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ABSTRACT

The theory and operational features of the one-dimensional code QUICKEZ2
are described. The code calculates the bulk and vacuum-emitted photo-Compton
current of electrons generated in a material exposed 'to photons with energies
from 1 keV to 10 MeV and arbitrary angle of incidence. The rapid and easy-
to-use calculational technique is based on analytical solutions to the trans-
port equation modeling electron multiple scattering arf® slowing down.
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I. Introduction

QUICKE2 is a FORTRAN code for computing the photo-Compton current (PCC)
of electrons generated in a one-dimensional material irradiated with a plane
wave of photons. ~The electron flux is driven along with the photon flux,
continually generated by Compton and photoelectric processes and continually
brought to rest by the stopping power of the medium. QUICKEZ considers two
problems using different calculational techniques. The first problem is the
prediction of the PCC in the bulk of a material (more than one electron
range from any interface). These bulk PCC are given by exact solutions of
the transport equation modeling primary e]ectrons.] The second problem is
the prediction of the number, energy and angular distribution of electrons
photo-emitted into vacuum as well as the energy deposition at the material/
vacuum interface. Vacuum PCC are expressed in terms of the exact bulk cal-
culations by an approximate solution to the transport equation.2’3 The code
is rapid and easy to use. Predictions based on the results of the code agree
with the available experimental data as well as the more detailed Monte Carlo
codes, except in extreme cases. A compilation of the bulk PCC predictions
has already been pubh‘shed.4 The purpose of making the code available is to

allow the user to predict vacuum emission, PCC for additional materials, and
' . _ -~

PCC produced by photon spectra.

The material considered is a homogeneous mixture composed of any subset
of a group of 25 of the more commonly occurring elements whose photon and
electron cross sections are stored on a data tape. The bulk current pre-
dictions are valid more than one electron range from any interface, indepen-
dent of the shape of the material. The vacuum PCC refer to emission from
the front or back surface of a one-dimensional slab whose thickness is
greater than the range of the most energetic electrons created by the photon

flux of interest.
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The elementary photon source considered is a monoenergetic plane wave.
The code calculates responses to photon spectra by superposition. The
photon energy range is from 1 keV to 10 MeV. Bulk PCC can be calculated at
an arbitrary angle with respect to the photon direction. The magnitude,
energy distribution integrated over angle, and surface energy deposition of
vacuum PCC can be evaluated for photons incident at an arbitrary angle with
respect to the surface normal. The complete emission angular distribution
can be calculated for normally incident photons. The angular distribution
can also be calculated for non-normal incidence provided the photon source
or electron detector has azimuthal symmetry. Secondary photons (Compton
scattered, fluorescence and bremsstrahlung) are not considered.

The sources of electrons are Compton, photoelectric and Auger processes.
Pair production has charge/anticharge symmetry and is not considered.
Secondary knock-on electrons are also not included in the calculation. A
semi-empirical value for the magnitude of vacuum-emitted low-energy (<50 eV)
electrons is given for certain metals. The electron elastic scattering cross

sections and stopping powers are taken from the SANDYL code.5

In Section II, the problem geometry is defined. The bulk and vacuum
interface methods are discussed in Section III. Section IV describes the
computational organization of QUICKEZ2. Appendix I considers the material
data used. Appendix II describes the input cards while Appendix III describes
the output. A sample problem is provided in Appendix IV.

o ) : oy _ -
A. Future Developments

Extensions of the capabilities of the QUICKEZ code are in progress. A
data tape containing all 100 elements with improved low-energy electron-
nuclear scattering cross sections will be made available. A version of the
code that more accurately predicts back emission from Tow atomic number
materials is being developed. Analytical formulae for the PCC at the inter-
faces between different materials will be incorporated into future versions
allowing the calculation of the non-Tocal energy and charge depositions at
interfaces. We also plan to publish additional handbooks describing vacuum

and interface PCC.
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II. Problem Geometry

The geometry considered in the calculations is shown in Figure 1. A
one-dimensional homogeneous material is exposed in vacuum to a monoenergetic
photon flux. The surface nearer the photon source is called the back surface
and the surface farther from the photon source is called the fore surface.
The outward surface normal of the fore surface is taken as the reference
direction. The photon direction is defined by the angle of incidence, eo,
with respect to this reference direction. For the monoenergetic photon flux
the range of the most energetic electron (< photon energy) can be determined.
The bulk of the material is defined as the locus of all points whose distance
from any surface is greater than this maximum electron range. For a fixed
geometry the size of the bulk will depend on the photon energy. QUICKEZ
does not calculate photon attenuation. It is assumed that the user knows the
photon flux at the bulk or surface point of interest.

A. Bulk Currents
Several components of the bulk PCC are calculated in QUICKE2. The basic

quantity is the net current along the reference direction, Figure 1(a). This
net current may be reso]ve& into a fore current of electrons traveling in the
positive direction, Figure 1(b), and a back current of edectrons traveling <n -
the negative direction, Figure 1(c). Finally, the "fore"="back" current of
electrons crossing a plane whose normal is perpendicular to the reference
direction is also calculated, Figure 1(d). (If eo # 0, an azimuthal average
is understood.) The bulk PCC are expressed as ratios of the electron/photon
fluxes. The units are electrons/photon which is equivalent to [electrons/
(cmzsec)]/[photon/(cmzsec)]. The user is reminded that as the photon beam
traverses the bulk of the material, the photon flux is attenuated. The
absolute magnitude of the bulk PCC is proportionally decreased and this
divergence of the electron flux Teads to the generation of a bulk charge
density. Furthermore, if a photon spectrum is considered the relative
spectrum will change with position because generally the Tower energy photons
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Figure 1 - Problem Geometry
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are attenuated more. Photon attenuation is negligible over distances of the
order of an electron range, but for greater thickness the effects of photon
attenuation may be important.

B. Emission Currents

For the vacuum photoemission calculations the matérial need only be one
electron range thick. Again the results are expressed as ratios of electron/
photon fluxes with the photon flux at either surface assumed know. The mag-
nitude of the electron flux emitted from the surface is measured in units of
(electrons/photon) which is equivalent to units of (electrons an? sec'1)/
(photon cm2 sec ']). The angular distribution integrated over all energies
is given in units of (electrons/photon/degree) or (electrons/photon/steradian)
the two being related by

2
dN _ 1 cipeldN
de ~ 90. ‘51"9 )

where © is the angle of the emitted electron with respect to the outward
surface normal of the fore surface. © varies from 0 to 90° at the fore
surface and from 90° to 180° at the back surface. The energy distribution
integrated over all angles is given in units of (electrons/photon/MeV).

In some applications the source is a narrow-beam, rather than a plane
wave of photons. In these cases, the total number of vacuum photoemitted
electrons is required rather than the surface density of,emitted electrons._.
For normal incidence, the ratio of electrons/photons is the same for a plane
wave or a thin beam. However, for non-normal incidence, there is a difference
because as the sample is tilted the areal density of photons striking the
material for a plane wave source decrease proportional to cose0 while in the
narrow-beam case the total number of photons intercepting the material is
constant. Therefore, to predict total photoemission results for a narrow-
beam geometry, the surface density results generated by QUICKEZ should be
multipiied by sec 60.
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III. THEORY
A. Bulk

The calculations of the bulk PCC are based upon an analytic solution to
the transport equation describing electron transport in a medium.] ‘Whereas
the solution to these equations for the general case requires Monte Carlo
solution procedures, analytic solutions are possible if the simplifications
listed in Table I are introduced. With the exception of Item A in Table I,
these simplifications apply for the majority of practical problems. The
method provides an exact solution for the transport equation modeling primary
electrons in the bulk of a material.

The theory of PCC calculations is treated in detail in Reference 1. The
following outline, however, gives the basic elements of the calculations.

A beam of electrons injected into an unbounded medium with residual
range s, and direction cosine Hg with respect to the z-axis will have, after
slowing down to a residual range s = Sg» @ distribution of direction cosines
u given by S0
- - K, (s')ds'

G(sgaugsssn) =Y (n#a)P (wo)P (n)e” S (1)
' n=0 '

This is the well-known Goudsmit-Saunderson distribution=in which the Py are
Legendre polynomiais and Kn is the nth scattering transport cross section:
1

(s = [ ols) [1-Pn<u)]du (2)

In this relation, o(u,s) is the single scattering electron cross section.
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TABLE I

SIMPLIFICATIONS TO TRANSPORT IN THE BULK

Simplification

Comment

A. The point of observation is in
a homogeneous medium and is more
than an electron range from any
boundary.

B. The photon flux is spatially
uniform over an electron range.

C. The "continuous-slowing-down-
approximation” is an adequate
model of energy loss.

D. The medium is field-free.

E. Secondary electrons and photons
do not contribute significantly
to the PCC.

I11-2

This simplification is addressed in
the next section.

The photon mean free path generally
exceeds the range of electrons it
generates by at least an order of
magnitude.

This approximation is widely used in
electron transport calculations and
its validity is generally supported
by Monte Carlo experience.

This approximation is valid in most
solids because (1) the stopping power
of the medium dominates any electric
field effects at fields less than

105 V/cm and (2) the cyclotron radius
of an electron in a magnetic field is
usually large compared to the elec-
tron's range. %= _ -

Monte Carlo calculations indicate
that secondary- and higher-order
electrons and photons contribute
less than 10% to PCC over the ranges
of Z and hv considered here.



Given a spatially uniform and time-independent source of electrons dis-
tributed in residual range and direction cosine according to some function
S(so,uo), during time &t the number of electrons crossing area SA normal to

the z-axis in the forward direction must be
1

@ 1 s
JpoAst =f0 dso'/:] dpos(so,uo)fo n(so,s)dsf0 duuv(s)ataAG(so,uo;s,u) (3)

in which v(s) is the velocity corresponding to residual range s and n(so,s)
is the steady-state distribution of residual ranges produced by a constant
unit source with initial value So- By conservation arguments, this distri-
bution must be just v'](s) for s < Sg- Using Equation (1) and Equation (3),
the forward current is then

o 1 ©
I /(; dsg [] d“OS(SO’UO);; Ry (sg)P, (ugla, (4)

in which 1

o = (n‘!’l’é)‘é- HP (1) du (5)
and SO ISO Kn(sl)dS'

Rn(so) Edé- ds e (6)

The expression for the backward current, JB’ is the same except that the
1imits on the integral defining a, are 0 and -1. For the net current, JN’
the 1limits are -1 and 1, so that only oy = 1 is not zero.

The Rn(so) are a set of generalized projected ranges of which Ry = sd"""""'
is the full residual range and R] is the mean vector range projected along
the initial electron direction. The ratio R]/RO, which might be called the
"fractional forward-directed range," varies smoothly with energy and Z and
is a convenient measure of multiple scattering effects.

These equations and cross sections describe completely the electron
currents produced by an arbitrary source S. It remains only to relate the
source term S to the photon fluence.
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Energetic electrons are produced by three principal photon interaction
processes:  Compton scattering, photoelectric absorption, and Auger emission
from an excited atom. Pair production has almost symmetric particle/anti-
particle transport and therefore contributes very little to the bulk currents.
It does contribute to energy deposition and to surface emission experiments
which distinguish positrons from electrons. For photon energies exceeding
30 Z7% MeV, pair production exceeds 1/3 of the total interaction cross section
and these QUICKE2 results should be used with care. Compton interactions are
described by the Klein-Nishina cross section for the interaction of photons
and free electr'ons.6 Auger emission from K- and L-shells is modeled using
decay probabilities from the review paper by Bambynek, et a1.7 and the photo-
electric cross-section compilations of Biggs.8 Since Auger emission is iso-
tropic, these electrons contribute equally to the forward and backward
currents but do not contribute to the net current.

Total photoelectric cross sections are taken from the analytical formualae
of Biggs. The net current is calculated using the accurate initial photo-
electric electron angular distributions from the PELEC Code of Brysk and Zerby.9
The forward and back bulk PCC are calculated with the simpler angular distri-
butions of Fischer and Sauter as discussed in Reference 1.

B. Vacuum Emission

The vacuum emission calculations are based on a generalization of a cal-
culational procedure due to weymouth]0 to obtain ana]yt1ca1 solutions for the
PCC in the vicinity of a one-dimensional vacuum interface. The analytical
solutions are possible if the simplifications in Table Il are introduced.
The simplifications for the emission calculations are more extensive than
for the bulk calculations. Indeed, it would seem that some of the simplifi-
cations are quite severe. We find, however, that the method can be made to
yield results of surprising generality, simplicity and accuracy.

The mathematical detaiis of the method are given in Reference 3. The
following outline briefly describes the theory as originally formulated by
Weymouth and then describes our improvements.
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TABLE II
SIMPLIFICATIONS TO TRANSPORT AT A VACUUM INTERFACE

Simplification

Comment

Simplifications B-E from Table I.

Yacuum emission is calculated at the front
or back surface of & one-dimensional homo-
geneous material whose thickness is
greater than or equal to the maximum
electron range generated.

The results of this approximate method are
forced to agree with the exact bulk PCC
deep in the material.

The electron angular distribution is
expanded in a Legendre polynomial serijes
which is truncated at the £ = 1 term (P]
approximation) or the £ = 2 term (P2
approximation}.

A simple analytical form is used to
describe the electron-nuclear scattering
cross section's dependence on electron
energy.

A constant "average" nuclear scattering
cross secticn is used to describe the
transport between the electron's initial
energy and its energy on leaving the
surface.

For non-normally incident plane wave photon
fluxes the angular distribution with
respect to the surface normal is the
average value integrated over all azimuthal
angles.

The electron range is proportional to the
energy raised to a power,

See Table I.

The range of electrons generated by 1 keV -

10 MeV photons in solids are usually small
compared to practical dimensions. Furthermore,
these one-dimensional results can be used to
generate upper and lower bounds on the vacuum
emission from multi-dimensional surfaces.l!

This modifies the method into a technique for
for extrapolating the known bulk currents out
to the vacuum interface and minimizes the
effect of simplifications U, E and F.

The effects of muitiple electron scattering
and/or fairly isotropic electron sources
(photoelectric and Auger) are such as to
generate electron distributions that are
reasonably represented by truncated expansions.
The good agreement between the Py and the
more accurate Py quantum efficiencies in
most cases supports the acceptability of
this simplification. The one exception is
that the code does not predict reasonable
angular distributions for electrons back
emitted from low-Z materials at high photon
energies where the Compton effect dominates.

The results were found to be insensitive to
the functional form of the cross section as
long as simplification C is used.

The nuclear scattering cross section varies
strongly with the electron's energy. This
dependence is partially compensated for by
using a different constant "average" cross
section for each energy at which the emission
is observed. The ultimate justification for
simplifications D-F is the good agreement be-
tween these predictigns, detailed Monte Carlo _
calculations and ava™able experimental data

as shown in Reference 2.

For non-normal incidence the angular distri-
butions are not azimuthally symmetric about
the surface normal. These non-normal distri-
butions are valid if the photon source or
electron detector has azimuthal symmetry.

This is used only in the calculation of the
surface energy deposition. It is an accurate
functional form for the range-energy dependence
over any limited interval.
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Weymouth considers the azimuthally symmetric one-dimensional Boltzmann
transport equation in the continuous-slowing-down-approximation. In this
approximation, for a monoenergetic source, EO’ there is a one-to-one
correspondence between the path length traversed, s, and its energy E < EO.
The path length that an electron will traverse in coming to rest is called
jts residual range. Primary electrons only are considered. (A later section -
describes how low energy secondary emission from metallic surfaces is cal-
culated from a knowledge of the surface energy depositicn at the vacuum inter-
face.) Weymouth's solution for the vacuum emission currents uses the follow-

ing procedure:

1. The primary electron distribution function F(x,E,u = cos 6)
is expanded in a Legendre series which it is assumed can be
truncated after n + 1 terms (the P, approximation);

2. This allows the Boltzmann integral equation to be converted
into a set of n + 1 coupied partial differential equations
among the expansion coefficients. The electron elastic
scattering cross section enters these equations only through

the scattering functions.

+]
6a(8) =/ “o(wE) [1 - P ()] du (2)

th

where Pn is the n~" Legendre polynomial. The‘rat105|%/K]

are well represented by constants.

3. It is now assumed- further that the scattering egoss section
and, therefore, the scattering functions are independent of

energy;

4. This allows Laplace transformation in the variables x and E,
converting the partial differential equations to coupled
algebraic equations which are then solved;

5. The inverse transform in x is done analytically. At this
point, one has algebraic expressions for the transform in
energy of the expansion coefficients of the electron distri-

bution function;
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6. Finally, the inverse transform in energy is done numerically
yielding the vacuum emission current in terms of a number of
parameters. These are the constant scattering function K1
and the Legendre coefficients, An’ which describe the initial
angular distribution of the anisotropic monoenergetic electron
source. Step 6, the inverse transform in energy, is the
most difficult part of the solution procedure. Weymouth's
procedure is tractable in the Pn approximation only for

very small n.

Qur first significant modification is to introduce energy dependence
into the elastic scattering function, K- For electrons created with energy
E and emitted into vacuum at an energy E < E . the Laplace transform method
requ1res the use of a constant scattering funct1on over the interval (EO,E).
Weymouth used the same constant scattering function for all E. This is a
gross approximation since, in fact, the K, vary with energy roughly as the
reciprocal of the residual range. In our calculations, we chose a different
constant Kk, over the intervai (EO,E) for each E. The constants used are
certain average values over the interval (EO,E) chosen in such a way that
far from the interface this transform method reproduces the exact Goudsmi t-
Saunderson result for the electron energy and angular distribution in the
bulk. Use of energy-dependent cross sections amounts.to solving a different
problem for each E value of interest. Such a procedure seems at first sight
cumbersome, but it is not. Indeed, it is the source of great computational
simplification as shown below.. To determine average valJues for the scattering

functions, we use the particular functional form

<1 (E) = kq(E)s(Eg)/(E) (7)

in which s(E) is the residual range at energy E. Calculations performed using
a highly accurate functional form of Ky due to Spencer']2 do not differ sig-
nificantly from the results obtained using this representation of the energy
dependence. With this particular functional form, the number and angular
distribution of the emitted electrons can be much more easily determined than
in Weymouth's method. This results because integration over the emission
energy of the distribution function of electrons obtained in Step 6 of Wey-
mouth's method now takes the form of a Laplace transform in energy. These
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transforms are given by the algebraic formulae in Step 5 of Weymouth's
method. Therefore, not only have we introduced energy dependence into the
scattering cross section, but in so doing we find that we can express the
total emission current and angular distribution of the emitted electrons
without having to do the inverse transform in energy. In addition, the
energy deposition in the material at the vacuum interface can also be cal-
culated without having to do the inverse transform in energy. This is the
source of the algebraic formulae presented below. Determination of the
energy distribution of emission electrons still requires numerical evaluation
of the inverse transform. For convenience, the results of these evaluations
have been fit to analytical functions.

Our second significant improvement on Weymouth's method consists in
expressing vacuum emission in terms of the bulk quantities considered in
the previous section. In Weymouth's method, the monoenergetic electron
source is described in the Pn approximation by only the first n + 1 Legendre
polynomial expansion coefficients of the initial electron angular distribu-
tion, A . With these sources and the simplifications introduced in Table II,
Weymouth's method can be used to calculate bulk PCC. These bulk PCC will not,
in general, agree with the accurate bulk PCC produced by the true source as
given in Eq. (4). In our method we choose the An S0 as to require that
certain etectron current components in the bulk agree exactly with the pre-
dictions of the previous section. Similarly, the scattering parameter K1(E0)
can be chosen so as to reproduce exactly the known quantity R (E ). which is
the mean penetration of a monoenergetic electron in an 1nf1n1te med1um along
its initial direction. In this form, our method may be‘fhought of as a h
technique to extrapolate known exact results in the bulk out to the vacuum
interface. With this procedure, we find good agreement with experimental data
for n as small as one or two; discrepancies are noted only for back emission
and then only for Targe photon energies and low-Z materials; i.e., for highly
anisotropic sources and small scattering. It is in precisely this region that
back emission is very small and of little practical consequence.
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So far, only monoenergetic electron sources have been discussed in this
section. Distributed energy sources of electrons generated by the various
photon interactions may be modeled by a superposition of solutions. However,
we Tind that the magnitude and angular distribution of vacuum emission can
be well modeled by a single average monoenergetic electron source as long as
the coefficients deséribing the source are constrained to agree with the
corresponding bulk currents produced by the photon energy of interest. This
is not generally true for the energy distribution, of course.

B.1. Quantum Efficiency

The quantum efficiency is the total number of electrons emitted into a
vacuum per incident photon. For normally incident photons, the formulae for
the forward [backward] quantum efficiences, JFV[JBV]’ in units of electrons
per photon (or [electrons cm™2 sec']]/[photon cm-2 sec'1]) are

P] approximation:
5] [ 1 ] _ 20 + ) + [-1 9, (3/R(E) /2

dJ .
Fv BY — (8)
2 + (3/R(E)1/2
P2 approximation:
J2 2 1=t 4Au + [-] 6B utist + 2u) 25(;1;} (9)
FV [“BV| T W { VIt + U
where o '
A = {JF + oy + 4JF(90)}/3
B = JN/zﬁ(E)
_ 8{t + a : < _ ——
¢ = {JF +Jg - ZJF(QO)} _(_)'1512
u= 5(t+ a) .
W= 2uy + t{4u + 5y)
t = R(E)/[1 - R(E)]
y = {3u(t2 + t)/(4t + u)} 172

o = |<2/|<] ~ 2.5
R(E) = Ry(E)/s(E)

and where JF’ JB and JN are the forward, backward and net bulk PC currents
evaluated in the direction of the outward surface normal, JF(90) is the
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"forward" (="backward") bulk PC current evaluated perpendicular to the surface
normal, E is the average initial electron energy, all evaluted at the photon
energy of interest and R(E) is the mean penetration of electrons of energy

E along their initial direction in the bulk expressed in units of their total
range. A1l of these quantities are tabulated in Reference 4. The P1 for-
mulae (8) should be used except for back emission at high photon energies
where the P, formulae (9) are better. Where the P, result is very different
from the PI result both are, of course, suspect; this only happens when the
quantum efficiency is so low as to be generally of little practical interest.

The formulae for the quantum efficiencies for photons incident at an
angle 6, with respect to the outward surface normal are the same except that
the currents JN’ JF and JB along the surface normal and JF(QO) perpendicular
to the surface normal are evaluated for photons traveling in the bulk at an
angle 6, with respect to the surface normal (but see foliowing paragraph).
Note that these formulae for non-normal incidence apply to the prediction of
the emitted electron current density in case of a plane wave of photons in-
cident of a finite slab such that as the slab is tilted the number and areal
density of photons hitting the slab decreases as cos6 . In some practical
applications the photon beam is narrower than the target, and as the target
js tilted with respect to the photon beam the total number of photons hitting
the target is constant. In this latter case, to predict the total number of
electrons emitted from the target formulae (1) and (2) should additionally be
multiplied by sec eo. Finally, to predict the results for a photon spectrum,
the formulae must be convolved with the appropriate phoggn distribution.

In the definition of o following Eq. (9), the number 2.5 is an approxi-
mation of the ratio K2/K]. QUICKEZ actually evaluates this ratio using
internal data, but one may use Eq. (9) without access to QUICKEZ by taking
this ratio from a table in Reference 4 or simply by using the number 2.5,
with very little error. Similarly, when the photon angle of incidence, 60,
is not zero, QUICKEZ evaluates the current components JF, etc., exactly.
Equations (8) and (9) may be used without access to QUICKE2, however, with
very 1ittle error, by taking the current components from Reference 4 and
using the following procedure: In Eq. (8) multiply Jy by cos6,; in Eq. (9)
multiply coefficients A, B, C by 1, cosb ., (3 c05290 -1)/2, respectively.
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B.2. Angular Distribution

The angular distribution in the P1 approximation is determined entirely
by the mathematical formalism; it contains no physics and is only qualita-
tively correct. For normally incident photons, the P2 approximation
formula for the angular distribution integrated over atl energies (electrons/
photon/steradian) is

2

J 2
dN FV 3u~ -1
ol |”|3D * 3+ SF— (10)

where u is the cosine of the emission angle with respect to the outward

surface normal and where

4(-2A + 5c)/J§v +8
15 + 100/t

(11)

D=2-1.25F .

The formula for the back angular distribution with respect to the outward
normal at the back surface is the same except JEV is replaced by ng in Eq.
(10) and in the definition of F.  For non-normal incidence, the azimuthal
symmetry of the angular distribution is lost and our method cannot predict
the full angular dependence. However, if either the photon source of
electron detector has azimuthal symmetry, then the angular distributions

due to photons incidence at an angle eo with respect to the normal are given
by Eq. (10) except that Iy JF, Jg and JF(QO) are evaluated for photons
traveling at an angle eo with ?he surface normal. Agala, to use Eq. (10) N
without access to QUICKE2 one may use the procedure described immediately
above.

The angular distributions for photoelectric and Auger sources are in
good agreement with experimental and Monte Carlo results. For Compton
electrons the distributions are not as peaked in the forward direction as
the experimental and Monte Carlo results, particularly in materials of lower
atomic number. This results from the fact that the Compton electrons are
initially strongly forward peaked and are not well represented by the P2
approximation. The situation is much worse in the backward direction. Our
analytical results, although giving reasonable quantum efficiencies, may
predict a negative angular distribution near the surface in lower atomic
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number materials at high photon energies. This results from the fact that
the P2 approximation to the initial angular distribution of the forward
peaked Compton electrons goes negative in the back direction, and there is
too little scattering to wipe out this anomaly before it reaches the surface.
To get meaningful results, it would be necessary to use a PN approximation
with N > 2; this has not been done at present. Fortunately, athigh photon
energies the magnitude of back relative to forward emission is small and,
therefore, back emission is generally not important in practical problems.
We are unaware of any measured high energy back angular distributions. We
have found from experience with Monte Carlo calculations, however, that a
cos® dependence is a reasonable approximation to use in this case. When
QUICKE2 senses the anomally just described, a warning statement is printed
and a cos6 distribution is substituted.

B.3, Energy Distribution
The forward P] energy distribution (electron/photon/MeV) integrated over
angles for a monoenergetic electron source is given by

dv _ (Jp + 3g) g(a) + Iy h(a)/R(Ey)
dE S(E,) (dE/dx)

where E0 is the initial electron energy, dE/dx (MeV cm2/gm) is the stopping
power at energy E, s(E) (gm/cmz) is the residual range of electrons of energy
E, JE, Jé and J.! are the contributions to the bulk PC currents produced by

N
this monoenergetic source and

(12)

q = 1 1n [s(Eo)/s(E)] ’ ' =
a(q) = (23.94 + 3rq/8)" /2 + (2.088 + .5107q) %/ (13)
h(q) = (21.99 + (3m)1/3q)"%/2 + (1.848 + .5373a)7>/2

+ .2391 exp(-.7865q) . (14)

The formulae for back emission are the same except that the sign of Jy is
changed. To get accurate results, one must sum results separately over the
various energies of the electron source (Compton, photoelectric and Auger)
and we do this superposition by computer. Note that in the P] approximation
the energy spectrum is the same at all emission angles.
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B.4. Surface Energy Deposition and Low Energy Secondary Electrons

Calculation of the energy deposition in the material at the vacuum inter-
face is important because empirically it has been found that for many metals
the magnitude of emission of very low-energy (<50 eV) secondary electrons is
proportional to the surface dose. 3 To calculate the deposition it is
necessary to introduce the further simplification that the range of electrons
in the material s(E) is proportional to the energy raised to a power.

S(E) o EM (13)
The constant m is defined in practice by
m = 1n [s(E)/s(E/2)]/1n 2 . (14)

The formulae for the energy deposition at the fore [back] surface in units of
(MeV/gm)/(photon/cmZ) are

P] approximation

D; [D;] = 20gphv 1+ [-] I3/ (T+1/t%) (15)
2+ V3[THI/TF) 2R(E) (9 + 9y)

P2 approximation

2
DE [Dﬁ] = Ogphvt* §A(4u + 5y) - [+] J2u"t* B _ 12.5ch (16)
VI

4t* +u y

where oen[cmzlgm] is the photon energy absorption cross sectior evaluated at
the photon energy, hu[MeV], of interest. In these equations t* = t/m and the
quantities u, y, W are to be evaluated using t* rather than t, but the source
terms A, B, C and the current components are as previousdy defined. For non-
normal photons JN’ JF, JB and JF(90) are evaluated for photons traveling at
an angle 60 with respect to the normal as discussed above.

The deposition at the back surface of a Jow 7 material exposed to high
energy photons is not accurately calculated in the P2 approximation. The
source of the error is the same as in the angular distribution calculation.
When the P2 results are significantly different from the P] results both are
suspect. If the P2 energy deposition goes negative, an error message is
printed out. ‘
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IV. Computational Details

The purpose of this section is to provide a summary of the details and
organization of the program. Additional information is given in Appendix I
where the material data are discussed. A1l subroutines and functions
described be]oﬁ are called from QUICKE2 unless otherwise noted.

Program QUICKE2

This is the main subroutine. The input cards are read in (see Appendix
I1) and the input information is printed out. Subroutine PREP is called to
prepare the cross sectional information. The PCC are calculated for each
monochromatic photon energy sequentially. First, the Compton electrons are
treated. The continuous set of Compton electron energies and angles is
treated as a finite set of monoenergetic, monodirectional electrons weighted
according to the Klein-Nishina cross section. The total Compton response is
given by the sum of the responses for each individual source. Next photo-
electric processes are treated. A DO loop calculates the photoelectric
response for each element in the material. The photon energy is tested to
see if it is above the K, average L, average M or average N shell energy.
If the energy is above the average L shell, then the contribution of Auger
electrons to forward (= back) current and emission enerdgy® distribution is
computed. Then the contributions from the photoelectric electrons emitted
from each allowed shell are considered. The photoelectric response is the
sum of the responses from all the shells of all the elements in the material.
For any individual electron source its net bulk PCC is caiculated and sub-
routine FORCUR is called twice to determine the forward bulk PCC along the
reference direction and perpendicular to the reference direction. If vacuum
emission energy distributions are desired then the emission spectra due to
each individual source is evaluated. Two average initial electron energies
are calculated, one weighted by the contribution of each source energy to '
the net current and one calculated by weighting each source energy by the
contribution to the forward plus backward currents. Once the bulk currents
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for the photon energy are known, then the Py and Po quantum efficiencies and
surface energy depositions are calculated. A1l the above results are then
printed out. Then the angular distribution and energy distributions of
emission electrons are calculated and printed out. After all the monoener-
getic photon responses are calculated the response to the input photon
spectrum, if any, is found by trapezoidal integration.

Subroutine PREP

This subroutine reads in the material data from the data bank as
described in Appendix I. Subroutine RANGE js called to calculate the range
from the stopping power. The RN are then calculated according to Eq. (6)

at a predetermined finite set of energies.

Function TRBARF(EE)
This subroutine returns the value of R]/R0 (Eq. 6) which is the mean
penetration of an electron of energy EE along its initial direction divided

by its total pathlength (csda range).

Subroutine P1CON
Evaluates the functions that are needed to determine the emission

spectra (Eqs. 13 and 14).

Subroutine VCON

Determines the ratio of KZ/K] which is needed in the Pz approximation.
o : ' @

Function DEDXFN(E)
Determines the stopping power at energy E by linear interpolation.

Function PELEC{K,HV)
Determines the ratio of the net current calculated with PELEC angular

distributions to the current calculated with the Fischer/Sauter formulae for
the Kth element in the material at a photon energy HV. Linear interpolation

is used.
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Function RBARFN(EE)

Returns the value of R1 in units of gm/cmz; Note that RBARFN(EE)/
TRBARF(EE) gives the range in gm/cmz. Logarithmic interpolation is used
below 1 MeV and Tinear interpolation is used above 1 MeV.

Subroutine FORCUR

Calculates the contribution to the bulk forward current along the
reference direction and perpendicular to the reference direction for an
individual electron source with range S, as given by Eq. (4). The value of
RN at S0 is found by interpolation. For Compton electrons this source has
a unique direction. For photoelectric interactions this monoenergetic source
is distributed in angle. Subroutine INT is called to determine the Legendre
polynominal expansion coefficients of the photoelectric angular distribution.

For Auger electrons the source is isotropic. .

Function FORCOS(EE,HV)
Calculates the average cosine of the Fischer or Sauter photoelectric

angular distribution in the forward half plane for photoelectrons of energy
EE created by photons of energy HV. Called from FORCUR.

Subroutine INT
Calculates the Legendre polynominal expansion coefficients for the

Fischer or Sauter distribution. Calied from FORCUR.

Subroutine COEF
Calculates values for INT. Called from INT.

Subroutine AVCOS
Calculates the average cosine for photoelectrons for the Fischer or

Sauter distribution. Used in calculating the net PCC for photoelectric

electrons.

Subroutine CRSEC
Evaluates the Biggs photoelectric interaction cross section.
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Subroutine RANGE
Calculates the range from the stopping power. Very similar to SANDYL

range routine. Called from PREP.

Subroutine ZINT
Numerical integration routine. Called from RANGE.
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APPENDIX I
MATERIAL DATA

The calculations require material data relevant to photon and electron
transport, most of which is stored in a data bank on a tape or in permanent
files, and the remainder is calculated in the code from the corresponding

formulae.

The data bank has 25 files, one for each element. Subroutine PREP reads
the information from the file for each element in the material being irradiated.
A composite atomic weight, stopping power, scattering parameter and photon
cross section are calculated by weighting each element by its weight fraction.
The stopping power and electron-nuclear scattering parameters are taken from
the SANDYL code. For each element the data are arranged as follows:

A. ZN, ATWTN, NN, ELEM
FORMAT (F10.1, F10.4, I10, A10)
AN - atomic number
ATWTN - atomic weight
NN - file number
ELEM - alphanumeric element name

B. JL, TEDZ (TEDSBE(J),J=1,9)
FORMAT (I3, F5.2, 9F8.3)
JL - number of sets of Biggs photoelectric cross section parameters
TEDZ - atomic number (same as ZN)
TEDSBE - energy of K, L1, L2, L3, Mi, M2, M3, M4, M5 levels in MeV

C. (FINISH(J), (A(J,L),L=1,4),d=1,dL)
FORMAT (10X, F12.3, 4E11.3)
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FINISH - maximum energy in MeV of the Jth

cross section parameters
A - four parameters - if the photon energy hv is FINISH(J-1) <hv
< FINISH(J) then (FINISH(O) = O, FINISH(JL+1) = ).

set of photoelectric

>
Opg = 129 A(J,L)/E**L
D. (ZSAN,ESAN(J),RSAN(J),SSAN(J),ESAN(J+1),RSAN(J+]),SSAN(J+1),J=1,64,§1
FORMAT (F5.1, 6E12.5)
ZSAN - atomic number (same as ZN)
ESAN - set of 64 energies in MeV at which the electron-nuclear

cross sectional information is stored.
RSAN - range of electron in gm/cm2 with energy ESAN from SANDYL.
SSAN - K, of Equation (2) times the range RSAN evaluated at ESAN
from SANDYL.

E. ST(1,d) (TEBL(K,J),K=1,9)
FORMAT (3X, 7E11.4) - called 64 times
ST(1,d) - energy in units of .51 MeV
TEBL(K,J) - the inverse of the stopping power in units of
(IV‘Ie\I/grn/cmz)'1 evaluated at equal intervals between
ST(1,d) and ST(1,J+2). K=1 corresponds to energy
ST(1,d). K=N corresponds to energy ST(1,d) -
N (sT(1,9)-ST(1,0+1)). Data from SANDVL.
: ' <&

10

F. LMAX(J),TEDZ,ESAN(J),RSAN(J)
FORMAT (I10, F10.2, 2E20.10) - F. and G. called 64 times.
L MAX - number of KN (Eq. 2) for ESAN(J)
TEDZ - atomic number
ESAN, RSAN - same as Card 4.

G. (SSAN(M),M=2,LMAXL
FORMAT (3X, 7E11.4)
SSAN - Kn,'n=2, LMAX. Data from SANDYL.




H. (RATIO(J),J=1,24)
FORMAT (6E20.10)

RATIO - ratio between the net current calculated with the photo-
electric angular distributions from the PELEC code to the
net currents calculated with the Fischer/Sauter formulae
evaluated at .01, .015, .02, .03, .04, .05, .06, .07,
.08, .09, .10, .125, .15, .2, .3, .4, .6, .8, 1., 2.,

4., 7., 10. and 20. MeV respectively.

Photoelectrons can be generated in the code from the K level or any
average L, M or N level. A photoelectric interaction can eject an electron
from any shell whose binding energy is less than the photon energy. The
relative probabilities of the interaction from each shell are calculated as
follows. Just below the K edge the photon interacts with only the lower
shells. Just above the K edge energy the cross section jumps because of the
K shell interactions while the interaction due to lower shells remains
constant. Just above the K edge the ratio of the number of K shell inter-
actions to all other shell interactions is

opg (g + 6) = opg (Ey - 6)
opg (Eg + )

We assume that this ratio holds for all energies above the K edge. Similarly,
.the jump in the cross section at the L edge determines the ratio of L shell
interactions to all lower shell interactions. Again, we assume that this
ratio holds for all energies above the L edge. In this 33nner'the relative

probabiTities are determined.

The probability that a K shell ionization results in an Auger electron
of energy EK - 2EL2 is taken as

1.
1. + (2/30.)%

ZCON =

The probability that a K shell jonization results in an Auger electron of

eneragy EL2 - 2EM3 is taken as
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ZCONKL = —— 4 ——P

1+ (ent 1.+ (2/30)°

The probability that a L shell jonization results in an Auger electron of
energy EL2 - 2EM3 is taken as

1.

ZCONL = 7
1. + (Z/92)

The energy absorption cross section for Compton interactions is taken from
Biggs analytical approximation to the Klein Nishina cross section

X + .825X% + .03234X° z

1+ 5.393% + 5.212X% + .8783X° + .01599X

KN _ -
Oea = .4006

where

E(MeV)

X= =317

The energy absorption cross section for photoelectric interactions js related
to the interaction cross section by

. PE _ _PE hv - ELOST
en 94 hv

where hv is the photon energy and ELOST is the energy QI the fluorescent
radiation. The probability that the K or L shell will fluoresce is just one
minus the probability that it will emit an Auger electron which is given

above. The average K and L shell fluorescent energies were taken from Storm

and Israe1.14

For metals the yield of very low energy secondary electrons is found
empirically to be proportional to the energy deposition at the surface. The
proportionality constants used were taken from Reference 13 and are given in

Table III.
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TABLE ITI

EMPIRICAL RATIO OF SECONDARY ELECTRON
YIELD TO SURFACE DEPOSITION

METAL ATOMIC NUMBER RATIO*
[e”/cm?]/[MeV/gm]
Al 13 .017
T ' 22 .014
Ni 28 .017
Cu 29 .017
Ag 47 .022
Sn 50 .016
Ta 73 .025
Au 79 | .023
Pb 82 - .024
c -

*From E. A. Burke, et al., IEEE Trans. Nucl. Sci., NS-17, 193 (1970).
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APPENDIX II
INPUT CARDS

This appendix describes the input cards necessary to run a problem with
QUICKE2. Several problems may be run sequentially. The user has the option
of using or redefining a set of default values for many of the input variables
which will be used in all subsequent problems in a given computer run unless
redefined.

Card Columns Variable Description
1 1-80 HEAD 80 Character alpha-numeric probiem title
2 1-5 NUMEL Number of elements in the material

> 0 Number of elements to be read in on Card 3
(new material or first problem)

= 0 Program terminates

< 0 Same material as previous problem.
- 1 x NUMEL is the number of elements.
Card 3 is omitted (may not be used in the

“first problem). =

0 Atomic or chemical fraction used to describe

material on Card 3 (e.g., water = .667 H,

.333 0)
1 Weight fractions (e.g., water = %E-H, —§-0)

6-10 NPCT

]
—_

—

11-15 NHVCALC Number of photon energies at which currents
are calculated.
= 0 will use values from previous problem; if
this is the first problem the 24 photon
energies used are .01, .015, .02, .03, .04,
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Card Columns

Variable

Description

16-20

21-25

26-30

31-35

AlI-2

NTYPE

NDNDE

NSPECT

NECALC

.05, .06, .08, .10, .15, .2, .3, .4, .5, .6,
.8, 1., 1.3, 2., 3., 4., 5., 6., 10. MeV.

> 0 These values in MeV must be read in on Card
4 and will be used in subsequent problems
unless redefined.

Maximum number 50.

0 Bulk currents and magnitude and angular
distribution of emission currents calculated.

fl

1 Bulk currents only.

Applicable only if NTYPE = 0
0 Emission energy distribution calculated.

1 No emission energy distribution calculated.

Number of spectrum points

0 If this is the first probliem no spectrum
response is desired; otherwise, the spectrum
(or no spectrum) from previous problem will

It

be used.

> 0 Read in on Card 6 NSPECT values of a number
vs. energy photon spectrum {dN/dE).

< 0 Read in on Card(s) 7INSPECT| values of an
energy vs. energy spectrum (dE/dE).

: ' “

Number of energies at which emission energy

spectrum will be calculated if NTYPE = 0 and

NDNDE = 0.

= 0 Use values from previous problem. If this
is the first problem the 34 values in MeV
are .001, .003, .005, .007, .010, .015,
.020, .030, .040, .050, .060, .070, .080,
.090, .10, .15, .20, .30, .40, .50, .60,
.70, .80, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 10.

> 1 Read in on card(s) 5 NECALC values (maximum 34)



Card Columns Varijable Description
36-40 NHVANG = 0 Use photon angle from the previous problem.
If this is the first problem the photon
angle will be 0 degrees.
= 1 Read in new photon angle on Card 6.
41-45 IPRINT = 0 Does not print cross sections from input
tape.
= 1 Will print cross sections from input tape.
(Required if NUMEL >0, Card 2, Cols. 1-5)
3 E%%gl), NUMEL pairs of values of atomic numbers, NEL(I),

and element fractions, F(I), which are chemical
fractions if NPCT = 0 or weight fractions of
NPCT = 1 (Card 2, Cols. 6-10). The atomic
numbers are chosen from

L Name
1 Hydrogen
4 Beryllium
6 ‘Carbon
7 Nitrogen
8 Oxygen
9 Fluoride
12 Magnesium
13 © Alumfsum
14 Silicon
17 Chlorine
18 Argon
20 Calcium
22 Titanium
26 Iron
28 Nickel
29 Copper
32 Germanium
41 Niobium
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Card Columns Variable

Description

1-2

8-10

11-12

13-20

21-22

23-30

4 8F10.7  HVCALC

5 8F10.7  ECALC

AII-4

47 Silver

50 Tin

60 Neodymium
73 Tantalum
79 Gold

82 Lead

92 Uranium

7 of first material, Format I2

F(1), Format F8.6

Z of second material

F(2)

Z of third material

F(3); etc., up to NEL(NUMEL) s F(NUMEL)

(Required if NHVCALC >0, Card 2, Cols. 11-15)
NHVCALC values of the photon energies at which
these currents are to be calculated are read in
eight to a card. The photon energies in MeV
should be in ascending orde™ Minimum .001 MeVy
maximum 10 MeV. If a spectrum is to be used,
the minimum photon energy should be less than

or equal to the minimum spectrum energy and the
maximum photon energy should be greater than or
equal to the maximum spectrum energy.

(Required if NECALC >1, Card 2, Cols. 31-35)
NECALC values of the energies at which the
electron emission energy distribution are to

be calculated are read in eight to a card. The



Card

Columns

Variable

Description

6

7

F10.7

8F10.7

HVDEG

DNDESP,
HVSPECT

energies in MeV should be in ascending order.
Minimum .001 MeV, maximum = maximum photon energy.

(Required if NHVANG >1, Card 2, Cols. 36-40)

For vacuum emission: photon angle of incidence
in degrees, for bulk currents: the angle
relative to the photon direction at which the
currents are calculated.

(Required if NSPECT # 0, Card 2, Cols. 26-30)

NSPECT pairs of spectrum intensity and energy
(in MeV) are read in four pairs to a card. The
energy values must be in ascending order. The
spectrum need not be normalized.

If another problem follows, go to Card 1. OQther-
wise, two additional blank cards are reguired to
normally terminate the program.
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APPENDIX III
OUTPUT INFORMATION

The output of QUICKE2 is extensively annotated to allow easy user inter-
polation of the results. An outline of the output is given below.

Always Printed

A. Input Information
1. Problem title
2. Number, names and fractions of elements
3. Type of problem - bulk or vacuum
4. Number of energies of monoenergetic photons and values in MeV at
which the response is calculated.
5. Photon angle of incidence.
Oniy if vacuum emission energy distributions are to be calculated
6. Number of energies at which emission spectra are calculated and

values in MeV.

Only if response to photon spectrum is to be calculated

7. Input photon spectrum and equivalent monoenergetic photon source
weighted according to the input spectrum. =

Only Printed if Cross Sectional Information is Desired
B. Cross Sectional Information

1. For each element in the material

a. Element number, atomic numbek, atomic weight and name

Fraction of photoelectric events that Auger
Photoelectric absorption edge energies
Parameters for Bigg's photoelectric cross section
Ratios of the photoelectric cross section from each shell to
the total photoelectric cross section.

o o o o
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f. Ratio of PELEC/Fischer-Sauter net currents

Composite expansion coefficients, Kps of electron nuclear scattering
for the material.

Energy, range, mean range, and stopping power table for material.

Always Printed

C. Response to monoenergetic photons

1.

2
3.
4.
5

Photon energy and angle of incidence

Photon interaction and energy absorption cross sections

Bulk currents along direction of surface normal

Bulk currents perpendicular to normal directions

Mean initial electron energy generated by the photons weighted
according to contribution: (1) to the net, or (2) the forward plus
back bulk currents.

Range of electrons of mean energies and photon energy.

Constant m for range-energy functional form, S o EM

bulk currents only go to D.

Fore and back quantum efficiencies.
Energy deposition in the material at vacuum interface. Note: If
back energy depositions are not accurate they are omitted and a

message is printed.

Only if empirical ratio of low energy emission/surface deposition is

known.

10.

11.

Empirical ratio and magnTtude of lTow energy emission. Note: If
back energy depos1t1ons “are omitted in C. 9, thé® no back low energy-
emission is given.

Angular distribution of emitted electrons integrated over all
emission energies. Note: If P2 back angular distribution is not
accurate an error missage is printed and an approximate cosine
distribution is substituted.

Only if emission energy distribution is to be calculated.

12.

AIII-2

Emission energy distribution. The integrated totals give the quantum
efficiency calculated for the true electron source and can be compared
to C.8 which is calculated assuming a monoenergetic source.



Only printed if response to a photon spectrum is to be calculated.
D. Normalized spectrum response similar to response to monoenergetic photons.
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APPENDIX IV
SAMPLE PROBLEM

As an illustrative example, the bulk and vacuum PCC will be calculated

for Al exposed to 1.25 MeV photons incident at 30°. The input cards are
shown below.
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