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Using the EGS4 Monte Carlo simulation program, a general purpose code has been written to
calculate Bragg-Gray and Spencer—Attix stopping-power ratios for use in radiation dosimetry.
The stopping-power ratios can be calculated in any material in any region in a general cylindrical
geometry with a large number of source geometries possible. The calculations take into account
for the first time the differences between the stopping powers and the inelastic scattering of
positrons and electrons. The results show that previous calculations ignoring these effects were
accurate. The present results agree, typically within 0.1%, with the Spencer—Attix water-to-air
stopping-power ratios for broad parallel beams of electrons given in the AAPM and IAEA
protocols except at the surface where the present calculations follow the buildup of secondary
electrons in more detail and see a 2% reduction in the stopping-power ratios.

I. INTRODUCTION

Electron stopping-power ratios play a central role in radi-
ation dosimetry because they are used in Spencer—Attix cav-
ity theory to relate the dose in one medium to the dose in the
surrounding medium, i.e.,

D, _ (_L,)"’ _ @, [L(A)/p],, dE + TE,,
D, \p/s i@ [L(A)/pl, dE + TE, '

= (1)
4
where m and g are the two media, ®; is the fluence spectrum
of primary and secondary charged particles (i.e., &, dE is
the number of charged particles per unit area with energies
between E and E + dE), A is low-energy cut-off below
which all electrons are considered to deposit their energy
locally, [L{A)/p],..q is the restricted collision stopping
power in medium med for energy losses below A and TE is a
track-end term to take into account charged particles falling
below A. This equation assumes that electrons with energy
below A are absorbed on the spot and that the cavity does not
affect the charged-particle fluence spectrum & ..

Stopping-power ratios appear in two central equations in
radiation dosimetry. The most important is the equation for
the dose to a medium given the charge measurement from an
ion chamber when the medium is irradiated by a photon or
electron beam, viz,

Dmed = MNgas (z /p)medpion Prcpl Pwal)

air

(Gy), (2)

where M is the charge from the ion chamber corrected to
standard conditions, N, is the cavity gas calibration factor
and the three P factors are corrections which appear in the
AAPM dosimetry protocol.! A stopping-power ratio also
appears in the basic equation for determining exposure based

on measuring charge from an ion chamber, viz.,
T \wall 7\
X=—Q"—"‘—s—(£) (”) K,K (C/kg), (3)
m P 7 air P wall

where Q. is the charge liberated in an ion chamber exposed
in a °Co beam, m_._ is the mass of dry air in the chamber,

air

air
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( ten /p)’;‘,f;,, is the ratio of mass energy absorption coefti-
cients for air and the wall material and the K ’s are various
correction factors. This equation plays a central role in de-
termining the cavity-gas calibration factor N,,, used in var-
ious protocols.

ICRU Report 35 contains a full discussion of the calcula-
tion of stopping-power ratios.” Several authors have report-
ed extensive series of calculations for use in radiation dosi-
metry. For electron beams, Berger and Seltzer of NIST were
the leaders in the field.>* Their values are based on extensive
Monte Carlo calculations with ETRAN to obtain the elec-
tron fluence spectrum ® .. The resulting stopping-power ra-
tios are used for electron beams in the AAPM and IAEA
protocols."* Nahum® made a significant step forward by
recognizing the importance of the track-end term in Eq. (1)
and in using Monte Carlo calculations for photon beams.
Nonetheless the photon stopping-power ratios used in the
AAPM protocol are based on Cunningham and Schulz’s
analytic calculations of ®,.° Andreo and Brahme’ have
done extensive Monte Carlo calculations for photon beams
and their results are used in the TAEA and other protocols.*

In all of the Monte Carlo calculations mentioned above,
the codes consider positrons to be the same as electrons ex-
cept that they produce two 511-keV photons when they an-
nihilate. This is an approximation because electrons and po-
sitrons interact differently in matter and in particular their
collision stopping powers are considerably different as is
shown in Fig. 1. They also scatter differently and their radia-
tive stopping powers are somewhat different.* For high-en-
ergy photon beams on water phantoms, pair production
plays an important role. For example, positrons are 25% of
the charged-particle fluence created by 20-MeV photons.
One might expect that stopping-power ratios calculated with
electrons and positrons treated separately would be different
from those in which they were treated as the same.

To investigate this effect, the EGS4 code has been used to
calculate charged particle fluence spectra and a code has
been developed to calculate the stopping-power ratios. The
paper starts by describing an EGS4 user code, called
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FLURZ, and the code SPR used to calculate the stopping-
power ratios. To demonstrate that FLURZ and SPR work, a
comparison is made of our results for electron beam stop-
ping-power ratios to those calculated using other codes. A
comparison to other photon beam calculations shows that
explicit treatment of positrons makes no significant differ-
ence to the values of Spencer—Attix stopping-power ratios in
water.

Il. THE EGS4 USER CODE FLURZ

EGS4 is a widely used general purpose package for doing
Monte Carlo simulations of electron and photon transport in
materials® and has been extensively benchmarked in many
situations.'®!" EGS4 keeps track of electrons and positrons
separately. For positrons it uses the appropriate collision
stopping power, treats inelastic scattering from electrons us-
ing the Bhabha scattering cross section instead of the Moller
cross section and simulates annihilation in flight. It has been
shown that these differences can make up to a 5% difference
in the peak dose per unit incident fluence in positron beams
compared to electron beams of the same energy'? and a 13%
difference in the calculated germanium detector full-energy
peak efficiency for positrons compared to electrons.'> EGS4
makes the approximations that elastic multiple scattering
and bremsstrahlung radiation are the same for positrons as
for electrons. Use of these approximations should have no
effect in calculations of stopping-power ratios.

The PRESTA electron transport algorithm was used with
the EGS4 system in order to save computing time.'* In ap-
plying PRESTA in this application a coding error was found
in the PRESTA routine which leads to a small but distinct
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error when scoring fluence. (The error was that, contrary to
the documentation, the PRESTA algorithm used the energy
near the beginning of the step to evaluate various quantities
needed during each step. It should be the middle of the step.)

The original fluence-scoring code developed at NRCC
scored the fluence in a plane by doing a weighted count of the
particles crossing the plane (see Ref. 15). This is very ineffi-
cient when scoring low-energy electrons and so
FLURZ(V13) scores the total particle path length per unit
volume. Chilton has formally proved that this quantity is
equivalent to the average fluence in the volume.!®!” The
code works with a general cylindrically symmetric geometry
with arbitrary materials in each region. An arbitrary input
energy spectrum of electrons, positrons, or gamma-rays is
handled in a total of ten or so different source geometries
(broad parallel beams from the end or side of the cylinder,
point sources, etc.). The code scores electron, photon, and
positron fluence spectra (i.e., differential in energy) in each
region of the geometry. The spectra can have energy bins
that are: equal, arbitrary, equally spaced in the logarithm of
the energy for the entire energy range, or with logarithmic
energy bins except for the top 10% of the energy spectrum
which is covered by 10% of the bins of equal width. This
latter option proved to be the most convenient for calculat-
ing stopping-power ratios. The use of relatively small equal-
energy bins near the maximum energy was found necessary
in monoenergetic electron beams to avoid artifacts near the
surface where the energy spread of the electrons can be much
less than the logarithmic bin size. To make uncertainties due
to bin-size artifacts negligible, this latter option was used
with 150 bins although 75 or even fewer bins would probably
do as well.
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When using PRESTA, large step sizes can occur and in
the scoring routine it was found essential to distribute the
path length in each step across several energy bins. This was
done assuming the electron stopping power was constant in
the step. This approximation can become invalid for very
large steps and so it was found necessary to restrict step sizes
to maximum energy losses (ESTEPE) of 10% or less in or-
der to score the pathlength properly. With larger steps, the
higher stopping power at lower energies in the step (espe-
cially for low-energy electrons where the stopping power
changes the most) implied less path length should be asso-
ciated with the lower-energy electrons. Hence, use of exces-
sively large steps with this simple scoring algorithm causes
the fluence scored to be too large for the low-energy elec-
trons.

For calculating Bragg-Gray stopping-power ratios the in-
tegrals are over the fluence spectra of primary charged parti-
cles only and hence it was necessary to score the fluence
spectra for primary charged particles which were taken to
include everything except knock-on electrons (i.e., charged
particles created by phantom generated bremsstrahlung are
included as primaries).

The stopping powers used by the EGS4 system® are close
approximations of the ICRU report 37 values.® However, to
eliminate any uncertainties (which can amount to 0.5%), a
slightly modified version of the data preparation package
was used which produces exactly the ICRU collision and
radiative stopping powers'®'® except that positron radiative
stopping powers are taken to be the same as those for elec-
trons.

In the calculations reported here, the value of A has been
taken to be 10 keV as done in major protocols."* The fluence
spectra have been calculated down to A using the Monte
Carlo code.

Earlier versions of the FLURZ code have been used to
calculate stopping-power ratios’>?' but the changes de-
scribed above represent a fine tuning of the code for the pres-
ent application. After this paper was submitted, an extensive
paper was published that used EGS4 to calculate electron
beam stopping-power ratios.”> With minor exceptions there
is good agreement with the present results for electron beams
except at the surface where large depth bins were used.

lll. THE SPR CODE

The code SPR takes electron and positron fluence spectra
and calculates the stopping-power ratios given by Eq. (1),
again explicitly accounting for the differences in the electron
and positron stopping powers. The track-end term is given
by ®,(A)[S(A)/p]meaA.>* The collision stopping-power
data are from the EGS4 data files prepared by PEGS4. The
stopping-power ratios could be calculated for any two media
but the usual application is for the material in the numerator
to be that for which the fluence spectrum was calculated and
for the material in the denominator to be that of the detector
(usually air).

The integral is approximated by a summation over the
energy bins. The energy of each bin was taken as its midpoint
which is accurate as long as the fluence and stopping powers
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vary linearly across the bin. This was verified when using 150
bins because the calculated stopping-power ratios using the
midbin energies were the same as the average of those calcu-
lated using the energies at the beginning and end of the bins
(which differed by up to + 0.3% from the average).

Bragg-Gray stopping-power ratios are calculated from an
equation similar to Eq. (1) but using the primary charged-
particle fluence instead of the total fluence, the unrestricted
collision stopping power instead of the restricted stopping
power and with no track-end term. Strictly speaking the in-
tegral over energy extends to zero but the fluence of primar-
ies below A is completely negligible.

The track-end term was found to contribute between 5%
and 10% to the dose in many situations, but it typically had
an effect of 0.5% to 1% on the calculated water-to-air stop-
ping-power ratios for electrons in a water phantom. As done
by Nahum, one of the checks of the code was to evaluate the
numerator separately and verify that it was the same as the
dose calculated by scoring energy deposition directly in the
Monte Carlo code.™?’

IV. COMPARISON TO PREVIOUS ELECTRON BEAM
RESULTS

Figure 2 compares Spencer—Attix stopping-power ratios
calculated with the present code to those calculated by
Berger for the AAPM protocol.* Away from the surface
the agreement is remarkable, typically within 0.1% except at
depths greater than 10 cm in the 50-MeV beam where the
present results are up to 0.3% less than the previous results.
This generally good agreement is surprising since an error
has been found in the ETRAN code which Berger used to
calculate these stopping-power ratios.**»** The error led to
8% to 10% underestimates of the absorbed dose at depths
shallower than d_,,, but clearly has no significant effect on
the stopping-power ratios except possibly in the 50-MeV
beam.

Away from the surface, the Bragg—Gray stopping-power
ratios are a few (typically 4 or 5) tenths of a percent less than
the Spencer—Attix values over a broad range of depths. The
present results are not completely consistent with those of
either Berger et al.® or Nahum® who predict differences of up
to 1% although they are in better agreement with Nahum’s
more recent calculations.?’ However, Nahum has shown
these differences are strongly linked to the relative mean ion-
ization values used to calculate the stopping powers of the
two materials involved®' and hence the differences seen here
may only reflect differences in the /-values used. In the case
of 10-MeV electrons on an aluminum phantom the present
calculations give a 2.4% difference between the Spencer—
Attix and Bragg—-Gray results at a depth of 0.4-0.5 r;, which
differs somewhat from the 3.0% difference reported by Na-
hum.?!

Figure 3 shows the detail of the calculated stopping-power
ratios at the water surface in a 20-MeV electron beam. At the
surface, charged-particle equilibrium of the secondary elec-
trons does not exist. However, Bragg—Gray stopping-power
ratios are based on the assumption that there is complete
secondary charged particle equilibrium, even at the phan-
tom surface and hence the Bragg-Gray calculations break
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Fi1G. 2. Stopping-power ratios of water-to-
air for broad parallel beams of 5-, 10-, 20-
and 50-MeV electrons incident on a water
phantom. The solid curves are the present
Bragg-Gray stopping-power ratios, the
dashed curves are the present Spencer-At-
tix calculations and the dots are Berger’s re-
sults as quoted in the AAPM and TIAEA
protocols.!*
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down and are inaccurate at the surface. Figure 3 also shows a
2% discrepancy at the surface between the AAPM’s
Spencer—Attix stopping-power ratios and those calculated
here. This occurs, at least partially, because Berger, in calcu-
lating the AAPM’s stopping-power ratios only followed
electrons down to E,/32 using the Monte Carlo technique
and generated the fluence spectra below this energy assum-

ing charged particle equilibrium of the knock-on electrons
held.? In both cases (i.e., the Bragg—Gray stopping-power
ratios and the AAPM Spencer-Attix stopping-power ra-
tios) the assumption at the surface of charged-particle equi-
librium of knock-on electrons means the calculation in-
cludes an excess of low-energy electrons and as can be seen
from Fig. 1, the higher ratio of water-to-air stopping powers
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F1G. 3. Calculated water-to-air stopping-
power ratios near the surface of a water
phantom irradiated by a broad parallel
beam of 20-MeV electrons. The upper curve
is Bragg-Gray stopping-power ratios
whereas all the other curves are for
Spencer-Attix stopping-power ratios with
A =10 keV. The lower solid curve is from
the AAPM protocol;' the short dashes are
the present calculations with track-ends, the
long dashes without track-ends. The X
symbol shows the ratio of stopping powers
at 20 MeV. The ratio of unrestricted colli-
sion stopping powers at 20 MeV is 0.959, in
good agreement with the Bragg—Gray stop-
ping-power ratios at the surface.
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positrons the other 22%. The dashed curve
shows the primary electron fluence.
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for these excess low-energy electrons causes the stopping-
power ratios to increase. These surface effects would also be
washed out in any calculation using depth bins which were
thick compared to the region of the effect.

At the surface, the correct stopping-power ratios are up to
2% less than given in the AAPM protocol. However, at least
in a broad beam, 100 cm of air would be the equivalent of
about 1 mm of water and hence the effect of the air above any
realistic phantom would tend to minimize these buildup ef-
fects. The figure also shows the simple ratio of restricted
collision stopping powers for monoenergetic 20-MeV elec-
trons. It can be seen that at the surface the backscattered and
secondary electrons increase the stopping-power ratios by
about 2% above this value. Lastly, Fig. 3 shows the size of
the track-end term which is about 1%.

V. PHOTON BEAM STOPPING-POWER RATIOS

Figure 4 presents the electron and positron fluence spectra
at depths near 10 cm in a 20-MeV photon beam. The posi-
trons represent roughly 1/4 of the charged-particle fluence
and have slightly lower mean energies than the electrons.
The lack of low-energy positrons is both because there are no
low-energy secondary positrons and because there are few
low-energy positrons created in pair production, unlike elec-
trons which are created with very low energy by the Comp-
ton process.

Table I compares the present calculations of stopping-
power ratios for a variety of monoenergetic photon beams
with the results of Andreo and Brahme’ and Nahum
(quoted in Ref. 7). For the sake of the comparison, in this
case the calculations were done using the electron stopping
powers in ICRU Report 35 (Electron Dosimetry) rather
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than ICRU Report 37 on electron stopping powers as done
above. The values of the Spencer—Attix stopping-power ra-
tios agree within about 0.1% with the calculations of Andreo
and Brahme and within 0.5% with Nahum’s calculations
despite the fact that the previous calculations treated posi-
trons as electrons which annihilated at the end of their path
whereas the EGS calculation treats them as separate entities.
The agreement with the Bragg—Gray stopping-power ratios
is almost as good except for the 40-MeV beam where the
positron fluence is more significant.

To investigate further the effect of treating positrons and
electrons differently, the code SPR (but not FLURZ) was
modified to use electron stopping powers for the positrons as
well as the electrons. This caused the Spencer—Attix stop-
ping-power ratios to change by no more than 0.02%. The
Bragg—Gray ratios were also unchanged at lower energies

TABLE 1. Comparison of the present water-to-air stopping-power ratios to
those calculated by Andreo and Brahme and Nahum (both quoted in Ref.
7) for broad parallel beams of monoenergetic photons on water at a depth of
10 ¢cm for Andreo and Brahme and at a depth where charged-particle equi-
librium exists for Nahum’s and the present calculation. Electron stopping
power data are from ICRU Report 35.

Photon energy Bragg-Gray Spencer—Attix
(MeV) AB Nahum EGS4 AB Nahum EGS4
1 1.133 1132 1.132 1135 1.134 1.136
5 1.102 1.097 1.101 1.107 1102 1.107
10 1.075 1.072 1.074 1.079 1.077 1079
20 1.043 1.041 1.042 1047 1.046 1.046
40 1.002 1.012 1.005 1015 1.011°

1.007*

= At depth of 15 cm, value at 10-cm depth is 0.999.
b At depth of 15 cm, value at 10-cm depth is 1.003.
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FIG. 5. Ratio of positron to electron restricted
collision stopping powers (A = 10 keV) in
water as a function of energy. Data are based
on Ref. 8.
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but were 0.4% and 1.1% higher for the 20- and 40-MeV
beams, respectively.

The lack of change when the electron restricted stopping
powers were used instead of those for positrons is explained
by Fig. 5 which shows that the ratio of positron to electron
restricted collision stopping powers is essentially unity for
all energies above 100 keV, unlike the ratio for unrestricted
stopping powers which varies by 5% (see Fig. 1). The 10%
variation in the ratio of restricted stopping powers below 100
keV has no effect on the stopping-power ratios which reflects
the fact that there are so few positrons in this energy region
as shown in Fig. 4.

The ratio of positron to electron stopping powers above
100 keV being unity reflects the fact that the entire difference
in the unrestricted collision stopping powers comes from the
differences in Bhabha and Moller scattering by which the
positrons and electrons, respectively, lose energy while cre-
ating high-energy secondary electrons and there is virtually
no difference in these cross sections for the production of
low-energy secondary electrons.

VL. CONCLUSIONS

The EGS4 user code FLURZ(V13) has been shown to
calculate particle fluence spectra which can be used as input
to a second code, SPR, which calculates Spencer—Attix and
Bragg—Gray stopping-power ratios which are in good agree-
ment with previous calculations except where differences are
expected, in particular near the surface.

The present results demonstrate that the Spencer—-Attix
stopping-power ratios show a buildup effect for knock-on
electrons near the surface of a water phantom which other
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calculations do not predict because they do not follow elec-
tron transport to such low energies or in such narrow depth
intervals. This comes at the expense of much greater com-
puting time using the current approach and is of little practi-
cal importance because the air above any realistic phantom
would create some buildup of secondaries.

The Spencer-Attix stopping-power ratios for photon
beams calculated with codes that do not account for any
differences between electrons and positrons slowing down
have been shown to agree very well with the more accurate
model used here although the formalism still ignores poten-
tial differences between (W /e),, for electrons and posi-
trons (Nahum, private communication). There may be a
small error for .Bragg—Gray stopping-power ratios in high-
energy beams calculated without keeping track of the differ-
ences between electrons and positrons, but these are expect-
ed to be less than 1% in monoenergetic high-energy photon
beams, and much less in realistic clinical photon beams.

The statistical uncertainty on the calculated stopping-
power ratios for broad parallel beams is small, typically bet-
ter than 0.1% for calculations in which 10 000 electron his-
tories are followed. This is consistent with the observations
of Berger et al.? and Andreo and Fransson.?
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