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ABSTRACT

In 2002 a project was started at the National Physical Laboratory with the aim to set
up a new calibration service for dosemeters used to determine the reference air kerma
rate of high dose rate '*’Ir brachytherapy sources. This report details the construction
and the commissioning of the spherical graphite-walled cavity ionisation chamber and
the associated measurement set-up which was established as the UK national primary
standard for '**Ir in May 2004.
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1 Introduction

The National Physical Laboratory (NPL) has established a spherical graphite-walled
cavity ionisation chamber (serial number: TH100C) as the UK national air kerma
primary standard for the direct measurement of '**Ir gamma rays.

At present, '*’Ir is the most commonly used radioisotope for high dose rate (HDR)
brachytherapy treatment (Das and Thomadsen 2005). Due to the relatively short half-
life of **Ir (73.827 days + 0.013 days) (DDEP 2005), most radiotherapy departments
change their '*Ir sources every three months and medical physicists need to measure
the source strength of the '**Ir sources on a regular basis before an accurate treatment
plan can be written.

In Europe, the recommended quantity for the specification of brachytherapy gamma
ray sources is the reference air kerma rate (RAKR), defined by the International
Commission on Radiation Units and Measurements (ICRU 1985, ICRU 1997) as the
kerma rate to air, in air, at a reference distance of 1 metre, corrected for air attenuation
and scattering. The RAKR can be expressed by the following equation:

K, =1'<m,<d)-[di] (1)
ref

where K, is the reference air kerma rate (Gy s™'), K, is the air kerma rate (Gy s™)

measured at distance d , which is the distance (m) from the centre of the source to the

centre of the primary standard ionisation chamber and d,,, is the reference distance of

1 m. The ICRU 1985 report also states that for cylindrical sources, the direction from
the source centre to the reference point shall be at right angles to the long axis of the
source.

Until the development of the NPL primary standard chamber for '*“Ir, the problem in
deriving an air kerma calibration coefficient for '**Ir dosemeters was the fact that
many parts of the photon (gamma and X-ray) spectrum of '*“Ir fall in an energy gap
between energy ranges covered by the primary standards for X-rays (free-air
chambers) and *’Cs and ®°Co gamma rays (cavity chambers) established at primary
standard laboratories (IAEA 2002). Free-air chambers are suitable for the
measurement of X-rays up to 300 keV (Attix 1986) and the cavity chambers already
established at many primary standard laboratories were designed for the measurement
of *’Cs and ®°Co sources with average photon energies of 662 keV and 1250 keV,
respectively. The exposure-weighted average energy of all '*“Ir lines is 356 keV.
Removing the two strong L X-ray lines (9.00 keV and 9.44 keV), which are almost
completely attenuated by the source encapsulation, results in a weighted average of
397 keV (Goetsch et al. 1991). When no primary standard was available for the direct
measurement of HDR '°Ir sources, the air kerma calibration coefficient for I was
determined by using interpolation techniques.

Various methods for the calibration of *Ir HDR sources have been described in the
literature. Goetsch et al. (1991) derive the calibration coefficient of an Exradin model
A3 ionisation chamber by linear interpolation between the '*’Cs gamma-ray energy
and the average energy (146 keV) of a 250 kVp, medium filtered X-ray beam (HVL =
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3.2 mm Cu), with a correction for the differences in wall attenuation between X-ray,
7Cs and "?Ir irradiation. The calibration jig used for the standard Goetsch technique
has been improved recently (Stump ef al. 2002). An uncertainty analysis was
performed and the total expanded uncertainty (k = 2) of the source calibration was
calculated to be 2.15%.

Aird et al. (1993) recommend that the calibration coefficient of a thimble chamber for
use with '"Ir should be that for the highest available kilovoltage quality, i.e. for
heavily filtered 280 kVp therapy level X-rays (HVL = 4.0 mm Cu). The expanded
uncertainty of the chamber calibration coefficient at 280 kVp quoted by the NPL is
1.2% (k = 2). Due to the extrapolation of the calibration curve to 397 keV, it is
difficult to estimate the additional uncertainty.

Biiermann et al. (1994) developed a method where the traceability to primary
standards is maintained by calibrating a suitable ionisation chamber in the reference
fields for X-rays up to 300 kVp, *’Cs and ®*Co gamma rays. Due to the continuous
X-ray spectrum, the response function has to be unfolded to a monoenergetic function
prior to the interpolation of the calibration coefficient. The procedure comprises the
evaluation of the entire calibration function of the ionisation chamber between 20 keV
and ®°Co gamma radiation, and an interpolation for the '**Ir emission lines weighted
with their emission probability. The overall uncertainty in the determination of the
reference air kerma rate of an HDR "“Ir source using a 1000 cm® LS-01 chamber was
found to be 2.4% (k = 2).

Petersen ef al. (1994) describe two methods for the derivation of '*’Ir calibration
coefficients for thimble-type ionisation chambers (type NE2561 and NE2571).

Using the first method, the chambers were calibrated against the NMi (The
Netherlands’ Measurements Institute) primary standards for X-rays, *’Cs and “°Co
gamma radiation and the calibration coefficients of the ionisation chambers were
obtained by weighting the chamber response (inverse of the calibration coefficient)
according to the air kerma spectrum of the '**Ir source. The X-ray qualities used were
the heavily filtered ISO narrow series (ISO 1979). The total expanded uncertainty (k =
2) in the chamber calibration coefficient for '*Ir was estimated to be 1% for the
NE2561 chamber and 1.1% for the NE2571 chamber. It should be noted that the
quoted overall uncertainty in the chamber calibration coefficients for the highest X-
ray energy and for *’Cs and “°Co was of the same order.

This calibration method was compared to a simple averaging of calibration
coefficients for *’Cs and a medium filtered X-ray beam (250 kV, 2.94 mm Cu HVL).
For the second method, the total expanded uncertainty (k = 2) of the chamber
calibration coefficient was estimated to be 1.5%.

Douysset et al. 2005 use a method which is based on the Goetsch method. The RAKR
of the ""’Ir source was determined using an NE2571 Farmer-type thimble chamber
with a calibration coefficient derived from measurements in 250 kV X-rays, >'Cs and
%Co gamma radiation. The RAKR measurement was made by rotating the chamber
around the '**Ir source (on a precisely know radius) and by deriving the source-to-
chamber distance from the current versus angle curve. The expanded uncertainty (k =
2) in the source calibration is 1.2%.

For all calibration methods described above, the traceability route to primary
standards was maintained through external beam secondary standards.

The NPL calibration method for **Ir HDR sources was developed to offer direct
traceability to a primary standard which would potentially reduce the overall
measurement uncertainty. The '**Ir source was calibrated against the NPL primary
standard cavity chamber TH100C (described in this report) and the calibrated source
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was then used to calibrate suitable ionisation chambers, i.e. well chambers or thimble
chambers. The expanded uncertainties (k = 2) were estimated to be 0.7% in the "I
source calibration using the NPL method, 0.8% in the well chamber calibration
coefficient and 1.1% in the thimble chamber calibration coefficient.

2 Construction of the cavity chamber

2.1 General description

The NPL cavity chamber TH100C (see Figure 1) is a guarded ionisation chamber,
resulting in low leakage currents and post-irradiation effects.

Plain hemisphere

Intersection between
plain and threaded
hemisphere

0.16 mm air gap
(see section 2.2.4)

Central electrode

—

Threaded hemisphere

High purity graphite

Air vent Aluminium

- CFRP stem
D Air

N Lucentine
% Ceresin wax

i Amber

Figure 1. Schematic of the NPL primary standard cavity chamber TH100C (not to
scale)

The chamber was originally designed to be a high-energy transfer standard for
protection level calibrations. Photon dosimetry requires that an ionisation chamber’s
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wall thickness must be sufficient to provide charged particle equilibrium (CPE) for
the highest energy of secondary electrons present. In the absence of high-energy
photoelectrons, the minimum chamber wall thickness required for CPE is that just
sufficient to stop maximum-energy Compton recoil electrons. In case of '““Ir this
requires a wall thick enough to stop 687 keV electrons generated by 885 keV gamma
rays, the most energetic photons emitted by '*’Ir (Goetsch ez al. 1991). The CSDA
(continuous slowing down approximation) range of 687 keV electrons is 0.31 g/cm? of
graphite (ICRU 1984), which is equivalent to a wall thickness of approximately 1.8
mm. The graphite wall of the NPL cavity chamber is between 3.5 mm and 4 mm
thick, i.e. there is sufficient build-up material in the chamber wall to provide CPE.

The collecting volume of the chamber is large enough to produce an ionisation current
in the order of a few pA if the chamber is used to measure high dose rate '“Ir
brachytherapy sources with nominal activities in the order of 370 GBq at a source to
chamber distance of approximately 1.4 m.

The graphite used in the cavity chamber (central electrode and both graphite
hemispheres) was ‘RW-O’ spectroscopic grade graphite, a high purity, high strength
material manufactured by Ringsdorff-Werke GmbH, Bonn-Bad Godesberg, Germany.
The ash content of this type of graphite is 2 ppm and the mean density of the graphite
is quoted as 1.75 g cm™ on the data sheet. The density of the graphite was not
measured at NPL and therefore a type B uncertainty of 0.03 g cm™ (k = 2) was
assigned to the published value. This is 1.7% of the quoted density. As the wall
correction for the cavity chamber is 4.53%, an additional type B uncertainty (k = 2) of
0.08% (i.e. 1.7% of 4.53%) was added to the uncertainty budget. The uncertainty in
the wall correction factor includes the uncertainty in the wall thickness.

The chamber stem (guard) is made of electrically conducting carbon fibre reinforced
plastic (CFRP). A threaded insulating tube made of Lucentine, a styrene-based
copolymer, similar to polystyrene in density and effective atomic number, was glued
to the top of the chamber stem and the threaded graphite hemisphere was screwed
onto the Lucentine tube.

The chamber stem protects the central carbon electrode. The gap between the two
components was filled with an electrically insulating material, i.e. Ceresin wax
(manufactured by Fisher Scientific UK Limited). At the top end of the chamber stem
amber was used to insulate the central electrode from the CFRP stem and Ceresin wax
was used to fill the gap between the amber and the threaded Lucentine tube and to
insulate the chamber stem from the collecting volume of the cavity chamber.

2.2 Length metrology

The individual components of the cavity chamber assembly were measured in the
Centre for Basic, Thermal and Length Metrology (CBTLM) at NPL on two co-
ordinate measuring machines (CMMs). The diameter of the graphite hemispheres and
the distance of the centre of the hemisphere from the rim of the hemispheres (see
Figures 2 and 3) were measured on a CMM fitted with a contacting probe system. The
probe system was fitted with a three-millimetre diameter stylus and contacted the
surfaces to be measured with a force of 0.05 N. The remaining parameters were
measured on a CMM fitted with an optical imaging system. Additional support
measurements were made on laboratory standards using the optical imaging CMM.
The dimensions of all components and the associated measurement uncertainties can
be found in the NPL calibration certificate (ref.: E02080163) and the results are
summarised in the next three sections. The mean values obtained from the contacting
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and non-contacting CMMs, expressed to the nearest 0.001 mm and referred to a
temperature of 20 °C, are given in Tables 1, 2 and 3.

2.2.1 The plain hemisphere

Figure 2. Schematic of the plain hemisphere (not to scale)

Table 1. Dimensions of plain hemisphere and measurement uncertainties (k = 2)

Internal diameter = 2 x r; | Depth of upper recess = b Distance of hemisphere
centre below top surface = ¢
(mm) (mm) (mm)

58.040 = 0.033 1.930 £0.019 2.038 £0.028

2.2.2 The threaded hemisphere

Figure 3. Schematic of the threaded hemisphere (not to scale)
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Table 2. Dimensions of threaded hemisphere and measurement uncertainties (k = 2)

Internal diameter =2 x , Distance of hemisphere Diameter of hole in
centre below top surface =d hemisphere = e
(mm) (mm) (mm)
58.027 +0.033 0.052 + 0.028 12.040 £ 0.002

The wall thickness of the two hemispheres was measured with a TRIMOS vertical
height gauge (type 500, serial number 2438, owned by CBTLM at NPL). The graphite
hemispheres were held between two contacting probes. A 3 mm diameter ruby ball
was attached to the tip of both styluses. The inside surface of the graphite shell was
positioned on a fixed stylus and the upper stylus was lowered onto the outside surface
of the graphite shell. The thickness of the plain hemisphere and the threaded
hemisphere were measured at the latitudinal positions shown in Figures 4 and 5.

The calibration of the height gauge was checked by measuring the thickness of a
3.500 mm gauge block (s/n 08325) and a 4.000 mm gauge block (s/n L28926, U261).
On all occasions the displayed thickness was within +0.001 mm of the nominal
thickness of the gauge blocks. Five thickness measurements were taken equally
spaced at each latitudinal position (1 to 10) and the mean thicknesses and the standard
deviations of the mean (SDOM) are summarised in Table 3.

Figure 4. Approximate latitudinal positions of the contacting probes of the vertical
height gauge on the plain hemisphere (not to scale)

Figure 5. Approximate latitudinal positions of the contacting probes of the vertical
height gauge on the threaded hemisphere (not to scale)
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Table 3. Wall thickness of plain and threaded hemisphere

Position thiﬁiﬁsw("r‘gm) SDOM (%)
1 3.910 0.30
2 3.866 0.14
3 3.761 0.08
4 3.648 0.22
5 3.593 0.04
6 3.562 0.16
7 4.007 0.06
3 3.909 0.10
9 3.755 0.04
10 3.676 0.09

The variation in wall thickness was taken into account for the Monte Carlo simulation
of this chamber.

2.2.3 The air gap between the graphite hemispheres

The spherical graphite shell was made of two parts, allowing access to the central
electrode. The spherical shell was assembled by pushing the plain hemisphere onto
the threaded hemisphere such that the flat surfaces of the inner annular rims (see dash-
dotted lines in Figures 2 and 3) were in contact, leaving a 0.16 mm gap (mean value)
between both outer rims. The gap width was measured on a CMM (type SIP 414 M,
serial number 0510, owned by CBTLM) fitted with an optical imaging system. Four
equally spaced measurement points along the gap were chosen at 0°, 90°, 180° and
270°. At each measurement point the gap width was measured three times and the
mean gap width was calculated. The plain hemisphere was then removed, pushed
back onto the threaded hemisphere and the gap width measurements were repeated. In
the first case the mean gap width was found to be 0.1660 mm and in the second case
the mean gap width was found to be 0.1524 mm. The difference of 0.0136 mm
between the two mean gap widths is equivalent to a change of the internal air volume
of the cavity chamber by V., .. =7-(2.90168cm)’-0.00136 cm =0.036cm’ which

i1s 0.035% of the calculated internal air volume (see section 2.2.6). This additional
uncertainty in the measurement volume was added to the uncertainty budget.

Should it become necessary to take the spherical graphite electrode apart, the gap
width will have to be measured after reassembling the sphere and it should be
confirmed the measured gap width is within the range 0.1524 mm and 0.1660 mm.
For the RAKR measurements of the '*’Ir sources, the long axis of the ionisation
chamber was set up perpendicular to the collimated photon beam (see Figure 8) and as
the wall thickness of the sphere behind the air gap was only 2 mm, it was decided to
investigate whether or not an ‘air gap correction’ had to be applied to the primary
standard measurements. Monte Carlo simulations revealed that the air gap correction
was negligible. CPE still applies for measurements of '*’Ir sources, even with the
reduced wall thickness of 2 mm (see section 2.1).
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2.2.4 The central electrode

Threaded
aluminium stud

************* Surface of
amber insulator

CFRP stem

Figure 6. Schematic of the central electrode (not to scale)

Table 4. Dimensions of central electrode and measurement uncertainties (k = 2)

Top of central electrode to

Diameter of central

Radius of electrode top =

shoulder = f electrode = g 13
(mm) (mm) (mm)
28.541 +0.036 3.056 + 0.005 1.537 £ 0.006

The pin shaped high purity graphite central electrode of length f was attached to the
high purity graphite rod in the chamber stem via a 10 mm long, 1 mm diameter,
threaded aluminium stud.

2.2.5 The chamber stem

The chamber stem was slightly modified after the dimensions of the chamber
assembly were measured in the Centre for Basic, Thermal and Length Metrology.
When the ionisation chamber was reassembled it was found that the electrically
conducting chamber stem was not insulated against the collecting volume. In addition
the CFRP stem and amber protruded slightly into the air volume. Under standard
operating conditions, a polarising voltage of +500 V is supplied to the central
electrode (collector) and the chamber stem (guard), whereas the graphite sphere is
earthed. Without modifications to the original design of the cavity chamber (see
Figure 7a), there would have been an electric field inside the chamber cavity not only
between the central electrode and the earthed graphite sphere, but also between the
top of the chamber stem and the earthed graphite sphere. Some of the negative ions
generated inside the chamber volume would have been lost to the stem and would not



NPL Report DQL-RD 004

have contributed to the collected ionisation current because only the central electrode
is connected to the input of the electrometer.

/ Central electrode \

Protruding
amber and Shortened,
CFRP stem insulated stem Flat surface

\.;.:

4— Threaded hemisphere —p.

High purity graphite

Aluminium

- CFRP stem
a b
(a) ] Air (b)
Lucentine

Ceresin wax

Amber

Figure 7. Chamber stem before (a) and after (b) modification (not to scale)

The top of the electrically conducting CFRP stem was therefore shortened by
approximately 1 mm (see Figure 7b) and the Lucentine tube was moved such that the
top rim was at the same level as the flat surface of the amber insulator. The gap
between the amber insulator and the Lucentine tube was then filled with Ceresin wax.
When the chamber was used as a protection level transfer standard, the effective
collecting volume was different from the geometric volume of the air cavity. In order
to establish this chamber as an air kerma primary standard, however, the mass of air in
the collecting volume, hence the size of the effective collecting volume, had to be
known accurately.

Due to the modifications made to the chamber stem, the amber cylinder and the CFRP
stem (see Figure 7a) no longer protrude into the internal air volume and the volume of
the amber cylinder mentioned in NPL certificate E02080163 must no longer be taken
into account when calculating the internal air volume of the cavity chamber.

2.2.6 The collecting volume

The volume was calculated from the dimensions of all components as summarised in
sections 2.2.1 to 2.2.4 and was found to be 102.52 cm® (BT1 1998 pp 229-232) with a
standard uncertainty of 0.09%. An additional type B standard uncertainty of 0.02%
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was added due to the possible change in the gap width and hence internal air volume
when reassembling the spherical electrode (see section 2.2.3). When the threaded
graphite hemisphere was attached to the chamber stem, it was difficult to align the
inside surface of the curved electrode exactly with the flat surface of the insulator at
the top of the chamber stem. It was assumed that the height of both surfaces would
match within 0.2 mm, which would be equivalent to a volume change of £5.6 mm”.

The combined standard uncertainty in the collecting volume was estimated to be

0.09%.

3 Measurement set-up

The experimental set-up for the measurement of reference air kerma rate of an HDR
"2Ir brachytherapy source under minimal scattering conditions at a centre-to-centre
source-chamber distance (SCD) of 1433 mm is shown in Figure 8 (side view) and
Figure 9 (top view).

A lead collimator was designed for use with the HDR brachytherapy source for the
following two reasons:

1) to avoid irradiating any air cavities inside the chamber stem and the connectors,
which would have resulted in generating an unknown leakage current and 2) to reduce
the amount of scattered radiation from the floor and the walls of the exposure room
reaching the collecting volume of the cavity chamber and therefore keeping the scatter
correction as small as possible.

1433 mm

b

Alignment
Lead collimator telescope
Cavity chamber
(primary standard)

Source in catheter

Moveable
carriage

—> Rails

Figure 8. Set-up for 21 HDR source calibration at NPL, side view (not to scale)

10
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Brachytherapy unit

Moveable
carriage
A
___________________ Cavity chamber
_____________ (primary standard) D:D
""""" B, St Alignment
Lead collimator Rails telescope
~N
Source in catheter \ Double line engraved on outer
rim of both graphite
-t hemispheres and marked on
1433 mm chamber stem (see section 3.5)

Figure 9. Set-up for '

Ir HDR source calibration at NPL, top view (not to scale)

The lead collimator had to meet the following criteria:

1) As the brachytherapy source is not a point source, the primary photon beam which
is emitted through the front face aperture is surrounded by a penumbra. The penumbra
should be as small as possible to minimise the scatter correction. This was achieved
by moving the source as far away from the aperture as possible.

2) The source should not be in direct contact with the back wall to reduce the
contamination of the collimated primary photon beam with fluorescent radiation
produced in the lead shielding.

3) The lead castle should not be excessively large and heavy to allow for fine
adjustments to be made to the support table holding the assembled lead collimator.

To find a compromise between these three criteria, the ratio of the penumbra and the
cross-section of the primary beam at a fixed focal distance was plotted against the
source to aperture distance. A suitable distance from the source to the inner surface of
the front wall of the lead collimator was found to be 300 mm.

3.1 Estimation of room scatter at point of
measurement

The requirement for the thickness of the side walls of the lead collimator was that the
dose rate of the gamma rays reflected from the concrete floor and walls should be
reduced to less than 0.1% of the dose rate delivered by the primary beam at the point
of measurement (centre of ionisation chamber).

Iridium-192 emits photons with discrete energies and the major contributing lines
range from 65 keV to 885 keV. A suitable shielding material for the high-energy
photons was lead due to its high atomic number and for the following calculation the
lead collimator was assumed to have the nominal dimensions listed in Table 5.

The dose rate of gamma rays from "**Ir passing through 40 mm lead (side wall) is
reduced to 2E —3. 75 mm lead (front wall) reduces the dose rate to approximately

11
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SE -5 (see BS 4094 : Part 1 : 1966, page 28). The number of photons penetrating the
front wall of the collimator and then being scattered towards the ionisation chamber
was negligible compared to the number of photons in the primary beam. Only the
photons penetrating the side walls of the collimator were considered when estimating
the reflected dose rate.

The dose rate reflected from a surface may be expressed (Raso 1963) as:

D reflected

= D, cos0, > a(E,.0,,0.9) @)
r

where Dreﬂected is the reflected dose rate and D, is the dose rate incident on the

reflecting surface (here: concrete) at an angle of 6§, (see Figure 10). A4 is the

reflecting area in m”, r is the distance from the centre of the reflecting area to the
ionisation chamber in m and a(E,,6,,0,4) is the dose albedo in % for gammas

incident on the reflecting surface where E is the incident gamma energy, 6, is the
incident angle, € is the emergent polar angle and ¢ is the emergent azimuthal angle
(not shown in Figure 10). ¢ = 0° for forward-scattered radiation (e.g. at point B and
C) and ¢ = 180° for backscattered radiation (e.g. at point A and D). The albedo
characterises the fraction of radiation scattered at a surface.

1433 m

A
Y

Source lonisation chamber

i — P

1m

Concrete floor / walll é
Arrrrrrrrrrorr FJ

Figure 10. Gamma rays scattered at the concrete floor and walls (not to scale)

For the calculation of the reflected dose rate Dreﬂected from the concrete surface, a

worst-case scenario was applied in order to overestimate rather than underestimate the
reflected dose rate. The '*’Ir source was assumed to be set up inside the lead
collimator surrounded by a hollow concrete cylinder with an internal radius of 1 m
(minimum distance to floor, side walls or ceiling) and the long central axis of the
concrete cylinder was assumed to be identical with the axis through the source, the
centre of the aperture and the centre of the ionisation chamber (point P in Figure 10).
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The reflecting area 4 was divided into sections corresponding to 10° increments of
the incident angle 6, between points A and D. For example, the reflecting area

between point B (8, =0°) and C (6, =10°) is equal to 4 = 27-1-BC where BC is
the length of the hollow concrete cylinder in metres. All individual scatter

contributions were added up to estimate the total reflected dose rate. The contribution
of gamma rays reflected left of point A (6, =-34°) and right of point D (8, =63°)

was assumed to be negligible. The total reflected dose rate at the point of
measurement P was found to be D,,eﬂmd =D, -(1.7E-3)-(1/2.5)> =D, -2.7E -4

where Dy is the dose rate at the source'. The inverse square correction was made for
a distance of 2.5 m, the minimum total distance from the source to the floor and the
floor to the chamber. The dose rate delivered by the primary photon beam at the point
rimary =DS (1/1.433)° = DS -4.9E —1, i.e. the inverse square
correction was made for the standard measurement distance of 1.433 m. The reflected
dose rate D contributing to air kerma measurements at the point of measurement P
was therefore less than 0.1% of D orimary » Which means that the chosen wall thickness

of 40 mm for the side walls of the lead collimator is sufficient (BT1 1998; pp 243-
245).

of measurement was D

3.2 Dimensions of the lead collimator

Table 5 summarises the nominal dimensions and the material properties of the lead
collimator (NPL Engineering Services drawing number: 99/1054):

Table 5. Nominal dimensions of the lead collimator

Walls Lead-Antimony Alloy : BS 3909/2 : 1965
(composition: 91% Pb, 9% Sb)
Front face aperture Wolfmet heavy alloy HA 190

(composition: 90% W, 6% Ni, 4% Cu)

Wall thickness (top, bottom, left, right | 40 mm

and back)

Front wall thickness 75 mm
Internal length 400 mm
Internal width 300 mm
Internal height 300 mm
External length 515 mm
External width 380 mm
External height 380 mm

Distance from source centre to back wall | 100 mm

Distance from source centre to front wall | 300 mm

Distance from source centre to side walls | 150 mm
(top, bottom, left and right)

Diameter of small borehole of conical | 20 mm
aperture

Opening angle of conical aperture 4.48° + 0.05°

)  is only a relative number. Here it is equivalent to the dose rate at 1 m.
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The lead-antimony walls were manufactured by Fabcast Engineering Limited and the
heavy alloy for the front face aperture was supplied by M&I Materials Limited.

3.3 The front face aperture

Figure 11 shows the profile of the conical front face aperture, made of heavy alloy,
which was screwed to the front wall of the lead collimator. The borehole had a
diameter of x = 20 mm. The active length of the Nucletron microSelectron Classic
HDR "?Ir source is 3.5 mm, i.e. it is not a point source. Therefore the primary photon
beam outside the lead collimator was surrounded by a penumbra. Assuming a source
to front wall distance of 300 mm and an SCD of 1433 mm, the optimum angle of the
taper was calculated to be o = 4.48°. With these aperture dimensions, scatter from the
mouth of the aperture and the penumbra around the primary beam was kept to a
minimum.

Outside face of
Inside face of — front wall

front wall —

Stainless steel disc
for chamber
alignment
(removable)

Xx =20 mm Ol |=4.48°

Heavy alloy
aperture — |

/ E

| —

Lead wall —

Figure 11. Profile of front face aperture (not to scale)

The diameter of the primary beam with circular cross-section was 82 mm for an SCD
of 1433 mm, i.e. if the graphite sphere (66 mm outer diameter) was aligned on the
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central beam axis, the collecting volume was fully covered by the primary beam. The
maximum diameter of the penumbra was 108 mm. The source to chamber distance
and aperture size were chosen to give a uniform field over the whole of the ionisation
chamber. Measurements were carried out to investigate the relationship between the
chamber and source position and the measured RAKR of the *’Ir source (see section
3.7-3.9).

A 5 mm thick stainless steel disc (nominal thickness) was temporarily attached to the
outside surface of the 75 mm thick aperture (nominal thickness), see Figure 11. The
distance from the outside face of the steel plate to the primary standard cavity
chamber (see Figure 12) was measured with a calibrated internal micrometer.

3.4 Scatter within the lead collimator

For RAKR measurements the HDR '*Ir source was set up inside the lead collimator
on the long central axis, 10 cm from the back wall. The collimated gamma ray beam
was directed towards the primary standard cavity chamber which was set up with the
geometric centre of the chamber at a distance of 1.433 m from the centre of the '**Ir
source. The long axis of the source was parallel to the floor and perpendicular to the
direction of the collimated gamma ray beam (see definition of RAKR in chapter 1).
Ideally the scattered radiation which is produced inside the lead collimator shall not
contribute to the primary beam emerging from the aperture. With the chosen
dimensions most of the scattered radiation was absorbed within the lead box.
Measurements showed that both the amount of scattered radiation emitted through the
front face aperture and the scattered radiation produced at the mouth of the aperture
were insignificant at the point of measurement.

3.5 Additional features of the lead collimator

A hole of 2.2 mm diameter was drilled through the right side wall of the lead
collimator, viewed from the alignment telescope. A 2 mm diameter plastic catheter
(Nucletron Lumencath 6F), attached to the brachytherapy treatment unit via a transfer
tube, was fed through the hole in the side wall and attached to a vertically adjustable
metal pin at the inside surface of the opposite wall. This clamp held the end of the
plastic catheter and allowed the end of the tube to be moved to any position £10 mm
vertically above or below the centre. The vertical movement was necessary to ensure
the catheter could be aligned on the central beam axis, coincident with the central axis
of the conical aperture, after assembling and aligning the lead collimator on the
support table (see Figure 8). Another clamp was attached to the outside of the side
wall, where the plastic catheter enters the lead collimator. This clamp was used to
tauten the plastic catheter once the lid was in place. For the exact position of the
centred source relative to the side walls see Table 5.
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Lead collimator

Brachytherapy
unit

]

Primary
standard
cavity
chamber

Figure 12. Set-up for '*’Ir HDR source calibration at NPL

3.6 Calibration set-up

Before the RAKR of an '*“Ir source could be measured, the alignment telescope and
the lead collimator were set up in the exposure room as shown in Figures 8 and 9. In
order to keep the room scatter to a minimum, it was important to keep the following
minimum distances to the concrete walls of the exposure room:

Table 6. Source position relative to the floor, walls and ceiling

Front wall of collimator to opposite exposure room wall | 7m
Back wall of collimator to opposite exposure room wall I m
Side walls of collimator to opposite exposure room walls | 1 m
Source to floor 1 m
Source to ceiling I m

The graphite sphere of the cavity chamber was set up on the central beam axis and
rotated so that the double line on the chamber stem pointed towards the left hand side
of the movable carriage as viewed from the alignment telescope and as shown in
Figure 9. The variation of chamber response with chamber orientation was measured
with the double line pointing to four different positions and the results are summarised
in Table 7 (BT2 2004; pp 38-41).
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Table 7. Variation of chamber response with orientation

Double line pointing RAKR (mGy/h) SDOM (%)
towards

left (standard position) 47.6795 0.0062
back 47.6571 0.0108
right 47.7027 0.0096
front 47.7196 0.0127
left (standard position) 47.6848 0.0083

The maximum spread between the RAKRs listed in Table 7 was found to be 0.131%.
The variation in the measured RAKR with the chamber orientation could be explained
with slight variations in the chamber wall thickness (see Table 3). For consistency the
ionisation chamber was normally used in the orientation where the measured RAKR
was closest to the mean value of the five measurements, i.e. the double line pointed to
the left hand side of the carriage, viewed from the telescope.

The centre-to-centre source-chamber distance was set to 1433 mm. Distance a and b
(see Table 8) were measured with an internal micrometer after assembling the base
plate and the side walls of the collimator and setting up the primary standard cavity
chamber.

Table 8. Centre-to-centre source-chamber distance

Half diameter of Lumencath catheter (nominal) I mm
Distance from catheter to front face aperture amm
Total thickness of front face aperture and steel plate (see Fig. 11) 80.10 mm
Distance from steel plate to front face of graphite sphere b mm
Mean internal radius of graphite sphere 29.02 mm
Wall thickness of graphite sphere 3.96 mm
Centre-to-centre source-chamber distance 1433.00 mm

The distance from the catheter to the front face aperture could only be measured with
the lid of the lead collimator removed. It was estimated that due to the design of the
lead collimator this distance would not change by more than +0.5 mm when the lid
was put on top of the collimator. The uncertainty in the length measurement is
discussed in chapter 7.
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3.7 Source position measurement

After the collimator had been fully assembled, the catheter was tautened with an
external clamp. The brachytherapy source was stepped through the catheter while the
centre of the ionisation chamber remained stationary on the central beam axis and the
measured ionisation current was plotted against the dwell position of the source.
Figure 13 shows a typical source position measurement. For the source calibration the
dwell position corresponding to the middle of the plateau was chosen. To check the
chamber position relative to the primary beam, an X-ray film was placed behind the
ionisation chamber and the source was sent to the dwell position mentioned above.
The radiograph confirmed that the chamber volume was fully covered by the primary
beam.

Source position measurement

1.005
1.000 - /M
0.995

0.990 -

0.985 -

0.980 -
0.975
0.970 + X

0.965 -

Normalised ionisation current

0- 960 T T T T T T T T T T T
6 5 4 -3 -2 -1 O 1 2 3 4 5 6

Source position relative to centre of beam axis (mm)

Figure 13. Normalised ionisation current with chamber aligned on central beam axis
and source stepping through catheter inside lead collimator

Figure 13 shows that the measured ionisation current, which is proportional to the
RAKR, varies by approximately 0.06% if the chamber is aligned on the central axis
and the centre of the source is within +3 mm of the centre. This is well within the
overall measurement uncertainty. For dwell positions < -3 mm and > +3 mm, the
ionisation current decreases because the chamber is no longer fully covered by the
primary beam.
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3.8 Horizontal beam profile

The horizontal beam profile was measured by moving the source to the dwell position
corresponding to the middle of the plateau of the curve shown in Figure 13. The
aligned primary standard chamber was then moved horizontally to ten positions left
and right of the centre. Figure 14 shows the variation in the measured ionisation
current with chamber position.

Beam profile at 1433 mm SCD, horizontal axis

1.0010
1.0008
1.0006 -
1.0004 -
1.0002 - M . .
1.0000 ¢ . ¢
0.9998 - .

0.9996 - *
0.9994
0.9992

0-9990 T T T T T T T T T
-10 -8 -6 -4 -2 0 2 4 6 8 10

Normalised ionisation current

Chamber position relative to centre of beam axis (mm)

Figure 14. Normalised ionisation current with source aligned on central beam axis
and chamber moved horizontally +10 mm from centre of beam axis

Figure 14 shows that the horizontal positioning of the cavity chamber is not critical as
the maximum deviation of the measured ionisation current was found to be only
0.06% if the centre of the ionisation chamber is within £10 mm of the central axis.
This is well within the measurement uncertainty.
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3.9 Vertical beam profile

The vertical beam profile was measured by moving the source to the dwell position
corresponding to the middle of the plateau. The aligned primary standard chamber
was then moved vertically to ten positions above and below the centre. Figure 15
shows the variation in the measured ionisation current with chamber position.

Beam profile at 1433 mm SCD, vertical axis

Normalised ionisation current

0- 9990 T T T T T T T T T
-10 -8 -6 -4 -2 0 2 4 6 8 10

Chamber position relative to centre of beam axis (mm)

Figure 15. Normalised ionisation current with source aligned on central beam axis
and chamber moved vertically £10 mm below and above centre of beam axis

The data points plotted in Figure 15 show a slight trend. As the spherical electrode is
moved upwards, an increasing amount of the threaded boss and chamber stem are
exposed to the primary photon beam and the amount of scattered radiation
contributing to the measured ionisation current increases. As long as the centre of the
graphite sphere is within +5 mm of the central beam axis, the deviation was found to
be within 0.04% (see linear trendline in Figure 15) which is again well within the
measurement uncertainty.
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4 The correction factors

4.1 Correction factors determined by measurement

4.1.1 Stem scatter correction

The hollow graphite electrode is attached to a 10 mm diameter chamber stem. The
sphere is constructed in two halves, the upper hemisphere being removable to allow
access to the inner components. The lower hemisphere is screwed onto the chamber
stem via a threaded boss. When the chamber is irradiated at the calibration distance of
1433 mm, the radiation field (82 mm diameter) covers not only the whole graphite
sphere (66 mm diameter) but also the threaded boss and the top of the chamber stem,
leading to an increase in the number of scattered photons reaching the collecting
volume and therefore an increase in the measured ionisation current. A dummy stem
made of the same materials and having the same dimensions as the chamber stem was
used to measure the stem scatter correction. The top of the dummy stem was
positioned opposite the chamber stem (see Figure 16).

Small air gap between flat
insulator of dummy stem
and curved graphite
electrode.

Dummy stem

Chamber stem

Figure 16. Experimental set-up for the determination of the stem scatter correction

The stem scatter correction is the ratio of the ionisation current measured without the
dummy stem and the ionisation current measured with the dummy stem, both
corrected for standard temperature and pressure and source decay. The ionisation
current was measured without the dummy stem, then with the dummy stem and
finally again without the dummy stem, i.e. the following measurement equation
applies:

(O] (2)
k _ ( chamber _only + Ichamber_only) (3)

stem ~ 2.7

with _dummy _stem

The stem scatter correction factor, & was determined three times and the mean

stem >

value was found to be £ =0.9983. The uncertainties will be discussed in section

4.1.5.

stem
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4.1.2 lon recombination correction

When the cavity chamber is exposed to ionising radiation, due to the limited
polarising voltage, some of the ions generated inside the air volume will recombine
before reaching the collecting electrodes and therefore an ion recombination
correction needs to be applied to the primary standard measurement. Recombination
in ionisation chambers at therapy level dose rates is small but nevertheless significant
for primary standard level dosimetry.

The various processes by which ions recombine in an ionisation chamber, initial
recombination, back diffusion to the electrodes and volume recombination, have been
reviewed by Boag (1987).

Initial recombination occurs when positive and negative ions formed in the same
secondary electron path meet and recombine. It is independent of dose rate, since the
number of tracks occurring per unit volume of air does not influence the
recombination within a given track, unless the ion density becomes so great that the
field strength is reduced, or the tracks begin to overlap. Diffusion loss is also
independent of the dose rate. Both initial recombination and diffusion loss are
proportional to the inverse of the polarising voltage.

Volume recombination occurs when ions produced in different tracks encounter each
other as they are attracted to the two electrodes. The amount of volume recombination
depends on the ion density and therefore on the dose rate and it is proportional to the
inverse of the square of the polarising voltage (Attix 1986, Takata et al. 2005).
Numerous methods have been published to estimate the recombination correction in
ionisation chambers. For the NPL primary standard cavity chamber the
Niatel/Boutillon method (Boutillon 1998) was adopted to determine the
recombination correction experimentally. This method applies to continuous radiation
and allows separation of the contribution due to volume recombination from the
combined contributions of initial recombination and diffusion losses. The cavity
ionisation chamber was developed for the measurement of gamma radiation emitted
by HDR "Ir brachytherapy sources, but since ion recombination is independent of
beam quality for sparsely ionising radiation, the recombination measurements were
performed, for convenience, using an X-ray set (Figure 17).

1m
| -
__________________________ Alignment
Gdz]rz Al Monitor Cavity telescope
adde chamber chamber
filtration
Wall
X-ray aperture
tube
Moveable
carriage
+—> Rails

Figure 17. Set-up for ion recombination measurements, side view (not to scale)
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The tube voltage was set to 50 kV and a 6 mm thick aluminium filter was added to
reduce the dose rate. The cavity chamber was set up at a focal distance of 1 m and
various tube currents were selected: 0.25 mA, 0.5 mA, 1 mA, 2 mA, 3 mA and 5 mA.
This range of tube currents was chosen to provide dose rates similar to those normally
generated by HDR '*’Ir brachytherapy sources with nominal initial activities in the
order of 370 GBq when using the standard set-up for the measurement of RAKR
shown in Figure 8 and 9. A transmission monitor chamber was used to normalise the
measured ionisation currents for any drifts in the X-ray tube output.

Experimental methods to determine the correction for ion recombination are based on
the assumption that if a sufficiently high polarising voltage is applied to the chamber,
the ions would be collected before they had a chance to recombine, so long as the high
field strength does not introduce some other effect such as ionisation by collision. The
standard polarising voltage (500 V) for the cavity chamber was found by plotting the
variation of the collected ionisation current as a function of the polarising voltage
(Figure 18). 500 V is well on the plateau region of the saturation curve without any
effect of charge multiplication yet occurring, as can be seen from Figure 19.

2.0E-02

1.8E-02

1.6E-02

1.4E-02 | o
1.2E-02 -

1.0E-02 -

Istd/lmon

8.0E-03 -

6.0E-03 -

4.0E-03

2.0E-03

O-0E+OO 1 1 1 1 1
0 100 200 300 400 500 600

Polarising voltage (V)

Figure 18. Variation of the collected ionisation current as a function of the polarising
voltage (saturation curve)
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Figure 19. Inverse ionisation current vs inverse polarising voltage over the range V =
100 V to 500 V, where initial recombination dominates

Near saturation, the ratio between the saturation current /¢ and the ionisation current
I, , measured at voltage V', can be expressed, neglecting terms of higher order, by the

basic equation (Boutillon 1998)

]—S=1+£+m2(%jls 4)
I, V V
where
) a
m- = 5
ek k ®)

and where A4 is a constant depending on the chamber type, « is the recombination
coefficient under continuous irradiation, e is the electron charge, &, and k_ are the
mobilities of the positive and negative ions, and g is a factor depending on the
chamber geometry. The first variable term on the right hand side of Equation 4
describes the initial recombination and diffusion; the second variable term describes
the volume recombination.

For the determination of the parameters 4 and m’g, V in Equation 4 is replaced by
the lower voltage V/n where n is not necessarily an integer, and the new equation
obtained is divided by Equation 4 to give

24



NPL Report DQL-RD 004

Iy _,(=b4, —l)mz[%jl,, . (6)
I, 4 14
N J Y,
Y Y
intercept gradient
(see Figure 20)

Equation 6 applies as long as I, is close to the saturation current. High-order terms
are neglected.

For each setting of tube voltage and tube current, the ionisation current was measured
for selected polarising voltages V' (here: 500 V, i.e. the standard operating voltage)
and V/n (here: n =2, 2.5, 3 and 3.5) and the ratio /,/I,,, was plotted against I,

(Figure 20). Measurements of /, and [,,, were made for both polarities and the

mean was taken as the effective value. The settling time after each change in
polarising voltage was at least 15 minutes and a pre-irradiation was given to eliminate
any accumulated charge.

1.035

1.030 -

1.025 A

1.020 - An=2

IVIIV/n

1.015 n=2.5

1.010 - =3

1.005 +—— ®n=35

1.000
0.0E+00 2.0E-11 4.0E-11 6.0E-11 8.0E-11 1.0E-10 1.2E-10 1.4E-10

Iy (A)

Figure 20. Ratio of the ionisation currents /, and /,,, , measured with chamber
TH100C with polarising voltages V' and V' /n respectively, as a function of /,, for

several values of n

Four straight lines were fitted to the data points in Figure 20. The slopes and the
intercepts of these lines were determined by regression analysis, allowing the

determination of the factors A4 and m’g in Equation 6. The results are summarised in
Table 9.
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Table 9. Summary of ion recombination measurements

2

n | Intercept Slope A m'g

2.0 | 1.0026 4.625 x 10’ 1.291 | 3.854 x 10"

2.5 | 1.0037 8.007 x 10’ 1.237 | 3.813 x 10"

3.0 | 1.0050 1.257 x 10° 1.255 | 3.927 x 10"

3.5 | 1.0058 1.859 x 10° 1.167 | 4.131 x 10"
Mean value, x | 1.238 | 3.931 x 10*
o,./X (%) 42 3.6

Table 10 lists the total recombination correction factors I/, =k

ion

(see Equation 4)

with respect to the measured ionisation current at the standard polarising voltage of

500 V.

Table 10. Recombination correction with respect to ionisation current

Initial Volume

recombination | recombination | Is / I, =k, | 1ysoor (pA)
248 x 107 1.53 x 10™ 1.0026 9.75
248 x 107 2.58 x 10™ 1.0027 16.40
248 x 107 4.66 x 10™ 1.0029 29.64
248 x 107 8.83 x 10 1.0034 56.15

The calculated recombination correction factors were plotted against the
ionisation currents in pA (Figure21).
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Figure 21. Recombination correction k,,, as a function of the ionisation current /,
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The recombination correction factor k,, for the primary standard cavity chamber
TH100C can be represented by the following equation

k,, = (1.0025+0.0002)+((1.57 +0.09)-10")- I, (7)

where [, is the measured ionisation current in A. For the typical currents measured

when a new brachytherapy source is installed, this results in a recombination
correction factor of &;,, = 1.0028 £+ 0.0002. The uncertainties in the initial and volume
recombination will be discussed in section 4.1.5.

A new Nucletron microSelectron HDR '**Ir source has a nominal initial activity of
between 370 GBq and 550 GBq. This is equivalent to ionisation currents of 18.7 pA
and 27.8 pA, respectively, measured with the primary standard chamber at an SCD of
1433 mm. Additionally, the source has a relatively short half-life and so the source
activity will vary from one measurement to another. k,, , which is dose rate
dependent, needs to be determined for each primary standard measurement of the
reference air kerma rate.

4.1.3 Polarity correction

All measurements are normally made with a positive voltage, +500 V, supplied to the
central (collecting) electrode and the chamber stem (guard). The graphite sphere is
earthed.

The polarity correction was determined by reversing the polarising voltage of the
ionisation chamber and by measuring the ionisation current with both positive and
negative polarity HT on the central collecting electrode with respect to the earthed
graphite sphere. The negative ionisation currents collected with the collecting
electrode at positive potential were found to be consistently higher and the polarity
correction factor was estimated using the following equation

I+ I

k
pol 2I+

(8)

where [° is the ionisation current collected at the standard setting (collecting
electrode at positive potential: +500 V) and 7/~ is the ionisation current collected with
the collecting electrode at negative potential (-500 V). First, /* was measured, then

I” and finally 7" again. The following measurement equation describes the
measurement of the polarity correction factor:

1+(1) +1+(2)
72 +1 1 ](7)
pol = 70 L :E+ 70 @ )
2. T4
2

The polarity correction factor, k,,, was determined four times and the mean value

0l 2

was found to be k,,, = 0.9983. The uncertainties will be discussed in section 4.1.5.
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The results of these measurements (stem scatter, ion recombination and polarity
correction) can be found in the folder labelled ‘Brachytherapy primary standard
TH100C — Measured chamber correction factors (October — December 2005)’.

4.1.4 Dead volume correction

In cylindrical cavity chambers, where two conducting surfaces meet at an angle of
90°, the effective collecting volume is smaller than the geometric volume of the cavity
because the electric field strength in close proximity to the corners of the graphite cap

is ‘E‘ = 0. Charged particles generated in this region will therefore not contribute to

the collected ionisation current and a dead volume correction greater than unity will
have to be applied to the measured current.

Due to the spherical geometry of the cavity chamber TH100C and the absence of
corners between conducting surfaces, there is no dead volume inside the air cavity. A
simulation of the electric field between the central electrode and the earthed, spherical
electrode was made using the proprietary software package COMSOL Multiphysics™
(2005). A 2D geometry with axial symmetry was chosen for the finite element
analysis. Figure 22 shows the equipotential field lines between the central collecting
electrode and the earthed graphite sphere. Due to the evenly distributed electric field
the effective collecting volume was assumed to be identical with the geometric
volume of the air cavity. The potential dead volume in the vicinity of the insulator
was found to be negligible. No uncertainty was assigned to the dead volume
correction.
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Figure 22. Equipotential field lines between the central electrode (+500 V) and the
spherical electrode (earth) calculated using finite element analysis
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4.1.5 Uncertainties in the measured correction factors

For the stem scatter correction factor, a type A uncertainty of 0.02% (k = 1) was
derived from the standard deviation of the mean of three measurements. A type B
uncertainty of 0.05% was assigned to the stem scatter correction factor due to the fact
that the top of the dummy stem was not curved, leaving a small air gap between the
graphite boss and the curved electrode, i.e. the dummy stem, although made of the
same materials as the chamber stem and having the same dimensions, was not a
perfect copy. Therefore, the dummy stem did not have the same scatter properties as
the chamber stem. Summing the squares of the type A and B uncertainties and taking
the square root gave an overall standard uncertainty in &, of 0.05%.

No type A uncertainty could be assigned to the initial and volume recombination
correction factor because the relatively complex experimental determination of %,
was only made once. The relative standard uncertainties (type B) in the intercepts and
gradients of the lines plotted in Figure 20 were determined by regression analysis. The
mean values for the constants 4 and m’g (see Table 9) were inserted in Equation 4
and the type B uncertainties of the two terms representing the initial and volume
recombination were calculated for a standard polarising voltage V' =500V and a
maximum ionisation current of /, =30pA . The maximum standard uncertainty in
the intercept (equivalent to the initial recombination correction factor, see Equation 4
and 6) was 0.022%. The maximum standard uncertainty in the gradient was found to
be 5.6%, which is equivalent to a standard uncertainty in the volume recombination
correction of 0.003%, assuming an ionisation current of /; =30 pA . The combined

standard uncertainty in k,,, was 0.02%.

For the polarity correction factor, a type A uncertainty of 0.01% (k = 1) was assigned
which was the standard deviation of the mean of four correction factors. No type B
uncertainty was assigned to the polarity correction factor.

4.2 Summary of the measured correction factors

Table 11. Uncertainties in the measured primary standard correction factors.
All uncertainties are quoted for 2 standard deviations.

Factor Mean Type A Type B Total
values uncer- uncer- uncer-
tainty tainty tainty
(%) (%) (%)
k o = kl Stem scatter correction 0.9983 0.04 - 0.04
=k, Ion recombination 1.0028" - 0.04 0.04
o correction
k =k, Polarity correction 0.9983 0.02 - 0.02
po

") typical value (for 20 pA ionisation current)
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4.3 Overview of Monte Carlo simulations

Some of the primary standard correction factors were evaluated by calculation using
Monte Carlo techniques. This section gives an overview of the Monte Carlo codes
used.

4.3.1 The Monte Carlo Code Systems

The spectrum from the Nucletron HDR brachytherapy Classic source after collimation
was determined using the OMEGA BEAM (EGS4) code system. All of the
subsequent Monte Carlo calculations described in this report were carried out using
the EGSnrc code system. These codes form a general-purpose package for the Monte
Carlo simulation of the coupled transport of electrons and photons in an arbitrary
geometry for particles with energies ranging from a few keV to several TeV
(Kawrakow 2000). The EGSnrc package, used in conjunction with a user-written
code, calculates the development of an electron-photon cascade from a single incident
electron or photon, and transports each particle through the geometry until it reaches a
predefined energy cut-off or discard boundary. The BEAM package is EGS4 code for
modelling beams from a user specified module (Rogers et al. 1995). Electron-photon
transport can be simulated in any of 100 chemical elements or mixture of these
elements, or any compound. The associated package PEGS4, documented by Nelson
et al. 1985, is used to generate datasets for particle transport and sampling of the
required materials for subsequent use by BEAM and EGSnrc.

4.3.2 Description of the EGSnrc User Codes

The two EGSnrc user codes used in this work, CAVRZnrc and DOSPHEREnrc, are
able to read in the phase space information generated by the OMEGA BEAM code
system. CAVRZnrc calculates the dose deposited to user-specified regions of an RZ
geometry. DOSPHEREnNrc calculates the dose deposited to the user-specified regions
of a spherical geometry made up of concentric spheres of varying radii, enclosed
within an XYZ geometry. Both codes have undergone a series of benchmark tests
checking energy conservation and uncertainty analysis.

4.3.3 PEGS4 Data sets

Within the PEGS4 input files the values of AE and AP were set to 0.516 MeV and
0.001 MeV for all materials. The IAPRIM (Rogers et al. 1989) and EPSTFL (Duane
et al. 1989) options that are set within the PEGS4 input files were used. The IAPRIM
option normalises the bremsstrahlung cross-sections so that PEGS4 gives the same
radiative stopping power for electrons as given in ICRU Report 37 (ICRU 1984). The
EPSTFL option allows the user to input an arbitrary density-effect correction for use
in calculating electron and positron collision stopping powers. The density effect
corrections were obtained using the program EPSTAR® (S. M. Seltzer - version
2.0B) and these values were then used in conjunction with the PEGS4 input files to
create the material data sets.

For the simulations calculating the response of the air equivalent chamber the
materials specified used the density effect corrections for normal density air and for

@ Calculates stopping power (collisional, radiative and total), CSDA ranges, bremsstrahlung yield for
electrons (or positrons) with kinetic energies from 1 keV to 10 GeV and the mean excitation energy of
the material
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the simulations calculating the response of the graphite equivalent chamber the
materials specified used the density effect corrections for normal density graphite.

4.3.4 Calculation of the shielded *’Ir spectrum from a
Nucletron Classic source

The 11 major lines contributing to the '**Ir spectrum were used as input to the BEAM

simulation (Loftus 1980). Due to limitations with the geometry packages available
with BEAM the source design was approximated to a cylindrical geometry without
shielding modelled at either ends of the source. It was shown that the lack of shielding
made no difference to the calculated spectrum. Both of these approximations were
considered to be adequate as simulations carried out using the average 'Ir energy
instead of a calculated spectrum gave a change to the overall calculated correction
factor of the order 0.1%. The front face of the lead collimator was included in the
simulation model and the spectrum stored at a pre-defined scoring plane for use in
subsequent Monte Carlo simulations.

4.4 Correction factors determined by Monte Carlo
simulation

4.4.1 Overview

The HDR brachytherapy primary standard cavity chamber collects charged particles
which are produced by photons scattering in the graphite wall. Compton electrons
produced in the chamber wall enter the air cavity. However, the chamber wall
attenuates the incident photons, scattered photons produce a response and the chamber
material near the cavity is not air-equivalent. It is also possible for a photon to scatter
twice and the knock on electron from the second scatter to contribute to ionisation.

The air kerma in air is given by the following:

K, =<2  — (10)

where Q is the measured charge,

m is a known mass of air,

W is the energy needed to create an ion pair in dry air,
e is the electron charge,

g is the fraction of energy lost to bremsstrahlung

and F :ﬁ‘kan 'krn k 'kpol 'kion (11)

Sstem

where £k, is the axial non-uniformity correction,
k,, is the radial non-uniformity correction,
k

k. 1s the polarity correction,

1s the stem scatter correction,

Stem

k. ~1s the ion recombination correction,

won
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and ﬁ _ ggraphite . kﬂ . (IL_len /p)air . kwall (12)

air graphite

where S %" is the ratio of the mean stopping powers of graphite and air,
k ; 1s the fluence perturbation correction, correcting for the perturbation of the
electron fluence by the air cavity,

(1, / p);;ph”e 1s the ratio of the mean mass-energy absorption coefficients of

air and graphite and

k., 1s the wall correction factor.

F s the ratio of the dose to the chamber volume in the absence of the chamber, and
what is actually measured, the chamber response. Monte Carlo simulations carried out
using DOSPHEREnrc were used to determine this ratio:

D.,,, ., (no attenuation, no scatter) 13)

Dcav,real (tOtal) : kcel

F =

no attenuation, noscatter) is the dose to the cavity of an air equivalent

cav,air (

where D

chamber (see Figure 24) where incident photons that interact in the chamber wall are
not attenuated and the scattered photon is discarded; D total) is the total dose to

the air cavity of the actual chamber (without central electrode) with real materials
modelled (see Figure 24); k_, is the correction to account for the effect of the graphite

cav,real (

central electrode.

F can be divided into it’s component parts by taking ratios of calculated doses:

[dE-v,(B)-(u,,(B)/p),, |
s o
[dE -y, (E)- (11, (E)/ P) gy

D
D

(no attenuation, no scatter)

cav, air

(no attenuation, no scatter)

cav, graphite

(14)

where D (no attenuation, no scatter) is the dose to the cavity of a graphite

cav,graphite
equivalent chamber where incident photons that interact in the chamber wall are not
attenuated and the scattered photon is discarded and y,(E) is the photon energy

fluence crossing the cavity.

graphite

JPdE-(/ﬁe, (E)-S
0 k, =S

(no attenuation, no scatter)

cav, graphite

graphite
air kﬂ

D.,,, ., (noattenuation, noscatter) - ?dE b (E)-S
0

(15)

where D (no attenuation, noscatter) is the dose to the air cavity of the actual

cav,real

chamber with real materials modelled where the incident photons that interact in the
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chamber wall are not attenuated and the scattered photon is discarded and ¢ _(E) is

the electron energy fluence crossing the cavity.

D., .. (noattenuation, noscatter)
’ = kwall ( 1 6)
Dcav,real (tOtal) : kc‘el

where k,,, is the wall correction and can be expressed as k, , = B k., -k

cep scat

where ,BC‘;, is a correction to account for a change in the centre of electron production
k,, 1s the wall attenuation correction
k., 1s the wall scatter correction

scat

These components are calculated using the following equations:

D.,,, ..., (noattenuation, no scatter) . (17)

cep att

D ,(with attenuation, no scatter) -

cav,rea

D,,, ... (Withattenuation, noscatter) is the dose to the air cavity of the actual chamber

with real materials modelled where the incident photons that interact in the chamber
wall are attenuated and the scattered photon is discarded.

D.,,, ., (with attenuation, no scatter)
DCav,real (tOtal) * kce J = Wscat

(18)

There is a further axial non-uniformity correction, k_, required to account for the

an

change in the spectrum over the chamber volume in the direction of the beam axis and
a radial non-uniformity correction, k, , required to account for the change in the

m?

spectrum over the chamber volume perpendicular to the beam axis.

K
‘ . = kan ' k}"}’l (19)
(no attenuation, no scatter)

D

cav,air

Further simulations were carried out using CAVRZnrc to determine the effect of the
air gap between the 2 hemispheres making up the spherical chamber and the graphite
central electrode, k_,, see Figure 1. For these simulations similar dimensions were

cel ?
used but for a cylindrical chamber and the air gap was approximated with a simple
straight through air gap of the maximum dimension measured. It was found to have a
negligible effect on the correction factor. k., was similarly determined using

cel
simulations modelling with and without a cylindrical central electrode and ratios of
total doses taken.

k, was determined by calculating K over the cross-sectional area of the chamber.

This was determined by modelling a thin cylindrical slab of air of the same size cross-
section as the chamber volume using CAVRZnrc (with no electron transport). In order
to determine &, the photon energy fluence was binned over the chamber volume and

compared to the photon energy fluence at the centre of the chamber. k,, was found to
be negligible.

(1-g)™" was determined by repeating Monte Carlo simulations of the air equivalent
chamber with bremsstrahlung switched off and taking ratios with and without
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bremsstrahlung production. This Monte Carlo calculated factor showed good
agreement with tabulated values (Boutillon and Perroche 1985).

The material correction factor k,u.ria fOr the cavity chamber was estimated to be unity
since the surface area of the insulator between the central electrode and the spherical
graphite wall is only 1% of the surface area of the graphite facing the air cavity. The
insulators used in the chamber stem are graphite equivalent.

4.4.2 Simulation geometry

Figure 23: Simulation geometry - real chamber

[ ] Air of density 1.205E-3 g/em’

. Graphite of density 1.75 g/cm’

0.38 cm

Figure 24: Simulation geometry - air equivalent chamber

I:' Air of density 1.205E-3 g/cm’

Air of density 1.75 g/cm’

Figure 25: Simulation geometry - graphite equivalent chamber

I Graphite of density 1.205E-3 g/em’

. Graphite of density 1.75 g/cm’

4.4.3 Uncertainties in the calculated correction factors

air

Estimates for the type A uncertainties in S <" . k , and (2, /p) were obtained

graphite
from determining the standard deviation on a total of six independent calculations of
these factors. These calculations were made for three chambers with the same internal
radius but with slightly varying wall thicknesses varying from 3.6 mm to 4.0 mm
(reflecting the worst-case variation in the measured wall thickness) at 2 different
source-chamber distances (1 m and 1.433 m). It was shown that these factors were
independent of source-chamber distance and, to some extent, wall thickness and so

the type A uncertainties could be reduced by a factor\/ﬁ where N was the number of
independent determinations of the factor. The type A uncertainty in &, , was assumed

to be the same as for S & .

air

k, and (u,,/ p)z}phim as the uncertainties determined in
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the Monte Carlo simulations were very similar for all chamber geometries modelled
for this work. There was also a small additional uncertainty associated with &

cel »

however, this was negligible due to the size of the correction.

An estimate for the type B uncertainty in S

St , was determined by calculating a
worst-case set of stopping power values for each material and taking an average of the
ratio for the shielded "**Ir spectrum and comparing with standard data. The value of
this uncertainty was very similar to that taken from Rapport BIPM-99/12, Comparison
of the air kerma standards of the NRC and the BIPM for ®®Co gamma rays. This report
quotes a reduced uncertainty in the stopping power ratio when combined with W/e.

air

An estimate for the type B uncertainty in (,uen / p) was also taken from this

graphite
report. Both estimates used were the same as those for the NRC graphite-walled
cylindrical cavity ionisation chamber. The type B uncertainty in &, , was based on

the calculated change in the factor (0.2%) with a change in wall thickness of 0.2 mm
combined with the uncertainty in not applying a correction for the effect of the air
gap. The type A and B uncertainties in &, were determined previously from Monte

Carlo simulations.

The type A uncertainty in k,, was estimated to be the same as for the other Monte-

Carlo calculated factors for the same reasons as discussed previously. The type B
uncertainty in &, is estimated to be the size of the correction.

The estimate for the type A uncertainty in &, was estimated by comparing values
determined using different binning techniques. The type B uncertainty in %, is the
maximum deviation from unity determined.

Estimates for the type A and type B uncertainties in (1—g)~" were taken from Rogers
et al. (1989).

The shielded '**Ir spectrum was determined using only the 11 major contributing lines
as input to the OMEGA BEAM simulation. The effect of neglecting less significant
lines was considered negligible as the effect to the overall correction factor of using
the average '*“Ir energy as input to the EGSnrc simulations instead of a calculated
spectrum was determined to be of the order 0.1%.
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4.5 Summary of all calculated correction factors

Table 12. Uncertainties in the stopping power ratio (graphite to air), the mass energy
absorption coefficient ratio (air to graphite) and all calculated primary standard
correction factors

Factor Mean | Type A | TypeB Total
values uncer- uncer- uncer-
tainty tainty tainty
(%) (%) (%)
§ graphite 1. Stopping power ratio (graphite to 1.0082 0.1 0.23M 0.25
ar A air) X fluence perturbation
correction
(— / )air Mass energy absorption coefficient | 1.0016 0.1 0.2 0.22
Hen| P)graphire ratio (air to graphite)
-1, Wall attenuation correction 1.1229 - - -
cep att
k.., Wall scatter correction 0.9309 - - -
k,, = ﬂc;; -k, -k, = Wallcorrection 1.0453 0.1 0.23 0.25
k,
k., =k, Central electrode correction 0.9984 0.1 0.05 0.11
F — E[ﬁ:tzphite A kﬂ . ()uen /p)zvi’aphite . kwall 10555 017 038 042
k, =k, Axial non-uniformity correction 0.9981 0.1 0.2 0.22
k, =k, Radial non-uniformity correction 1.0000 0.01 0.04 0.04
(- g)—l Fraction of energy lost by 1.0007 0.02 0.02 0.03
bremsstrahlung

() Combined uncertainty for the product (§ sraphite .y | e)- k,

5 AIr attenuation and scatter correction

An air attenuation and scatter correction needs to be applied to measurements of the
RAKR due to the fact that the measurements are made in air and not in free space (see
definition of RAKR; ICRU 1985 and 1997). k_, is the correction for attenuation of
the primary photons by the air molecules between the source and the chamber. £ is
the correction for scattered radiation from the floor, walls, measurement set-up and
air. Both k£, and k , are proportional to the number of air molecules between the
source and the ionisation chamber. The total air attenuation and scatter correction,
k . , was determined by applying a multiple distance method. The primary standard

air ?
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cavity chamber was set up on the central beam axis and moved to various positions
along the rails (see Figure 8 and 9). The "It source was aligned on the central beam
axis of the lead collimator. A pre-measurement dose was delivered to the chamber to
eliminate any charge that may have built up on the insulator while the chamber was
not in use. The leakage current from the cavity chamber was found to be negligible,
1.e. less than 0.1% of the measured current. Readings of the ionisation current were
taken at centre-to-centre source-chamber distances between 1.233 m and 4.033 m at
0.2 m intervals and all current readings were normalised to the reference distance of 1
m by applying the inverse square law. During each measurement, readings of the
temperature and pressure were recorded which allowed the measurements to be
corrected to standard temperature (7, =293.15 K) and pressure ( p, =101.325 kPa).

The time at which each measurement was made was also recorded so that a decay
correction could be applied to a reference time and date. The ionisation current at the
reference time, for standard atmospheric conditions and normalised to the reference
distance of 1 m, is given by:

2
d T ln 2 : tnow - tre
Iref = Iraw ’ kelec ’ (d_J L & ’ eXp[ ( ! )] (20)
f

re

where [, is the normalised ionisation current in A, /., is the ionisation current

displayed on the electrometer in A, k. is the electrometer correction factor, d is the

elec

measured ~ centre-to-centre source-chamber distance in m, d,, is the reference
distance (1 m), 7 is the air temperature in K, 7, is the standard temperature in K, p

is the air pressure in kPa, p, is the standard pressure in kPa, ¢, is the actual

now

192

measurement time, ¢, . is the reference time and 7,,, is the half-life of "“Ir in days.

ref

Figure 26 shows the normalised ionisation current /., at nominal source to chamber

ref
distances. The linear plots show a decrease in the normalised ionisation current with
increasing source to chamber distance. The increasing air absorption and air scatter
out of the beam that would give a lower ionisation current within the chamber with
increasing distance can explain this.

The nominal length of the air column between the source and the chamber was
calculated by applying a temperature and pressure correction:

i Q1)
Po

d, =d

nom measured

~ |23

where d, = is the nominal length of the air column between the source and the centre

nom

of the chamber, normalised to 7, and p,. d , 1s the measured centre-to-centre

source-chamber distance minus the wall thickness of the ionisation chamber, i.e.
d ,ouswea 1 the length of the air column. The radius of the cylindrical source capsule is
only 0.55 mm which is negligible compared to the measurement distance and has not
been taken into account in this calculation. 7, 7', p, and p are the temperatures and

pressures as defined for Equation 20. The nominal length is the length of the air
column between the source and the chamber containing the same number of air
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molecules (air attenuation and scatter centres) if the measurements made at 7 and p
would have been carried out at 7, and p, .

Variation of ionisation current normalised to 1 m
with nominal length of air column between
source and centre of chamber

1.135E-11
g 1.130E-11
g \
—
9 1.125E-11
S
g Seriesl
-(_E 1120E'11 T A Series?2
€ e Series3
g 1.115E-11 - Linear (Seriesl)
= N4 = |inear (Series2)
g 1.110E-11 - —Linear (Series3)
S
o
E 1.105E-11 -
3
= 1.100E-11
o

1.095E-11

0 1 2 3 4 5

Nominal length of air column between
source and centre of chamber (m)

Figure 26. Variation of ionisation current normalised to 1 m with nominal length of
air column between source and centre of chamber

Figure 26 shows the corrected ionisation currents normalised to 1 m, plotted against
nominal source to chamber distances. The measured lengths (see Equation 21) were
normalised to the following temperatures and pressures:

Series 1: T, =293.15 K, p, =101.325 kPa (standard atmospheric condition),
Series 2: T, =290.65 K, p,, =104.000 kPa and
Series 3: T ; =295.65 K, p,; =98.000 kPa.

Series 1 is for air at standard temperature and pressure; series 2 and series 3 represent
two extreme situations which could be experienced in the measurement room. Higher
or lower temperatures and pressures are extremely unlikely.

Three lines were fitted to the measurement points of the three data series and the
intercepts at 0 m (equivalent to the source centre) were determined. From Figure 26 it
can be seen that the correction, which needs to be applied to the ionisation current to
account for air attenuation and scatter, must be greater than unity. The air attenuation
and scatter correction is the ratio of the normalised ionisation currents at 0 m (source
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centre) and 1.429 m (centre-to-centre source-chamber distance minus thickness of
graphite cap) and the correction is obtained through the relation:

_ I(O0m) 22)
@ 71(1.429m)

Table 13 lists the normalised ionisation currents at 0 m (source centre) and 1.429 m
and the air attenuation and scatter corrections for standard temperature and pressure
and for two extreme conditions (high temperature, low pressure and low temperature,

high pressure).

Table 13. Air attenuation and scatter correction for selected atmospheric conditions

Temperature Pressure Normalised Normalised | Air attenuation
ionisation ionisation and scatter
current at 0 m current at correction,
1.429 m k,,

(K) (kPa) (pA) (pA) %)
295.65 98.000 11.480 11.308 1.52
293.15 101.325 11.480 11.301 1.58
290.65 104.000 11.480 11.295 1.64

A general expression for the calculation of the air attenuation and scatter correction
was derived from Figure 27. Only two of the lines plotted in Figure 26 are considered
for the derivation of the general equation, however, Equation 23 to 30 (see next page)
will also apply to other conditions where 7 # 7, and p # p, .

lonisation
current y
y-y2
Y-y1
Y2
Y1
T=To, P=po
T>To, p<po
0 X1 X2

Nominal source-chamber distance

Figure 27. Symbols used for the derivation of a general expression for 4,
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Let x, = standard centre-to-centre source-chamber distance minus thickness of
graphite cap (here: 1.429 m), x, = length of air column x, normalised to 7 > 7, and
p<p,, y= normalised ionisation current at x =0, », =normalised ionisation

current at x; for STP and y, = normalised ionisation current at x;, for 7 > 7, and

P<Dq-
X, can be expressed as

X, =X kgp (23)

T .
where k,, = e Bo (temperature and pressure correction).
0

From the intercept theorem follows

- 2 (24)
Y= V=X
and combining (23) and (24) gives
X, - kpp __ N (25)
Y= Y=»
or
1=2 "N, ki . (26)
Y=

If the air temperature and pressure are slightly different from STP, the air attenuation
correction at the nominal distance of 1.429 m varies only by a fraction of one per cent
(see Table 13 for two extreme conditions) and y, =y, (1% order approximation).

Equation (26) can therefore be approximated by

=20 = B 27)
Y= Y
Vi )

1

e
N Y
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where (l - 1} 1s the air attenuation correction in % at distance x, for temperature T
Y2

and pressure p, where y is the normalised current at x=0m and y, is the

normalised current at x, =1.429 m.

The combined air attenuation and scatter correction factor at x, =1.429 m, equivalent

to a measured centre-to-centre source-chamber distance of 1.433 m, can be estimated
by

k. =1+ 0.0158. 2215, __»P (30)
T 101.325

where T is the air temperature in K and p is the air pressure in kPa.

The standard uncertainty in k&, was found through regression analysis of the line

fitted to data series 1 in Figure 26 (measurements made at standard temperature and
pressure). The intercept was found to be b =1.1480E —11 with a standard uncertainty
of 0.02% and the slope was found to be m=-1.2534E—-13 with a standard
uncertainty of 0.71%. The sensitivity coefficient for » was found to be 0.55 and the
sensitivity coefficient for m was found to be 0.02.

The combined standard uncertainty of £ was  calculated as

air

u(k,,)=+(0.02-0.71%)* +(0.55-0.02%)° =0.02%. The additional uncertainty due
to the uncertainties in 7 and p (see equation 30) was found to be negligible.

6 Measurement equation

The NPL primary standard for the measurement of RAKR of HDR "?Ir sources is a
graphite-walled cavity ionisation chamber, based on Bragg-Gray cavity theory which
relates the ionisation per unit mass in a small gas cavity to the energy absorbed per
unit mass in the surrounding medium:

v S/P)

= 31
=S, (D)

where D, is the absorbed dose in the medium surrounding the cavity, J, is the

ionisation per unit mass in the cavity, W, is the mean energy expended in the gas to

M = (E) is the ratio of the mean electron-fluence-
S/ip), \p),

weighted electron mass stopping power of the medium to that of the gas (Seltzer and
Bergstrom 2003). This relation is valid provided that the medium surrounding the
cavity (here: graphite) is thick enough to exclude secondary electrons generated
outside the chamber from entering the cavity, and that the cavity is small enough so as
not to perturb the secondary electron fluence.

The absorbed dose in the gas (air), in the absence of the graphite wall is

produce an ion pair, and
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/
D:pM

m (32)
¢ (/Llell /p)lﬂ

where

(Lo P, _ (u_
(Hon P\ P
photon mass energy-absorption coefficient of the gas to that of the graphite wall.

g
J is the ratio of the mean photon-energy-fluence-weighted

m

For graphite as the wall material and air as the cavity gas, the following measurement
equation applies to the NPL brachytherapy primary standard cavity chamber and
shows how the RAKR of an HDR 'Ir source is determined from the measured
ionisation current:

' ] _ 1 ) k j . —\ graphite air 2
KR = ( il lfmkagg) elec . VI/aW . 71 . (Sj : k/l * (ﬂe" J . kh . H k,' . (dCZJ . ka[r : kdec : kTP

pair : Vair e 1 - g) 10 10 ref

air graphite

(33)
with the decay correction
In2-(¢t, —t
Koo = exp( o =t )j (34)
T2
and the temperature and pressure correction
. I 101325 (35)
293.15 p

where

K, is the reference air kerma rate (Gy/s) at the chosen reference time, Lror »

I, 1s the displayed ionisation current (A) on the electrometer,

I leakage

kelec
P = 1.2045 kg/m’ is the density of dry air (Davis 1992),
Vair

/4

air

is the leakage current (A),

is the electrometer correction factor,

=1.02519E-4 m’ is the cavity volume (see section 2.2.6) and
is the average energy (J) spent by an electron of charge e (C) to produce an ion

/e = (33.97 £ 0.05) J/C (Boutillon and Perroche-Roux

1987). The uncertainty is given in the form of one standard deviation.
g =0.0007 is the fraction of secondary electron energy lost to bremsstrahlung in air,

pair in dry air, where W

air

—\ graphite
(—] -k, = 1.0082 is the product of the ratio of the mean electron-fluence-
P

weighted electron mass stopping power of graphite to that of air and the fluence
perturbation correction factor,

air
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(&J = 1.0016 is the ratio of the mean photon-energy-fluence-weighted photon
Yo,

mass energy-absorption coefficient of air to that of graphite,
k, =0.9970 is the humidity correction factor (Rogers and Ross 1988),

Hkl. is the product of all correction factors (i = 1, 2, 3,..., 7) to be applied to the

graphite

primary standard (see Table 11 and 12),

2
(—J normalises the current measured at centre-to-centre source-chamber distance
ref

d =1.433 m (see Figure 8 and 9) to the reference distance d,,,= 1 m (inverse square

law),
k .. is the combined air attenuation and scatter correction which corrects the

measured current at d= 1.433 m for air attenuation and scatter due to the air
molecules between the source and the point of measurement (see Equation 30),
k,,. 1s the decay correction where

¢t 1s the actual measurement time,

now

t,,s 18 the reference time and

7,,, is the half-life of "I (73.827 days =+ 0.013 days (DDEP 2005)).
If ¢
ref

negative.

NB When secondary standard ionisation chambers are calibrated with the calibrated
source, the ionisation current must be corrected to the same reference time, #,..r, before
the calibration coefficient (primary standard to secondary standard ratio) is calculated.
The last term of Equation 33 is the air temperature and pressure correction, &,

where
T is the ambient temperature (K) and
p is the ambient atmospheric pressure (kPa).

is before ¢,,,, At=t,,, —1t, Is positive; if 7, is after ¢,,,, At=1¢,, —1,, is

now 2 now

Inserting all calculated factors in Equation 33 gives the following shortened version.
The RAKR of an HDR '*Ir source is

2
KR = (Iraw - Ileakage ) kelec ' kion ’ {di] ’ kair ’ kdec ' kTP ’ 28772 ' 105 Gy/C . (36)
ref

The total uncertainty of the source calibration is 0.7% (k = 2). A summary of the
uncertainty analysis follows in chapter 7.
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7 Summary of uncertainty analysis

The uncertainty analysis tables listed on the next three pages’ were written following
the recommendations given in the Guide to the Expression of Uncertainty in
Measurement (GUM) (ISO 1995).

The symbols used in the column headers are those introduced by Bentley (2005).

U, represents a raw estimate of uncertainty of the i" input quantity and
k; is the reducing factor needed to convert the expanded uncertainty U, to

u(x,) =U, / k; which is the standard uncertainty in the i input quantity.

All parameters in the measurement equation are input quantities apart from the
measurand (the output quantity) and for each input quantity a sensitivity coefficient
c; is needed. The sensitivity coefficient expresses the effect on the measurand of a
small change in an input quantity (approximately one standard deviation), while all
other quantities remain fixed.

The effect on the measurand y (symbolised by oy,) of a small change oOx; in the i

input quantity x, was determined analytically by applying the following equation:

X .

1

oy, = (j—dexi =c; - Ox (37)

where ¢, = dy/dx, is the sensitivity coefficient of the i" input quantity. Some of the

sensitivity coefficients listed in the uncertainty analysis table were determined using a
numerical technique via the following equation expressed in words:

resultant change in measurand

sensitivity coefficient = — : . (38)
small change in input quantity

| c, -u(xl.)i is the uncertainty component and

u, 1s the overall uncertainty (combined standard uncertainty) in the measurand, where

ul = Z| c -u(xl.)2 . (39)

v, 1s the number of degrees of freedom and is a measure of how well each standard

uncertainty had been estimated. The degrees of freedom for type B components (when
other estimates were not available) were judged as being rough (v, =3), reasonable

(v, =10) or good (v, =30).

3 Re: Spreadsheet ‘HDR brachytherapy uncertainty analysis (May 2006).x1s’
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v, 1s the effective degrees of freedom for the overall uncertainty in the measurement

off
and is given by the Welch-Satterthwaite equation (Bentley 2005):

4

(40)

v

oy — uc
RIS ECRTCI

where N is the number of input quantities. All other symbols were defined on the
previous page. v, is needed in deriving a value for the coverage factor £ and, thus,

the expanded uncertainty. The coverage factor &, used in the ISO guide, is equal to
Student’s ¢ value at the chosen coverage probability (95% is the value currently
adopted internationally).
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10 Appendices

10.1 Description of the Nucletron microSelectron

HDR Classic **?Ir source

The brachytherapy radiation source used at the National Physical Laboratory for the
HDR brachytherapy calibration service and for the experimental and theoretical
determination of the primary standard correction factors is a Nucletron
microSelectron Classic source, part number: 096.001, manufactured by Mallinckrodt
Medical B. V., The Netherlands (BAM 2002). The enclosure of the radioactive
material consists of a cylindrical stainless steel AISI 316L capsule (length: 5.0 mm,
radial thickness: 250 pm) which is sealed by laser welding (see Figure 28). The '**Ir is
contained in the capsule as a metallic "*Ir cylinder (length: 3.5 mm, diameter: 0.6
mm). The stainless steel capsule is welded to a metal plug and a 1500 mm long
flexible stainless steel AISI 316 cable. The other end of the capsule is welded to a
steel pin (tail). The identification of the source is engraved on the long side of the tail.
The nominal initial activity of the source is between 370 GBq and 550 GBgq.

Figure 28 shows a schematic diagram of the 192Ir source currently used at the NPL.

A

< 5.0 mm

44— 3.50 mm

A4
\
/

*

A
\ "0.60 mm 1.10 mm

‘ \ 4
Stainless steel cable Stain / | | \
ainless steel capsule
AISI 18 AISI 316L P Active Iridium-192 core

Stainless steel plug
AIS| 316L

Figure 28. Schematic diagram of the Nucletron microSelectron HDR Classic '°Ir
source

10.2 Comparison with BNM-LNHB

In 2004/05 four secondary standard ionisation chambers for HDR "“Ir sources were
calibrated at the French standards laboratory, BNM-LNHB, and the UK standards
laboratory, NPL. The purpose of this bilateral comparison was to validate the new
NPL primary standard and to compare it to today’s international consensus. One
method of disseminating HDR brachytherapy dosimetric standards to users (medical
physicists) is via well-type transfer ionisation chambers. The comparison was based
on cross calibrations of four of these chambers. The results of the comparison have
not been published yet.

BNM-LNHB used an indirect method, in which the RAKR of the source was
measured with a cavity ionisation chamber using a technique originally developed by
Goetsch et al. in 1991. Several improvements have been implemented in order to
reduce the uncertainty levels. The calibration coefficient of the cavity ionisation
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chamber for the "**Ir spectrum was determined indirectly by interpolation from X-rays
(250 kVp), "*’Cs and **Co national references.

NPL used the new primary standard cavity chamber to measure the RAKR of the '*Ir
source.

Two different brachytherapy sources were used by the two laboratories to calibrate
the four well chambers. NPL used the Nucletron microSelectron Classic '**Ir source
as described in section 10.1. The LNHB used a Nucletron microSelectron HDR V2
source. This source was similar to the ‘Classic’ source, however, the dimensions of
the active iridium core were as follows: length = 3.6 mm, diameter = 0.65 mm. The
21t cylinder was surrounded by an AISI 316L stainless steel encapsulation (0.90 mm
diameter).

The well chambers were positioned at least 1 m from any wall and 1 m above floor
level on a low scatter surface. Before commencing measurements, sufficient time was
allowed for the chamber to reach thermal equilibrium with the surrounding air. The
well chamber was connected to a calibrated electrometer. Measurements were taken
after a warm-up period of at least 30 minutes in which time the electrometer,
ionisation chamber and cables were allowed to settle.

The point of maximum response (sweet-spot) of the chamber was found by stepping
the "?Ir source through the chamber and by plotting the corrected ionisation current
versus the dwell position of the source. The "It source was then sent to the dwell
position corresponding to the maximum chamber response and two sets of ten
measurements of the ionisation current were taken. The electrometer correction factor
was applied and all currents were corrected to the same reference date and time as
used during the RAKR measurement by applying a decay correction. The calibration
coefficient was normalised to standard atmospheric conditions, 7;=293.15 K and p,

=101.325 kPa. The well chamber calibration coefficient was obtained by applying the
following equation:

K,(t,,
]\][A< — R( lef) (41)
! I 'k 'kdec .k

raw elec

ion

where K, (¢,,/) 1s the source RAKR (Gy/s) measured at the chosen reference time
ly> 1., 18 the measured current, corrected for leakage and atmospheric effects (A),
k

source calibration and the well-chamber calibration and k,, =(4, )" is the

is the electrometer correction factor and £k, is the decay correction between the

elec

recombination correction factor which is the inverse of the charge collection
efficiency (Attix 1984).
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Table 17. Results of the HDR brachytherapy comparison between NPL and LNHB
(2004/05)

Owner NPL NPL LNHB LNHB

Well chamber PTW 33004 Standard Nucletron SDS Standard

type Imaging Imaging
1000Plus 1000Plus

Serial number 0031 A961699 25324 A002231

Collected charge | positive negative negative negative

Calibration 2.513E+2 Gy/C | 1.286E+2 Gy/C | 2.592E+2 Gy/C | 1.285E+2 Gy/C

coefficient

(LNHB)

Calibration 2.501E+2 Gy/C | 1.278E+2 Gy/C | 2.580E+2 Gy/C | 1.278E+2 Gy/C

coefficient

(NPL)

Ratio of -0.44% -0.67% -0.46% -0.56%

calibration

coefficients

NPL/LNHB

(%)

The total expanded uncertainty (k = 2) of the well chamber calibration coefficients in
terms of Gy/C was quoted as 1.3% (LNHB) and 0.8% (NPL).

All these comparisons agreed within 0.44% - 0.67% which was within the
measurement uncertainties.

After the comparison, the NPL correction factors for the primary standard chamber
TH100C were revised (see main part of this report) resulting in a change of +0.17% in
the chamber correction factor, i.e. the NPL calibration coefficients listed in Table 17
would be closer to the LNHB values.

10.3 Check of long term stability of primary standard

Since 2002 the long-term stability of the NPL primary standard TH100C has been
checked by calibrating three reference ionisation chambers after each '"Ir source
change. For each reference chamber the running mean of the calibration coefficients
in terms of Gy/C is calculated. The normalised calibration coefficients determined up
to May 2006 are plotted in Figure 31, 32 and 33. From the measurements carried out
until the publication of this report, it can be concluded that a variation of the
calibration coefficients of +£0.4% from the running mean can be expected. If, after a
source change, the calibration coefficient is found to be outside the +0.4% range from
the running mean, this needs to be investigated.
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The following ionisation chambers have been established as NPL reference chambers:

Table 18. NPL reference chambers for HDR '*Ir brachytherapy sources

lonisation chamber Type Serial number
Well chamber Standard Imaging | A961699
1000 Plus
Well chamber PTW 0031
W33004
Farmer-type thimble chamber with NE2571 3272
Nucletron source calibration jig (part
number: 077.211)

Figure 29 shows a few well chambers suitable for measuring HDR sources. The
source can be moved through a suitable transfer tube or a plastic catheter from the
treatment head of the afterloader into the well chamber insert.

Figure 30 shows a thimble chamber clamped to the Nucletron source calibration jig.
In the bottom right hand corner two transfer tubes can be seen which link the two
catheters left and right of the thimble chamber to the brachytherapy treatment unit.

Figure 29. Well chambers for HDR Figure 30. Thimble chamber and
brachytherapy sources Nucletron Source Calibration Jig

10.3.1 Well chamber calibrations

The calibration is a two-step process: First, the RAKR of the Nucletron
microSelectron Classic '*“Ir HDR source is determined using the NPL primary
standard cavity chamber. The source is characterised in terms of Gy/s at 1 m.

Once the RAKR of the source is known, the '*Ir source can be used to calibrate the
reference ionisation chambers. The ionisation chamber is connected to a calibrated
electrometer, the calibrated source is moved to the point of maximum response
(sweet-spot) near the collecting volume of the chamber and the ionisation current is
measured.
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The calibration coefficient of the ionisation chamber, N, , is the ratio of the primary

Kp?
standard measurement of RAKR to the secondary standard measurement of ionisation
current

N, = (Gy/s)z(Gy/C). (42)

The calibration procedure for a well chamber is described in section 10.2.
The total uncertainty of the well chamber calibration coefficient is 0.8% (k = 2).

10.3.2 Thimble chamber calibrations

The calibration procedure for thimble chambers is similar to the well chamber
calibration procedure. When using the Nucletron Source Calibration Jig, the thimble
chamber is set up between two catheters, such that the distance from the centre of the
2r source to the centre of the thimble chamber is 100.0 mm + 0.5 mm for both
catheters (see Figure 30). The centre-to-centre distance from catheter 1 to catheter 2 is
200.0 mm + 0.5 mm.

The point of maximum response (sweet-spot) of the thimble chamber is found by
stepping the '*’Ir source through both catheters and by plotting the corrected
ionisation current versus the dwell position of the source. The response curves look
similar to a well chamber response curve. The ionisation current increases and then
decreases when the source is moved through the catheter parallel to the long axis of
the chamber (see Figure 30). The corrected ionisation current at the sweet-spot is

calculated for both channels and the average current, 7, , is used for the calculation

raw

of the calibration coefficient, N R again in terms of Gy/C, where

KR(tref)
N, =R 43
R Y SR 4 43)

raw elec dec

192

The recombination correction for thimble chambers measuring HDR “Ir sources is

negligible and therefore not applied.

The total uncertainty of the thimble chamber calibration coefficient is 1.1% (k = 2).
This is greater than the uncertainty quoted for well chamber calibration coefficients,
which is mainly due to the positional uncertainty in the set up of the thimble chamber
in the calibration jig.
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Calibration history of
Standard Imaging 1000 Plus well chamber
serial number: A961699
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Figure 31. Normalised calibration coefficients of NPL reference chamber Standard
Imaging 1000 Plus (serial number: A961699) versus calibration date.

The running mean of the calibration coefficients (recombination correction factor
included) is 1.282E+2 Gy/C (September 2002 — May 2006).

Polarising potential: 300 V. Collecting electrode positive with respect to earth, i.e.
negative charge collected.
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Calibration history of
PTW well chamber type TW33004
serial number: 0031
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Figure 32. Normalised calibration coefficients of NPL reference chamber PTW
TW33004 (serial number: 0031) versus calibration date.

The running mean of the calibration coefficients (recombination correction factor
included) is 2.500E+2 Gy/C (June 2003 — May 2006).

Polarising potential: 300 V. Collecting electrode positive with respect to earth, i.e.
negative charge collected.
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Calibration history of
Farmer NE2571A chamber
serial number: 3272
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Figure 33. Normalised calibration coefficients of NPL reference chamber NE2571A
(serial number: 3272) versus calibration date.

The running mean of the calibration coefficients is 4.143E+5 Gy/C (June 2003 — July
2005).

NB The last value determined in June 2006 was not included in the running mean due
to repair of the calibration jig in May 2006.

In May 2006 both catheters of the calibration jig had to be replaced due to radiation
damage in the old catheters. The whole set-up may have changed slightly. This may
explain the 0.5% change of the calibration coefficient of the Farmer chamber.

All calibration coefficients were normalised to 200 mm catheter separation (centre-to-
centre) and the calibration coefficient determined in June 2006 was compared with the
previous running mean, i.e. (4.164E+5 Gy/C) / (4.143E+5 Gy/C) = 1.005.

A new calibration history will be started.

Polarising potential: 250 V. Collecting electrode positive with respect to earth, i.e.
negative charge collected.
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