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The photon spectra in vacuum around four types of192Ir HDR brachytherapy sources are calculated
using the Monte Carlo code EGS4 and the most recent spectral information on192Ir decay. The
air-kerma strengths per unit activity are calculated based on the photon fluence around a bare192Ir
source and around each of four types of encapsulated sources using recent mass energy-absorption
coefficients. For the full spectrum the bare vs encapsulated difference is up to 23% due to the large
air-kerma contribution from the unfiltered low-energy photons. For the penetrating part of the
photon spectrum~.11.3 keV!, the air-kerma strength per unit source activity on the transverse axis
for a bare source is 2–15 % higher than for the encapsulated sources due to the attenuation and
absorption in the core and the encapsulating material. The contribution to the air-kerma strength
from photons scattered in the capsule and from bremsstrahlung are calculated to increase the
air-kerma strength by 2–4% and 0.2–0.3%, respectively. Air-kerma strengths for a variety of
sources agree well with previously reported results for sources from Nucletron International, Best
Industries, Inc., and Alpha-Omega Services, Inc. In addition we present air-kerma strengths for the
present model of the HDR source from Nucletron International and the source from Varian Asso-
ciates, Inc. @S0094-2405~99!00211-4#
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I. INTRODUCTION

The recommended method of specifying source strength
brachytherapy sources is in terms of air-kerma strengt1,2

However, currently no primary standard exists for air ker
or exposure from high-dose rate~HDR! 192Ir sources and
these sources are calibrated using an interpola
technique.3–5 As part of a project to develop an ion-chambe
based primary standard for192Ir HDR sources, detailed
knowledge on the spectra outside different types of192Ir
brachytherapy sources is required. A side result of the st
of these spectra is that the air-kerma strength per unit so
activity can be calculated and compared.

EGS4 Monte Carlo calculations of the photon spec
from different types of192Ir seed sources were performed b
Thomasonet al.6,7 in 1989. Preliminary Monte Carlo calcu
lations done at NRCC in Oct. 1992 to verify the spectra, a
in particular to study the generation of photons with ene
below 10 keV, did not confirm the contribution from th
low-energy photons, which were present in the spectra
culated by Thomasonet al. Since these could play an impo
tant role in a primary standard, further studies are requi
In 1994, Büermannet al.8 reported the air-kerma rate con
stants for the old microSelectron-HDR source and a b
192Ir source. For both the old and the new microSelect
source, the VariSource, and two types of seed sources, s
lar Monte Carlo calculations are performed with the lat
spectral data for the192Ir nuclide published by Duchemin an
Coursol9 and values of the mass energy-absorption coe
cients in air from Hubbell and Seltzer.10 Furthermore, the
contributions to the air-kerma strength from photons sc
tered in the core and the encapsulating material and f
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bremsstrahlung are calculated, and the influence of spe
bin size on the calculated air kerma is studied. This pape
a much shortened version of a more extensive internal re
which is available online.11

II. SOURCES

Four types of 192Ir sources are modelled—the see
sources manufactured by Best Industries, Inc., and by Alp
Omega Services, Inc., the microSelectron-HDR sou
manufactured by Nucletron International, and the VariSou
manufactured by Varian Associates, Inc. The n
microSelectron-HDR source is assumed to consist of a
mm long cylinder with diameter 0.65 mm of pure Ir met
with the radioactive192Ir uniformly distributed in it. Around
this core is a capsule with outer diameter of 0.9 mm made
AISI 316L steel, and connected to a 2.0 mm long~in the
model! steel cable with diameter 0.7 mm. The old type of t
microSelectron-HDR source is also modelled for comparis
of the calculated air-kerma strength per unit source activ
to the value reported by Bu¨ermannet al.8 This source, with a
design nearly identical to the source used by the GammaM
12i afterloader, has a 3.5 mm long and 0.6 mm diameter c
of pure Ir encapsulated in stainless steel.8,12

The 192Ir core of the VariSource is 10.0 mm long with
diameter of 0.34 mm~private communication with Stavro
Prionas, Varian Associates, Inc.!. The encapsulation is Niti-
nol ~55.8% wt Ni and 44.2% wt Ti! with a density of 6.42
g cm23. The diameter of the encapsulation is 0.6 mm and o
end is covered by 0.1 mm Nitinol and the other end is
tached to a 2.5 m long Nitinol wire. In the model the 2.5
2441…/2441/4/$15.00
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Nitinol wire is reduced to 1.9 cm, since scatter from the to
wire is insignificant.

The seed source from Best Industries, Inc., is 3.0 m
long, the core consisting of 30% Ir/70% Pt is 0.1 mm
diameter, and the cladding is 0.2 mm thick consisting
stainless steel.2 The seed source from Alpha-Omega S
vices, Inc., is also 3.0 mm long, the core consisting of 1
Ir/90% Pt is 0.3 mm in diameter, and the cladding is 0.1 m
thick consisting of 99.9% Pt.2 The total outer diameter o
both types of seed sources is 0.5 mm. All types of stain
steel in the sources are approximated by the compositio
AISI 304 steel.12

III. CALCULATIONS

The photon fluence around the sources is calculated u
the NRCC user-code FLURZ which uses the EGS4 Mo
Carlo system.13 Each source is modelled as a cylindrical co
region with the particles being emitted from homogeneou
distributed points~using the uniform isotropically radiating
cylinder source routine in FLURZ!. The encapsulation is als
cylindrical with the end caps for the microSelectron-HD
and VariSource being disks. Also part of the cable connec
to the sources is modelled.

In the Monte Carlo calculations K-shell x-ray floure
cence and Rayleigh scattering are taken into account in
regions. In the calculations with photons starting in the c
the energy cutoff for electron transport is 2.0 MeV, whi
means that all energy transferred to electrons will be dep
ited at the point of the interaction and thus there are
radiative losses. Photons are followed till they reach the c
off energy of 0.001 MeV.

From the fluence calculated using the EGS4 user-c
FLURZ, the air-kerma per initial photon,Kair8 , is calculated
using the following discrete equation:

Kair8 51.602•10210(
Emin

Emax

f8~Ei !Ei S men~Ei !

r D
3DE @Gy ~initial photon!21], ~1!

where Ei is the midpoint of each energy bin
f8(Ei) (MeV21 cm22 photon21) is the differential photon
fluence at energy Ei ~MeV! per initial photon,
men(Ei)/r (cm2 g21) is the mass energy-absorption coef
cient at energyEi , and DE is the bin size. The facto
1.602310210 is required to convertKair8 from ~MeV g21! into
Gy. This equation ignores any distinction between the co
sion air kerma and the total air kerma since radiative los
are negligible~,0.1%!. On average one decay will result i
the emission of 2.363 photons with energy in the inter
from a few keV to 885 keV,9 which includes photons directly
following the b decay and also K- and L-shell x-rays. Th
air-kerma strength per unit source activity,Sk /A, in
~Gy m2 s21 Bq21! is calculated from:

Sk /A5Kair8 ~d!d2~2.36360.3%!, ~2!

or in ~U Bq21!

Sk /A53.63109Kair8 ~d!d2~2.36360.3%!, ~3!
Medical Physics, Vol. 26, No. 11, November 1999
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whered is the distance to the cylindrical axis of the sourc
Choosing the proper bin size in the Monte Carlo calcu

tions is important, since 88% of the photon energies for
bare192Ir spectrum happen to be in the upper half of 10 ke
bins when divided into bins 0–10 keV, 10–20 keV,..., 890
900 keV. The kerma is calculated using the mass ene
absorption coefficient at the middle of the energy bins. T
may cause a binning artifact due to the variation of the pr
uct of photon energy and mass energy-absorption coeffic
within the bin. The binning artifact was studied for the sta
less steel encapsulated seed source from Best Industries,
for bin sizes of 10, 5, and 2 keV. Scoring in 5 keV bin
instead of 10 keV bins increases the air-kerma rate by 0.
and scoring in 2 keV bins instead of 5 keV bins resulted
an additional increase of 0.04%. However, the smaller
bin size, the more memory is required. The bin size of 5 k
is chosen as a compromise between smallest binning art
and an acceptable amount of memory. Photons with ene
below 210 keV contribute less than 2% of the total air-ker
strength for the stainless steel encapsulated seed source
the photons with energy above 210 keV that cause the
ference in air kerma for different bin sizes.

To estimate the effects of bremsstrahlung from theb de-
cay within the source, we do a separate calculation in wh
the source is an isotropic source of electrons in the Ir co
We also estimate the bremsstrahlung from electrons se
motion by the source photons but these lead to a contribu
to the air kerma of less than 0.05%. The photon fluen
spectrum for bremsstrahlung from theb decay is scored in
10 keV bins, which will not result in a significant binnin
artifact, since theb spectrum is continuous. The electro
transport for the calculation of bremsstrahlung is done w
EGS4/PRESTA,14 and a kinetic energy cutoff for electron
of 10 keV.

IV. RESULTS AND DISCUSSION

The fluence spectrum per decay calculated for the n
microSelectron source type is shown in Fig. 1. Similar sp
tra are calculated for the VariSource and the two se
sources and more information is given in the detai
report.11 The spectra are calculated with both air and vacu

FIG. 1. Fluence spectrum for the new type of the microSelectron source.
fluence spectra for the other source types see Ref. 11 which also contain
data in digital format.
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surrounding the sources, and for the encapsulated sou
there is no significant difference between the spectra ca
lated in air and in vacuum.

In Table I the calculated values of air-kerma strengths
unit source activity are shown as an average of the values
distances ranging from 2~5 cm for the VariSource! to 50 cm
from the cylinder axis of the source. The uncertainty is
standard deviation based on the 5 calculatedSk /A values for
these distances not taking into account their uncertainties
these distances the geometry factor, i.e., the factor acco
ing for the source being a line and not a point, timesd2 is 1.0
within 0.4% except for the VariSource, where the distance
the source must be at least 4 cm for the source to be con
ered a point source.15 The values in Table I also includ
bremsstrahlung contributions of 0.2% of theSk /A values for
the microSelectron-HDR source, the VariSource and
platinum encapsulated seed source~Alpha-Omega! and of
0.3% of the value for the stainless steel encapsulated
source~Best Industries!. The results of earlier work on th
bare source, the old microSelectron source and the two
sources are shown as well~these do not include the contr
bution from bremsstrahlung!. The lower energies of the spec

TABLE I. Air-kerma strength per unit source activity for different source
The data are average values of the air-kerma strength per unit source ac
based on fluence spectra at distances ranging from 2 to 50 cm, and the
calculated for lower cutoff energies of the fluence spectra of 11.3 and
keV for comparison with other reported values. The air-kerma stren
calculated in this work include the contribution from bremsstrahlung, wh
was not taken into account in the earlier results. The value of the t
exposure-rate constant calculated by Glasgow and Dillman~Ref. 16! is cor-
rected by 33.97/33.7, since the energy required to produce an ion pair in
air has been re-evaluated since 1979 and their value was for humid air
uncertainties are 1 standard deviation statistical uncertainties~note that some
are given as absolute values and some as percent! except for the values from
Büermannet al. ~Ref. 8! which include uncertainties due to the interactio
coefficients used in the Monte Carlo calculations~1%!, uncertainty on the
source geometry~0.5%!, and uncertainty on the distribution of the activit
within the core~0.5%!.

Source

This work
Sk /A

(1028 U Bq21)

Others
Sk /A

(1028 U Bq21)

New microSelectron
.11.3 keV 9.7360.01
.60 keV 9.7060.01
Old microSelectron
.11.3 keV 9.7960.02
.60 keV 9.7760.02 9.861.5%8

VariSource
.11.3 keV 10.2560.02
.60 keV 10.2260.02
Best Industries
.11.3 keV 10.7060.02 10.860.16

.60 keV 10.6860.02
Alpha-Omega
.11.3 keV 9.9260.02 9.9560.146

.60 keV 9.9260.02
Bare source
.11.3 keV 11.23 11.2016

11.236

.60 keV 10.88 11.061%8
Medical Physics, Vol. 26, No. 11, November 1999
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tra, i.e., 11.3 keV and 60 keV, for the air-kerma calculati
are used for comparison with earlier works. Photons of
ergy less than 11.3 keV are considered nonpenetrating.16

The air-kerma strengths per unit source activity for t
old microSelectron-HDR source and for the bare sou
agree well with reported results from other authors with
their stated uncertainties of 1–1.5%. For the n
microSelectron-HDR source the air-kerma strength is 0
0.7% lower than for the old one. For the seed sources
air-kerma strengths calculated in this work are 0.3–1
lower than the results of Thomasonet al. However, our val-
ues are expected to be about 1% higher than their results
to our added contribution from bremsstrahlung and beca
we scored in 5 keV bins and not in 10 keV bins. The diffe
ence is attributed to the differences in spectral data for
192Ir nuclide and in the (men /r) values.

The Monte Carlo calculations include K-shell x-ray flu
rescence but no L-shell x-rays. The energies of the K-s
x-rays are 76.1 and 78.4 keV for Ir and Pt, respectively, a
7.11 keV for stainless steel~mainly Fe!. A calculation with-
out x-ray fluorescence shows that the contribution to a
kerma strength from K-shell x-rays is about 0.2% for t
microSelectron-HDR source. In Ir and Pt the L-shell x-ra
have energies below 13.4 keV and 13.9 keV, respectiv
and for the stainless steel the energy is below 0.85 keV.
stainless steel the L fluorescence yield is practically 0, a
because of the low energy of the photons they will be
sorbed within 1 cm of air and not show up in a measurem
of air kerma. For L-shell x-rays from Ir and Pt no photo
created in the core will pass through the encapsulation of
sources, and those created in the Pt encapsulation will ha
high probability of undergoing a photoelectric interactio
The contribution from L-shell x-rays to the air-kerm
strength is thus likely negligible.

V. CONCLUSIONS

The air-kerma strength per unit activity is calculated fo
bare192Ir source, the microSelectron-HDR source, the Va
Source, and stainless steel and platinum encapsulated
sources at distances ranging from the surface of the sourc
50 cm in both vacuum and air. The result for th
microSelectron-HDR source~old type! is in agreement with
the values from Bu¨ermannet al.8 in 1994. The air-kerma
strength per unit activity for the new type of microSelectro
HDR source is about 0.6–0.7% lower compared to the
type. For the seed sources the air-kerma strengths per
source activity are less than 1% smaller than the expos
rate constants calculated by Thomasonet al.6,7 in 1989.
However, due to the bremsstrahlung contribution and
binning artifact, i.e., the difference between scoring in
keV bins instead of 5 keV bins, our values were expected
be about 1% higher than the values of Thomasonet al. The
differences in data for the primary192Ir spectrum and mass
energy-absorption coefficients for dry air explain this diffe
ence.

The effect of bin size for scoring the fluence was stud
to reduce the binning artifact as well as using an accepta
amount of memory. A bin size of 5 keV was found adequa
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For the penetrating part of the photon spectrum~.11.3
keV!, the air-kerma strength for the bare source is 2–1
higher than for the encapsulated sources due to the atte
tion and absorption in the core and the encapsulating m
rial. The bremsstrahlung contribution to the air-kerm
strength is calculated for the four sources and increase
kerma strength by 0.2–0.3%. Photons scattered in the so
contribute 2–4% of the total air-kerma strength.

The contribution of the low-energy photons to the a
kerma strength was studied for the encapsulated sou
Eliminating photons with energy less than 60 keV decrea
the air-kerma strength by 0.2–0.3% and eliminating the p
tons with energy less than 130 keV results in the air-ker
strength being reduced by 1%. The contribution from L-sh
x-rays to the air-kerma strength is considered negligible.

The major purpose of this work is to provide reliable ‘‘in
air’’ spectra as presented in Fig. 1. These spectra are a
able in digital format online in Ref. 11.
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