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Purpose: Brachytherapy treatment has been a cornerstone for management of various cancer sites,
particularly for the treatment of gynecological malignancies. In low dose rate brachytherapy treat-
ments, 137Cs sources have been used for several decades. A new 137Cs source design has been
introduced �model 67-6520, source B3-561� by Isotope Products Laboratories �IPL� for clinical
application. The goal of the present work is to implement the TG-43 U1 protocol in the character-
ization of the aforementioned 137Cs source.
Methods: The dosimetric characteristics of the IPL 137Cs source are measured using LiF thermolu-
minescent dosimeters in a Solid Water™ phantom material and calculated using Monte Carlo
simulations with the GEANT4 code in Solid Water™ and liquid water. The dose rate constant, radial
dose function, and two-dimensional anisotropy function of this source model were obtained fol-
lowing the TG-43 U1 recommendations. In addition, the primary and scatter dose separation �PSS�
formalism that could be used in convolution/superposition methods to calculate dose distributions
around brachytherapy sources in heterogeneous media was studied.
Results: The measured and calculated dose rate constants of the IPL 137Cs source in Solid Water™
were found to be 0.930��7.3%� and 0.928��2.6%� cGy h−1 U−1, respectively. The agreement
between these two methods was within our experimental uncertainties. The Monte Carlo calculated
value in liquid water of the dose rate constant was �=0.948��2.6%� cGy h−1 U−1. Similarly, the
agreement between measured and calculated radial dose functions and the anisotropy functions was
found to be within �5%. In addition, the tabulated data that are required to characterize the source
using the PSS formalism were derived.
Conclusions: In this article the complete dosimetry of the newly designed 137Cs IPL source fol-
lowing the AAPM TG-43 U1 dosimetric protocol and the PSS formalism is provided. © 2009
American Association of Physicists in Medicine. �DOI: 10.1118/1.3224462�
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I. INTRODUCTION

Soon after the discovery of 226Ra, the importance of the
clinical application of brachytherapy sources was
discovered.1 However, problems of using 226Ra sources due
to the production of radon gas and the possibility of break-
down of the source capsule and its releasing into the patients
were some of the strong motivators to find and use alterna-

2 137
tive radioactive materials. Cs sources were introduced as
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a substitute for 226Ra in brachytherapy implants and have
been used for several decades for low dose rate �LDR�,3 most
commonly in treatment of gynecological cancer patients,
through intracavitary implants.4

A historical review of the existing publications will give
an idea regarding the current status of dosimetric character-
ization for 137Cs sources. In 1968, Meisberger et al.5 mea-

sured the effective attenuation of different gamma-emitter
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radionuclides, including 137Cs, in water as compared to air.
However, they did not determine the source self-absorption
and anisotropy of the radiation distribution around the
sources. In 1972, Krishnaswamy6 showed the effects of ob-
lique filtration through walls in 137Cs needles and tubes as
compared to equivalent radium sources. Based on this infor-
mation, he calculated the dose distribution around 137Cs
sources, with different active lengths, using an along-and-
away format �limited up to 5 cm distance from the source
center�. Despite the differences in the geometric structures of
various source models, the Krishnaswamy data are still being
used for a quick hand calculation or double check in brachy-
therapy procedures with LDR 137Cs sources. In 1988,
Williamson7 presented dose rate tables and treatment plan-
ning data for two newly designed 137Cs sources, namely,
gold matrix �series 67-800, intracavitary source, by Radia-
tion Therapy Resources, Inc., Valencia, CA� and a discrete
seed source �Oris Intracavitary tube source from CIS-US,
Inc., Lake Success, NY�. The Monte Carlo generated dose
rate tables are presented in an along-and-away format, which
are utilized in the Sievert integral based treatment planning
systems. In 1989, Waggener et al.8 wrote a computer pro-
gram to generate the dose distribution around an asymmetric
137Cs source �3M�. They confirmed the accuracy of the cal-
culated dose rate values by comparison with measured data
using the Fricke dosimeter. The angular distributions of the
dose rates for different radial distances are presented in a
tabulated format. They have shown that the asymmetric dis-
tribution of the 137Cs leads to a large difference �67%� be-
tween the dose rates at the two ends of the source �radial
distance of 1 cm�. These differences decrease to less than
10% at points lying more than 3 cm from the source center.
Using Monte Carlo simulation, in 1998, Williamson9 calcu-
lated dose rate distributions around the Amersham CDCS.J
type 137Cs source and also updated the dosimetric informa-
tion of the 3M model 6500/6D6C 137Cs sources. The results
and corresponding parameters were utilized in the Sievert
integral based treatment planning systems. The above noted
investigations were published prior to the original10 or
updated11 Task Group No. 43 recommendations �TG-43 or
TG-43 U1, respectively� by the American Association of

FIG. 1. Schematic diagram of the model 67-6520 137Cs source �courtesy of
ring.
Physicist in Medicine �AAPM�.
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Using the Monte Carlo simulation technique, Casal et
al.12 obtained the absolute dose rates around the CDCS-M-
type 137Cs source. These results were presented in both
TG-43 parameters and the along-and-away tabulated format.
They compared their tabulated results with Krishnaswamy’s
data6 for 137Cs sources and demonstrated that for distances
greater than 1 cm the differences were approximately 2%
lower, and that these differences rise up to 4% at 0.5 cm.
Other published data regarding the TG-43 or TG-43 U1
based dosimetric parametrizations of different 137Cs source
pertains to models CSM11,13 CSM3-a,14 CSM2, and
CSM3,15 Walstam CDC.K type,16 CDC-type miniature,17 and
the Selectron pellet.18 Liu et al.19 determined the dosimetric
parameters of the CSM-type 137Cs sources based on the
original TG-43 formalism. Pérez-Calatayud et al.20 also ob-
tained the two-dimensional �2D� dose rate distribution
around the CSM-type 137Cs sources and compared their re-
sults with the calculated parameters by Liu et al.19

As the production of several of the above noted sources
have been discontinued, a new 137Cs source design has been
introduced �model 67-6520, source B3-561� by Isotope Prod-
ucts Laboratories �IPL� to meet the demand of the current
clinical procedures. To date, there is no publication on the
dosimetric parametrizations of this new source model.

The goal of this work is to determine the dosimetric char-
acteristics of the new 137Cs source �model 67-6520, source
B3-561� using the TG-43 U1 protocol.11 These determina-
tions will be performed using experimental and Monte Carlo
simulation techniques. In addition, the primary and scatter
photon dose contributions of the new source will be deter-
mined for their application in convolution/superposition dose
calculation methods around brachytherapy implant in hetero-
geneous media.

II. MATERIALS AND METHODS

II.A. Source characteristics

Figure 1 shows the schematic diagram of the model 67-
6520 137Cs source manufactured by IPL �24937 Avenue Tib-
bitts, Valencia, CA� and distributed by Radiation Products
Design, Inc. �5218 Barthel Industrial Drive, Albertville,

sotope Product Laboratories�. The source tip is at the side of the aluminum
the I
MN�. In the following sections we refer to this source as the
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IPL 137Cs source. The physical dimensions of the IPL 137Cs
source are 3.05 mm in diameter and 20 mm in length. The
capsule is composed of two types of 304 stainless steel lay-
ers with a total wall thickness of 0.584 mm �outer layer of
0.33 mm, inner layer of 0.254 mm�. The active portion of the
source is 1.52 mm in diameter and 14.8 mm in length. The
radioisotope is uniformly distributed in the core of the ce-

FIG. 2. Comparison between the Monte Carlo simulated �solid line� and
measured �symbol� radial dose functions of the IPL 137Cs source in Solid
Water™.

FIG. 3. Monte Carlo calculated radial dose functions for the IPL source. Th
−3 −1 −4 −2 −5 −3
−7.073�10 cm , a2=−5.680�10 cm , a3=−1.376�10 cm , a4=1.117�
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sium oxide ceramic source, assuming approximately 5.29 mg
Cs2O in a 50 mCi source. The density of the active ceramic
material is 1.47 g /cm3 while the density of the ceramic itself
is 1.27 g /cm3. A color coded aluminum ring easily identifies
the source activity and defines the source tip. The active core
is placed nonsymmetrically within the capsule with its tip
and end located at 3 and 2 mm, respectively, from the cap-
sule. The calibration of the air-kerma strength of this source
is traceable to the primary standards by the National Institute
of Standard and Technology �NIST� through the Accredited
Dosimetric Calibration Laboratory �ADCL� at the University
of Wisconsin, Madison. The source calibration has been per-
formed by the vendor �Eckert & Ziegler Isotope Products,
Valencia, CA� prior to its shipment to our institution for do-
simetric evaluation. A secondary calibration system has been
developed at our institution using a Capintec CRC-7R well-
type chamber for daily verification process.

II.B. Experimental setup characteristics
for thermoluminescent dosimeter measurements
in Solid Water™

Dosimetric characteristics of the IPL 137Cs source were
determined experimentally using 1.0�1.0�1.0 and 3.1
�3.1�0.89 mm3 TLD-100 LiF thermoluminescent dosim-

ata was fitted to a 5th order polynomial with coefficients a0=1.00765, a1=
−6 −4 −8 −6
ese d

10 cm , and a5=−1.608�10 cm between 0.25 and 20 cm.
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eters �TLDs� �TLD-100, Harshaw/Bicron 6801 Cochran Rd.,
Solon, OH 44139� in a 30�30�25 cm3 Solid Water™
phantom. Our TLD procedures have been described in detail
in our previous publications.21,22 As described in these pub-
lications, slabs of the Solid Water™ phantom �Radiation
Measurements Inc., RMI, Middletown, WI� were custom de-
signed and machined to accommodate the brachytherapy
source and TLD chips for a particular dosimetric procedure.

One of these slabs of Solid Water™ was designed for
measurement of the radial dose function and dose rate con-
stant. Four TLD chips, separated by 90° from each other,
were placed at each radial distance, on the transverse bisector
plane of the source. In addition, the positions of the TLDs
within the phantom were selected in a specific pattern in
order to minimize interference of any one TLD to the ab-
sorbed dose of any other TLD chip. A cylindrical plug was
designed to hold the source in the desired position and also
facilitate a rapid placement and removal of the source within
the phantom setup. The radial dose function was measured at
radial distances ranging from 0.5 to 10 cm, with 0.5 cm
increments from 0.5 to 2 cm, and with 1 cm increments from
2 to 10 cm. Dose rate constant was obtained from the TLDs
located at 1 cm radial distance from the source. The final
dose rate constant was extracted from the average of at least
20 TLD chips.

Another Solid Water™ phantom material slab was de-
signed for measurement of 2D anisotropy function of the IPL
137Cs model21,22 according to the TG-43 U1 protocol.11 In
this slab, the TLDs were arranged in a circular fashion at
radial distances of 2, 3, 5, and 7 cm from the source center.
Measurements were performed in angular increments of 10°
from 0° to 350°. With this design, either two sets of data
points from 0° to 180° or four sets of data points in the range
of 0°–90° have been obtained.

The irradiated TLDs were read using a Harshaw model
3500 TLD reader and was annealed using a standard anneal-
ing technique.23 The response or readout �also known as TL�
of the TLD chips was converted to dose by calibrating the
responses of several TLD chips from the same set using the
6 MV photons beams from a Varian 2100CD linear accelera-
tor. The TLD calibrations were performed using Solid Wa-
ter™ phantom material �20�20�20 cm3�. One of the slabs
of the phantom materials was accurately machined to accom-
modate the TLD chips in a plane perpendicular to the central
axis of the beam. The TLD chips were placed at the depth of
the maximum dose, around the central axis of the beam, with
the calibration beam geometry �i.e., 100 cm SSD and 10
�10 cm2 field size�. Five TLD chips were exposed to 25
cGy and five were exposed to 100 cGy. The slope of the
linear curve obtained from the readout of these chips to the
irradiated dose was found to be the calibration factor of those
chips. The output of this linear accelerator had recently been
calibrated �monthly QA procedures� with an ion chamber in
a water phantom, following the AAPM TG-51 recommenda-
tions. The measurements of the dose distributions around the
137Cs source were carried out by predetermination of the

exposure time for a dose range of 10–100 cGy, where the
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TLD response is linear.23 If larger doses are used during the
measurements, the calibration dose range increases to cover
the maximum dose and also provide the nonlinearity of the
TLD response.

II.C. Monte Carlo calculations

The Monte Carlo transport Code GEANT4 version 8.024

was used to calculate the air-kerma and the dose rate distri-
butions around an IPL 137Cs source in liquid water and in
Solid Water™ phantom materials. GEANT4 has been used in
dosimetric evaluation of different models of brachytherapy
sources, including 137Cs sources,20,18 and based on the rec-
ommendations in the AAPM-ESTRO prerequisite report, it
has been proven to be a well established code in this field.25

In the present study, the � spectrum of the 137Cs source
was not considered in the simulations, because its contribu-
tion to the dose rate distribution was found to be negligible.26

Photon interaction models for the Compton scattering, pho-
toelectric effect, and Rayleigh scattering processes were
taken from the low energy package of GEANT4. In addition,
this code uses the cross section data from the EPDL97
library,27 as it is recommended in the TG-43 U1 report.11 In
these simulations, the cutoff photon energy was set to be 10
keV.

The track length estimator28 was used to estimate colli-
sion kerma. In this model, it has been assumed that the sec-
ondary electrons are under electronic equilibrium condition
and the collision kerma is equal to the absorbed dose. Con-
sequently, no electron transport was considered in these
simulations. For typical 137Cs sources, electronic equilibrium
is reached at a radial distance of 0.35 cm from the source
center.26 At 0.25 cm kerma is approximately 3% lower than
dose.

In order to validate the accuracy of the source design,
dimensions, and composition materials used in the Monte
Carlo studies, the Monte Carlo simulations were performed
in a 30�30�25 cm3 Solid Water™ phantom, which is
identical to that used in the experimental setup for TLD mea-
surements. The chemical composition and density of Solid
Water™ phantom were described in previous publications.29

The kerma �to liquid water in Solid Water™� was scored in
cylindrical shell tally cells �height and width of 0.05 cm�
with their longitudinal axes coincident with the longitudinal
axis of the source.

After validation of the Monte Carlo algorithm and accu-
racy of the source characteristics used in the simulation, dose
rate distribution in liquid water was calculated using the
same source input data. In these MC simulations, the IPL
137Cs source was placed at the center of a 40 cm radius
spherical liquid water phantom, which was recommended as
an unbounded phantom for dose calculation at distances of
up to 20 cm from the source center.30,31 To obtain the dose

rate distribution in an along-and-away format, Ḋ�y ,z�, the
kerma rates were scored in 400�800 cylindrical shell tally
cells �height and width of 0.05 cm� with their longitudinal
axes coincident to the longitudinal axis of the source. The

second grid system was used to obtain the dose rate distri-
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butions in polar coordinates, Ḋ�r ,��, to derive the TG-43 U1
formalism parameters.11 This grid was composed of 400
�180 cells bounded by two concentric spheres, 0.05 cm ra-
dial differences, and two concentric cones with their apex at
the source center, 1° angular width. The center of this tally
cell is located at �r ,��.

The air-kerma strength of the IPL 137Cs source has been
determined in the void space according to the TG-43 U111

recommendations. The air kerma SK was calculated at a dis-
tance of 100 cm along the transverse bisector of the source.
In these simulations, the tally cell was chosen to be a squared
annulus �1 cm thick and 1 cm high� with longitudinal axis
coincident with the longitudinal axis of the source.

TABLE I. Propagation of errors estimated for the expe
investigations. The coverage index of the uncertaintie
utilized for derivation of the total uncertainty in th
function data, as the data are formed from ratios
identified components. The underlined italic-bold en
radial dose and anisotropy functions.

Component

Repetitive measurements
TLD dose calibration �including LINAC calibration�
LiF energy correction
Source and TLD position
Air-kerma strength
Statistical uncertainties
Cross sections
Quadrature sum
Total uncertainty

r (cm)
0 2 4 6 8 10 12 14 16 18 20

)
›1 g2

/R
(c

m
2 rπ4×)0

=
90

θ
D

(r
,

0

0.005

0.01

0.015

0.02

0.025

0.03 total

total scatter

primary

single scatter

multiple scatter

FIG. 4. Separation of the different contributions to dose along the transverse
axis of the IPL source. Dose has been normalized to the total emitted radiant
energy of photons per unit solid angle, R /4�, and multiplied by the distance
to the source squared.
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II.D. TG-43 U1 dosimetry protocol

As described in this protocol, the general 2D dose rate
equation is defined as

Ḋ�r,�� = SK�
GX�r,��

GX�1 cm,�/2�
gX�r�F�r,�� , �1�

where Ḋ�r ,�� is the dose rate at the point of interest at some
distance r from the center of the source and polar angle �
relative to the longitudinal axis of the source, SK is the air-
kerma strength, � is the dose rate constant in water, GX�r ,��
is the geometry function at the point of interest,
GX�1 cm,� /2� is the geometry function at the reference
point 1 cm from the source and at 90° from the longitudinal
axis of the source, gX�r� is the radial dose function, and

ntal and Monte Carlo procedures used in the present
=1. The components identified with a “*” were not

perimental radial dose function and 2D anisotropy
asured doses, and are therefore unaffected by the
are those that have been used for error bars of the

TLD measurement
uncertainties

�%�

Monte Carlo
uncertainties

�%�

Type A Type B Type A Type B

4
2.0

5.0*
2.0

3.0* 0.5
0.5

2.5
4 6.5/2.8 0.7 2.5

7.3/4.9 2.6

E (MeV)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

)
›1

(d
R

/d
E

)/
R

(M
eV

›610

›510

›410

›310

›210

›110

1

10

210

310

FIG. 5. Energy-weighted photon spectrum per unit emitted radiant energy of
photons exiting the IPL source.
rime
s is k
e ex

of me
tries



The origin is at the geometric center of the source �not

6 8 10 14

74 0.003 55 0.003 11 0.002 65 0.001 84
35 0.006 72 0.005 45 0.004 33 0.002 68
82 0.009 55 0.007 27 0.005 47 0.003 15
42 0.013 75 0.009 62 0.006 81 0.003 63
3 0.016 46 0.010 94 0.007 49 0.003 86
1 0.019 54 0.012 30 0.008 16 0.004 06
5 0.022 8 0.013 58 0.008 75 0.004 22
3 0.024 3 0.014 15 0.009 00 0.004 29
0 0.025 7 0.014 66 0.009 22 0.004 35
4 0.027 0 0.015 08 0.009 39 0.004 39
2 0.027 9 0.015 38 0.009 52 0.004 43
9 0.028 3 0.015 51 0.009 58 0.004 44
5 0.028 5 0.015 58 0.009 61 0.004 45
8 0.028 7 0.015 64 0.009 62 0.004 46
8 0.028 7 0.015 64 0.009 63 0.004 45
7 0.028 6 0.015 62 0.009 62 0.004 45
4 0.028 5 0.015 57 0.009 60 0.004 45
9 0.028 3 0.015 49 0.009 57 0.004 44
2 0.027 9 0.015 39 0.009 53 0.004 43
4 0.026 9 0.015 08 0.009 39 0.004 40
0 0.025 7 0.014 66 0.009 22 0.004 35
3 0.024 3 0.014 17 0.009 00 0.004 29
5 0.022 7 0.013 56 0.008 75 0.004 22
1 0.019 54 0.012 29 0.008 16 0.004 06
3 0.016 46 0.010 94 0.007 49 0.003 86
41 0.013 75 0.009 62 0.006 81 0.003 63
83 0.009 55 0.007 27 0.005 48 0.003 15
36 0.006 72 0.005 45 0.004 33 0.002 67
73 0.003 54 0.003 11 0.002 65 0.001 84
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TABLE II. Dose rate per unit air-kerma strength �cGy h−1 U−1� around the IPL source. The z axis is defined along the source positive toward the source tip.
at the active center�.

Distance along z
�cm�

Distance away y
�cm�

0 0.25 0.5 0.75 1 1.5 2 2.5 3 4 5

�14 0.004 26 0.004 25 0.004 23 0.004 19 0.004 16 0.004 13 0.004 08 0.004 07 0.004 01 0.003 90 0.003
�10 0.009 16 0.009 18 0.009 07 0.008 96 0.008 87 0.008 78 0.008 73 0.008 59 0.008 42 0.007 95 0.007
�8 0.014 63 0.014 88 0.014 65 0.014 44 0.014 29 0.014 19 0.013 98 0.013 65 0.013 20 0.012 09 0.010
�6 0.026 8 0.027 2 0.026 7 0.026 3 0.026 2 0.025 8 0.025 0 0.023 8 0.022 4 0.019 37 0.016
�5 0.039 4 0.040 0 0.038 9 0.038 4 0.038 3 0.037 2 0.035 4 0.033 0 0.030 3 0.025 0 0.020
�4 0.064 0 0.064 0 0.061 7 0.061 2 0.060 5 0.057 4 0.052 7 0.047 4 0.042 1 0.032 5 0.025
�3 0.116 7 0.116 5 0.112 8 0.111 4 0.107 9 0.096 5 0.083 2 0.070 5 0.059 3 0.042 1 0.030
�2.5 0.177 5 0.172 1 0.167 1 0.162 2 0.153 4 0.130 1 0.106 6 0.086 5 0.070 2 0.047 4 0.033
�2 0.295 0.282 0.272 0.255 0.230 0.179 4 0.137 3 0.105 7 0.082 5 0.052 9 0.036
�1.5 0.606 0.561 0.514 0.440 0.366 0.250 0.175 0.127 0 0.095 2 0.058 0 0.038
�1 ¯ 1.777 1.190 0.816 0.587 0.338 0.216 0.147 7 0.106 6 0.062 1 0.040
�0.75 ¯ 4.07 1.821 1.079 0.718 0.382 0.234 0.156 4 0.111 2 0.063 8 0.040
�0.5 ¯ 6.45 2.44 1.326 0.838 0.419 0.249 0.163 1 0.114 7 0.065 0 0.041
�0.25 ¯ 7.30 2.81 1.492 0.919 0.444 0.258 0.167 5 0.116 9 0.065 8 0.041
0 ¯ 7.50 2.92 1.549 0.948 0.453 0.261 0.169 0 0.117 7 0.065 9 0.041
0.25 ¯ 7.30 2.81 1.492 0.919 0.444 0.258 0.167 4 0.116 9 0.065 7 0.041
0.5 ¯ 6.45 2.44 1.326 0.838 0.419 0.248 0.163 1 0.114 7 0.065 0 0.041
0.75 ¯ 4.07 1.821 1.079 0.718 0.382 0.234 0.156 4 0.111 2 0.063 8 0.040
1 ¯ 1.779 1.190 0.816 0.587 0.338 0.216 0.147 7 0.106 6 0.062 1 0.040
1.5 0.580 0.557 0.515 0.440 0.365 0.250 0.175 0 0.127 0 0.095 2 0.058 0 0.038
2 0.283 0.278 0.271 0.255 0.230 0.179 5 0.137 3 0.105 6 0.082 5 0.052 8 0.036
2.5 0.169 0 0.169 2 0.166 1 0.162 0 0.153 4 0.130 1 0.106 6 0.086 48 0.070 3 0.047 4 0.033
3 0.115 5 0.114 4 0.112 0 0.111 0 0.107 8 0.096 5 0.083 3 0.070 47 0.059 3 0.042 1 0.030
4 0.061 8 0.062 5 0.061 0 0.060 9 0.060 3 0.057 4 0.052 7 0.047 41 0.042 1 0.032 6 0.025
5 0.038 2 0.039 2 0.038 4 0.038 1 0.038 1 0.037 2 0.035 3 0.032 96 0.030 3 0.025 0 0.020
6 0.026 8 0.026 9 0.026 3 0.026 1 0.026 0 0.025 7 0.025 0 0.023 82 0.022 4 0.019 38 0.016
8 0.014 48 0.014 62 0.014 45 0.014 27 0.014 18 0.014 11 0.013 94 0.013 63 0.013 19 0.012 07 0.010
10 0.008 79 0.008 99 0.008 96 0.008 85 0.008 79 0.008 72 0.008 66 0.008 56 0.008 40 0.007 93 0.007
14 0.004 17 0.004 18 0.004 14 0.004 14 0.004 11 0.004 08 0.004 06 0.004 04 0.004 01 0.003 90 0.003
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F�r ,�� is the 2D anisotropy function. The subscript X in the
geometry and radial dose functions indicates the point �re-
place X by P� or line �replace X by L� source approximation.
A detailed description of the above parameters can be found
in the updated AAPM TG-43 U1 protocol.11

II.E. Calculations of primary and scatter
dose separation

The primary and scatter dose separation �PSS� formalism
published by Russell et al.32 can be used in convolution/
superposition methods33 to calculate dose distributions
around brachytherapy sources in heterogeneous media. This
PSS formalism has been recently used to characterize dosi-
metric properties of HDR 192Ir and 169Yb sources.34 PSS
dose formalism is based on the separation of energy deposi-
tion into primary and scattered dose components in a given
phantom material. Therefore, this model is based on the as-
sumption that the main mechanisms for energy loss from the
radiation field of photons leaving the source capsule are well
described by the primary and scattered exponential portions
of the attenuation. Thus, the total dose is considered to be the
superposition of the primary and scattered components such
that Dtotal=Dprim+Dscat. Following this PSS formalism a pho-
ton is considered as a primary photon when it leaves the
source capsule without taking account if it has previously
interacted inside the source, that is, every photon that es-
capes from the capsule in the outward direction is a primary
photon. When this photon makes its first interaction in the
phantom material, it is considered as single scatter until it
makes another interaction when it will be considered as a
multiple-scattered photon. In the present study, the primary,
single-scatter and multiple-scatter photon contributions to
dose have been scored separately. The energy spectrum of
the primary photons as defined above leaving the capsule has
been also binned as described by Taylor and Rogers.34

III. RESULTS AND DISCUSSION

III.A. TLD measurements and Monte Carlo
calculations of dose rate distributions
in Solid Water™

Dosimetric characteristics of the IPL 137Cs source have
been determined by TLD measurements and Monte Carlo
simulation and the uncertainties of the final results with the
two dosimetric techniques were obtained following the
TG-43 U1 recommendation.11 Table I shows the error propa-
gation for the TLD measurement and Monte Carlo data used
in these investigations. It should be noted that in this table,
the values with “*” sign were not utilized for derivation of
the total uncertainties in experimental radial dose function
and 2D anisotropy function. The reason for this exclusion
was the fact that these parameters are relative quantities and
they are independent of the uncertainties of source calibra-
tion and energy correction of the TLD response. Therefore,
the underlined italic-bold values are those that have been
used for error bars of the radial dose function and 2D aniso-

tropy function.
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The dose rate constant of the IPL 137Cs source TLD mea-
sured and MC simulated in the experimental Solid Water™
phantom were found to be 0.930��7.3%� and
0.928��2.6%� cGy h−1 U−1, respectively. The small differ-
ence between both values reflects the accuracy of the source
and phantom geometries used in Monte Carlo simulation
method. Therefore, this Monte Carlo simulation in water �de-
scribed in Sec. III B� could be used for clinical application of
this source.

The radial dose function of the IPL 137Cs source was mea-
sured and calculated in Solid Water™ using the linear source
approximation, gL�r�. Figure 2 compares the TLD measured
and MC calculated radial dose functions of the IPL source
model.

The Monte Carlo derived 2D anisotropy function of the
IPL source in Solid Water™ for angles ranging from 0° to
90° were obtained by averaging the values from the four
quadrants around the source and are shown in Fig. 3. Taking
into account the TLD uncertainties, both TLD measurements
and Monte Carlo calculation are compatible. The agreement
between these two methods validates the proper selection of
the source design, dimensions, and composition materials,
particularly the thickness of the end caps, in the simulation
technique.

III.B. Monte Carlo calculations of dose rate
distributions in liquid water

Dose rate distribution in liquid water of the IPL source
was obtained using Monte Carlo techniques as described in
Sec. II C. Table II shows the dose rate distribution for the
new source model in water in an along-and-away look-up
table.

The Monte Carlo simulated dose rate constant of
the IPL source in water was found to be �

TABLE III. Monte Carlo calculated radial dose functions for the IPL source.
These data were fitted to a fifth order polynomial with coefficients a0

=1.007 65, a1=−7.073�10−3, a2=−5.680�10−4, a3=−1.376�10−5, a4

=1.117�10−6, and a5=−1.608�10−8 between 0.25 and 20 cm.

Distance r
�cm� gL�r� �L=1.48 cm�

0.25 1.007
0.5 1.003

0.75 1.002
1.0 1.000
1.5 0.996
2 0.991
3 0.981
4 0.970
5 0.957
6 0.943
7 0.928
8 0.912

10 0.876
12 0.836
15 0.772
20 0.657
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=0.948��2.6%� cGy h−1 U−1. In addition, the simulated ra-
dial dose function �calculated for L=1.48 cm� of this source
in water is presented in Table III. Moreover, a fifth order
polynomial fit to these data has been introduced for their
clinical applications in the treatment planning systems. The
coefficients of this polynomial fit are presented in Table III.
The Monte Carlo simulated 2D anisotropy function of the
source model in liquid water is shown in Table IV at radial
distances of distances ranging from 0.25 to 20 cm.

III.C. Primary and scatter dose separation data

Primary and scatter dose rate data are tabulated at 12 ra-
dial distances ranging from 0.25 to 20 cm and from 0° to
180° polar angles with minimum resolutions of 1°, 2°, 5°,

35

TABLE IV. The anisotropy function F�r ,�� of the IPL source. The origin is at
polar angle is at the tip side of the source �a color coded aluminum ring de

� �deg� 0.25 0.5 0.75 1 1.5 2 3

0 ¯ ¯ ¯ ¯ 0.912 0.903 0.899
1 ¯ ¯ ¯ ¯ 0.916 0.907 0.906
2 ¯ ¯ ¯ ¯ 0.917 0.912 0.910
3 ¯ ¯ ¯ ¯ 0.917 0.914 0.910
4 ¯ ¯ ¯ ¯ 0.918 0.912 0.905
5 ¯ ¯ ¯ ¯ 0.917 0.909 0.901
6 ¯ ¯ ¯ ¯ 0.913 0.903 0.897
8 ¯ ¯ ¯ ¯ 0.904 0.898 0.898
10 ¯ ¯ ¯ ¯ 0.911 0.907 0.907
15 ¯ ¯ ¯ 0.968 0.944 0.940 0.937
20 ¯ ¯ 1.004 0.981 0.966 0.960 0.957
25 ¯ 1.014 1.002 0.988 0.978 0.974 0.971
30 ¯ 1.009 1.000 0.993 0.985 0.983 0.980
40 ¯ 1.003 0.999 0.997 0.993 0.992 0.990
50 ¯ 1.002 0.999 0.998 0.996 0.996 0.995
60 1.005 1.001 0.999 0.999 0.999 0.999 0.998
70 1.002 1.001 1.000 1.000 0.999 1.000 1.000
80 1.000 1.000 0.999 1.000 1.000 1.000 1.000
90 1 1 1 1 1 1 1
100 1.001 1.000 1.000 1.000 0.999 1.000 1.000
110 1.002 1.001 1.000 1.000 0.999 1.000 0.999
120 1.004 1.001 1.000 0.999 0.998 0.999 0.997
130 ¯ 1.001 0.999 0.998 0.997 0.996 0.996
140 ¯ 1.004 0.999 0.997 0.992 0.992 0.990
150 ¯ 1.009 1.001 0.993 0.985 0.983 0.980
155 ¯ 1.014 1.001 0.988 0.977 0.974 0.971
160 ¯ ¯ 1.004 0.981 0.964 0.960 0.958
165 ¯ ¯ ¯ 0.967 0.945 0.941 0.939
170 ¯ ¯ ¯ ¯ 0.917 0.915 0.915
172 ¯ ¯ ¯ ¯ 0.914 0.909 0.908
174 ¯ ¯ ¯ ¯ 0.928 0.918 0.911
175 ¯ ¯ ¯ ¯ 0.936 0.927 0.918
176 ¯ ¯ ¯ ¯ 0.942 0.934 0.925
177 ¯ ¯ ¯ ¯ 0.943 0.939 0.934
178 ¯ ¯ ¯ ¯ 0.943 0.939 0.937
179 ¯ ¯ ¯ ¯ 0.940 0.935 0.931
180 ¯ ¯ ¯ ¯ 0.932 0.929 0.922
and 10° depending on the angle interval. Figure 4 indicates
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the separation of the primary, single, and multiple scattered
and the total dose portion of the IPL 137Cs source in liquid
water. In addition, the energy-weighted photon spectrum for
this source model is shown in Figure 5.35

IV. CONCLUSIONS

Dosimetric characteristics of the IPL 137Cs source �model
67-6520� have been obtained following the AAPM TG-43
U1 formalism using TLD and Monte Carlo methods. The
agreement between the measured and Monte Carlo calcu-
lated values indicated the proper selection of design, dimen-
sions, and composition material of both the source and the
phantom in the Monte Carlo simulations. Using the validated
Monte Carlo simulation technique, the clinically recom-

eometric center of the source �not at the active center� and the origin of the
the source tip�.

r
�cm�

5 6 7 8 10 12 15 20

0.898 0.905 0.910 0.904 0.910 0.923 0.920 0.924
0.908 0.911 0.915 0.915 0.919 0.927 0.927 0.936
0.913 0.914 0.917 0.921 0.922 0.927 0.932 0.942
0.911 0.913 0.915 0.918 0.921 0.925 0.932 0.939
0.906 0.909 0.911 0.913 0.919 0.925 0.929 0.936
0.902 0.904 0.907 0.910 0.916 0.923 0.928 0.936
0.900 0.903 0.907 0.910 0.915 0.922 0.929 0.937
0.905 0.908 0.910 0.914 0.920 0.925 0.932 0.940
0.914 0.918 0.920 0.923 0.928 0.933 0.940 0.945
0.940 0.941 0.943 0.944 0.948 0.950 0.954 0.957
0.959 0.960 0.961 0.961 0.964 0.965 0.967 0.968
0.971 0.971 0.971 0.971 0.972 0.974 0.975 0.976
0.979 0.979 0.979 0.979 0.980 0.981 0.981 0.982
0.990 0.989 0.989 0.989 0.989 0.990 0.989 0.990
0.995 0.994 0.994 0.994 0.994 0.994 0.995 0.994
0.998 0.998 0.998 0.997 0.997 0.997 0.998 0.997
0.999 1.000 0.999 0.999 0.999 0.999 0.999 0.999
1.001 1.000 1.000 1.000 0.999 1.000 1.000 0.999
1 1 1 1 1 1 1 1
1.000 1.000 1.000 0.999 0.999 1.000 1.000 1.000
1.000 0.999 0.999 0.999 0.999 0.999 0.999 0.999
0.998 0.997 0.997 0.997 0.997 0.998 0.998 0.997
0.995 0.994 0.994 0.994 0.994 0.995 0.994 0.994
0.990 0.989 0.990 0.989 0.989 0.990 0.990 0.990
0.980 0.980 0.980 0.980 0.980 0.981 0.982 0.983
0.971 0.972 0.972 0.972 0.973 0.975 0.976 0.977
0.960 0.961 0.961 0.962 0.964 0.965 0.967 0.970
0.942 0.944 0.946 0.947 0.950 0.953 0.956 0.960
0.920 0.922 0.926 0.927 0.932 0.937 0.943 0.947
0.913 0.916 0.919 0.922 0.927 0.931 0.939 0.945
0.912 0.915 0.918 0.920 0.925 0.930 0.936 0.941
0.917 0.918 0.920 0.922 0.927 0.931 0.936 0.942
0.924 0.925 0.926 0.927 0.933 0.935 0.939 0.947
0.931 0.930 0.931 0.933 0.936 0.938 0.942 0.949
0.935 0.935 0.935 0.938 0.939 0.941 0.944 0.948
0.934 0.934 0.933 0.936 0.939 0.939 0.943 0.951
0.929 0.927 0.928 0.930 0.937 0.930 0.939 0.959
the g
fines

4

0.899
0.906
0.911
0.909
0.904
0.900
0.898
0.900
0.910
0.937
0.958
0.971
0.978
0.990
0.994
0.998
0.999
1.000
1
1.000
0.999
0.997
0.994
0.989
0.979
0.971
0.958
0.940
0.916
0.910
0.910
0.917
0.923
0.931
0.935
0.932
0.925
mended TG-43 U1 parameters for this source model have
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been determined in liquid water. In addition, a tabulated dose
rate distribution in an along-and-away format is provided for
benchmark of a treatment planning system or utilization in a
quick hand calculation purpose. Moreover, the dose distribu-
tions around this source have been parametrized with the
PSS formalism. The primary and scattered dose rate tables as
well as the energy-weighted photon spectrum are provided
for treatment planning systems based on convolution/
superposition methods.
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