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ABSTRACT
Permanent implantation of low energy (20-40 keV) photon emitting radioactive seeds is an
important treatment option for prostate cancer patients. In order to provide effective treatments, the
determination of the air kerma strength (source strength) of a radioactive seed is necessary for effective
treatment planning. Typically, well-type ionization chambers having calibrations traceable to national
standards are used on site at therapy clinics to independently determine the air kerma strength of seeds
for quality assurance practices. Recently, we have shown that the standard temperature-pressure
correction used to account for changes in the response of ion chambers open to atmospheric
communication does not adequately describe the change in chamber response for low energy photon
sources. This is particularly evident when the chamber is used at higher elevations where the air
pressure is substantially less than that at sea level. This work will focus on examining the response of
the Precision Radiation Measurements model WC2 chamber, using Monte Carlo transport calculations.
The calculations show that the use of a windowed inner wall improves this chamber’s response to
photon sources by 17-300% over the energy range of 20-40 keV. Additionally, calculations show that
for this chamber, the application of the standard temperature-pressure correction factor results in an
over-correction of as much as 11-18% at air densities/pressures corresponding to 3048 m (10000 feet)
for photon sources of 20-40 keV. Finally, comparing MCNP calculated responses as a function of air
density to EGSnrc calculated responses show agreement to within 2.3% for photon sources of 20-40
keV.
We conclude that Monte Carlo transport calculations using MCNP accurately model the response
of this well chamber. Additionally, we conclude that the use of a windowed inner wall is an effective
feature for improving the chamber response to low energy photon sources. Finally, this work provides
detailed Monte Carlo verification of the WC2 over-response effect when applying the standard
temperature-pressure correction.
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INTRODUCTION

Prostate cancer is the most common form of male cancer and is the second leading cause of
male cancer deaths. There will be 230,110 new prostate cancer cases and 29,900 prostate cancer
deaths in 2004 in the United States [1]. Permanent implantation of radioactive seeds directly into
the prostate gland is an important treatment option for patients due to reduced complications
compared to other treatment modalities. Additionally, several other cancers are commonly treated
by temporarily or permanent implanting a radioactive source.
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The goal in radiation therapy is to deliver a high radiation dose to the disease site while
minimizing dose to healthy tissue. The technique of temporarily or permanently positioning small
sealed radioactive sources directly into or near cancerous or other diseased sites is called
brachytherapy. Because the radioactive sources are placed into or near the tumor, brachytherapy
has the benefit of delivering high doses to the disease site while minimizing doses to surrounding
healthy tissue.
In order to deliver an accurate treatment for the patient, the strength of these brachytherapy
sources must be known to very precise standards. Measuring the source strength is performed by
using a calibrated radiation detector (often an ionization chamber), to measure the output of the
source. The measured strength of the source is then used by computerized treatment planning
software to plan and deliver the radiation treatment to the patient. Thus it is vitally important to
determine the strength of the source as accurately as possible.
Typically, well-type ionization chambers having calibrations traceable to national standards
are used on site at therapy clinics to determine the strength of sources for quality assurance
practices [2]. Well-type chambers are large ion chambers with a cylindrical shape and an opening
to allow for insertion of the radioactive source. Because the gas filled active region almost
completely surrounds the source, they produce a very efficient signal even for relatively weak
sources. Two types of well chambers are currently used. The pressurized model in which the gas
(often argon) is used to fill the active region of the well chamber and is pressurized to 1.5-20
atmospheres. The other type of chamber used is an air-communicating chamber where the gas in
the active region of the chamber is air and is at the same pressure as the ambient atmosphere. The
pressurized chamber has an advantage of a stronger signal since the gas is more dense, but these
chambers often develop leaks over time. The air-communicating chamber has a weaker signal
than the pressurized chamber but is not susceptible to leaking of the fill gas. These
air-communicating well chambers are the most common type that are used in radiotherapy clinics.
In using a chamber open to atmospheric communication, a temperature and pressure
correction is usually applied to account for the change of the air density in the collecting
volume. [2, 3, 4] This correction for some pressure, P , and temperature, T in degrees Celsius, is
given by
(T + 273.15) P0
CT P =
,
(1)
(T0 + 273.15) P
where P0 is usually taken as 760 Torr and T0 as 22o C (hereafter referred to as the standard
reference condition). The density for dry air at these conditions is 1.197 kg/m 3 and will be
referred to as ρST D hereafter. [5]
In the atmosphere, air pressure decreases with elevation above the earth’s surface since there
is less air above a given surface at a high altitude compared to the amount of air above the same
surface at sea level. It can be shown assuming constant temperature and constant gravitational
force, that the air pressure falls exponentially with altitude above the earth’s surface. The pressure
P at height h is given by [6, 7]:
−M gh
P = P∅ e RT ,
(2)
where P∅ is the pressure at h = 0, M is the molecular mass of air, g is the gravitational
acceleration, R is the universal gas constant, and T is the temperature in degrees Kelvin. Using
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this equation, the air pressure at 1524 m (5000 feet) of elevation is about 84% of the pressure at
sea level. Since pressure is directly proportional to density given a constant temperature, the
density of the air at this elevation is also 84% of the air density at sea level. Often the
approximation of a 1 in of Hg change in pressure per 1000 feet of elevation is used. Several large
cities exist at higher elevations in North America, these include Albuquerque, NM (5311 feet),
Calgary Canada (3540 feet), Denver, CO (5280 feet), and Salt Lake City, UT (4220 feet). [8]
Weather related changes in air density/pressure are significantly smaller than the elevation
related changes. Typical weather effects are associated with changes in air pressure of ±3%
during strong high pressure or deep low pressure systems and a strong hurricane can be associated
with a 11% reduction in pressure. [8] These elevation and weather related differences in air
pressure may be observed by examining the hourly weather station reporting data of the
Denver/Boulder Colorado Office of the National Weather Service. [9] This compilation reports
pressure data from stations with a wide range of elevations.
Recently, we have shown that the standard temperature-pressure correction used to account
for changes in the response of well chambers open to atmospheric communication does not
adequately describe the change in chamber response for low energy photon sources. [10] This is
particularly evident when the chamber is used at higher elevations where the air pressure is
substantially less than that at sea level. For the most commonly used well chamber (Standard
Imaging HDR 1000 Plus), the application of the standard temperature-pressure correction can
result in an over-response of 10% at air densities corresponding to elevations of 5000ft for a
typical prostate brachytherapy seed. This 10% over-response can directly translate to a 10%
under-dosage of the patient. Even at sea level elevations, there can be an over-response of 2%
with the normal ±3% pressure changes associated with weather systems. A companion paper to
our earlier work provides experimentally derived correction factors to aid clinicians in resolving
this problem for some well chambers [11].
This work uses Monte Carlo transport calculations to analyze another well chamber open to
atmospheric communication and used in the radiation therapy field, namely, the Precision
Radiation Measurements model WC2 (formerly manufactured by PRM INC. Nashville,TN). This
chamber is particularly interesting because it has a much larger active volume than the HDR
1000. Additionally, while our earlier work provided Monte Carlo based verification of
measurements in the HDR 1000 Plus chamber, detailed Monte Carlo verification of the WC2
chamber was not performed.
1.1
1.1.1

Materials and Methods
Well Chamber Description

The WC2 chamber is an aluminum bodied cylindrical geometry well chamber approximately
150 mm in diameter and 340 mm high. The active volume is 2500 cm 3 . The chamber is open to
atmospheric communication. This is substantially larger than the 275 cm 3 active volume of the
HDR 1000 Plus chamber examined in our earlier work. [10]. A schematic diagram of the
chamber is shown in Figure 1. The important characteristics of the chamber are an aluminum
alloy inner wall, an aluminum coated mylar covering the inner wall, an aluminum alloy collecting
electrode, and an aluminum alloy body. The tube forming the inner wall has eight windows
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(approximately 1 cm by 15 cm) machined out to allow low energy photon sources to produce a
larger signal than would be possible with a solid inner wall.
Additionally, the air filled inner active region is 15.8 mm thick and the air filled outer active
region is 28.0 mm thick. Note that this diagram is a simplified version of the actual detailed
model used for calculations in this work as discussed below. For the work in this paper where a
seed holder was included in the model, a custom machined acrylic single seed holder was
modeled and consists of 2 support posts mounted on acrylic disks that fit into the chamber well.
Two centrally located acrylic tube segments support teflon tubing that holds the seed in the center
of the source holder.
1.1.2

Monte Carlo code and Library Description

MCNP is a Monte Carlo transport code system developed at Los Alamos National
Laboratory. [12] MCNP is a generalized, continuous energy, three dimensional coupled
neutron/photon/electron Monte Carlo transport code. MCNP traditionally uses a surface-sense
geometry method where intersections and unions of first, second, and some fourth degree surfaces
are used to define the problem geometry. Additionally, MCNP contains a macrobody capability
which can further reduce the user effort required to model a complex geometry. MCNP’s
powerful geometry package is a strong advantage of this code system.
The calculations in this work were performed using MCNP version 4c3. The detailed photon
physics option of MCNP was used in this work and includes treatment of coherent scattering,
incoherent (Compton) scattering, photoelectric effect (with K and L shell fluorescence and Auger
electron production following atomic relaxation) and pair production. Because the photoelectric
cross sections for low Z materials used by some MCNP photon libraries are somewhat out of
date [13], the fully updated library, MCPLIB04 [14], was used. This library contains updated
cross sections, form factors, scattering functions, and fluorescence data. The library is based on
ENDF/B-VI release 8 whose cross sections are based on Lawrence Livermore National
Laboratories EPDL-97. [15]
The electron transport method implemented in MCNP is a class I condensed history method
with physics at the level of the Integrated Tiger Series (ITS) version 3. [12, 16] In MCNP, the
condensed random walk for electron transport is based on energy steps (major steps).
Pre-calculated and tabulated data for the electrons are saved on a predefined energy grid which
corresponds to an average energy loss of 8.3% per major step. [12] The electron trajectory and
production of secondary particles are controlled at the substep level. MCNP, like the ETRAN and
ITS codes, uses the Goudsmit-Saunderson multiple scattering distribution to treat the angular
deflection of the electron during its sub-step. MCNP and its associated cross section libraries can
treat photon and electron transport down to 1 keV.
The EGSnrc code system is developed and maintained at the National Research Council of
Canada (NRC) and is based on the EGS4 code system developed at Stanford Linear Accelerator
Center (SLAC) and NRC. [18] EGSnrc is a three dimensional code package for coupled transport
of both photons and electrons. The code package is a collection of subroutines and block data
and, in general, requires a user written geometry and scoring routine. Well developed user codes
are distributed with the code package that support generalized calculations in a three dimensional
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Figure 1: A simplified schematic diagram of the PRM WC2 well ionization
chamber showing the source holder region, air filled active regions, collecting
electrode and walls. The source holder is not shown for clarity.
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R-Z geometry with azimuthal symmetry. For the work in this paper, the dosrznrc user code was
run. EGSnrc’s photon physics can treat coherent (Rayleigh) scattering, Compton scattering, pair
production, and photoelectric effect (with K,L, and M shell fluorescent photon and Auger electron
production following atomic excitation). [18] The standard photon cross section data distributed
with EGSnrc is out of date, therefore the EGSnrc calculations performed for this work use an
updated photon cross section library based on XCOM cross sections. [19, 20]
The EGSnrc code uses a class II condensed history method for electron transport. [17] In
class II schemes inelastic collisions resulting in bremsstrahlung or delta particle emission above
some threshold are treated explicitly. Below the threshold, processes are treated with a continuous
slowing down model. Multiple elastic scattering is treated with an approximation to the
Goudsmit-Saunderson theory. Near geometry boundaries, EGSnrc switches to single scattering
mode to correctly model electron boundary crossings. The lack of correlation between energy
loss and secondary particle production and the difficulties near boundaries when an electron step
is interrupted can be a disadvantage of class I schemes.
In summary, it is generally agreed in the Medical Physics community that the treatment of
electron physics in EGSnrc is better than MCNP, however the geometry package of MCNP is
more powerful. MCNP is used for the primary analysis in this work and verification of MCNP
results are implemented by comparison to EGSnrc calculations.
1.1.3

Calculation Description

A detailed model of the WC2 chamber was created from original engineering drawings and
by partial disassembly and measurement of components from an existing chamber. Several
photon sources were modeled in the chamber with the source holder including monoenergetic
bare point sources of 10 keV to 600 keV. Additionally, detailed models of the Amersham 6711
125
I based brachytherapy seed benchmarked in earlier work [13] were also used to examine the
response of the well chamber. The decay spectrum for 125 I was taken from the National Nuclear
Data Center’s NuDat compilation. [21] All calculations were done transporting both photons and
electrons.
The response of the chamber is determined using the energy deposited in the active region.
This assumes that the charge collected is directly proportional to the charge produced in the
chamber, and that the average energy expended to create an ion pair ( W̄ /e) is constant with
particle speed. Energy deposition was tallied using a cell based energy balance scoring method
(the *f8 tally in the MCNP code).
The chamber was modeled with an air density ranging from 70% of ρ ST D up to ρST D . From
equation 2, these air densities correspond to elevations from 3048 m (10000 feet) down to sea
level. For some photon energies, the air density range was expanded to include densities from
50%-200% of ρST D .
The number of particle histories used for calculations of energy deposition corresponded to
statistical uncertainties (at the 1σ level) of on average 1.1% in the inner active region and 0.85%
in the outer active region for the photon sources of 10-200 keV over the air density ranges
investigated. Response calculations reported in this work used an electron cut-off energy of 5 keV
for sources with energy 20 keV and higher and 2 keV for sources with energy below 20 keV.
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1.2
1.2.1

Results
Response as a function of photon energy

Figure 2 shows the calculated response of the WC2 chamber with source holder to bare point
monoenergetic photon sources ranging in energy from 10 keV to 200 keV. These responses are
calculated with ρST D . In this plot the inner active region response, the outer active region
response, and the total chamber response are shown. Notice the rise in the outer active region
response as the photon energy increases from 10 to 20 keV. This is because as the photon energy
increases from 10 to 20 keV, more photons are able to penetrate the collecting electrode and
produce electrons in the outer active region. The response of the inner active region does not
show a rise in this energy range because the windowed entrance wall allows the 10 keV photons
to penetrate easily. Beyond about 20 keV, the response of both the inner and outer active region
decreases as fewer photons are interacting in the chamber to produce electrons that ionize air in
the active regions. Above 20 keV, the outer active region has a much larger response than the
inner active region. This is because the outer active region has a much larger volume (1953 cm 3 )
compared to the inner active region (589 cm3 ). Comparing the total response of the WC2 chamber

Figure 2: Calculated energy response of the WC2 well chamber to bare point
photon sources.
to that of the HDR 1000 Plus examined in our earlier work (figure 2 of reference [10]), we see a
much larger response in the WC2 chamber per starting photon. For example at 20 keV photon
energy, the response of the WC2 chamber is 61% larger than the response of the HDR 1000 Plus.
This is expected since the WC2 chamber has a much larger active region than HDR 1000 Plus.
Figure 3 shows the calculated response of the WC2 chamber with a hypothetical solid inner
wall to bare point monoenergetic photon sources ranging in energy from 10 keV to 200 keV. Note
how the solid inner entrance wall dramatically reduces the chamber response for photon energies
below 40 keV. Since this well chamber is designed for low energy brachytherapy sources, the
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designers chose to make the inner wall more transparent by machining eight windows into the
tube forming the inner wall. The windowed wall increases the chamber response over a solid wall
of the same thickness by 17-300% over the 20-40 keV energy range.

Figure 3: Calculated energy response of the WC2 well chamber with a solid
entrance wall to bare point photon sources.

1.2.2

Response as a function of air density

Figure 4 shows the calculated response of the WC2 chamber with source holder as a function
of air density to bare point monoenergetic photon sources of 20 keV to 100 keV. The calculated
response is normalized to the response with ρST D . Note that this figure shows the raw response
and does not include a CT P factor. Figure 4 also includes the ratio of air density to ρST D as a
function of air density. At lower photon energies, the response deviates significantly from the air
density ratio. At higher photon energies, the response more closely follows that of the air density
ratio. Elevation markings indicated on figures in this work are determined using equation 2 and
the labels on the top x-axis are pressures corresponding to the air density assuming T = 22 o C.
Figure 5 shows the calculated CT P corrected response normalized to the response with ρST D .
Note the large deviation from unity of the normalized C T P corrected response at low photon
energies and low air densities (i.e. high elevations). From this figure, it is seen that the C T P factor
over-corrects the response of this chamber for low photon energies. For example, at an air density
corresponding to 3048 m (10000 feet) in elevation for a photon source of 20 keV, the C T P
corrected response is about 11% larger than unity. At higher photon energies, the normalized C T P
corrected response is much closer to unity. As discussed in our earlier work, the reason this
over-response effect occurs is because at lower photon energies, the range of the secondary
electrons produced in the chamber walls and active region is often less than the distance across
the active region of the chamber. The problem is made worse when the chamber walls are made
of materials that backscatter a significant fraction of the incident electrons as the aluminum walls
American Nuclear Society Topical Meeting in Monte Carlo, Chattanooga, TN, 2005
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Figure 4: Calculated response of the WC2 chamber with source holder to monoenergetic bare point photon sources. Approximate elevation markings are
shown and the top x-axis indicates air pressures at the given density assuming
T = 22o C.

do in the WC2 chamber. Further as discussed in our earlier work, the problem is that the C T P
correction factor is only appropriate for small ion chambers, it does not apply to medium size ion
chambers. Here the size of an ion chamber is characterized in terms of the range of secondary
electrons present in the active region.
It is interesting to compare the CT P corrected response of this chamber to the HDR 1000
Plus chamber examined in our earlier work [10]. In the HDR 1000 Plus, the normalized CT P
corrected response at ρair = 0.839 kg/m3 decreased from 1.20 to 1.03 as the source energy
increased from 20-100 keV. Note however that for the WC2 chamber, the normalized C T P
corrected response at ρair = 0.839 kg/m3 increases from 1.11 with a 20 keV photon source to
1.18 with a 40 keV photon source, and then decreases to 1.03 with a 100 keV photon source.
Figure 6 shows the calculated CT P corrected response normalized to the response with ρST D
for the model 6711 brachytherapy seed. This over-response is similar to that of a 30 keV bare
point photon source. This is expected since the average emitted photon energy of a 125 I source is
28 keV. Note that at the air density/pressure corresponding to 1524 m (5000 feet) elevation, the
CT P corrected response is 7.5% higher than unity for the Amersham 6711 125 I seed. From this
plot one can see that even at sea level elevation, with the normal ±3% pressure changes associated
with weather systems, there can be an over-response of 1.5% for the Amersham 6711 125 I seed.
Comparing these results with the measurements presented by Griffin et al. [11] shows good
agreement over the range of measurement (560-800 Torr). The maximum difference between the
calculated and measured value for the normalized CT P corrected response was 1.0%.
Figure 7 shows the CT P corrected response normalized to the response with ρST D for a bare
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Figure 5: CT P corrected response of the WC2 chamber with source holder to
monoenergetic bare point photon sources.

Figure 6: CT P corrected calculated response of the WC2 chamber with source
holder to the Amersham 6711 125 I seed. Note that CT P *Response is normalized
to the response with ρST D .
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point 20 keV photon source for a wide range of air densities. This figure clearly shows that the
CT P correction over-corrects for air densities less than ρST D and under-corrects for air densities
greater than ρST D . Viewing the chamber response over this wide range of air densities shows
non-linear behavior which can be difficult to discern over an air density range that may be
encountered in clinics (e.g. figure 5). Additionally, figure 7 shows how the inner active region and
outer active region behave differently. Applying the C T P correction to the inner active region
results in less of an over-response than applying the correction to the outer active region. This is
because the distance across the inner active region (15.8mm) is less than the distance across the
outer active region (28.0mm) and fewer of the secondary electrons are stopped in the inner active
region.

Figure 7: CT P corrected calculated response of the WC2 well chamber with
source holder to a 20 keV bare point photon source over a wide range of air
densities.

1.2.3

Comparison to EGSnrc

In order to further verify that the MCNP code is accurately predicting the response of the
WC2 well chamber, comparisons of the MCNP calculated response were made with the EGSnrc
calculated response. Because the dosrznrc user code is limited to azimuthal symmetry, a model
was created for both codes where no source holder was present and where the windowed entrance
wall was replaced with a solid wall of reduced density. Bare point photon sources of 20-40 keV
were investigated. For calculations of raw energy deposition in the active regions of the chamber,
MCNP produced values 8% higher than EGSnrc. However in terms of the chamber response
normalized to the response at ρST D , the agreement was very close with maximum differences of
2.3% or less observed over the 20-40 keV energy range investigated. Figure 8 shows the CT P
corrected response of the WC2 well chamber to a 30 keV bare point photon source as calculated
with MCNP and EGSnrc.
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Figure 8: CT P corrected response of the WC2 well chamber to a 30 keV bare
point photon source as calculated with MCNP and EGSnrc.

2 CONCLUSIONS
In this paper we have used the MCNP Monte Carlo transport code to examine the response of
the WC2 well chamber as both a function of photon source energy and air density. We have seen
that because of the windowed inner wall design, this chamber has good sensitivity to low energy
photons. We have also seen that the standard CT P correction factor does not properly correct for
the change in chamber response with low energy photon sources in this chamber. Finally, we have
seen that the MCNP and EGSnrc codes produce good agreement in predicting the normalized
response of the WC2 well chamber. Future work in this area may include the design of new well
chamber not susceptible to the over-response effect.
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