
«4955¢01
260401

e518401
«591+01
232201

o715+01
«686001
03$5+01

*102+02
2894001
0341401

¢108¢02
«608+01
+296401

o831+01
¢370+01
+185+0%

0332401
0147+01
«783+00

1.750

«38%9¢00
«373+00
o*lz‘oo

+402+00

«598+00
e521+00

ebi4¢0Q0
«982+00

268400

«980+00
e142+01
«879¢00

e148¢01
«197+01}
+108+01

«254+0)
224901
¢133+01

032501
027701
e142+01

0395401

039001
«133+01

39401
0216401
«105+01

« 29701
0126401
0834400

« 10401
«441e00
«227+00

2.000

+264+00
«210+00
189400

» 254400
«307+00
v235+00

«397+00
+481+00
¢310+00

+565¢00
«664000
.19;000

« 766400
+893+00
»473+00

«129+0!
«l10¢01
+580+00

152401
s117+01
«599+00

+158+01

e 184401
«509+00

e149+01

803400

»3688+.0

ellle0!
s 452400
+229+00

"+347400

+139¢00
«719-01

4.000

«543=03
e315=03
+1746=0)

467-03
©335-03
«179=03

«655-0)
«N146=03

«220-03

«748=02
+437-0)

022603

¢$75-0J
¢453=-023
+218-0)

v864°0)
«488-03
+250-0)

¢757=0)
+404=03
+210-0J

©367-03
«197=-03
e967-04

2258=0)
«126-0)
sb619=04

«176-03
e621=04
+324=04%

+2310%
«943=05
496=05



photons MeVS
MeVS S;S electronp

For an isotropic primary electron flux one obtains a secondary photon
energy current J% is0 defined in Eq. 6.11 as

iso o1 2
(E,E'0, 2L [ %, f sing,cos g I (E,E',6,,7)

Ap (E',Zee,e,,,T) de, 3 (6.42)

which has the units of

photons MeVS
MeVS Srs incident electron

Flgures 6.8 through 6.11 show the energy spectra and angular
distributions of the bremsstrahlung energy current J 180 cajculated using
the parameterization of Sect. 5.3. The curves are normahzed for unit
incident electron. The thicknesses of the shields for the examples shown in
Figures 6.8 and 6.9 are equal to the ranges (csda) of the 1nC1dent electrons.

. Figures 6.12 and 6.13 show the photon intensity spectra for normal-
ly emerging photons (gy = 0°) for different electron energies incident on
. shields of Al and Pb. These photon energy currents are tabulated in Tables
6.4 and 6. 5. _
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Photon Intensity (MeV/MeV Sr incident electron)

-2

| | | | i | ] | |
: §.\ -
B 5-.\:'§>\ n
— -~ ..‘\..§'\\\ -
B .O\\ \-.\.F.\\\.\ ]
‘< ‘~ N
\u. . .\\.\ o
3 RS N
[ .\\\ \\- ..\.V o —]
: o\\\ .\\ .t\§'\\ 40 :
- .\ ~ 'o\ *e §\ o -
e . . \ \.. e '\. 60 b
[ ~. .\.\\\ . :/<< .
— \. .\' \\ \\ \.:\.\
— '\ N ~ N AN 7
.“" - a\ \ \.., .\\.\
= N, N \\e/80° NN
\.. .\. N ..\ '.Q'v \
4 \' \0 00'\\ \.‘ ..Q\.
— . NN MWW
— * N N\ -
: ' \.. .\ . \ \\ —
- R N N
— N\ O\ \
| \ \,
N\ \
-5 \ \‘_
= \ 3
: o o\ x
B l | ! | | 1 | I

.00 .10 .20 .30 .40 .50 .60 .70 .80 .90 1.00
k/E

Figure 6.8. Bremsstrahlung intensity energy distribution due
to an isotropic flux of 2-MeV electrons incident on
* one side of a unit area of an Al shield. The target
thickness is 1.21 g/ cm2. The curves are normalized
per unit incident electron. The photon emission angles
are listed on the figure. ' -
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Photon Intensity (MeV/MeV Sr incident electrons)
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Figure 6.9. Bremsstrahlung intensity angular distributions due to

an isotropic flux of 2-MeV electrons incident on one

side of a unit area of an Al shield. The Al thickness

is 1.21 g/cm2, The angular distributions are normalized
per unit incident electron. The photon energies are listed
on the figure in MeV.
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Photon Intensity (MeV/MeV Sr incident electrons)
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Figure 6. 10.

an isotropic flux of 3-MeV electrons incident on one
side of a unit area of aré Fe target. The target
thickness is 1.85 g/cm The curves are normalized
per unit incident electron The photon emlssmn angles

" are listed on the figure.
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Photon Intensity (MeV/MeV Sr incident ellectrons)
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Figure 6. 11. Bremsstrahluh'g intensity angular distribution due to

_an isotropic flux of 3-MeV electrons incident on one
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is 1.85 g/cm®. The curves are normalized per unit
incident electron. The photon energies are listed on the
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Sr incident electrons)

Photon Intensity (MeV. MeV

10

Ll

1

Ll

|

~Figure 6. 12,

| 2 3
Photon Energy (MeV)

Bremsstrahlung intensity energy spectra for a mono-
energetic isotropic electron flux incident one side of
an Al shield.” Spectra are for photons emerging normal
to the target. Kinetic energy of incident electrons is
given in MeV. Curves are normalized per 1nc1dent
electron (calculated from Eq. 6.42).
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Figure 6.13.

Photon Energy (MeV)

Bremsstrahlung intensity energy spectra for a mono-
energetic isotropic electron flux incident on one side -

of an Au shield. Spectra are for photons emerging
normal to the target. Kinetic energy of incident electrons
is listed in MeV. Curves are normalized per incident
electron (calculated from Eq. 6. 42).
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K{MeV)

«100

o200

« 300

=00

«300

«£00

«700

«800

« 900
1.000
1.100
t.200
1. Y00
1.800
t.500
1.600
1. 700
1.800
1.300
2.0C0
2.100
2.20C
2.300
2000
2.500
2.600
2.700
2. 300
2.900
3.000
J.200
3.200
J.30C
3.800

4The intensity

TABLE 6.4. BREMSSTRAHLUNG INTENSITY SPECTRA CAUSED

BY A MONOENERGETIC, ISOTROPIC FLUX OF ELECTRONS
INCIDENT ON ONE SIDE OF AN Al SHIELD. 2
(MeV/MeV Sr incident electron)

« 5009

«823-03
«250-03
«137-03
«EX3-0W
« 000
«0to
«000
«gce
- 000
-0C0
« 000
«0Co
« 000
- 0cC
<000
-0Co
<000
«000
-000
«000
- 000
=000
-000
«C00
-000
«0c0
« 000
«000
«000
« 200
-goe
«000
-oo0
- 000
000
«000
«000
«000
- 0C0
« 000
000
« 000
«00C
<000
-0c0
« 000
«000
<000
«0ce
«000
000
«000
-000
<000
+000.
«000
«000
<000
«000
«000
<800
«000
«000
«0DD
«800
«000
-000
- 000
«000

1.0000

«273-02
e 20E-C2
«152-02
e 111-C2

+739-0%.

- 85L-CY
+375-0%
«2¥8-CX
«123-03
«CCC
+a0o0

1.5000

+S81-02

«9NE-C2
«360-02

‘e2¢1-02

«233-02
«1?8-02
018 7-02
»115-02
+895-03
~E12-C3
«493-0%
+YE0-0Y
«225-03
«129-07
-000
00
«000
<010
000
«0(C
<000
+0C0
+«000
«000
«000
-0L0
-000
-000
«0t0
000
-ato
000
otre
-000
«0f0
+000
«eLC
<000
+~0C0
+000
000
«000
+0(3
.008
«0C0
«00Q0
+0€C
«000
-ace
<000
«000
«000
«aco
« 0088
«0C0
<000
«0C0
-000
«0L0
«000
«0L0
«000

« 060

T D€L

«000
«0C0
«000
«0L0

2.0000

«802-02
£07-07
«595-0"
«S06-02
87707
«IE0-G2Z
«308~02
«?fe=02
~212-0?
«1%6-C2
el88-07
«118-02
«285-07
«7%8-02
«592-0"
LA
«325-0%
«218-02
«120-01%
+C0C
«000 .
<£00
«000
€00
<030
«CCO
«C00
«C00
«LGo
«000
+C0C
«000
«000
000
«L£00
«000
«CCC
000
«ce0
«000
«C00
«000
«600

.. 000 .

«Co0
000
«C00
«000
«C0o
«D00
«000
+»000
<000
<000
«C00
000
«000
«000
«000
«000
«~C00
<000
«CGO
«000
«~CCO
«000
~000
«000
«000

25000

<103-01
+236-02
+928-02
132-€2
+843-02
W€63-C2
49302
a3c-2
«376-02
125-02
.279-02
“281-G7
«206-02
176-C2
«183-07
«126-02
+105-02
RYTES
+703-03
«56C-02
.433-03
«323-CY
+217-03
L120-02
.000
.cce
.000 -
+000
.coc
.000
J£cc
.00
-€0C
.000
.00C
.000
-cCC
.000
-60C
.000
20CC
.000
.ete

...»000

«0C0
-000
~00C
-000
«00C
«000
«00C
«000
<00C
-000
+CCC
000
141
+000.
«£0C
-000
+66C
~000
«6LC
«000
000
«-000
«G0C
«-000
d 1

3.0000

.122-01
Sll8-(1
.106-01
.985-02
«956-0?
»773-C2
+697-02
.£27-02
+563-0?
-502-C2
«9486~-07
J3ap-(2
+«353-02
«318~-C2
«277-02
«288~L2
+218~02
10802
+162-02
+138-C2
+119-02
+~101-C2
«850-03
«700~03
+$67-03
«886-(3
«331-0%
«227-0%
«125-C%
«-000
000
+000
.000
-000 -
«000
<000

. <800

.000
«C00
+000
«000
«-000
-000 -

. <000

-000
.000
-000
«-000
000
000
«000
+000
000
-000
-000
000
000
+000
«000
<000
«-000
+-000
000
«000
-000
-000
-000
.000
«~000

E(MeV)
3.5000

«138-01
«132-01
«128~01
«115-01
«107-01
+228-02
«9307~02
«834-02
«767-D?
.7C2~02
«640~02
+%82-02
+532-02
MNEA~02
«%36-02
«395-02
«387~02
«321-0D2
«289~02
«252-02
«231-~02
«2C6-02
«182-02
«16C-02
«180~02
«121-02
«108~02
«282-03
«735-D7

. «602~03

<477-0%
+360~03
«29F~03
+135~03
~000
+000
000
000
«00C
000
+000
000
<0uc
+000
+00C
.000
000
«000
«00¢C
000
«L00
«000
«00C
+000
+C0C
«000
«000
+000
«8ng
000 °
«G00
<000
+00C
«000
«00C
000
-t0C
.00
-008

8 .0000

-180-01
2187-C1
-180-01
o122-01
«125-01
o118-C1
-110-01
~103-C1
«968-02
[3:14 24 24
«938-02
2?77-C2
«719-02
»568-C2
«518-02
«570-C2
»525-02
wN88-£2
«%86-02
»N07-02
«¥72-02
«381-G2
«310-02
«281-02
«255-02
»230-02
«206-02
218802
J1E8-C2
«185-02
+126-C2
«109-02
+936-CY
«789-03
»589-L3
+516-0%
»80-C3

'.268-03

~186-03
»000
»CCO0
000
-L00
«00Q
-€00
+000
.000
«000.
€00
«000
»000
«000
-000
- 000
-000
»000
»000
»000
=000
«000
-000
»000
~000
000
000
-000
-000
+000
#2000

v,5000

.188-01
15901
«153-01
.1e7-C1
~181-01
o175-01
«128-01
.122-C1
.115-01
.109-01
.102-01
L364-02
.307-02
.851-L2
.799-02
.751-02
»703-02
.656-02
518-02
57102
.532-02
.893-62
LesR-g2
427-02
«392-02
.363-02
<338-02
.306-02
+280-02
«255-02
«222-02
+210-02
+189-02
+169-02
+150-02
.132-02
115-€2
.990-03
8373
+698-03
.550-03
.417-03
.287-03
+156-03
.0€0
.000
6060
.000
.ace
.000 -
.000
.000
.000
.0oa
.000
000
008
«000
000
.000
000
000
.006
.000
.eoe
000

‘000

.000
+000

$.0000

«16%-01
.167-01
«163-01
.152-C2
.154-01
.188-01
«143-01
.117-01
«131-01
.125-01

+~102-01
«370-02
«312-02
87102
«823-02
«778-02
+733-02
+692-02
«6%51-02
«612-02
+575-02
«539-02
.5C6-02
N71-02
«880-02
+81C6-C2
«381-02
«353-02
#327-02
«302-02
«277-02
«258-02
«232-02
«211-02
«191-02
«272-02
«153-02
«136-02
«119-02
«102-C2
«869-03
«720-03
-575-03
«835-03
«293-03
«16G~03
-000
.000
«-000
.000
«006
.o0¢
.000
.000
.000
111
+000

.00

000
«000
=000
.C00

s.50CC

«169-01
.178-C1
.172-C1
-168-C1
+160-01
«16C-C1
«155-C1
«1£0-C1
o1l85-01
»180-C1
«133-Ct
«128-C1
«222-012
el17-C2
.112-01
.107-C1
«102-01
377-L2
+931-02
«886-02
«862-02
«800-C2
«759-02
-120-C2
+682-02
+685-02
+609-C2
«575-C2
«582-02
+510-C2
88002
-450-62
-4 22-02
«398 =02
«368-02
«382-02
«318-C2
29402
«272-02
«250-02
«229-02
.209-02
«190-C2
«172-C2
+153-C2
«136-02
«119-02
.103-02
«876-03
«725-C3
«580-03
+438-03
229803
+158-03
000

<000

=000

.0C0
-000
-.aee
.aee
.00
-0co
«000

spectra are calculated for photons emerging |
normal to the shield and are normalized per incident electron.
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6.0C00

.172-01
.179-01
17801
.176-01
.173-01
.169-C1
+165-01
.161-01
L156-01
«151-01
J1885-01
. 18C-C1
.135-01
.130-01
2125-01
.122-C3
.116-01
.111-01
.107-01
<102-01
.977-02
.938-02
.992-02
.852-02
.913-02

e775-82

«738-C2
.702-02
«E67-C2
»633-02
«€01-02
.589-C2
«538-02
«509-02
«-480-02
«883-02
«426-C2

~800-C2

«375-02
+351-02
«327-02
«305-02
«223- 02

+262-02

.261-C2
221-02
+202-C2
<188-02
. 166-02
.189-02
«132-02
.116-02
.1£1-02
.855-03
.708-03
+565-03
w426-03
+288-03
.151-03
000
.00
.0a0
.00
000
.CCo
000
»000
000
.000

6. 5000

«177-01
- 185-01
«185-01
~188-0C1
.181-01
.178-C1
«175-01
«171-01

‘e166-01

«162-01

- «156-01

+151-C1
«188-01
182-01
.137-01
«132-C1
.128-01
«123-01
.119-01
~118-C1
«110-01
»1CS-C1
«101-01
«972-02
«932-02
.898-02
+856-02
. 819-02
.783-02
.798-02
JT18-02
.681-02
«683-C2
+.618-0C2
+«588-02
.559-02
«530-C2
.502-C2
+4T6-02
+450-C2
.824-C2
«%80-0C2

"e376-02

.353-02
.331-02
.309-02
.288-£2
.268-02
28802
.229-02
.211-02
.133-02
L175-C2
.159-02
.182-02
«126-C2
.111-02
.961-03
.816-C)
.675-03
+538-C3
.808-C3
+272-C3
.181-03
.000

.000

.000

.000
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TABLE 6.5. BREMSSTRAHLUNG INTENSITY SPECTRA CAUSED
BY A MONOENERGETIC, ISOTROPIC FLUX OF ELECTRONS
INCIDENT ON ONE SIDE OF A Pb SHIELD. 2
(MeV/MeV Sr incident electron)

E(MeV)

K(MeV) «50n0 1.1000 1.5000 2.0000 *.5390 3.0000 3.5000 4.0000 %,5000 %.0000 $.50C0 é.ncuo 6.5000

SO0 .853-0%  L115-07 L¢1-08 .27-07 ,7I7-06 L131-09 .110-07 .167-08 .2?56-09 ,L.910-i0 ,.320-10. ,111-10 ,3R6-~11
0200 L%27-C2 .087=C2 LUFE-02 LuTFT-0" LeP(-G7  WJ17%-02  GF11-02  ,?92-(2 L202-02 L,18%-C2 L1ES-C2 LI87-C2 ,129-12
«300 .!180-U7 .8§§7-02 ,940-02 L.117-0%F  ,1?75-01 L908-02 L1e5-01 LI87-08 .186-01 ,1S1-01 .153-01 ,1S54-01 ,153-C1
eWOC  J1C%-C2 o5Cf=C2 .P°T=C? Y F=C) .165°-(1 L1°0-C1 L21%-01 .238-C1 .289-C1 ,267-01 .282-C1 ,.294-01 .3G3-C1

+%00 .0C0 40702 o21E-U7  L1%%=01  J166-01 <177-01 L2430t o278-01 .'01-u1 ,.330-01. .355-C1 ,376-01 .394-C1
800 .CCO D¥P2-C2  oP 70D W1'E-01 LMF7-F1 J185-[1 L251-C1 L291-C1 ,32%-t1 ,362-01 .327-0l . .821-0Q .845-C3
«70C .n00 W281-07  o5°1-07  J1C6-01  J1ST-01  LEAS-01  ,250-01 .295-01 .37 -1 ,376-01 .812-C1 ,W85-C1 ,473-0t
+80C L.0CC C171-C2 SE"P-C? - o°7=07 .i18%-C1 L178-C1 ,2%%-Cl. .292-C1 .YYY-Cl . ,301-0t .%21-C1 ,.857-C1 ,483-C1
.90 .0n0 «107-07 L W7=07  ,2%0-p°  ,132-01 L170-01 .235-01 ..?96-01 .3389-C1 .380-0t .%23-C1 .861-C1 ,896-01
1.000 000 .06t JXFTAL2 P10 L271-61  J162-C1  L225-01 .278-(1 .328-T1 ,377-01 .821-C3 .962-C1 .498-C1
t.100 .0r0 000 e?79+027 L€6T-L7 (13711 L188-01 L206-01 .2S6-01 LI08-G1 .351-01 L398-Cl ,432-€1 ,866-01
1.260 +0CG Ndqs W TE=0?  JFTC-00  .O71-02 L13S-C1  L26F-01 L287-€1 .296-C1 ,389-C1 L3€B-C1 ,.927-01 ,463-C1
1. %00 .0CO <00 LUIET-@7  L8Te-gt L879-07  126-01 L1%%-01 .237-G1 .296-U1  ,336-01 L381-71 ,821-01 ,458-71
1.80C 000 .cen «1(5=02 L0th-F°  ,7er-02 L117-C1  174-C1 L226-01 L277-Cl .327-G1 .37?-C1 .&4l4-0t .4£2-C1
1.500 .nOO .C0D .0c0 +350-0°  L710-97  J108-01 L16%-01 216-01 L°67-01 .318-01 .3€4-C1 ,L807-01 ,445-71
1.60C .0CO .ece R 1 2 W288-CC  JFY¥T-0? ,996-(2 L1T¥-01 .2C6-C1 ,258-Cl .309-C1 .3¢6-C1 ,399-C1 .837-C%
t.700 .cC00 e .0no 22712-0"  .S6N-02 L917-02 L185-01 L196-01 .289-01 ,299-01 .3¢7-01 .390-01 ,429-01
t.f0¢  .0CC . 00C .ntc J1TE-(T  Leer-[?  _B840-02 L217€-Cl  .t1e7-€1  ,278-C1 ,29C-C1 .1r'e-C1  ,381-01 ,421-C1
1.908 .9C0 .000 N LL «113-G°  ,830-02 +767-027 L127-01 L177-01 ,?29-01 ,280-01 .328-C1 .372-01 ,812-rt
?.0C0 .0C0 - .0Cf .erc .CCC LT69-C2 oSTT-C2  L112-01 168-C1 ,219-(% .271-C1 ,.'19-C1 ,363-01 .eCe-C1
7,180 .00C0 100 <0cs <600 .T10-02  <630-02 L110-01 .159-01 .210-01 .261-01 ,.310-01 ,354-01 ,39%5-r1
*.200 .0CC .0cr .oee .c0C J757-02  L8E7-02 L107-01 L1%0-€Q .2C1-C1 .282-0F .3C1-Cl .345-C1 .386-C1
2,300 .008 000 060 <000 +17R-07 .506-07 ,9%9-02 Lt41-01 .192-01 .283-01 .291-%1 ,316-01 ,377-nt
7.000 .0CO +G6C +0LC - JLuo J12T-C2  LANE-C2  L066-02 L133-C1 .18'-01 ,278-C1 ,2€2-01 .327-C1 .368-C1
~.500 .000 000 -coe <000 .000 . .388-02 .796-02 .125-01 .178-C1 .225-01 ,L.273-C1 ,318-0F ,363-"1
2.600 500 X144 .crc .cce Stee - #331-€2 ,726-02 L117-C1 .1FR-(1 .216-C1 ,269-01 .308-01 .3%51-C1
2.700 .0N0C .000 .ocn .000 .000 «275-02 ,6%7-02 .109-01 .157-01 ,207-01 ~.25%-Cl ,301-01 ,382-C1
7.800 +0CG .con Ndid¢ -LGL .ECC «215-02 L£97-07 L102-C1 .189-01 ,.199-01 -247-C1 ,292-C1 ,333-C1
2.900 .8CO" +000. «0C0 .000 .non *148-0> ,529-07 .9885-02 L101-01 .190-01 . .239-01 ,233-01 ,325-71
T.000 .O00C «00C .oce .coc .rce 000 SMEE-02 LA7F.€2  .137-C1 ,182-01 ,2!C-01 .274-C1 .316-C1
1.100 .000 +000 <009 -0na .100 -000 «801=-02 .805-02 .126-01 .174-01 .221-01 ,266-01 ,308-01
v.200 +00C .cec .occ 06 .ccc - 000 33002 L735-C2 .11B-C) L166-01 .213-C1 .258-01 .299-C%
3.%00 .000 . 000 000 .000 +000 +000 «265-02 .568-02 L111-01 .158-01 .205-C1 .2%9-01 .291-C1
.00 .0EC B {14 .CLC .£oc Ryq4 .000 .183-02 JFC2-C2 ,L103-C1 .15C-Ct .1°7-C1 .201-C1 .282-C1
3.500 .0N00 000 <0no .000 <009, «000 .000 «512-02 .951-02 .iw2-01 .189-C1 ,233-01 ,27e-C1
T.€0C .000 .cce K14 .00 .ccc -060 <CLe SAF2-(2 .B91-C2 ,17%-01 L181-01 .225-€1 ,266-C1
3.700 .000 000 <060 -000 000 - -000 .000 +388-02 .81%-02 .127-01 .173-01 ,217-01 ,258-01
1,800 .0CO- .oer .occ .ce0 .ccc -000 Nd:14 S310-€2  .788-£2 ,12¢-C1 L1ES5-Cl .209-03 ,25C-€1
3.900 .NCO .800 .000 .000 .000 .000 .000 «216+02 .675-02 .112-01 L157-01 ,201-C1 .2s2-01
0,000 .CCO .oon .0(C .00 444 +C00 N4 -000 «662-02 ,105-01 ,15C-01 .193-C1 .23s-C1
%100 .00 <000 000 .000° -000 «000 +000 +000 52502 .97%-02 .132-0F ,1a5-C1 _226-C}
0.200 .0C0 .cec .0c0 ..ot -CCe +000 .coe .00 JAME-C2 - ,900-02 ,175-C1 .178-C1 .219-C1
<000 .000 .0on 000 +000 <000 -0an «000 «357-02 ..825-Q2 .127-01 ,170-01 ,211-C1
.coc .00 000 +C0C .cce 000 +CCC .C00 -249-02 _788-C2 ,120-01 .163-C1 .2C3-01
«coe .000 «0C0 +C00 +£00 -000 000 -000 .000 .670-02 .112-01 .1%5-01 .196-01
«0C0 .coC .0cc .coe .cCC .000 oot -0C0 «000 .587-C2 L108-01 .148-C1 .188-D1
.0no . 000 .000 «000 <000 +000 .Qur <000 .000 49302 ,967-C2 .180-01 ,181-Ct
.C00 . 007 -.0CC +€00 .tce -060 N . <000 .000 +%C2-02 ,888-02 132-C1 .173-C1
«000 .009 .008 .000 «000 .000 0u +000 -000 28102 .8C8-C2 .125-01 ,166-C1
-000 .00t +oLr «£00 444 -000 ~06L .C00 N1 .000 »725-C2 +117-01 .158-01
.000 <000 «000 .0na -000 <000 <010 «000 .000 .000 .538-02 ,109-01 ,151-C1
-0C0 .coC N]ds ree +CCC €00 .tut LT .0c0 .000 +S83-C2 .102-01 .183-C12
.000 .000 .onc .con .000 .000 .000 000 .000 +000 2837-02 ,9%6-02 ,136-C1
+0CC .cot. .Cre +[00 N J44 .0Co .cot -€00 .0€0 - -C0G +307-C2 .853-02 .128-C1
«nec »00n0 .00 <000 «00n «000 -000 «000 +000 +000 000 .767-02 .121-01
-000 .00C .]{¢ LU0 . ofCC - 000 .0ut 000 -0C0 " 000 +£0c +£75-C2 .113-Ct
-000 .000 .000 .000 «000 -000 «000 +000 -000 +000 .oeo +576-02 ,10%-01
.000 .cor .0cC 00 -CCC .000 Rilg .000 .000 .coe +C2C «962-C2 .967-C2
+000 .000 - «000 +000 «000 <000 000 +000 .000 .000 . .000 .326-02 ,883-02
<000 .coe .0ce «CCC K414 +0c0 .cot -000 »0C0 - 000 -000 .000 .795-C2
.000 .000 <000 .000 <000 ° .000 .000 «000 «000 +000 .000 .000 ~701-02
-0C0O .00C .oce Nqd] K444 .cco -06C -000 .000 .ccc .0C0 .00C «599-02
.000 <000 +000 +000 .000 +000 +000 -000 .000  .600 .000 .000 «403-02
«000 -C0C 4] -00C .coc .000 .00C «£00. - ,000 .000 .cee .C00 -340-C2

000 . .000 -000 «000 .000 -000 <000 .000 «000 +000 .000 -000 .000

000 «00¢ +0C0 «CCC 414 .000 N1 +000 -000 -000. .000 .C00 .000

© «080 «000 +000 +000 -000 +000 +000 .000 - <000 .000 +000 <000 .000

-n0e .00t . .0CC «LCO N {44 .000 -CLC .C00 +000 .000 - .00C .co0 -00C

<000 +000 «000 «080 .000 -000, +000 . <000 <000 +-000 .000 .000 <300

2 The intensity spectra are calculated for photons emerging
normal to the shield and are normalized per incident electron.
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6.4.2 Bremsstrahlung Energy Current for Arbitrary Shield Thickness

The results of the preceding section for the production of bremsstrahlung

' radiation were all obtained for monoenergetic electrons incident on shield
thicknesses equal to the ranges of the incident electrons. The photons

which are produced in these shield thicknesses often will have to pass through
additional shielding material to reach the dose point. The additional shield-
ing affects both the angular distribution and energy spectrum of the brems-
strahlung energy current. The angular distribution of the bremsstrahlung
current will tend to become more forward peaked in the direction of the
normal to the exit plane. Photons which are originally traveling at large
angles with respect to this normal will have a greater probability of being
absorbed or scattered than photons traveling in the direction of the normal.
Also, the low energy end of the photon energy spectrum will be attenuated
much more rapidly than the high energy end of the spectrum because of photo-
electric absorption. Finally, Compton scattering will shift photons from
higher to lower energies and change their directions. Detailed calculations
which treat the entire photon transport problem are possible only with sophis-
ticated gamma-ray transport computer codes. However, space shielding cal-
culations seldom require a complete description of the energy and angular
dependence of the bremsstrahlung radiation. Estimates of the dose deposited
by bremsstrahlung, for example, can be performed using buildup factors. If
an energy spectrum is one of the desired quantities in the calculation, a

first approximation can be obtained by neglecting entirely the photon buildup.
In this approximation the bremsstrahlung energy current JIS?IS (E,E,6,,T,7)
will be given by the current determined using the intensity calculated for shield
thicknesses equal to the electron range R (E) times a s1mp1e exponential
attenuation term

Fiso 3 _ [ Iso ' -u(E’, Z)(T-R. cos 8
(O)(E E 8, T,2) = JS (E, E’, ey, R0 Z)e N o)/ y

’

(6. 43)

where u(E’,Z) is the mass attenuation coefficient for photons of energy E’
in a material of atomic number Z. An improvement to this approximation is
obtained for the bremsstrahlung emerging normal to the target (6, = 0) by
using the single Compton scattering model discussed in Section 5. 4. . In this
approximation JF°°(E,E’,0,T,Z) is given as
iso i - ! -
Tq (B> E40,T,2) = I o (B, B, 0, R , z)e #(E DT R)

+j dE"JlSO(E’,E”,ey,RO,Z)C(l)-(E",E') , (6.44)
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where C(l)(E “ E’) is the probability of a photon of energy E” downscatter-
ing to an energy E’ and is given as

N Z

C(l)(E”, El) = __Z—_

o HENT-R __-u(E")(T-Rg)/cos 6,

d'o ¥/ 4
& w,m)|¢ W(E") - J(E") cos 5

dE

(6. 45)

==

where N, is Avogadro's number, Z and A are the atomic number and
atomic weight of the shield material, do/dE’ (E“,E") is the Klein-Nishina
cross section for Compton scattering from a photon energy of E” to an energy
of E/, and pu(E’) and u(E”) are, respectlvely, the mass attenuation coef-
f1c1ents for photons of energy E’ and E” .,

Examples of the bremsstrahlung spectra emerging at zero degrees with
respect to the shield normal are shown for various shield thicknesses in
Fig. 6.14. It should be emphasized that this treatment of scattered radiation
is still only approximate. Accurate calculations demand the treatment of
scattering to all orders and can only be done with photon transport computer
codes. _

6.4.3 Dose Due to Brems’s’trahlung Radiation

For shield thicknesses ]ust equal to the range of the electrons one can use
the bremsstrahlung energy current defined in Eq. 6. 42 to calculate the dose
d(R Z,E, Z') defined in Eq. 6.17 as

E -,‘ iso S
-nj‘o dE’y, (E,Z)J (E,E’,0,R ,Z)

dR,Z,E,2’)

E 1 .27 /2 )
=xj'0 dE,Iﬁ(E"Z’TT‘rO dwej'o sin §  cos 6

IS(E, E’, 0, Z)AT(EI 1Z,8,,0, Ro)d'ee ) (6.46)

where u,(E’,Z’) is the mass absorbtion coefficient for photons of energy
E’ in the dose material. The quantity d has the units of

(sctrmbes)

Sr incident electron

To obtain the dose for shields thicker than the range of the electrons
one must modify Eq. 6.46. This can be done in several ways.  First, one
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Photon Intensity (MeV ‘MeV  Sr incident electron)
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Figure 6. 14.

Photon Energy (MeV)

Bremsstrahlung intensity spectra due to an isotropic
flux of 2 MeV electrons incident on one side of an Al
shield. The thickness of the Al shield is shown for the
various curves.
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‘might neglect the effect of the scattered photons and calculate the dose due
to only the uncollided photons. The quantity d then becomes

E

d(T, Z, E, yA ') Ny ‘I' dE’ ua (EI 1) JlSO (E, E’,O, RO) Z)e-u (Z)(T'Ro)
i | o |

(6. 47)

For shields only slightly thicker than the range of the electrons this should
be an adequate approximation. It will, however, considerably underestimate
the true dose for thicker shields, especially if they are of low Z material.
A first order analytic correction is obtained by using the single on&Pton
scatter model discussed in Section 6. 4. 2. The quantity JiSO e-u(Z

is replaced in Eq. 6.44 by the quantity J1§9) (E,E/,0,T,2) of Eq. 6,41 and
the dose is approximated as S

AT, Z,E,2') ~x[ dE'n (E',Z’) [J;SO(E, E',0,R ,z)e M{ESZNT-Ry)

4 J‘ dE” J‘S° (E,E"6_,R, Z)c(l)(E",E')] , (6. 48)

where C(l) is defined in Eq. 6.45.

For still thicker shields one can use buildup factors and write the dose
as »

d(T,Z,E,Z) = [ dE'y, (B} 2)I7°(E,E,0,R , Z)BUENT-R )]+ GLu(E)T-R)]
| | | (6.49)

where B(pu x) is a dose buildup factor (for a tissue absorber this quantity is often
referred to as an exposure buildup factor) and G(ux) is the attenuation kernel.
Both the buildup factor and the attenuation kernel depend on the geometry of the
problem and are discussed in Section 5.4. In the present problem one is con-
cerned with a source of gamma-rays distributed on some surface which completely
surrounds the dose point. The angular distribution of the gamma-ray source
varies between cos 6 for the high energy photons and cos 172 gtor the low energy
photons. Buildup factors are not tabulated for this problem. A conservative
estimate of the dose will be obtained by using the buildup factors calculated for

a point isotropic source in an infinite medium and writing the dose received from
a differential solid angle as
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E

d(T, Z, E, Zl) = xJ‘o dE'IJa (E' ')JISO

(E’E')O)'R ’Z)B [u(E')(T"'R ):b- u(E,)(T-Ro)
o pt | o : .
(6. 50)
Figures 6. 15 and 6. 16 show the thickness dependence of the dose

d(T,Z,E,Z") for the bremsstrahlung produced by an isotropic flux of mono-
y energetlc electrons incident on one side of shields of Al and Pb. These doses

" are also 11sted in Tables 6.6 and 6. 7.
6.4.4 Dose Due to Bremsstrahlung Produced by a Spectrum of Electrons

The dose calculated for a spectrum of electrons isotropically incident on one
side of a shield is given as

D(T,Z,29 = [ dE 222 ‘I’(E) hd(T,2,E,2') . (6.51)

where d(T,Z,E, Z' ) is given by Eq. 6.50 and & (E) is the full space omni-
direction flux of electrons. The values of D (T, Z,Z’) have been calculated
for an electron energy spectra given by simple exponentlal functions,
electron energy spectra given by Vette's AE2 electron environment, and
also for Vette's projected (1968) orbital integrated electron spectra and
are discussed below,

6.4.4.1 Dose Due to Bremsstrahlung Produced by a Spectrum of Electrons ;
Exponential Spectra

The bremsstrahlung dose transmitted through Al and Pb shields for exponen-
tial spectra of incident electron are shown in Figs. 6.17 and 6. 18 In these
figures the quantity

7T MeV

D=

is plotted. This quantity corresponds to the bremsstrahlung dose per 1nC1-
dent electron per cm# per unit solid angle. The units of D are '

dE P e PEy(T, 2, E, 7/ | (6.52)

Rad cm2
’ Sr incident electron

156



10

Transmitted Dose (Rad cmz/Sr incident electron)
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F1gure 6. 15. Bremsstrahlung tissue dose transmitted through Al

- shield caused by an isotropic flux of monoenergetic

. electrons incident on one side of the shield. Curves

are normalized per incident electron. The incident
electron kinetic energies are listed in MeV on the
figure (Calculated from Eq. 6.47).
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Transmitted Dose (Rad cm?/Sr incident electron)

-
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Figure 6.16. Bremsstrahlung tissue dose transmitted through a Pb
shield caused by an isotropic flux of monoenergetic
electrons incident on one side of a unit area of the shield.
The curves are normalized per incident electron. The
kinetic energies of the incident electron are listed on
the figure.
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Bremsstrahlung Transmitted Dose (Rad em?/sr Incident Electron )
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Figure 6. 17 Bremsstrahlung tissue dose transmitted through an Al
shield caused by an isotropic flux of electrons incident
on a unit area of one side of the shield. The electron
energy spectra are given by N(E) = Pe-PE, The values
of P are listed on the figure. ' ‘
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Transmitted Dose (Rad cmz/ Sr Incident Electron)
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F1gure 6. 18. Bremsstrahlung tissue dose transmltted through a Pb
shield caused by an isotropic flux of electrons incident
on a unit area of one side of the shield. The electron
energy spectra are given by N(E) = Pe~ PE  The values
of P are listed in the figure. : '
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The values of D for the transmitted bremsstrahlung are listed in Tables
6.8* and 6.9 for shields of Al and Pb.

6.4.4.2 Dose Due 'to Bremsstrahlung Produced by a Spectrum of Electrons;
Vette's AE2 Electron Distribution

The bremsstrahlung dose transmitted through Al and Pb shields has been
calculated for several of the spectra given by Vette in his AE2 electron
environment. The transmitted dose is given for this case by the equation

7 MeV . |
D(T) = « fo ~dE N(E, L)X(T, Z,E, Z') (6,53)

‘'which as the units of

( Rad cm2 ' )
Sr incident electron (E EO)

Graphs of the transmitted bremsstrahlung dose through Al and Pb shields
are shown in Figs. 6.19 and 6. 20 for several values of the spatial parameter

- L. Lists of these doses are given in Tables 6.10 and 6.11. (N.B. The

AE2 Electron Environment is considered to be outdated by space scientists. )

6.4.4.3 Dose Due to Bremsstrahlung Produced by Vette's Projected (1968)
Orbital Integration Data o -I0P

The bremsstrahlung doses were calculated for Vette's projected (1968) orbi-

tal integration electron spectra. The bremsstrahlung dose in this case is
given as

T MeV ) | | o
D =] dE‘I-‘_QEI.HAAl AT,Z,E,Z') - (6.54)

o 0

*It should be pointed out that these values differ from the values calculated
by Watts and Burrell (56) for a similar electron source for two reasons.
First, Watts and Burrell calculate the dose behind a slab of material as-
suming that the photon source is a plane of isotropic emitters. As was
pointed out in Sect. 5.4. the dose due to the uncollided photons from such
a source falls off as E1 (ux) rather than e #X, This produces a change

in the shape of the dose transmission vs material thickness relative to,
the shape calculated by Eq. 6.52. Second, they normalize their source
strength to the total number of photons produced rather than the intensity
at zero degrees as is done in the present treatment. If one modifies the
above equations to apply to a plane source, attenuates the uncollided doses
as E1 (ux), and normalizes the calculations to the total photon source
strength, the results of the present calculation and those of Watts and
Burrell for a ""half-space isotropic' photon source agree remarkably well.
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TABLE 6.9. TRANSMITTED TISSUE DOSE
FROM BREMSSTRAHLUNG CAUSED BY AN
ISOTROPIC FLUX OF ELECTRONS WITH AN
ENERGY SPECTRUM GIVEN BY N = Pe "PE
INCIDENT ON ONE SIDE OF A UNIT AREA

OF A Pb SHIELD. 2

Thickness (g/ cmZ)

.'........"U

O DB OVW N IR NN FE WWNIN
DMLV NOND NI NMOIND MO NN

e 4 8 9 ¢ ® 5 &

o

T«000 4,000 10.0C0 20.0CC ug.cee
«856=-11 .B838-11 .558-11 I75-11 WIl8-11
«2T4-11 4249-11 <154-11 L860-12 .?265-12
»110-11 J°26-12 ,527-12 .272-12 .750-12
«539-12 J429-12 ,.226-12 ,108-12 .270-13
«200~-12 .228-12 L112-12 ,L,5C2-13 .11£E-13
«182-12 ,133-12 L,613-13 L,257-1F .5u43-14
«117-12 .822-12 I87-17  L141-17 - .278-14
»785-13 .532-13 ,218-13 ,813-1% .150+1y
.545-13 e 356-132 0138"13 JURT-14 .8‘“&-15
«388-13 L.245-13 ,.896-14%4 ,L300-14 L491-15
«283%-13 »173-13 «5287-14 «1°0-14 e283-1F%
«210-13  124-13 ,406-1% ,122-1% ,.178-15
«158~13 .802-14% ,280-14% .8(4-1% L11t-15%
«121-13  <665-14% ,197-1% ,.535-1%5 .699-16
«937-14 L U487-14 L140-14% J3E1-15 .4H7-1%
«733-14 +37%-14 ,100-14% L246-15 283~16
e57B-1l4 o 2B5-14 L727-1% <170-15 J18%S-1§
«U61-14 .21°2-14 L532-15 ,118-1% .125-1§6
«370-14% .169-14 . ,383-1% ,.828-16 .822-17
«299-14  L131-1% ,292-15 .585-1% .558-17

2 The top heading gives the th1ckness of Pb in
The first column gives the value of
P, The remaining columns g1ve the trans-

mitted tissue dose in (Rad ¢m2/Sr incident
electron).

g/cm?2,
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£C.C00

«E98~-12
«H1FE=-12
«1U43-13
+590-14
027214
«12Z6-14 -
«716-15
.39“‘15

«274-15

«131-15
078?:°16
+H76-16
.295-16
«128%-186
«118-16
o 7RE-17
~430-17
«321=-17
«212-17
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- Figure 6. 19. Bremsstrahlung tissue dose transmitted through an Al
shield caused by an isotropic flux of electrons incident
on a unit area of one side of the shield. The electron
energy spectra are given by Vette's AE2 electron
environment. The L values associated with the electron
spectra are shown on the Figure. The curves are
normalized per incident electron. (N.B. The AE2
Electron environment is considered to be outdated by
space scientists. ) o
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F1gure 6.20. Bremsstrahlung tissue dose transmitted through a Pb
shield caused by an isotropic flux of electrons incident
on a unit area of one side of the shield. The electron
energy spectra are given by Vette's AE2 electron
environment. The L values associated with the electron
spectra are shown on the Figure. The curves are
normalized per incident electron. (N.B. The AE 2
electron environment is considered to be outdated.)
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TABLE 6.10. TRANSMITTED BREMSSTRAHLUNG TISSUE DOSE CAUSED
BY ISOTROPIC FLUXES OF ELECTRONS WITH ENERGY SPECTRA GIVEN
BY VETTE'S AE2 ELECTRON DISTRIBUTION INCIDENT ON ONE SIDE OF
‘ A UNIT AREA OF AN Al SHIELD.
(Rad cm2/Sr incident electron)
(N.B. The AE2 Electron environment is considered to be outdated
by space scientists. )

Thickness (g/cm?2)

4 6 8 10 15 20 35 50

.136-11 ,137-11 ,128-11 ,125-11 .104-11 .832-12 .396-12 .181-12

1.50 .132-11 .134-11 .126-11 ,123-11 ,102-11 ,824-12 ,395-12 .183-12_

2,0

2.5

3.0

3.4

4,0

5.0

- 6.0

.652-12 ,660-12 .616-12 .600-12 '.500-12 .400-12_ .192-12 ,892-13
.560-12 .568;12 ;524-12 .512-12 -.420?12 .332-12 _.151-i2 .652-13
.628-12 .636-12 ,588-12 .576-12 .472-12 .371-12 .168-12‘ .716-13
.756-12 .764-1é ;712-12 .692-12 _.572-12 . 452-12 .208-12 ;9i2f13
.848-12 .856-12 ,800-12 ,780-12 ,644-12 .508-12 ,236-12 .104-12
.436-12 .440-12 .404-12 ,394-12 .319-12 .248-12 ,108-12 .436-13

.281-12 ,284-12 ,257-12 ,252-12 .200-12 .147-12 ,640-13 ,244-13
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TABLE 6.11. TRANSMITTED BREMSSTRAHLUNG TISSUE DOSE CAUSED

BY ISOTROPIC FLUXES OF ELECTRONS WITH ENERGY SPECTRA GIVEN

BY VETTE'S AE2 ELEC TRON DISTRIBUTION INCIDENT ON ONE SIDE OF
A UNIT AREA OF AN Pb SHIELD.

(Rad cm / Sr incident electron)

(N.B. The AE2 Electron environment is con51dered to be outdated
by space scientists. )

Shield Thickness (g/cm?2)

L 2 4 10 20 40 50

1.25 .302-11 .249-11 .144-11 .748-12 .207-12 115-12

1.50 .3oof1i .249-11 145-11 m2-12 .219-12 .122-12

2.0 .154-11 .122-11 . 692-12 .372-12 '.;10-12 .628-13

2.50 .122-11 .940-12 .496-12 .239-12 .668-13 .326-13
3.0 .134-11 .104-12 .544-12 .258-12 . 636-13 ';337-13
3.4 +163-11 .130-11 .704-12 .346-12 .896-13 .484-13

4.0 .184-11 .147-11 .804-12 .399-12 .1o4fiz .564-13

5.0 .900-12 . 668-12 ..164-12 .136-12 .299-13 .152-13

6.0 .580-12 .394-12 .161-12 .604-13 .111-13 .532-14
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where &° (H, 1) is the orbital integrated electron flux for a circular orbit
of height H and inclination )averaged over one day with units of '

( electrons )
2
MeV cm day

The units of D_ are

Rad ) }
Sr day o

The values of D, are listed in Tables 6.12 and 6.13 for Al and Pb
shields. Flgure 6.21 shows the values of D for 30° orbital
inclination for shield thickness of 1 and 10 g/ cm? as a function of
orbital height.

6.5 UNCERTAINTIES AND ERRORS

There have been several assumptions made in the development of the formal-
ism of Section 6. The errors and uncertainties these assumptions can in-

troduce into the final results will be discussed here. The assumptions which
have been made are: :

The primary electron flux is isotropic.

o  The shielding material is thm compared to other dimensions
in the problem.

° The effect of interior shielding can be replaced by selectively
increasing the thickness of the surface shielding. This is a
complex geometry problem and requires the use of soph1st1cated
computer codes to analysis.

The angular distribution of the radiation which reaches the
interior surface of the shield is emitted from a differential
area of that surface with a cosine distribution with respect
to the surface normal (this assumption is equivalent to
assuming that the geometry of the shield is spherically
symmetric about the point of interest).

The possible errors introduced by the use of these assumptions will be dis-
cussed below,

6.5.1 Isotropic Electron Flux

The electron flux encountered in space is not isotropic. At any point in
space where there is trapped radiation more electrons will be moving
perpendicular to the magnetic field lines than in any other direction. Also,
there will be no electrons traveling in the direction of the magnetic field
line within the electron loss cone. One expects that the assumption of iso-
tropic electron fluxes will lead to errors in the instantaneous dose rates.
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TABLE 6.12.
FROM BREMSSTRAHLUNG CAUSED BY AN ISOTROPIC FLUX OF
ELECTRONS INCIDENT ON ONE SIDE OF A UNIT SOLID ANGLE OF
AN Al SHIELD. 2

‘Inclination | ;59
(deg)
30 0243~75
60. «345-9)3

Oe s219-37
3D 0e941-233
60, «651-933

[\ e411=04
3p. 0 j22-32

60 e184=92

(] 0217-32
300 1444632
60 *516=22

Qe e 196-31
3D 1946+~ 31
40+ e 142=1

[ v766=3!)
30 ¢e545=01
80 #327-921

«X] 02246+ -

3g. «112+1)
[ 1.0 2646931

O ¢363+7)
30, 140+
800 0896~}

[ X3 ©320+79
30, «105+))
60 . ¢798-3!

O «128+3)
300 052”'3!
60 eS584~01

(a)The top heading gives the thickness of Al in g/cm2. The first column gives
the value of P. The remaining columns give the transmitted t1ssue dose in

(Rad/Sr day)

"2420)

+333-35
$449=03

+333=37
REBLD P
+855-91

0562=24
o167=32
e244-32

0296-3
e610-32
«687-32

0267-31
«269-31
e191-21

+105+3)
e745-01
¢ 442=-31

«310+29
v153+22
0 903-9¢
e497+1)
19143)
«122+32

«439+33

0143439

e108+3)

«175+032
o716=31
«783=91

4209

+336=235
«45]1=33

»302=37
e119=32
¢e86:3=))

0557’04
s 169-932
+246-22

°299-02
vblb=)2
04692=02

«273=91
«272-01
*192~01

+10643)
¢753-01
s 446=31

313499
*154+00
«917=Q1t

«533+932)
s ]194+n0)
*123+3)

e444+09
¢145+30
¢ 109+99

«178+9)
«725=91
0786=D1

6,000

»341=0S
«455=02

+3205=0Q7
«121=02
¢869=03

0573'04
e171=32
»248-02
«302=02
024~02
«599=02

«273-01

+275=01

«194=01

«107+00
e 7463=01
+452~01

«317+00
+ 15600
«728=01

«509+00

«1946400

e124+00

4450400

s 147+00
«110+00

«180+00
«734=01
«795=01

Thick_ness (g/cmz)

8.000

+393=05

+420-03

«272=07
«117=92
0796=013

s512=04
¢153-02
2 226~02

«270-02
+556=n2

0635=p2

«244=0}
«245=-p1
e175=01

«955=01
0679-0l
«405=01

0252;00
«139+00
+831-91

+453+p0
o1 74400
«111+00

+399+00
+130+00
0988'Ol

«1460+00

+653-01
0720-01
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10.000

u293'05
«410-03

+268-07
e} 14=-02
«778«03

+503-04
0150‘02
022102

0265-02
0546=02
0621=02
0240=01
«2%1=01
«172-01

+939-01

0b668-01

e398<-0}

2784390

~«137+00

«816-01

«445+020

e171+00
«109+00

2393+00
«128+00
«970=-01

«157+00
0642-01
0705-01

15.000

»235-05

¢334=03

v211+=07
0997~-01

04630=-03

¢e394-04

e113=92
»178=-02

e2C9-02
«431=02
.499#02

«189-01
e190=01
e 137=01

+740-91
«527=01
edlb~0]}

«219+00
«108+00
e 547=01

¢351+00

«135+00
«866=01

+309+00
«101+00
«772=01

. el24¢00

«506=-01
¢5646=01

23.000

«179-05

0262-03

w161=07
«833~03

49103

«dp2-04
e902-03

«l138-02

°«159-02
¢328-02

. e3B86~02

vl44=01

.lﬂS-Ol.

«106-01

¢565-01
«401-01!
«243-01!

¢«167+00
«821~01

thﬂé‘Ol

«267+00
«103+00
e664=-01

0¢235+00

e769=01
«593-01

«944-01
«386-01
438-0!

TRANSMITTED TISSUE DOSE FOR CIRCULAR ORBITS

35.000

+728=96

el17-03

64708
«470-23
«215~03

«122-04
©366-03
+594-03

«eb46=D3
«133=~02

e165-02

ySBé‘éZ.

«588-02

“H444=02

S «230-01
e163-01

«101~01

vb78=01
«333=01

«205-01"

.108000
e417-01
0275=-01

+953-01
«J12-91
«247=01

«384-01
e157=01
187-01

50.000

e273=06
«489-04

«236-08
0263-01
«886~-04

1 449-05
«137=03

0239'03

+240-013
«501~03
06563-03

0220-02
v222=02
«175~02

«665-02
v614=02
0393=02

e255=90]
«126-0])
«791=02

«408-01
«157-01
«106=-01

0358=-01
118=01-
e 965~02

-145-01
1 599=-02
«750~-02



Height
(nm)
2250
2500
2750
3000
3600
4000
4500

5000

5500

7000
8000
9000

10000

Inclination 1.750
_. (dep)

Qe «528=3}
30 «220~01
60 *e475-31

Qe »231-21
0. «134-01
40 484~

0+ «151=31
Q. v126=31
60+ «515=-01%

Qe e118-01

. 30 ojb1=931
40 ¢575=91

[ I e109=01!
30 «J24-31
60« 0472-01
Oe ¢154=01
30 +598-01
60 «793=91
Qe «312-21
3ge. «102+39
60« ¢939-31

Qe +518-21
30« o141+3)
40 011092
Qe «976=91
Ine  191°+0)
60 «130+9Q0
O e163+30
30. «242+Q0
LY. o 147+03

. O 0329+Q2
30 ¢324°0)
40 +172%Q90

O +422+99)
30 «319+0)
[ 1.23 e165+03)
O «393¢30
30 0263+9)
40 e 134492
O+ 303492
3g. +198+30
Y03 «997-91

2.000

71301
¢299=31
«626=01

«315-21
e179-M
0635=)1

0 234-31
e167-01
0674=31

¢1463-21
e213=31
¢752=31

e147=31
«920-21
«877=21

«235=21)
«773=Q1
+103+00

e412=31
e132+3)
+122+Q0

«4673=01
+181¢09

v143402

0126+3)
«246+))
s168+00

«209¢290
e31 132
¢190+00

«422+0)
H1742)
0222400

«542+00
«412+39
214940

«S07+00
«343+00
0175433

«395*29
¢263+00

*131+99.

" TABLE 6.12 (CONTINUED)

4.000

*723-9}
«3932-21
0629=0}
*319-D}
s182-901
«438=01

+237~21

s 1569=93} -

*477=31

«163-01
«212-01]
¢755=31

elN9=(]
*422«31
«881-01

+233%=91
«777=93)
«104+00

+417-p14
«13343)
123409

s6’78=01
«182+00
«l44+00

«127+D)
224753
e}69+230

*«210+00
*+312+09
«191+00

04923+00

*419+00
2223+0)

543400
414400
«214430

+508+00
s344¢0

e175+00°

-306000_

*261+30
¢132+09

6.000

¢738-0}
«306~01
¢2346-01

«323=01
+184=01
0645=01

«210=0}
«171=01
«883-0)

e1465=01
2140

«742=0)

+151=01
e426-0)
«889=01

«211-0)
«788=0)
«105+00

04222
0134400
e 124400

¢686=01
«184+00

¢ 145400

+128+09
« 2499400
170400

«212+00
«315+00
«193+00

«427400

«422+00
«225400

+548400
+417¢03

‘e216400

«513+00
«J47+0Q
« 177400

«400400
+264400

«133+00

Thickness (g/cmz)

8.000  10.000
j657'01 2b846=0)
«274=91 0269-21
«582=91 «568-91
«288=p1 ¢283-21
e165=01 +162-01
«592=01 v578=01
«187=01 o184%=01
«155=01 +152-0%
«628=01 e414~01
e147=01 o145=-01
e 194=01 ¢192=-01
+702-01 +485=-0)
+135=01 e133=-01
«394=01 +3B4~-01}
«819=p1 +799=01
«191=91 +187-01
«726=01! «708=01
«966=01 +943-01)
eJBl4=g] 0376-91
e124400 «1210)
«ll4e00 ol11900
0632=01 «617=01
«171+00 0166400
«134+00 «131+00
«119900 <114+09
2231400 +225+30
2158400 154420
«197+00 192400
0293900 <2850
«179+00 174400
«398+00 387400
¢392+00 +382+00
+208+00 +203+30
«510+00 «4974+00
¢387+00 377400
+200400 4195409
s 476400 24944400
«320400 313400
+163400 +159+09
2369400 «340+00
¢242+00 4236400
«122+00 +119+00

172

15. 600

«S11=01
«2123-01
+%60~01

0224=01
«129-01
s469-01

s 1446~-01
«123-01
«499-01

«115~01
+155-01
55701

«126=0}
«3l4=0]
*651-01)

+150-01
+581=01
«769=01

«304=0}
v 994~01

«?10-0}

«505=01
«137+00

+107+00

«950-01
«165¢00
e126+00

+158+00
«234+00

«1492+00

«3)19+00
«314+00
«164+00

+409+00
+309+00
«160+00

«33§*00
«255+00
+130+00

«293+00
«192+00
«?64=0)

20.000

$391-01
+163-01
¢359-01

e171-=01
«998-02
«367-01

«112=-01
«954-02
+391=-01

+882-02
c122-01

“436=01

81802

«248=01
«510=-01

ol17-01
+458=01
«603=01)

«237-01
e784=01
«715-01

«398=01
+108+00

«842-01

«751=01
«l46+00

«989=01"

125400
218500
«112+00

«253+00
e243+00
131400

«324+00
+«243+00
e124+00

«300¢00

«200+00

"+102400

«230+00
«150+00
«753=01

35.000

ei161=01
eb78-02
*157-01

«710~02
v424-92
«l162-01

s467=02
417=02

«173=01

e3b69=-92
eSH4-0Q2
2194=01

*349=22
*112-01
«227-01

+513-02
+208-01
2269-01

«104~01

. +357=01

«320~-01

o181=-01
e492=01

«378-01

+345-01
«468=01
2444=01

«5772=01
«845=01
«807=~01

*116+00
«113+00
«592~01

*148+00

«110¢00
¢565-01

«137400
«893-01
+453~-01

+102+00
¢455=-01

+330~01

50.000

«626~02
W266~-02
Wb46=-02

«277=02
«171=02
v673-02

«185=02
«174-02
«721+=02

e147=02
0232=02
«809-02

el143=-02
e986-02
+953~02

e217-02
«903-02
o 113=0)

«440-02
0 154%=-01
+135-01

«788-02

21301

s 161-01

«152-01)
«290-01
«191=01

«254-01}
«366=01
«217-0}

«510~01}
°492-0}
¢253=01

eb46=01
«469=01
«240=0)

+588=01
0375+-01
«190=-01

«427=01
0268=0])
«135-01



TABLE 6.13. TRANSMITTED TISSUE DOSE FOR CIRCULAR ORBITS
FROM BREMSSTRAHLUNG CAUSED BY AN ISOTROPIC FLUX OF
ELECTRONS INCIDENT ON ONE SIDE OF A UNIT SOLID ANGLE OF

) A Pb SHIELD. 2

' Thickness (g/cmz)
Height Inclination S
(nm) (deg) ~ 2.000 4.000  10:000  20.000 40.000 50.000

150 39 ¢783-05 +454=05 +157-05 +582-06 «139-06 «786~07
60¢  «952-03 +724-03 ¢363-03 +168=03 .406~04 +214-G4

O  o64907 ¢397=07 o139=07 o457=08 +773=09 +365-09
300 30. 0315-02 +314=02 21702 +138=02 +520=03 +333-03
80 e185-02 4134=C2 0635=03 ¢286=03 +689-D4 4366-04

O« +123-03 +751=G4 +264=04 B895=05 +167-05 +B836=0¢
450 ap. 0392=92 4226~02 ¢792=C3 «291-03 «687-04 4386-04
' LX) 0537=02 ¢369-32 . «165-02 «716-01 e17C=03 090804

, . O 0661-02 ¢399=02 141202 L497-C3 +103-03 54504
600 30, ¢193-01 +B831-C2 «290=02 +107=02 +254=03 «143-03
60 ¢152-31  +103=01 +450=02 +193-02 +463~03 +248-03°

Qe ob10=N1 e Jéh-01 0 129=01 «470=-02 ‘n]07'02 «591=023
800 30 63201  +367-01 ¢128-01 os475=02 +115=02 +65}~02
' .60 e433-Cl  +276=C1 «J13=01 o467-02 +113-02 +615=-03

Oe «2493+00 2143400 ¢503=C1 +186-01 o443=02 L249-02
1000 30 178400 o102¢30 +352=01 ,132-01 ¢325=02 4186~02

60 «102+403 +629-01 ¢ 243=C1 +980-02 ¢239-02 +133=0C2

) 0737400 423400 147400 o548-01 «135-01 +775-02
1250 30 367405  o209+C0 . o716=01 +268~01 +473~02 438702
) 60« ¢213+400 ¢128%CD 48201 o192=01 «H476=-02 +267-02

D¢ «¢1204Q1 +678+00 «231%00 +865-01 +218=~C1 +126-01
1500 3ge eH86+CD 261400 88901 +334=01 «B51-C2 492-C2
60 02B86+0C +172+400 64601 ¢259-01 +649=02 4365-02

- ) e e - _
O¢  o108+51 5984C0 ¢201%00 +75!=01 «193-01 J112-01 "
1750 3D0e . ¢353+C0 196400 +663=nN1 +251-0]1 +6499-02 +378-02
60¢ 025400 S ISS*IL #8040 J24B-D)  ¢620~02 34602
Q¢ «436%00 o241400 +822-01 +316=01 «835-02 +489=02 .
2000 30 - 0179400 99101 ¢342-01 13301 _¢357-02 +209-02
60¢  ¢179%CO ¢1174CO  ¢SD1=D1 +218~01 = «542-02 +297-02
, " 06 e1B84Q0 102400 36601 153=0] 44002 26202
2250 30e | e761=01 42901 15801 4669=02 +190-02 112-0D2
 60¢  9139°C0  +978-01 +459-01 +208-01 51502 +278-02
" @e  «817°01 +451=Gl +163=01 +688-02 199-02 +119=02
2500 .30 0453=01 26901 +108=01 J486=02 139-32 +808=03
. . 60¢  «138+400 «1014C0 «488-01 ¢223-0] o546=02 291-02

}_.._4 - - . - e ‘- - e mimme . .. - . e = e . e .
! 0e  e537=0) 29701 11001 +478=02 +141=02 +845-0)
2150 2300 . «408=01 _0263-01 «118-01 o557-02 «156-02 +895-0)3
60, ¢145¢0C 108400 +528-01 24301 +592-02 ¢315=02

(a)The top heading gives the thickness of Pb in g-/cmz. The first column gives

the value of P. The remaining columns give the transmitted tissue dose in
(Rad/Sr day). o '
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Height Inclination,

(nm) -

3000

3500

4000

4500

5000

5500

6000

6500 .

7000

7500

8000

30

- (deg)

Qe
30
60

Qe

30«
60

Qe
60

. 0‘.
30

60

Qe
30

60

Qo
A0
60

Qe
30
b0

(1)
30

60«
Qe
30
60

Os
30
600

O
30

60>

! 2.000

e 424=01
e 494=01
v161+Q0

»387=01
»939~-01

+187+Q0

¢e526=01
e 169+Q0
0221*00

«966=01

2 285+00
0261+00

e 149400
+390+C0O
+3046+0C

«274+09
v527+G0
+358+CO

0 4S2+0C

e 665+060

0405*00

2 904+CO
«890+€0
e472+G0

1l6+01
«e874+00
453400

0208‘61
0723+G0
«368+C0

+831+G0
e546+00
0275*90

TABLE 6.13 (CONTINUED)

4,000 .

¢236~=01
e343-01
+120+00

e223=01
o 704-0C1
«141+00

+328=01

¢+ 130+00
e 167+00

e 659=C1L

0223400
¢199+50

¢ 113+00C
2 307+00

«e235+00G

«217+00
«H17+0C
e278+00C

«361+0C
«527+0C
0315*QU

2727+G0
«707+0D

+368+00

0926#°0

+683+00

+351+00

«850+00C
«S54+0D0
0281*00

+634+00
s 405+00
W 2CH* 00

Thickness (g/ cm2)

10.000

»884-02
0165901
1 595-011

0898'02
¢ 361-C1
+705=01

s 145=01
e 679=01
+839-01

+ 304=0!
«117+00
+101+0G

«581=01!
v 162+00
-chfﬁc
e115+00C
«221+00
v 143+00

*194+00

279400
+163+60

«393+00
0 376+00
e 192400

s {49E6+00
»355+00
0181+00

s H48+00
»280+00

"elG81%00

«318+00
e 195+00

«981=01

174

20.000

¢e390=02
«799=02
«274=01

17«02
«177=G1
.326"01

«702=02
0332‘01
e391-01

s 144=0])
«567=01

»473=01

«288=01
u788"01

.‘366-0‘

«e575=01
.681-01

e 964~01
«136+00
«779=01

e 195+00
«183+00

«913=01

s 244+C0
«169+00
+851=01

«216+00
«129+00

W 652=01

2 146+00

863=01

0“34'01

40.000

.116'02
e220=02

vb667=02

e126=02
eH475~-02
«8C2=-02

«213=02
«881=02
e968=02

cH4G7 =02

«148=01
«118=01

0806'02

206=01)

«143=01

«159-01
0281'01

T e173=01

e261-01
e351=01
5197-01

e511=01l
0473'01
«229=01

0629=G1

QHZO'GI

«211=01

«544=01

v312=01.

o157=01

«347-01
' 197-01
e991=02

50.000

e 694=-03
e124=02
0354-02

«751=03
e263=02
«427=02

e126=02
e 484=02
«518-02

«235=02
+804«02
e635=02

e456=02
«113=01
2766=02

e894«02
e153=01
«930-02

e 145=01
«190~C1
0106-01

0278=01
0256~01
0123-01

.3“0'01
e224~01

«112-01

0291-0!
s 165-01
QBZS'OZ

0181’01
e102~-01

¢511=-02
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circular orbital integrations at 30° inclination -as
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A simple example will serve to illustrate the uncertainty in instantaneous
measurements introduced by the assumption of isotropic electron fluxes.
Consider, for example a spherical Al spacecraft which has considerable
shielding (10 g/cm ) everywhere except for a small window which subtends
0.1 Sr and whose thickness is 0.5 g/ cm2, If the window is directed into the
electron loss cone one would expect a much lower dose rate than if the win-
dow were randomly oriented with respect to the magnetic field lines. For a
2000 nm circular orbit at a 30-degree inclination the dose for the first case
would be due entirely to bremsstrahlung, and from Table 6. 12 would be

D(dR:;) 0.075 (47 -.1) = 0.125 R/day . ‘ (6.55) '
For the second case the dose would be mainly. due to electron penetratmn
and from Tables 6. 3 and 6. 12 would be

D(%%g) - 54,6 x0.1+0.075 (47 -0.1) =5.5 R/day  (6.56)

or a factor of 40 higher than the first case.

Thus, instantaneous dose rates may be substantially in error if one
assumes an isotropic primary electron flux. Average doses or doses for
orbital integrations should be substantially more accurate, however.

6.5.2 Thin Shields

For most applications the assumption that the shields are thin with respect -
to other dimensions in the problem should be valid since the range of 6-MeV
electrons in Al is less than one inch. The physical dimensions of the entire
system will be typically on the order of several feet so little error will be
introduced in assuming a thin shield. Also, shielding on the order of feet

of material will produce enough attenuation so that the radiation from other
portions of the shield will dominate the problem and only small errors will

be introduced. A

6.5. 3 Assumption of Spherical Geometry (or of a cos 8 d1str1but10n for the
penetrating radiation) »

The errors introduced by assuming a spherical shield geometry surrounding -
the dose point (or equivalently, assuming a cos 6 distribution of the penetra-
ting radiation) cannot be calculated unless the actual geometry of the
problem is known. An estimate of the error for a shield thickness less than
about10g/ cm? can be obtained by assuming a uniform spherical geometry

and calculating the flux of particles through a spherical isotropic detector

at different positions inside the sphere. The number of particles through
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this detector, as a function of the distance from the center of the sphere,
will be given by the expression :

Jg °(6,) sin 6d @

cos Fh

where J i5”0-(¢9n)is the actual angular distribution of the radiation emerging from
a unit differential area of the surface, 8, is the angle between the direction
to the detector from an element of the surface and the surface normal at

that point. The geometry is shown in Fig. 6.22. The relationship between

6 and en is given by ‘ : : .

N(r) = 2'n,rc:’ (6.57)

. r .
sin @ =g sing , - (6.58)

where r is the displacement of the detector from the center of the sphere
and R is the radius of the sphere. For electron penetration I(en) is given
as I(en) =0.23 (0.717 + cos g n) cos § = and N(r) reduces to

, ,, 2 g [1/2
N(r) =27 (0.717) . 2+ 27 [ |1 -=— sin®g| singde  (6.59)
| o R

which can be integrated to yield

N(r) = .92n (0.717) + .46 7 [1 N %(% _%) m(%)] C (6.60)

Thus for electron penetration N(r) decreases from a valué of

N(0) = . 927 (1.717) = 4.95  (6.61)
at r = 0 (the center of the sphere) to a value of

N([R) = .467(2.434) = 3.52 (6.62)

at r =R or the surface of the sphere. This corresponds to intensities
approximately 40 percent higher at the center of the sphere than at the edges.
The angular distribution for bremsstrahlung produced in electron range

thick targets by an isotropic flux of electrons incident on one side of the tar-
get range can be cT}Sulated assuming a cos A, distribution for the high energy
photons and a cos 8, distribution for the ilow energy photons. .The photon
intensity for a geometry such as shown in Fig, 6.22 will be constant as a
function of r for a cos § distribution and will be given by the expression
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Figure 6. 22. Geometry for calculation of error
introduced by assuming spherical
dose point centered geometry.
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1/4
m ' r2 2
N(r) =2n [ sing ds 1 - —5 sin '
| o R

for a cosl/ 2 6. distribution. The function N(r) for this case increases by
a factor of two as one increases r from zero to R.

For shields thicker than about 6 g/ cmzj only the bremsstrahlung will
be important. As the shield thickness increases,the transported photon
angular distribution will become progressively more forward peaked. For
shields thicker than about one mean free path the assumption of a cos 6_
distribution will become progressively worse and substantial errors will re-
sult, Problems such as these (unless they are spherically symmetric to begin
with) are best done with photon transport codes. '

6.6 ELECTRON TRANSPORT USING THE STRAIGHT-AHEAD AND

CONTINUOUS SLOWING-DOWN APPROXIMATIONS

Most problems which deal with the penetration of protons and other
heavy charged particles through material use the straight-ahead approxi-
mation. The particles are assumed to slow down in a straight line, losing
energy continuously as they stop, The angular distributions of the particles
from their original lines of travel caused by multiple electron or nuclear
scattering are assumed to be small. For protons and other heavy charged
particles this approximation is very good. Electrons, on the other hand,
can suffer large deviation from their original lines of travel as they slow
down and can suffer large energy losses in any given collision. It would
seem, then, that the straight-ahead-continuous slowing approximation
would not be good for electrons. Nevertheless, this approximation
offers distinct advantages for complex geometry calculations and is useful
for obtaining order of magnitude estimates for these types of problems.

6.6.1 Straight~Ahead Approximation For Electrons

It is assumed in this approximation that the electrons have a well
defined range; that is all of the electrons of a given energy are assumed
to traverse the same thickness of material before they are stopped. It
is also assumed that the energy of the electrons after traversing a given
thickness of material is given by a function which depends on the energy
of incident electrons, the atomic number of the material, and the thickness
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of the material along the electron's line of motion. These assumptions
should be contrasted with the experimental observations that the trans-
mitted fraction is a smoothly varying function of the material thickness
‘(See Fig. 3.3) and not a step function, that the energy spectrum of the
transmitted electrons (See Fig. 3.6) is smeared and not a delta function
and that the angular distribution of originally monodirectional electrons
is quite broad after penetrating fairly small thicknesses of material
(See Fig. 3.7), and not a delta function. Obviously, the straight-ahead-
continuous slowing down model is a very poor approximation for mono-
directional beams of monoenergetic electrons incident on a material.
For problems dealing with electrons which have a broad spectrum of
energies many of the errors introduced by the model cancel however,
and reasonable results are obtained.

6.6.2 Space Applications of the Straight-Ahead Approximation
For Electron Transport ‘

If a coordinate system is set up at a dose point on the interior of
- a space craft, the penetrating flux of electrons from the direction
in the solid angle dQ with energies between E' and E' + dE' will
be given in the straight-ahead approximation as :

@(E',0 ) dE' = @(E,0) dE | - (6.64)

if the ""range" of the electrons of energy E is greater than the shield
thickness along the direction  and

PE,Q)dE' = 0 (6. 65)

if the "'range' of the electrons of energy E is less than the shield
thickness along the direction . In Eq. 6.64 ¢(E, Q) is the primary
electron flux between the energies E and E + dE in the direction Q
about the solid angle d2 . The energy of the penetrating electrons E'
is assumed-to be a functlon of the initial energy E and the shield
thlckness t(Q) along the direction

= F(E, t(Q)) | o (6.66)
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The dose at the point is given by weighting the transmitted flux
@(E', 1) by the flux to dose conversion function (See Appendix C) and
integrating over the transmitted energy dE' and the sol1d angle dQ
Thus the dose is

D, (Z) =f4;mde' Q(E,T) « & (E,2") (6. 67)

where « aE (E',Z'") is the flux to dose conversion function for the
dose material Z'. Equation 6.67 can be solved if the primary flux
¢(E, 0 ), the transmitted energy function F(E, t( )) and the thick-
ness t({}) are known. ,

One method of obtaining an analytic expression for Eq. 6.67 is
given by Watts and Burrell (58) who use a parameterization for the
extrapolated electron range (See Sec. 5.2.2) in Al to obtain a func-
tional form for F(E, t (Q)). They use a parameterization of the
extrapolated range

1/2

2 -
r (E) = [% + bz] b (g/em?) (6.68)
a )

where E is the electron kinetic energy in MeV, a is 1.92, and
b is 0.11., The degraded electron energy after traversing a
thickness of material, t ,can be obtained from the relationship

r (E) =r_ (E) +t - . (6.69)

and is given in this parameterization as

2 | 1/2 .
2 21\|E 2
E | = a —-aT + b -t -b (6.70)

they also obtain an expression for the instantaneous stopping power

%E(— (E', Z') from the range formula since

dE (6.. 71)
axX

glal-
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Using these approximations the dose of Eq. 6.67 becomes
| | 1/2
R

D '—K de "dE  ¢(Q,E) 6.72)
Tot /4 f L@ T e |

where ¢( Q,E) is the differential primary electron flux and E' ( Q)
is given for different thickness of material t(Q) by Eq. 6.70. The
" minimum energy limit on the integral Epin (Q) is the minimum
electron energy for which penetration will occur and is given as’

9 ’ ]1/2,

E in(Q) =a [zbt(Q) + t7(Q) ~ (6.173)

Alternatively, Eq. 6.72 could have been written as an integral over
the degraded energy E'. The equatlons seem to be equally complex

6.6.3 Comparison of Straight-Ahead Approximation to Other Methods |

The simplest comparison for a broad beam situation is to compare
the doses one would obtain for a broad parallel monoenergetic beam .
of electrons normally incident on a slab of material using the para-
meterization of Sec. 5 and the straight ahead approximation. For the
parameterization of Sec. 5 the dose ata point detector behind the slab
would be given by

D = Kf de dE' T(Z,E,t) #(6)S (E,E',T) - (6.174)
' 27 0] :
< E @ &,

dX

. where T(Z,E,t), #(6), and S(E, E',t) are the transmitted fraction,

angular distribution (not to be confused with primary or secondary
flux) and transmitted energy spectrum defined in Sec. 5.2. The
cos 6 factor in the denominator of Eq. 6. 74 converts the angular
distribution which is a current to a flux. Using the expression
for ¢(6) given by Eq. 5.9 for shield thickness greater than 0.3
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the extrapolated range
¢ =0.23 (0.717 + cosg) cos@ _ (6.175)

yields a total dose given for the parameterizafion as

E

Dy, = 1.75 T (Z,E,t) K~/;> dE

dE (E', Z)s(E E' t) (6.76)

The dose calculated using the vstraight ahead model for the similar
geometry is given as

D., = 5 aen B s@Ee, B (1)) 6.77)
Psa T "fo x - o | '

where E' (t) is determined by Eg. 6.70. If it is assumed that the

energy spectrum of the transmitted electrons S(E, E', t) is close

to a delta function or that dE is a very slowly varying function,
X .

the integrals over energy for Eq. 6.76 and 6.77 will be similar.

It is seen that the doses calculated by the two methods are approx1-

mately related by the equation

Dgp =~ DPar-/1.75 T (Z, E, t) 6.178)

The transmitted fraction T(Z, E, t) is unity for small values of t
implying that Dgp will underestimate the dose for thin-shields.
For thicker materials the transmitted fraction will drop below a
value of 0.55 and Dga will be an over estimate of the actual dose.
For a spectrum of electron energies these effects tend to cancel.
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Watts and Burrell(sg) compare the doses calculated by the
straight-ahead approximation with those calculated by Monte Carlo
methods for electrons with exponential energy spectra incident on
slabs of Al. They find that for both normally incident and isotropic
electron fluxes, the comparisons are quite good. This would seem
to indicate that, for these cases, most of the errors have canceled.
This leads to the expectation that space shielding studies using the
straight-ahead continuous slowing down model will yield reasonable
results. ' : :
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APPENDIX A

COMPARISON OF EXPERIMENTAL THICK TARGET
BREMSSTRAHLUNG DATA WITH PARAMETERIC FITS



INTRODUCTION

The parametric representation of the thick target bremsstrahlung data
discussed in Section 5 is compared with the experimental data in this
appendix. The data were obtained with beams of electrons normally
incident on targets equal in thickness to the range of the incident electrons.
The curves have been displaced to allow a better comparison between the
data and the parametric representation. In the figures the top curves
(experiment and fit) are normalized correctly. Each of the other pairs of
curves have been multiplied by a factor of one-half from the normaliz-

ation of the curve above it. Thus, the top spectrum is correctly normalized,
the spectrum at the next angle has been multiplied by one-half, the spectrum
at the third angle has been multiplied by a factor of one-fourth and so
forth. o
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BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr + electron)
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See Introduction to Appendix A for normalization
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BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr - electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV ¢ Sr + electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV + Sr + electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV ¢ Sr * electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV « Sr + electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV * Sr ¢ electron)
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. BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr - electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr « electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr * electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV ¢+ Sr ¢ electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV - Sr - electron)
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BREMSSTRAHLUNG INTENSITY (MeV/MeV Sr - electron)
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APPENDIX B

RESULTS OF 'ETRAN MONTE CARLO CALCULATIONS



INTRODUC TION

The rese.lltjs of ETRAN Monte Carlo(57) Calculation by Watts and
Burrell'96) are reproduced here. Electrons with energies of 0.5-,
1.0-, 2.0-, 3.0-, 4.0-, 5.0-, 6.0- and 10.0- MeV were directed at
slabs of aluminum. The transmitted fraction, backscatter coefficient,
energy transmission coefficient, energy reflection coefficient and
energy deposition for both monodirectional beam and half-space iso-
tropic sources are tabulated as a function of incident energy and direc-
tion and slab thickness. Thicknesses are expressed as T/Ro where T
is the thickness in g/cm2 and R, is the appropriate csda range ing/cm
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TABLE B-1.

Shield Thickness
(T/R)

Dol
0¢2
0.3
[+ P93
Qe5
Qb
Qe?
Oe8
0.9
1¢0

: Shield Thickness |

(T/R)

Oel
062
03
Qe&
0e5
046
0.7
08
0e9
1.0

Shield Thickness

(T/R)

0el’
0e2
0.3
Qo4
Oe5
06
0e7
0.8
Qe9
1.0

ELECTRON TRANSMITTED FRACTION FOR AN
ALUMINUM PLANE SHIELD

0

0+9912
C.9128
0.7732
0.6004
044012
042032
0.0752
0.0164

. 0.0008

0.0000

0

0.9976
049436
0.8176
06432
044428
0e2424
0.1028
060232
0.0024
00000

10120
049772
0.8892
0.7388
-0e5380
0e3284
061460
0.0348
0.0044
0.0008

(Energy = 0.5 MeV)

Incident Angle (deg)

30 45 60 75

049696 049120 067657 05600
048540 047557 0e5963 0e4227
0+6960 045853 O0est37 043003
045072 V4060 02837 0e1793
043236 042323 01527 040856
0+1512 . 040953 ~ 000563 00313
00500 0.0270 0e0150 00060
Ue0064 060006 Ce0O13 Qe00U3

U.0012 0,0023 0.2000 0.0000
0.0004 0,0000 040000 0e000D

89.9

0.2162
0.1675
0.1125
0.0667

 0.0290

0.0095
00032
00000 -
0.0020
0.0000

(Energy = 1.0 MeV) |

Inmdent Angle (deg)

-30 : 45 60 75

-0e9797 0.9208 0.7900 045780

0.8767 Qe7763 066286 04411
Q0.7183 C0eb6189 044699 043104
0e5433 064429 03107 0.1884
03560 0.2709 Qe1678 00937
01763 061237 001036 ° 040333
0.0613 Ga0397 0.0207 - 060077

0.0123 0.0000 00028 0.0002 .

040010 040077 0.0009 0.0000
0.0000 00000 00000 00000

89.9

Q+2114
0elb626
Oelllé

. 060651

0+0284
060092
0.0028

- 0«0005

0.0000
0.0000

(Energy = 2.0 MeV)

Incident Angle (deg)

30 45 60 75

0+9980 0.9531 0+8295 0¢5969
09213 0.8188 0.6650 044518
0.7833 06683 064962 043251
0.6110 064946 03415 042027
04253 043154 Ve1830 0.1022
0+2323 041491 00845 040384
00926 05286 0.0235 0.0082
0.0223 00005 Ue00L32 0.0011
0.0020 Ve0108 0.0G002 J«00G2
0.0000 . 00000 0.000C 040000
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89.9

042060
041577
041077
040671
040308
00177
Qe0027:
Qed0U1
U« CUCU
0.0000



Shield Thickness
(T/R)

Oel
042
0.3
Qb
0+5
Oe6 -
Q.7
0.8
0.9
1.0

TABLE B-1. (CONTINUED) -

0.

1.0180°

1.0010

" 049424
. 07968

046092
0.3500
0.1928

" - 00588

0.0060

| 040004

Shield Thickness =~

(T/R)

[\I}Y
042
0«3
Oeb
0«5
046
Q7
0.8
0.9
1.0

Shield Thickness
(T/R} -

Oel
0e2
O3
Oeb
Oe5
Oe6
0.7
0.8
G.9
1.0

.. 0

‘140260
1.0150
0.9624

”0.8441
006769

0.4605
042449
0.0899
040159
0,0007

1.0330
1.0240

049852

0.8856
0.7132
0e5032
0.2812
061024
0.0216
0.0004

(Energy = 3.0 MeV)

Incident Angle (deg)

30 45 60 75

1.0100 049797 0.8790 0.6282
0.9530 048548 046977 044653
0.8387 0.7123 0.5285 0.3336
0.6727 045343 Ce3620 0.2098
04960 043563 - Q2122 041053

042803 041843 - 040972 0.0406

0.1237 0.0731 0.0300 0.0111

- 040300 0.0014 0.0050 0.0013

00023 0.0134 - 0.6000 0.0000
0.,0000 0,0000 0.0000 0,0000

89.9
02020
041537
0.,1071
0.0638
00334
0.0121
0.0025
0.0002
040000
0.0000

(Energy = 4.0 MeV)

.Incident Angle (deg)

‘30 45 60 75

1,0200 0.9906 - 0.8925 026453
09723 908777' . 07195 - 04756
0.8703 - 0.7383 0e5542 0¢3456
047103 0.5543 ~ 043787 042169

Q5350 03789 0e2325 0ell44

043380 042149 041140 040440
041570 0.0880 040355 0.0117
1040510 0,0025 0.0060 0.0024
0.0066 0,0231 0.0005 040004
04,0003 0.0000 0.0000 040000

89.9

C.1980
0.1473
0.1027
C.0652
00354
0.0137
0.0024
0.0007
0.0000
0.00600

(Energy = 5.0 MeV)

~ Incident Angle (deg)

30 46 60 75

140220 140020 049237 046593

0.9880 0.9057 0+7515 064862
049007 - 067660 065795 063444
047497 - 045897 044075 0e2156
045657 0,4097 .02400 Delle?
043703 042394 0e1145 00488

041917 040985 040400 0e0146

0.0593 040045 Ue0Q085 0.0024
0.0100 0.,0277 0.0010 00004
0.0000 0,0000 0.0000 0+000u

203

89.9
Oel924

- 0e1409

0:.0940
0.0618
0.0328
0.0127
040032
040002
0.0000
040000



Shield Thickness
(T/R)

Oel
Qo2
De3
Oeb
0e5
Q6
Oe7
Oe8
0.9
1.0

Shield Thicknéss
(T/R)

Osl
0e2
0e3
Qet
0«5
0eb
0.7
0.8
049
1.0

TABLE B-1. (CONTINUED)

0

1.0320
1.0340
0.9896
09092
0+7548
Q0.5576
0.3232
Cel268
0.0272
00,0000

0

1.0480
140460
1.0210
0.9648
0.8700
0.6820

004480

Q.2240
0.,0638
0.0084

30

l.0250
1.0010
0.9120
067820
0.6033
04409C
02180
UeV773
060140

0.0000

30

1.0620
140320

0.9787

0.8473

0.6930 .

0¢4987
0.2987
041307
Os0313.

040020

204

Incident Angle (deg)

45

140150
049200
0.7828
0.6129
004263
0+.2520
0.1169
040051
0.,0314
0.,0000

45

. 1.0280
0.9834
.0.R583
007143
0.5314
043457
0.1746
040697
000122
0.0011

(Energy = 6.0 MeV)

60

09380 .

047605
05875
‘004212
0e2525
Cel235
0+0465
C.0102
0.0015
0.0000

60

09830
C.8282
0.6532
Oes712
043040
0.1600
00665
0.0180
0.0025
0.0000

.75

0.6778

044929
043542
0.2236
061242
0.0515
0.0140
0.0026
0.0002
00000

75
07378
065553 °
043804
062338
0.1178
00488

040135

0.0026
040006
00000

89.9

0.1854
0.1380
0.0918
0.0567
0.0284
Q.Ul10
0,0031

B PYVIVIV Y

0.0000
UeuU00

(Enérgy = 10.0 MeV)
Incident Angle (deg) :

89.9
041540
0+1103
0.0737

0.0437
0.0200

040072

G«0018
Q.,U002
Q.00
00000



TABLE B-2. ELECTRON BACKSCATTER COEFFICIENTS

FOR AN ALUMINUM PLANE SLAB

Shield Thickness
(T/R)

Oel
Os2
Oe3
Qeés
Qeb
Qeb
Qe?
0.8
0e65
1.0

Shield Thickness
' (T/R)

Ol
0e2

. 0e3
04
0e5
Qa6 .
Q.7
0e8
0e9
1¢0

Shield Thickness
(T/R)

O«l
042
0.3
Quts
0.5
046
067
0.8
0.9
1.0

0
040176

‘0.0656

00984
0.1020
0.1020

041020

0.1020
061020
0.1020
041020

0

0.0132
0.0556
0.0868
0.0920
00920
040920
0«0920
00920
0.0920
0.0920

0

0.0100
0.0332
0.0548
0.0592
0.0592
0.0592
00592
0.0592
0.,0592
040592

30

040398
0.1180
0.1516
Oel1548
01548
0el548
0.1548
061548
0e1548
O.1548

30

040350
0011093
01440
0e1470
01470
041479
0¢1470
01470
0.1470
041470

30

0.0246
0.0813
0.1067
041107
0.1107
0.1107
001107
01107
0.1107
0.1107

205

Incident Angle (deg)

45

00970
0.1910
062177
0e2203
042203
0e2203

002203

0.2203
0.,2203
042203

Incident Angle

45

0.0962
041874
0.2143
0.2160
0.2160
0.2160
0.2160
02160
02160
042160

45

0.0714
041577
.0e1789
0.1806
041806
0.1806
0.1806
U.1806
0.1806
0.1806

(Energy = 0.5 MeV)

60

0+2493
0¢3417
03597
043610
0e3610
0+3610
0e3610
043610
043510
03610

60

0e2347
043253
043433

. Qed446

Qe3446
Qe3446
03446
0e3610
Qe3446
Qe3446

- 75

044510

005160
0e5267
0+5267
0e5267
045267
045267
0+5267
045267
045267

75
004533
0+5187
045302
045309
045309
045309
045309
05309
0.5309
045309

89.9

0.7892
O0+8115
Q0e81l42
O0.8145
0+8145
048145
048145
0eBL45
0.8145
0eB1l45

(Energy = 1.0 MeV)
(deg)

89.9

0.8157
0.8371
Q08418
Qe«8418
08418
0+8418
0eB8418
0«8418
0.8418
0.8418

(Energy =2.0 MeV)
Incident Angle (deg)

60

042015
042935
03102
0.3115
0e3115
063115
063115
Oe3446
063115

0-311?

75

0.4420
0.5064

.045160

045162

Qe5162°

0e5162
0.5162
0.5162
0.5162
05162

89.9
0.8261

. 0«8435

048463
0.8464
D.8464
0:8464
0.8464
0.8464
0.8464
0+8464



w T

Shield Thickness
(TVTQ)

Oel
042
Oe3
st
Oe5
Qeb
Qe7
Qe8
049
1.0

Shield ThickneSs ‘

(T/R)

Oel
0.2
0e3
Q¢4
045
Qeb
0.7
Oe8
0.9
1.0

Shield Thickness
(T/R)

Oel
" Q2
043
Qe
045
Qa6
067
0.8
0.9
1.0

TABLE B-2.

0

0.0052
0.0180
0.,0312
0e0352
00352

" 060352

00352
0.0352
040352
040352

0

00050
040146
060267
00299
0.0301
C.0301
0.0301
040301
0.0301

- 0¢0301

0

0,0048
0.0108
0.0192
0.0228
0.0228
0.0228
0.0228
0.0228
0.0228

. 0.0228

30

00163
00650
0.0860
0.0890
0.0890
0.0890
0.0890
0.0890
040890
0.0890

30

040146
040523

" Q0746 -

00760
0.0760
0.0760
0.0760
0.0760
040760
00760

30

040090

040370
0.05086
0.0520

0.0520
040520
0+0520
0.0520
0.0520
00520

206

(CONTINUED)

Inmdent Angle (deg)

45

040565
041351
061577
Vel586
0s1586
0el586
Jel1586
Oel586
0es1586
Del586

(Energy = 3.0 hde\f)

Incident Angle (deg)

45

0.0491

0.1151
0.1329
041343
0.1343
0¢1343

0e1343.

01343
041343
0s1343

60 75
041705 044389
042650 0.5058
042830 065151
062840 045153
042840 0e5153
02840 0¢5153
062840 065153
043115 Q0e¢5153
042840 045153
042840 045153

(Energy =

60 75
041590 04364
062540 045040

. 062710 0e5122
02722 045124
Oe2722 O0e5124
0e2722 045124
0e2722 -0e5124
02840 0e¢5124
0e2722 065124
0e2722 0e5124

Incident Angle (deg)

45

040397
0.0985
0.1151
0s1157
041157
0.1157
0.1157
0.1157
0.1157

241157

60

041390
0.2287

062450
Ce2457

0e2457
Ce2457
0e2457
0.2722
062457
05,2457

76

004271
044929
0.5018
0.5018
0.5018
045018
0.5018
0.5018
0.5018
045018

89.9

08470
0486463
0.8665
08665
0+8665
08665
0.8665
0+8665
‘0+86465
0.8665

4.0 MeV)

89.9

- 0eB667
08833
0+8853
0.8854
VDe8854
0.8854
0¢8854
0+8854
048654
0.8854

(Energy = 5.0 MeV)

89.9

0.8885
049038
049055
049055
049055
0.9055
049055
049055
0.9055
049055



TABLE B-2. (CONTINUED)

(Energy = 6.0 MeV)

Shield Thickness I“CIdent_Angle (deg)

(T/R) 0 30 45 60 75 89.9
Oel 0.,0056 0.0103 040302 041310 044240 048995
"0e2 0.0096 00283 00842 062130 046878 09155
0e3 0.0176 040397 0.1000 042292 © 044962 0e9165
Oets 0.0204 . 040416 01003 Ce2300 0¢6962 09167

 0e5 00204 0.0416 041003 0+2300 0¢4962 - 049167
06 . 0.0206 040616 001003  0.2300 04962 09167
0.7 0.0204 00416 0.1003 042300 De4962 049167
Oe8 0.0204 040416 0.1003 0.2300 044962 069167
0.9 0.0204 040416 0.1003 0.2300 044962 . 0.9167

1.0 0.0204 0{0416 0.1003 0.2300 044962 0.9167

§

(Energy = 10.0 MeV)

Shield Thickness Incident Angle (deg)

(T/R) 0 30 - 45 .60 - % 89.9
) Qel 040052 001086 . Q¢0254 0s1012 0+3831 069437
0e2 0.0088 0.0166 . 040565 0el1665 0¢4449 . 049556
0.3 ‘ 0.0120 0.0233 0.0680 - 0.1810 0e4502 09558
Qet 0.0132 0.0248° 00682 0.1817 044502 049558
0e5 0.0132: 0.0250 = 040682 0.1817 04502 0.9558
Ceb - 0.0132 0.,0250 ~0.0682 01817 0+4502 0.9558
0e7 - 0.0132 040250 0.0682 . 0.1817 044502 0.9558
0.8 0.0132 0.0250 0.0682 Cel1817 044502 0.9558
09 0.0132 040250 - 040682 0.1817 0.4502 0.9558
1.0 0.0132 0.0250 0.0682 0.1817 04502 . 049558

207



TABLE B-3. ELECTRON ENERGY TRANSMISSION
COEFFICIENT FOR AN ALUMINUM
PLANE SHIELD '

Shield Thiékness :

(T/R)

0.1
0.2 .
0.3
Cels
0.5
Qe6
Oe?
Oe8
Q.9
1.0

Shield Thickness
(T/R)

0e¢1
0.2
03
Oets
0e5
Oeb
067
0.8
049
1.0

Shield Thickness
(T/R)

Ol
0e2
0e3
Qe
0e5
0«6
0.7
0.8
0.9
1.0

09097
047444
0.5379
03509
041937
00814
Ve0257
Ve OU4Q
040001
0. 0000

069063

- 047508

05497

'003603

0.2035
0.,0898
0.0298
Ce 0051

0.0005

V.0000

0
0.9064

0.7654

0.5840
0.4007
0.2342
0.1128
0.0385
0.0071
0,0007
0.0000

30

0.8772
0e6667"
04692
Ge2861
Oel487
00585
0e0156
"QeULlB
00002
00000

Incident Ahgle (deg)

30

0.8700 .
066637
04564 .
02867
0.1510
0.0603
0.0165
"Le00623
0.000]1
Q«VLO00

30

08745
0.6821
0.4327
0.3109
0.1719
0.0740
0.0232
040043
000()03
Q0000

208

45

067917
065586
043666
0+213¢
041005
040349
0.0081
0.0007
0.00U01
0.0000

45

047868
0.5551
0.3686
002202
0+1093
C«0403

0.0107

0.0015
0.0000
V0000

45

07997
05656
043794
J.2316
041194
Q040458
C.0129
0.0021
0.,0000
V.0000

(Energy = 0.5 MeV)
Incident Angle (deg)

0.0000

~Incident Angle (deg)

60 75
0e¢6326 0e4407
0+4174 0e2746
042620 001655
061405 0.0825
£e0623 0.0335
0e0197 00099
0e0U4] 00016
Ue0002 V0000

- Qe0UCD 00000
0.0000 0.0000

(Energy

- 60 75
046355 044310
- Qebl4a2 0s2680
- 02581 Qel574
0el415 00794
040630 0.0325
Ve0235 V0099
0.0249 0.0017
Ce 0005 00000
00000 . 0.CO00
V0300 040000
(Energy =

60 75
066442 04264
Oe4121 062571
0¢2553 Vel529
01427 040785
00644 0.0326
00231 00099
Ce0052 - 0.0017 .
UeQ004 0.0001

- 0«0000 0.0000
0«00V0

89.9

0¢1653
0.1061
0.3605
00297
0.0107
0.0031
0.0007
0.90000
0«0Q00
Q.0U00

1.0 MeV)

89.9

041532
040957
0.0553
0.0266
0+0099
00028
0.0006
00000
040000
J¢0000

2.0 MeV)

89.9

0+1398
0.0864
00492
0e0246
0s0092
0.0027
0.0005
0.,0000
040000
0,000



Shield Thlckness
(T/R)

Os1
02
Ne3
Oet
0.5
0«6
0.7
O.8
0.9
1.0

Shield Thickness
' (T/ R)

0ol
0e2
0e3
Q¢4
Qe5
O+6
Q0.7
CeR
0.9
1.0

Shield Thickness
(T/R)

Oel
Oe2
0e3
Qets
Oe5
0e6
067
0.8
(o3 -]
1.0

TABLE B-3.

0 30
0.9048 0«8798
07704 06992
0.6140 0-5992
044298 0e3354
0.2594 0e1943
0.1317 0.0859
0.0490 Ue0289
0.0111 0+0053
0.0008 ‘040003
0.00090 - 0. 0000

0 30
09035 08804
0.7800 067064
0.6232 065219
04473 0e¢3476
0.2837 0.2081
0.1437 041021
0.0607 00366
0.0163 00086
0.0021 00008
VeJVUO Q0000

0 30
049033 0:8821
0.7866 Qe7187
046428 0¢5376
0e4751 0e3643
043054 0.2189
041686 01119 °
0.0711 040441
0.0186 0.0099
0.0027 0.0010
00000 0.0000

Incident Angle (deg)

209

45

0.8132
0+5814
03955
0.2420
Q0e1208
0.0534
0.0158

0.0021°

0.0002
Ve0CI0

Incident Angle (deg)

45

0.8169
05904
0.4020
0.2460
0e1342
0.0598
U.0189
0.0035
J«0003
0.0000

Incident Anglé (deg)

45.

0.8281
046026
04133
042558
Oelsl2

040205
0.0044
0.0005
0.0000

0.0647.

(CONTINUED)

(Energy = 3.0 MeV)

60 .

066643
0e4197
0.2591
0el451
0.0687
0.0247
0.0060
0.0007
0.0000
L.0000

 75

064260
062492
0¢1471
Q0745
0.0301 -
0+0094
0.0018
0.0001
Q0000
0.0000

- 89.9

0.1300
0+G778

00444 -

0.0223

040095

0.0026
0.uU04
040000
0.0000°

- 06 00UV

(Energy = 4.0 MeV)

75

. 60 89.9
0¢6694 04275 0+.1228
0+4254 0e2482 060727
042630 061459 00412
0+1470 00747 0.0214
0.0719 00318 040093
0.0274 00100 0.0028
0.0065% 0.002G - 0.00u4
00008 0.0003° 0+0000
0.0000 0.0000 0.0UGO
0.0000 00000 040000
(Energy = 5.0 MeV)
60 75 89.9
0+6852 04280 001149
0e4341 062427 0.0655
0.2688 01408 040369
0s1508 040719 060192
00721 0e0318 0.0082
0eQ274 . 060106 0+0025
0.0075 0.0026 0.0005
00010 040004 040600
0.0001 0,0000 00000
0.0000 040000 0.0000



Shield Thickness

(T/R)

Oel
Qo2
0.3
044
0.5
‘a6
0.7
0.8
049
1.0

Shield Thickness

(T/R)

0.1
062
0.3
Qe
05
Oeb
07
C.8
09
1.0

TABLE B-3.
¢ 30
09027 0.8810
0.7891 07247
0.6488. Ce5458
0.4877 063778
0.3212 02348
0.1856 0.1240 .
0.0808 0.05013
0.0229 00130
0.0037 040015
0.0000 00000
0 30
0,8991 0.8773
0.7844 07329
0.6587 005714'
045200 0+4050
0.3716 042634
0.2271 0+15C0
[V B TYA 00679
0.0413 00210
0.0087 0.0039
0.0007 060001

210

Incident Angle (deg)

46

08327
-0+6078
0«6181
0.2619
0s1656
0.0678
0.0232
0.0048
0.Q006
U.0000

45

048374
06349
0s4464
042936
Qe1756
0.0902
Ve0350
0.0098
0.0013

0.0000

(CONTINUED)

(Energy = 6.0 MeV)

60

0e6911
0e4354
042666
0.1521
00745
0.0287
0.0081

. Ce0013

0.0002
0.0000

75

044279
02386
041397
0.0726
0.0316
00106 .
00022
0.0003
C«00C00
0.0000

89.9

0e¢1106
000626
040340
00169 -
0.0069
0.0021
0.0004
0.0000 "
0.0000

040000

(Energy = 10. 0 MeV)
Incident Angle (deg) -

60

0.7114
0e4516
0e2787
0e1626
0.0824
Ue0354
040115
00022
0.0001
0eQUOO

75

Q64448
062479
0el1336

00656 -

040268

0.0089

0«002V
0.0003
00000
VU000

89.9
0.0821 -
0:0440
0.0226
00108
0.0040
040012
VeW0V2
040000
0+00CC
[VPY¥]e]614]



TABLE B-4. ELECTRON ENERGY REFLECTION
COEFFICIENT FOR AN ALUMINUM
PLANE SHIELD

. Shield Thickness
(T/R)

0.1
0e2
0e3
Qeb
0e5
Q6
Q7
Q8
0.9
_100

‘Shield Thickness
(T/R)

Oel
Ce2
Qe3
ety
Oe$
[+ FY )
Oe?7
Oe8
0e¢9
1.0

Shield Thickness
(T/R)

Qel
0e¢2
Qe3
Ot
Qe5
0eb
07
0.8
09
1.0

.0

040120
040373
040502
040511
040511
0.0511
00511
040511
00511
0e0511

0,0083
040285
040395
00406
040406
040406
040406
040406
00406
040406

0.0040
(S PRFRAY)
UeVZ2U
0.0241
00211
040211
00211
00211
060211
040211

Incident Angle (deg)

1)

0.0263
040659
0.0785
0.0793
040793
00793
040793
00793
040793
0.0793

Incident Angle (deg)

30

0.0214
00570
0.0681
0.0689
040689
000689
0.0689
040689
0.0689
0.0689

30

0.0130
VeV3rH
Vevags
V454
Q0454
040454
00454
040454
0:0454
0:0454

211

45

040686
0¢1159
0.1248
041255
061255
01255
041255
041255
0e1255
041255

45

0.0630
0+1051
0.1131
0¢1135
001135
Oe1135
01135
0.1135
01135
0e1135

45

0.0422
VeV 784
VeVl sY
QelBGZ
VelBGZ
QeVB4Z
0.0842
040842
0.0842
040842

(Energy = 0.5 MeV)

60

041802
002239
062298
042302
042302
062302

042302 .

042302
0.2302
042302

(]

0+3593
043894
043924
043926

043926

043926
0e3926
043926
0+3926
043926

-89.9

0.7318
0e7415
0s7425
0e7425
__Qe7425
07425
Qe7425
Qe7425
047425
067425

(Energy = 1.0 MeV)

60

0415603
01997
042051
042053
0+2053
042053
042053
02053
0.2053
042053

75

0.3403
063667
03700
0.3701
0.3701
043701
043701
03701
03701
0¢3701

89.9

0.7376
0s7459
067471
- 067471
07471
Oe7471
Ge7471
Qe/471
Qe7471
047471

(Energy = 2.0 MeV)
Incident Angle (deg)

60

061252
VelbUy
Veibul
Uego50u
Uelb50
Velb50

041650 -

041650

01650
0e1650

75 -

043081
Vs34V
Vesd340
Ve3330
0e3336
Ues336
0e3336
043336
03336
0¢3336

89.9

0¢7409
Vel /(L
Vela(l
Vetgtt
Qe 477
LVela71¢
07477
07477
0e7477
Oe7477



Shield Thickness
(T/R)

Osl
OQZ
Oe3
Qets
Oe5
0eb
Qa7
Oe8
Qe9
1.0

Shield Thickness
(T/R)

Oel
Qe2
Qe3
Oet
Qe
Oeb
0«7
Oe8
0e9
1.0

Shield Thickness
(T/R)

0.1
Qe2
Oe3
[+ TYA
Qe5
. 08
0e7
Oe8
0e¢9
1.0

TABLE B-4 (CONTINUED)

0

040023
00077
00116

- 040125

060125
060125
060125
0e0125
040125
060125

0

0.0016
00051
00081
00086
00086
00086
0.,0086
00086
0.0086
0.0086

0

0,0013
040042
040065
0.0072
040072
040072
060072
0+0072
0.0072
040072

30

040068 -

040259
00313
00319
00319
040319
040319
040319
00319
040319

30

0,0053
040193

040245

0.0248
0.0248
00248
040248
00248
040248
040248

30

- 040033

0.0131
00162
0s0162°
040162
00162
040162
0e0162
00162
0e0162

212

Incident Angle (deg)

45

0.0288
0.0587
0s0642
Qs 0644
Qe 0644
Q0644
.0+ 0644
00644
0+0644
00644

Incident Angle. (deg)

45

0s0227
. Qe 0466
0.0508
0.0511
0.0511
0.0511

Qs0511 "

0.0511
00511
0s0511

(Energy = 3.0 MeV)

60

- 040963

0.1293
Gel332

01334

0¢1334
0e1334

Oel334

0e¢1334
0¢1334

041334 .

75

00,2791
042998

0.3018

0.3018
043018
Ve3018

Ce3018.

0.3018
0.3018
0.,3018

89.9

067424
Qe7478
" 0e7482
Oe7482
Qe7482
Ve b8
"QeT482
Ve 7482
Qe7482
Oe7482

(Energy = 4.0 MeV)

Incident Angle (deg)

45

0.0158
040349
040385
0.0386
0.0386
040386
040386
040386
0.0386
0.0386

60 75
0,0829 C.2616
Oell3ls 0e¢2816
0.1169 042832
0e1172 02832
0s1172 0.2832
0s1172 042832
0ell72 0.2832
061172 0e2832
Qell72 0.2832
Oell172 042832

(Energy =

60 75

040660 042400
040933 0.2584
00965 042599
009686 02599
0+0966 0¢2599
00966 ° 042599
040966 042599
00966 0e2599
040666 0¢2599
0«0966 02599

- 89.9

.Qe7462
047509

07512

-Qe7512
0e7512
0e7512
Qe7512
De7512
0e7512
0e7512

5.0 MeV)

89.9

Qe7474
0e7515
07517
Ve7517
07517
07517
07517
07517
0e7517
067517 .



Shield Thickness
(T/R)

Q.1
0.2
0e3
Qoo
0e5
Qe
Oe7
Qe8
- 0e9
10

Shield Thickness
(T/R)

Oel
Qo2
0e3
Oels
0.5
‘046
0.7
0.8
0.9
1.0

TABLE B-4. (CONTINUED)

0,0013
0.0031
040053
040060
0.0060
040060
040060
040060
040060
0400560

00005
0.0014
0.0022
0.0024
0.0024
0.0024
0.0024
0.0024
0.0024
00024

30

0.,002¢8
00089
0.0118
0.0118
0e01l18
0.0118
0.0118
0.0118
0.0118
0.0118

Incident Angle (deg)

30
0.0029

-0e¢0049

040065
0.0067
0.0067
00067
040067
0.,0067
0.0067
040067

213

Incident Angle (deg)

45

00,0120
00294
0.0327
0.0328
Ge0328
00328
0.0328
‘00328
0.0328
QeU328

45

0.0076
0.0162
0.0181
0.0181
0.0181
0.0181
0.0181
0.0181
0+0181
0.0181

(Energy = 6.0 MeV)

60

040577

0+0818

0.0850

" 040851

0¢0851
0.0851
040851
0¢0851
040851

0.085] -

75

062252
0e2418
0e2432
0e2432
0e2432

"0e2432

0.2432
02632
042432
0.2432

89.9

Qe7483
047520
0e7522

Qe7522
Qe7522
0e7522
0e7522
0e¢7522
Q67522
Ue7522

(Energy = 10.0 MeV)

60

0.0382
Ce0543
040566
0.0567
040567
040567

. De0567
0.0567 .

0.0567
0.0567

7%
041779
01920
041927
0.1927
061927
0e1927
0e1927
041927
061927

"0e1927

89.9

07905
07928
047929
0.7929
07929

067929
0.7929
07929
0.7929

0e7929



COEFFICIENTS IN MeV/g FOR MONODIRECTIONAL
BEAMS INCIDENT AT SEVERAL ANGLES ON AN

Shield Thickness
(T/R)

Vel
v.b3
SeU5
Cal7
Da0)9
Usll
Vel3
Jelh
Val7
UaslG
0.21
Je23
0,25
Ve2?
UJel9
UVe3l
"Je33
Je35
Je37
Ue39
Jotl
Joeh3
vebb
00Q7v
Vet 9
Je51
Ceb3
JjeH5
Ja57
Vveb9
Jebl
Vab3
Ueb5
Us:67
Veb9
UeTl
Va73
Jelb
'U¢77
Vel
vedl
Vedi -
Vedh
Ve3d7
Veldy
we?l
Je93

TABLE B-5. ELECTRON ENERGY DEPOSITION

“"ALUMINUM SEMI-INFINITE PLANE SHIELD

2600V

203400
247100

2093090
315090

36450

3ebdul
‘348000

GoeHUU -

Gae Ul
442900
461300
Ge2l10V
L4eUbHVUDY
3+90u
3.940U
366300
3e740U
306500
364200
34330
3el180v
3.v8uu
3eUslvy
209910
271GV
22700
202100
levluv
" le720u
. leS4UU
le22VV
Ve970V
Ue 7400
Ve 690UV
Ues5500
. VebUUU
Ve&30u
Jo35Uu
JeluUU

4.1300

VelU9JUu
Ued6LU
Vad2uu

Veuluu .

Jeovud
Veuuwisy

245400
120100
35300
365300
2.85C0
3295400
4el3UV
$He2790
Geutl oy
Geguluy
42980
402100
3.9100
Goulul
S3e8UJ0
30790y
3eb6V0

342900

3e306VUvV
3e28Uv
3e.6uViu
207300

C2ebluu
“Z2eb41lul

23200
2¢17C0
149800
1e7200
le4700
lelbuu
leluvu
veybiu
ve760GU
Ueb4UU
Ve58uy
Ue4llu
Ve 28U0
U.ZSUU
VelHuu
UelbHUU
celivu
veU3duy

VeU2Uu.

Ve lUU
VevlGu
Oa2100

Ueviibu

Incident- Angle (deg)

45

3-3100
4.10;3
4.6“OU
éoééﬂﬁ
447100
4e b4V
403200
e 2900
4ell1CC
Q‘JBUJ
3803000
3e7H00
3e7BUN

3e530u:

33780
3.2200
RNV
3eU%0U
3eUlVy
2e88vu
2ebHuul
20243C
2eu9IL
ZOUZQJ
leB8620
leb700
13500
le270C
le1200

ve89VU

VelTul
UebbJUu
VebbhUy
Ve38U0
Je3UVUU
Ve220U
Uel8UV
U.lZUU
veuUluy
Uav40u
Q.UZGU
valdb
veU1l3C
Jel1030
Jbtlgc
Vedlil

uooldu
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(Energy = 0.5 MeV)

50

52990
XDV
55100
4-9500
4e5200
“e3100
36930C
37909
35700
Seb4lUuu
361200

Seu2L0

3eVbVU
2092wy
2ebdiy
2e37uvy
ebBuu
PEY SIS
2e19VuU
2evivy
le31lul
len7av
leg3Cy

1e21luy

le1790
leu9uvy

Ue8430

Je84uC
VeT4UU
JeSouu

ve& iU

ve3bJu
Ve2duu
Jelliu
Usl500
Uel4uu
Uel2uu

VelDBUU -

Veubuy
Veld3uu
veU2JV
CeuUJuu
velUuUy
GeJUUL
UeUTIY

JeLYuU

GeTBUV
SeTtOov
Le3400
3e8uUyU

32350

362400
2¢9U0C
23500
2eH2UN)
26200

2350V

2eZulu
2elovy
levavw
le90uvy
legaiy
lebul
lebdvu
le3vyCu
ledi3uu
Jel70y
1eU9uUL

VeBEUWL,
‘Ve8Zul

Q0eb6500
CeHYUU
Se59UC
Je4uil
u.élUU
ve32uu
Je2Tuwu
UVelobuu
vel3uu
Ve 090U
Usd700
UVedHuu
Je U5CU
VelUluu
J-DIJU
Ja0lUD
GelUULU
velduuu
SeJuJ
Vel
CoelULY
[ PRIIVIONS;

Jeulu

&Y

6e37uy

T 2euTUy

l1.7v0¢C
1elU0

1.2930

1422006

lel200
le9UU
l.déud
lonvﬁ
NPCER
VeGlov
Vebywy
Vel%uu

Ue 0wy

Ve fudl
Q.éliu
Veb&ui -
Veb3UJ
Vebuuu
Uy@&do

_UOBBQQ

Je350y
Je3duuu
0.2500
Gs2luu
01900

o JeléUL

Uel2uu
U-lUuU
JevOuUu
veubuu
chGJU
Vel&ULU
Veuvivu

Veu3dJu
S Ved3uul

Jeului
Veuluy
Uesiuu
JQQQJJ
SRRV
R IVIS]

RPUTNIE

e UL

Uesl03
Ve uvdul



" Shield Thickness

(T/R)

Vell
D403

" Uel5 .

Del7
009
Cell
Uel3
Celb
Jel7

.19

V421
Je23
Oe25
Ve27
0e¢29
Ve31l
Ue33
Ue35
Ve3T

Oe39 -

Dokl

Ue&3.

Oed b5
Vo447
Qe&®
Vel
0653
Ceb55
Veb7
Ue59

Jebl -

Veb3
Uet5
Veb7
Oeb%

Ve7l

Ue753
UeT75
Ve77
Ue76
“JeB]
0083
Ve85
Ve8B7
Vel 9
Va9l
Ue?3
Ve35

TABLE B-5. (CONTINUED)

o]

17700
leB7C0
241820

2¢3100°

242C0
2eb500
269600
341100
316UV
34300
36370V
3e3L0V
33500
33400
342900
341700

S 3e 1600

3evluuy
e VUV
245400
27400

24680y

24900
264600
243400
2e¢11uUv
1e9800
1e7100
le360C0VL
thUUQ
lel3uu
lelluu
leU4iu
Ve 750U
ve7400
CeHTUL
Je&9UU
Ve3600
Ue2900
Je2UUU
UOIEQU
UeJGUIU
UVeDEUU
CeU&UU
Ved20U
Uelluvy

VeuUluuU-

velluwy

30

2eUYUL
243900
247900
3e02UQ
342600
3434G0
3e4lui
35100
3e66v0
345900
364000
3e38VU
362000
3el6UV
341100
205500
e EUUU
2e710V
2.73UJ
2e68uU0
24500
20350y
Qe
2s02UC
leB700
1e 75U
1e5300U
le4a500
Le27uu
lelbuu

Ve QUL

Uo76UU
Ue TULY
Ve55L0
Ve4bULUy
Ve3500
Je2BULC
UJe2UU0
Velb5Uu
CelUCY
UelVIU U
VeLSUD
Uel300
VauU200 -
O._ul'\;u .
Qevuuu
VeulUUuy
NI INIVIV

Incident Angle (deg)

45

29300
343000
‘347800
39700
3.8L00
347500
346000
367800
45300
3643300
341900
3eubal
288V
. 2«7700
247500
26100
24100
23800
242100
241000
2e¢06C0
le9300
167400
le£2i0C
145800
le38u0
lelbuU

1e14UC

lellVvy
VeBlul
- veb2uV
Ue530U0
JebTuu
Ve35Uu
Ue290U
Vel3Ud

Uel700

UelbHTO
Vaelllv
Ue0T70C
JeUblu
Jel30d
L0300
Geullu
T leuudl

veoblu .

Ceviuwu

BV R VAR
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* (Energy = 1.0 MeV)

60

Ge4 UV
Se2L00
lloB”O\)

Ge340u0 .
349100

267030
363900

361300

3eUlUUY

248100

Ze 7400

245800

25500

2e3400

2e¢ 20UV
2e¢U2JU

Cle970V

le7800
1e7200

"le6300C

14900
142609

1e2400
1eUBUT

UeQ8CU
ve9200
Vel TuU
Ueb6UU
Vedbud

Ueb4BUV
. UaBYQQ

0-29u0
Ce2500
Vel9UU
0«1600

01400
00930

CelUBLU
U.UIQU'J
CeU209
VeuQuUy
UQOIUJ
VeJ1l0
LeU Ll
JGQUQJ

S Leluu

velUuvuwiu
UeVvuUuuy

75 .

Te8500
52500
4eQ3CU
23600

‘340600

27200
26500V
203500
26210V

21000 -

2eU6VU
leT4ll
le74U0
legbuiu

© 145300

ledaiu

102500
162100

10900

. 140500
09100

UeB4LC
Ve71lUU
CebUVY
Ue5E0C

Ue51UU

Velibul
U0e3900
Ve3UUu
ve22uy

Uelbuu

VelTuv
JelUUU
VDeVBUy

'G-QSUOV
JelBLU

CeV300U
0e04UC
Oel2uu
Q0100

JedUVU-

UeQILT
CelSUD
JeUyluy
Jeduul

" 0.0DUU
Vauvuy
Vebuul

8949

54100
le26U0
lebguu
12200
loué\)d
DevBu0
YeGuLuu
VeB6UU
Oebuuu
Ve 1$00
Uo?ZUu
Oeb500
Veb2ou
o-‘JbUU

0e5530

Ua5bJU
Jebluv
UedbhJy
Oe4 Uy
Detlus
043320
Ve2BUU’
Ce26UV
Celluy

Uelddl

Uelguu

.Vel3uv

Ueluuv
eyl
VeUluu
Led500V
Veuw4ud
U¢U3UU
Qev2u0
QeU200
\).UZ\—U ’
Vel2ul
UeUluL
Levuly
S PRSI 6NTY)
veviulu

.. Coiey
Veuviuld

JewvlUi U
Ve lUu U
Cevuuuy
Jeuvivy'

velLuuy



TABLE B-5. (CONTINUED)

(Energy = 2.0 MeV)

Shield Thickness Incident Angle (deg)

Ceil T 1e%37Y 19100 245100 4018630 78700 562400
0.03 1.5300C 2¢120C 340163 449200 563300 17600
Ge05 ~ 1.8300 2¢35C¢ 3.3400 467900 401100 1.3200
24,07 1.9293 2e560u 344500 442109 346UV T leuBul
0eC9 240300 . 247100 32460C 38200 29600 Ue98UU
Jel3 : T 24200 209000 - 34300y 3e3ul0 2429¢ . VeT8uU
Uelb © 264400 3¢10GU . 341900U 3.1800 241760 VeT6u0
Del7 2e590J 3el7uv 20240y 2e91CJ . ;2.000\} Ve TUJU
Uel9 247100 349900 340900 246500 1293090 Ceb430
V.21 ‘ 248500 391600 - 28300 2458920 1e770y - VeollC
J+23 - 29200 249900 248400 244100 145900 - Ca620U
Je25 28609 209400 247400 241800 164700 - Ued5uu
O.27 ' 269G0U 248800 27600 2s01luu le&1GC Uebulu
0429 : 248800 267400 2.5200  2.0UuQU 13304 Jebbuy
Ua31l 2.6802 267100 244300 14870u 12408 IAVRY)
0433 248100 246700 243100 1.7399 1.1500 - 0.4080 -
0.35 248100 245500 - 241900 1.6100 10940 Qe3608
Q37 246400 © 204200 - 201100 1le5400 0e9820 03300
De39 248109 2e4300 20700 14000 069500 042500
et . 2668600 ° 2e350C 1.89C0 1.340C 0s8U00 042804
Uet3 " 263Uy 201900 1e76U0 -~ 142500 | Oe75uu Velbuu
0e45 B 204300 240200 146630 1.190u. JeTUUU = Ue230U
Qe 7 204400 1e8900 >lo51\JJ 1.807J0 JeSTuy ) Jeliuil
Oty : 243600 16000 1e46U0 VeBTUU Ue51UY .- GalbHuu
051 240900 le660U 123200 QeB10U  (eltuy - Gel3iLu
Ue53 le9200 1e54U0 141600 Ueb9PLT Ue370U Gel2uU
0e55 : 1s 710V le37uy 16500 Je58u0 Je32Uu Uevusll
UeS7 1e6400 162900 VeB89UU Ve&9UU . 0e2HUE VeuTUl
Ve59 le540U 11500 Ue78uu CedlUU Ue230U SelUTIY
Ueb1l . 162900 Vas950C0 VebluuJ Uodev Uel7U0 VedbUU
Je563 le2GGU JeEDBUY Ve560y Ue3200 JelH0U Veu3Ji
Vab5 Ue990U CeT4Uuy Ue5100 Je26UU 0e1GVU  ~ UU3IL
Jeb7 UeB70D Ve6300 DPYAVR Je130C 0.0700 0.0200
Je69 T UeTTUU UebuUlv Je32u0 UelaCu- UeubuU Veulul
VeTl ‘ Uab6ul0 Lesl0U Ge2520 Ue1200 00300 Geulud
Ja73 Ue5300 Ve3400 Uel9VC  Uel9uu Gal200 Ueuluu
Je75 o UesTUU We26Uu Jel&uu Veu 7T SeUluy veulul
V77 : ve3d9uUJ . Le22Uy Cel200 veublU UeClUU - Ueulul
Je?S Ce2TUu VelJUU | - uedTiu JeU3UU Ve OUUU VIV
0«81 VelTuU VellUC  UWUBUU - UeUlO0w ‘WeUUUU . CedlUuu
VeB3 Vel2uU UeUBUL. . LeL3VU UelU0 UelUUL VeV
Ce85 . VelTUY VeutiLy UeU2Uu JedULOU CUedduu CedGOU
Oe87 Veubud Ued2uUu Vev2Cu . Ueluls UeQUUT SPRVIVIeY
Ue89 VeU50U Vel 20U Jeullu Ve OLOU Uelludis JeULUL
Ue91l JedlU0U VedlLU JeldUuu Velduud JsUulu Ceuuval
Ve93 UeUlUU = Jeulud - Ueuuds YeULUY JelUULUU Veuuu

Je95 CellUU SERVVIVIS: Ueulu SeUUT JsCULUL, UelluV
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TABLE B-5. (CONTINUED)

(Energy = 3.0 MeV)

Shield Thickness - Incident Angle (deg)

(T/R) o . 30 45 60 75 B9
JeCl 104300 148300 206600 349200 . B8e1500 Seudl0
0403 T 165200 149200 2.8500 447900 5e 740U ‘1e820U
UeUS . le73C0 2e18UU. 3.0900 4o BUUY 4e5200 163260
Qeil7T , 1e 7700 262800 7 343400 4ot tCU 346500 lellly
Je09 1e2800 2e49GU 343300 249400 342600 Ue$30U
vell 20100 2e65LU 303100 347500 2.7700 GeBUUY
Vel3 240500 2465C0 33400 3.56U0 244400 U TEUD
Jels . . 242100 267540 342800 3.20u0 262600 Ve 7LD
Uel? - -+ 243730 248000 342200 29500 20900 UebTLY
0419 204500 248620 3400V 204U 18500 Yeb61lul
De21 2e58U0 . 2.90U0 @ 245400 245100 le7Uvu UebbWU
Ve23 26600 269700 247000 23500V Le55C0 Vebluv .
Uelh 265800 293UV 246800 262500 le46LV U-‘bdddv
Ue27 246700 2478ULY 253907 . 2euSuu le3BUL- Je& 20U
0629 . 247500 ZeHUUO 245400 1e960U . 1e3000 Ves42utl
0.31 . 248200 245600 243600 18800 11600 Ue3500
0e33 = 2¢79C0U 247200 263Ul le74UVU 161400 Ve56LU
Ve35 . 28000 205800 22500 . 146200 1.01Lu Ue3uwi
0e37 _ 2:8600 245200 " 241500 le&60L0 Je94UU Vel 7Ud
0e39 28800 244600 149900 1e4WOU Ve870UU Vo250l
Jetl . 27260 202740 “1e8200 1e3000  UeBUUC Ua23uu-
Ueé3 ) 249500 261500 l.800C lel900 0e7300 GCalGU0
Qe45 - 264400 20600 146400 161200 D.6100 GelBuUU
De&7 2¢3200 2eu 100 1e58CU 1402090 0e550V Cal700
0049 242500 18800 1.4500 Ce800 GCe&4800 "0e1500
0651 240900 147500 13100 Ve BUOU CetlUU Deltuv
0e53 , 19200 1.6800 142600 VeT200 Ve3d3L0  Lel2uU
055 1e7900U 145800 lel20V Ueb5UV 02700 Uelulu
Ue57 le 7U0U 1e34U0 Le9300 Ue51Uwu Ue22V00 Geubuu
0¢59 : 126100 le230U0 Ue8400 Ue& 10U Q61900 . QevT7uu
Uebl le44UO leu740 UeTUUU Vo390V Usl6OU Jeubul
Ueb3 " 13100 049500 V5800 Ve2900U Uel200 vev 30U
0e65 . lel60V VeB4UU Ue5200 Ue28UV CellOU Oeudul
Oeb7 1eU500 Ue680L0 Uetb60U Ue2U0V UelBOLU Cevw2ul
V69 048900 065500 Ue3800 Vel7U0 0e070U Ued20U
Ve71 UeBUUU Ue&49Uu UVe33UV Cel2vy Uel4UU Vedlou
0.73 . Ue5BUV  wek2UU Ve2T00 Vel GUUY JeUGLU Vevluy
Jel5 UeHlUu Ue3300 VelbUu UeJdBUY L UeV20U VeviUU
De77 T Ue&3UU ve25u0 UellUu Ue 0BV 040206 Ceduid
Ue79 : Ve38ULVU Uel9u JeUBUU Ceu3(LU Je010W vediuu
O.81 ' Ve2500 VelB00 Ue060Y Ce0209 00000 De0D0Y
Ve83 Ue20uu el GUL Uel&il Uel200 GeDUCU Uedulil
Jed5 S Ue1209 VewTLV LeU20D V.0100 QeDulU JevloU
VeB7 0,090y Ueu3lu DISHBE UeUlVU VPRIVINLY Jel0U
veB9 . L5 GeulU0 Gel1Q0 JeUUOU JedUluy JeduuuU
Ve9l bev2uy veuvluy UVelUluv NRVIVIVEY) JeUULY Ueviun,
ve93 » UeidlUv Jedluy Celuly CevUUYU veduUUG Uaulvy
Je95 Jeu2ly GeWlivy NISVIVRT Jeduiy . JeUlUL . Seduuy
~e97 VeVl Velulu ' UeulJU (VRRVERVIVRY Jevulu CJewvol
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Shield Thickness

(T/R)

JeUl
Jell3
Jeub
VeuT?
JeU9
Cell
Jel3
Ueslbs
Val7
Ual9
Vo2l
Uel3
Oe2b
Ge27
Ue29
Vel
Ue3d3
Je35
Q37
vs3d

Vel

Qo3
Jobb
Qe 7
Jed§
Je51
Je53
Ue55
Ueb7
Uab9
Va61
Vad3
Ve65S
Veb7
UVeb9
0171
Ue73
Ve75
Ue77
0?9
veBl
U013
VedH
Je8T7
Je89
" J.91
0+s93
Ue95
Y97
Je99

TABLE B-5. (CONTINUED)

o]
le4400
15550
lebluv
le7100

"le7500
1e88UV

149960
2eV4UV
2641700
262700
2e360vV
2.4300
205200
26100

246700 -

266UG
2+7100
2e65VUy
20670V
26300
25700
205400

24700

243400
242900

262100

201000
1.9700
1.8400Q
1.69900

" le58U0

le4590
13000

141600
T leuduiu

UVeB60U

Ve 7500

Veb6400
Veb400
Ce&300
0e3500
G260y
Uael9uu
Uel303)
UeJS0U
UeU600

" 0.0400

Ue030V

" Devlnv

UeD100

30
le78vvy
1e50QH
2ev5u0
21990
263700
2¢4300
2461V0
206500
2e76UU
2¢8500
2eTLUVU
2¢8300
ZeBZUU
20 7T9UU
27100
Zebuuu
Labbul
2e¢5H59U0
2e50UU
24200
22300
2eVBUV
2¢0U4LC0C
169900
19200
148500
leb8vu
1.49v0
13700

162900

lelbuy
1.040U0
VeG4U0

" UeB20UQ

Ve T30V
QUe5500
VebSUUU
Ve&00Y
Ue30Q0
Ue2200
Ve2GU0
JeldOy
Oe1100
UeUT7QQ
UVed&OU
VeL3U0O
0OsuZ00
GelUU

VU

UeDULO
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45

204000
247100
JeUlUU
32100
33300
33500
303200
342600
3.1900
361300
209800
2eB8200U
2elGUvy
20630y
25530
2etbUU
2.310U
262000
2elbuV
2 e0UUV
le85U0
le7500
16500
15000
164600
1¢290u
le 180\)
1.0800
Ve970U
UeBT0U
Ve 7600
Jeb3UU
Ve5700
Ue5100
SNSRIV

Ue3200

Ve25UV
Ue2300

Jel600

Uel200
0.0800
UeuT700
VeusUU
UeU30U
Uel200V

-U.QlOO

JeU100
V3000

Ueluu0

LeULOOD

60
569500V
4e0Y0C

4-83001

LedBOU
LaUluu
37200
3e44QU
30220V
24890y
2¢740V
2ebLUY
£e41U0
2e25VU
2e1lGUv
19700
Le870U
le7900
leb630U0
lebluv
legaud
le260V
lelbUu

lelbuu

Ue990U
Ve92UC
Oe79V0
Ve74Uu
Ue580U
Ue&G 700U
UoQ#UQ
Ue35600U
Ue320Uy
Ve2200
Vel700
CelsalD
UelLlu
UeuT0U
UeUSUU
UeuUb5J0
U«0200
VelUlUu
UaU1lUD
Ve 0QUOO

Ge 000V

0000V
0.C0U00
000U
Ve DdUUU
Ge0000

(Energy = 4.0 MeV)
Incident Angle (deg)

15

Be3lUL-

59900
4670V
348700
3e38VUU

ZOSZQU

256U
23300
2evalu
le8500
" le7ulu
lebbucl
163703

le3BUUL |

12600
lelVOU

leUBUV

1|°UU'\3

Ve 9bUU

ve8YuuL
Ve 770V

UebT7U0

Geb3U0
05200
Vel 700
Je4200
Ue34UUL
Ue3200
Ue2800
Ve 2000
Uel7VU0
0.1300
CellCQU
0.0900
Ve Q700
Osv40U
Ve 030U
Ve0200
0,010V
0.0100
Ue0100
0.01GuU
(VPR VIVINLY]
0.0000

0.0U0C
0.0000
00,0020
040000
0«0000

J,UU0U.

§Y.9

55500

let300

le3Uuu
leuddC
UeFuu
CeBuuy
Ve 710G

UeTJuu

Vaeb5JU
vebTul
Ueb9uy
UeltTuv
Uebouy
Ve Uy
Ued4uldiU
Veldbuu

'AU~31JU

Velbuu
Velbuu
Veld3uu
ve230u
Velduu
UelBCU
Uo160¢C
Velb5VvL
Us 1330
Velluv
OoU9UU

VelUBIU

VeJ500
0,0500
00400V
Ve300
UQ'U'3UU
C.02U0

Ve liU

Jeuluu
GeCOUD
0. 000G
Velduuu
VeUOUD
JeUUUU
Ve UUJU
UeWUQU
VeUOUU
020000
0.G0GO
000060
0.,00U0
0. 0GCO



Shield Thickness
(T/R)

0.01
0403
Ue05
0607
Oe00
CUell
Cel3
0615
017
0.19
0.21
- Qe23
Ue25
0627
Vel9
‘Oe3l
0e33
Ue35
04377
Ue39
Ved1l
Uel&t3
Ue&h
Je&7
Ue49
Ue51
S 0e53
0e55
Oe57
0459
Qeb1
Ve63
Veb5
067
Qe69
Oe71
Ue73
Uel15H
u.77
0e79
U-B]
0.83
"JeB5
0.87
0.89
0.91
0.93
Ve85
Ue97

TABLE B-5. '(CONTINUED)

0

14300
1.5190
1.6300
146200
146700

. 167800

1.7500
148400
2.0200
2,1100
2.1600
242400
2.3200
2.5300
244390
2.4800

2.6000

266200
246900
27100
206200
244500
265800
264200
244100
22900
201800
20800
le9400
l.8300

1.6400
15300

le4lOU
1.2800
161400
1.05G0
0«8400
Ue7200U
0e6100
0.5V00
De¢4000
0.2600
0.2000
Ue1600
Ue1CQU
J.08CC
DeJ500
Ueub0U
0.03G0

Incident Angle (deg)

30
107200
1.8800
1.9400
291100
242400
243300
2e¢4100
246000
207900
267900
246700

- 207400

247500
247700
247100
246600
246700

245300

245900
26500
242700
242700
21500
2¢0100
1.9300
le860V0

- 1ea7100

les0CU
le4500
le32C0
142700

" leauBUU

Uog700
0«86C0O
Ue7400
Cab6800
05900
Ue5000

Le3900

Ue2900
0.2300
O.1900.
0.1200
0.0800
J.0600
UeC4LD
Ce01CO
GellU0U
Unb\)'\l()

219

45

243100
26610C
28600
310060
341900
362000
362900
343900
362900
3641700
29900
248300
28700
246800V
245800
25000

243900

243000
241900
201000
1.,9200
le8300
le71Vv
145400
le4400
13800V
lel90V
le0600L
10100
0.9600
08500
UeTOVO0
Va0
05300
0.4300
Ue3300
0.2600
0.2300
Ue1900
01600
0+41GC00
V070U
00400

0.0500
. 0.0300

G.0100
v.C10C
UeV1090
JeuCO0

(Energy = 5.0 MeV)

60

37800V
445300
4e 7700
4¢530
462100
3+ 8900
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TABLE B-5. (CONTINUED)

/ (Energy = 6.0 MeV)
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TABLE B-6. ELECTRON ENERGY DEPOSITION -

COEFFICIENTS IN MeV/g FOR A HALF -SPACE

ISOTROPIC BEAM INCIDENT ON AN ALUMINUM
SEMI-INFINITE PLANE SHIELD

Incident Energy (MeV)

Shield Thickness

(Pathlengths) 0.5 1 2 3 4 5 6
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INTRODUCTION

In general, in practical shielding problems the end result is a prediction of
the effect the radiation will have on some object or person located behind a
shield. A good measure of the effect of a radiation field is the energy that
the field deposits in an object or person. In.the case of electrons and photons
most of the effects of interest on both object and man can be related com-
pletely to the energy deposited. There are important exceptions, however,
for example films at low photon energies. The effects are independent of
how the energy is deposited and do not depend on whether the radiation is in
the form of electrons or photons. The energy deposited per unit mass of a
medium is referred to as the absorbed dose or simply the dose and is usually
quoted in units of rads. The rad is defined %s 100 ergs of energy absorbed
per gram, which is also equal to 0.624 x 10® MeV per gram. The dose is
a measure of the absorbed energy and is therefore not a unique measure of
the radiation field that deposited the energy. In fact the relation between
the intensity of either photon or electron radiation and the energy it deposits
is a function of the energy of the radiation, whether it is composed of
electrons or photons and the atomic number of the absorber. There are
any number of combinations of electron or photon spectra and absorber
atomic number that will deposit the same dose. :

In the case where the object receiving the dose is inanimate the effect of
the energy deposition is tied directly to the dose. For example, the photo-
currents generated in transistors is often peculiar to the transistor type
and is established by measurement in terms of dose or dose rate. The dis-
charge induced in a capacitor is usually measured at several different dose
levels and then the discharge due to an arbitrary field is predicted by
extrapolating or interpolating the measured data with the dose the field
deposits. A large amount of effort has been devoted to the study of the
effects of radiation on &lfc%ﬁgmic components; it is conveniently summarized
in several documents. Effects of nonelectronic hardware have also
been studied extensively; the results of such studies can usually be found
in the literature specific to the hardware of interest.

Several quantities have been introduced to relate absorbed energy to
biological effects on man and animals. Two of these, the RBE and Quality
factor (QF), will be discussed here. The Relative Biological Effectiveness
(RBE) relates the response of a human organ to different types of radiation.
Because a rad of energy deposited by neutrons or alpha particles will
produce a different response in a human organ than a rad of electrons or
photons the RBE was defined to correlate these effects. The unit of rem
was defined as a standard of human response and is quantitatively defined
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as that response which is induced by one rad of 250 keV-radiation. The
dose in rads deposited by a specific radiation is converted to rem by
weighting the rad dose with the RBE. For electrons and photons the RBE

is 1. Historically the RBE has been tied to specific human organ responses.
This has proven to be limiting and recently another but similar quantity
called the Quality Factor (QF) has been defined in terms a physical quantity,
the linear rate of energy transfer (LET). Again for electrons and photons
the absorbed dose is weighted by the QF to obtain the total biological re-
sponse in rem. For electrons and photons the QF is 1 like the RBE. The
utility of the Dose Equivalent (dose weighted by QF) becomes apparent

when comparisons of the radiation effects on man are made betweel electron
‘or photon radiation and other rad1at10ns Heavy elements can have QF's
exceeding 20.

FLUX-DOSE CONVERSION METHODS FOR ELECTRONS

Much of the energy lost by electrons as they pass through a material is the re-
sult of ionization along the path. As the energy of the electron increases and/
or the atomic number of the stopping medium increases the energy lost to
bremsstrahlung becomes increasingly important. Since there is a good proba-
bility that the photons emitted in bremsstrahlung will not be reabsorbed near the
site of emission, they typically are not included in dose calculations. The
energy loss due to ionization can be calculated from the theory of Bethe and has
been tabulated for different elements and chemical compounds by Berger and
Seltzer(15) and more recently by L. Pages, et al. (24) "The dose due to a flux
of electrons can be calculated with the expression:

D(g%) =1.6x107° J" (dE/dx)¢ (E) dE

where dE/dx is the stopping power (MeV cmz/g) due to ionization collisions
in the stopping medium, @(E) is the energy-dependent flux (electrons/cm?2 -
sec - MeV), and the 1ntegrat1on is over the spectrum of incident electrons.
Values of the stoppmg power for aluminum, air, muscle, and bone are listed
in Table C1.

A simple method of cal(('7 31§1t1ng the dose due to monoenergetic electrons
has been suggested by Hill in the following parametric form:

-9 -8.0.15

6x1077 + 2. 5x10 'E

D(Rad cmz/electron) ~1.6x10°8 ZF
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where E is the electron energy in MeV.. This expression is accurate to

within 30 percent for most materials over the energy range from 100 keV
to 10 MeV. Another expression for the tissue dose due to monoenergetlc
~ electrons is glven by

D (Rad cmz/electron)

1.6 x10°8[A - E + B + C/E]

where E is invMeV A = 0.0617
' ' ' B = 1,612
and C = 0.246

This expression is accurate to within 4% from 25 keV to 10 MeV.
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TABLE Cl. ELECTRON COLLISION STOPPING POWER
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. T84E 00
. T72E 00
. T63E 00
.'155E 00



Electron
Energy

0.950
.000
.100
. 200
. 300

pb ek ek ek

1. 400
1.500
1. 600
1.700
1. 800

1.900
2.000
2. 200
2. 400
2.600

2. 800
3.000
3.500
4,000 -
4,500

5.000
5.500
6.000
6.500
7.000

7.500

8.000

8.500
9.000
9.500

10. 000

TABLE C1. (CONTINUED)

Al

1. 477E 00
1. 473E 00
1.468E 00
1. 465E 00
1.463E 00

- 1.463E 00

1. 464E 00
1. 466E 00
1. 468E 00
1. 470E 00

. 473E 00
. 476E 00
. 482E 00
. 489E 00
1. 495E 00

1
1
1
1

1.502E 00
1.508E 00

-t bt

.549E 00

.561E 00
.571E 00
.581E 00
.590E 00
.598E 00

[ Y SV S WP

1. 606E 00

1.613E 00
1. 620E 00
1. 626E 00
1.632E 00

1.637E 00

.523E 00
.537E 00 .

Air

1. 662E 00

1.659E 00
1. 655E 00
1.653E 00
1.654E 00

1. 656E 00
1. 659E 00
1.663E 00
1.667E 00

1. 672E 00

1.677E 00
1.683E 00
1. 694E 00
1.705E 00
1.716E 00

1.728E 00
1.738E 00
1.764E 00
1.789E 00
1. 811E 00

1. 831E 00
1. 851E 00
1. 868E 00
1. 885E 00
1.901E 00

' 1.915E 00

1.929E 00
1. 942E 00
1.955E 00
1.966E 00

1.978E 00

Muscle

. 878E 00
. 874E 00
. 868E 00
. 865E 00
. 864E 00

P b b b b

. 866E 00
. 868E 00
. 872E 00
. 876E 00
. 881E 00

b ek ek ek ek

. 886E 00
. 891E 00
. 902E 00
.913E 00

Ptk ek ek

.936E 00
. 948E 00
. 974E 00

bk ek ek ek

. 043E 00

-082E 00
. 099E 00
.115E 00

NDNDN NN

2.130E 00
2. 144E 00
2.158E 00

2.171E 00

2.183E 00

2.194E 00.

. 925E 00.

.999E 00
2.022E 00

.063E 00

bt b

Bone

. T49E 00
. T44E 00
.T38E 00
. T34E 00
. T33E 00

ek ek ek et

. T34E 00
. T35E 00
. 137E 00
. T41E 00
. T44E 00

[ Y

' 1. 748E 00

1. 752E 00
1. 761E 00
. T70E 00
. T79E 00

- -

. T88E 00
. T97E 00
. 819E 00

s ped el ek

. 858E 00

.875E 00
. 890E 00
. 905E 00
.919E 00
1.932E 00

1.943E 00

- 1.955E 00

1.965E 00
1.975E 00
1. 985E 00

1. 994E 00

This stopping power corrésponds to the energy lost by collision-and

excitation only. Radiative processes’ are excluded. T
were taken from the tabulatiogs by Berger and Seltzer
quoted in units of (MeV - Cm

/8).
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FLUX-TO-DOSE CONVERSION FACTORS FOR PHOTONS

In the preceding section it was mentioned that the flux-to-dose conversion for
electrons is relatively independent of the material in question. This occurs
because the trans%ort properties of electrons scale roughly with the material
thickness in g/cm Low energy photons interact mainly through the photo-
electric effect which is strongly Z dependent. Flux-to-dose relationships
for photons will, therefore, also be strongly Z dependent in the low energy
region. Since photons undergo fewer interactions than electrons as they pass
through matter and do not have the diffusive character of electrons, the con-
versmn from flux to dose is less complicated.

One complication does arise, however, in the case of photon flux-to-dose
relationships since photons must interact with electrons before ionization is
produced. Consequently, the dose deposited at one point can be produced by
electrons arriving from a photon interaction at another point. This means
‘that the energy deposited at a given point depends on the amount and atomic
number of material surrounding that point. Consider the case where a slab
of material is exposed to a photon beam. Secondary electrons produced at
the back edge of the material will leave the material producing little or no
 ionization in the volume of interest. Consider next, the case where the slab
of material has additional material in front of it and the same flux of photons,
as in the previous case. If the number of electrons which escape from the
additional front material into the slab of interest is equal to the flux escap-
ing from the back the situation is said to be in equilibrium. The dose in the
slab of interest is higher in the second case where equilibrium exists. En-
ergy absorption coefficients for photons are calculated for the equilibrium
case since that assumes that if an electron recoils with a given amount of
energy this energy will be deposited in the material. No correct1on for
electrons leaving the volume of interest is made. '

The conversion of flux to dose for several materials can be calculated
using the tabulated energy absorption coefficients given in Table C2. The
dose produced by monoenergetic photons of energy k in a material with
atomic number Z is given by

D, 2) = kNGR- 1y (,2) 1.6 % 10%  (Rads)

where k is the photon energy in MeV, N(k) is the photon flux (number of
photons /cm2 and K, (k, Z) is the energy absorption coefficient in cm /g
Again 1.6 x 10-8 is the conversion from MeV/g to rads.
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TABLE C2. VALUES OF THE MASS ABSORPTION
COEFFICIENT, u_, UNITS ARE cm?/g2

H Al Si - Air HO =

Photon 1 14 2
Energy / I _
[MeV] bo/P u,/o b, /p w /0 u,/p
0.01 . 0.00991 25.6 33, 4 4,63 4.79
0. 015 0.0110 7.48 9.178 1.27 1.28
0. 02 0.0136  3.06 4.02  0.512 0.512
0.03 0.0186 0. 868 1.14 0.148  0.149
0.04 0.0231  0.357 = 0.473  0.0669  0.0678
0.05 0. 0271 0.184  0.241  0.0406  0.0419
0. 06 0. 0305 0.111  0.144  0.0305  0.0320
0.08 0.0362  0.0562  0.0701  0.0243  0,0262
0.10 0.0406 0.0386  0.0459  0.023¢  0.0256
0.15 0. 0481 0.0286  0.0312 ~ 0.0250  0.0277
0.2 0. 0525 0.0276  0.0293  0.0268  0.0297
0.3 0.0569  0.0283  0.0294  0.0288  0.0319
0.4 0.0586 0.0287  0.0298 0.0295  0.0328"
0.5 0. 0590 0.0288  0.0298  0.0297 - 0.0330
0.6 0.0587 0.0286  0.0206 0.0296  0.0329
0.8 0.0574  0.0279  0.0289  0.0289  0.0321
1.0 0. 0555 0.0270  0.0279  0.0280  0.0311
1.5 0. 0507 0.0248  0.0257 0.0257  0.0285
2 0. 0465 0.0233  0.0241 0.0238  0.0264
3 0.0400  0.0213  0.0221 0.0212  0.0234
4 0.0355 0.0201  0.0211  0.0194  0.0214
5 0. 0320 0.0194  0.0204 0.0182  0.0200
6 0.0204  0.0i90  0.0201 0,0174  0,0190
8 0. 0255 0.0186  0.0197 0.0162  0.0176
10 0

. 0229 0.0185 0.0197 O.v 0156 0 0168

3From Ref. 65 _
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The energy deposited in a given material is computed sufficiently ac-
curately with the methods described above for most cases of interest to the
space shielding community, with one possible exception. This occurs at
the interface between two materials of very different atomic numbers. At
such interfaces the secondary electrons produced by photons interacting with
one material can leave that material and penetrate to the adjacent material
where they come to rest. Photons lose energy more readily in higch Z mate-
rials per unit mass so that more electrons are generated there than in lower
Z materials. Consequently, the energy deposited per unit mass in the lower
Z material is greater due to the increased flux of secondary electrons from
the higher Z materials. A compensatory effect is observed in the high Z
material where the dose is lower at the interface due to the decrease in cur-
rent of secondary electrons from the low Z material.

In addition, the probability for the generation of secondary electrons is
related to the angle between the photon and the emergent electron in that there
are more electrons produced in the direction of the photon motion than in the
other directions. This results in the dose perturbations at the interface being
dependent on the direction that the photon crosses the interface. The dose at -
the interface of dissimilar materials has been studied?xgeriment_ally by Wall
and Burke(74 and further by Frederickson and Burke. (7 ) Examples of the
dose deposition profiles they have measured at several interfaces are shown
in Fig. C1 for different arrangements of materials and beam directions.

"From these data it is apparent that the dose at a tungsten-aluminum inter-
face can be increased by a factor of two in the low Z material. This effect
occurs within 300 microns of the interface for 1.3 MeV photons. Consequently,
the effect is only important where small dimensions are of interest. Examples
of cases where the effect should be considered are: solid state electronic com-
ponents where gold is sometimes bonded to silicon or iron-like surfaces, and
the front surfaces of solar cells or solid state light detectors where a high Z
conduction surface is frequently evaporated on to a low Z substrate,
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RELATIVE DOSE IN ALUMINUM
NEXT TO GOLD FROM Co®y-RAYS

20
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Figure Cl. Air ionization measurements of the
relative dose in aluminum next to
gold, beryllium, and a gold-carbon
combination.
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