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Abstract

Image-guided small animal irradiation platforms deliver small radiation fields in the medium energy
x-ray range. Commissioning of such platforms, followed by dosimetric verification of treatment
planning, are mostly performed with radiochromic film. There is a need for independent
measurement methods, traceable to primary standards, with the added advantage of immediacy in
obtaining results. This investigation characterizes a small volume ionization chamber in medium
energy x-rays for reference dosimetry in preclinical irradiation research platforms. The detector was
exposed to a set of reference x-ray beams (0.5-4 mm Cu HVL). Leakage, reproducibility, linearity,
response to detector’s orientation, dose rate, and energy dependence were determined for a 3D
PinPoint ionization chamber (PTW 31022). Polarity and ion recombination were also studied.
Absorbed doses at 2 cm depth were compared, derived either by applying the experimentally
determined cross-calibration coefficient at a typical small animal radiation platform ‘user’s’ quality
(0.84 mm Cu HVL) or by interpolation from air kerma calibration coefficients in a set of reference
beam qualities. In the range of reference x-ray beams, correction for ion recombination was less than
0.1%. The largest polarity correction was 1.4% (for 4 mm Cu HVL). Calibration and correction factors
were experimentally determined. Measurements of absorbed dose with the PTW 31022, in conditions
different from reference were successfully compared to measurements with a secondary standard
ionization chamber. The implementation of an End-to-End test for delivery of image-targeted small
field plans resulted in differences smaller than 3% between measured and treatment planning
calculated doses. The investigation of the properties and response of a PTW 31022 small volume
ionization chamber in medium energy x-rays and small fields can contribute to improve measurement
uncertainties evaluation for reference and relative dosimetry of small fields delivered by preclinical
irradiators while maintaining the traceability chain to primary standards.

1. Introduction

Well-designed preclinical research and reliable preclinical data are essential to the translatability of results into
clinical trials. There are a significant number of examples of preclinical studies involving irradiation of cells and
small animal models, with direct impact in supporting radiotherapy clinical trials and particularly those
contributing to the generalization of personalized targeted therapeutic approaches (Dreyfuss et al 2021),
(Sotiropoulos et al 2021), (Benci et al 2016). Dosimetric evaluation of irradiation devices in the kilovoltage range,
delivering clinical radiotherapy treatments, is well-documented by several standard dosimetry protocols or
codes of practice (CoPs): AAPM TG-61 (Maetal 2001), IAEA TRS-398 and TRS-277 (IAEA 1987, IAEA 2006)
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and IPEMB (Klevenhagen ef al 1996). A comprehensive comparison of the data used by different CoP has also
been published (Peixoto and Andreo 2000). Recommendations for dosimetry in conditions of preclinical
irradiations are limited or totally absent in those documents.

The majority of preclinical irradiations are conducted in purpose-designed irradiators with radiation beams
in the medium energy x-ray range. Differing from conventional (clinical) kilovoltage radiotherapy devices,
preclinical irradiators are designed as fully integrated self-shielded cabinets. This leads to challenges associated
with maintaining traceability of dosimetry validations, i.e. the impossibility to strictly follow the
recommendations from CoPs for measurements of reference dose, due to the lack of physical space to recreate
full backscatter settings and differences in surrounding scattering conditions. Some recent efforts towards
standardization (Chen et al 2019, Subiel et al 2020) aimed to address the influence of lack of backscatter
conditions on dosimetry in preclinical x-ray units. At the same time, AAPM TG-319 is working on
recommendations for dosimetry in radiobiology, that better reflect experimental conditions in preclinical x-ray
conventional cabinets (AAPM 2021). The current lack of accuracy and harmonization in dosimetry evaluations
is compromising the required robustness in the comparison of findings published by various preclinical research
groups (Draeger et al 2020), (Coleman et al 2016).

To add to the challenge, in the last two decades, researchers have seen a surge in highly sophisticated
preclinical irradiation systems that mimic clinical linear accelerators. Image-guided small animal radiation
platforms (IGSARP), such as SARRP (Xstrahl) and SmART + (Precision x-ray), offer the possibility to precisely
replicate radiotherapy treatment techniques while testing novel treatment approaches. With similar scatter
conditions, the major differences with respect to the conventional cabinets are: (1) the possibility to target
tumours based on pre-treatment acquired images, (2) calculation of treatment times and dose distributions
using a bespoke treatment planning system (TPS), and also, and most distinctively, (3) the capability to irradiate
very specific and small regions of interest (ROI) with the use of very small-collimated beams. Those small fields
(down to 0.5 mm) represent another significant challenge in the pathway towards accurate dosimetry
verification of dose delivered by IGSARP. While dosimetry of small fields in the megavoltage x-ray range (linacs
and gamma-knife units) has generated large interest in the medical physics community (Palmans et al 2018), it is
more difficult to find calculated or measured published data specifically related to devices used for preclinical
research in the medium-energy x-ray range (Wang et al 2018).

For Xstrahl’s SARRP devices, the process of commissioning the TPS Muriplan is solely based on
Gafchromic™ EBT3 films’ (Ashland, New Jersey, USA) dose distributions, traceable to the film calibration with
amedium volume ionization chamber in a large (open) field, that is not considered as part of the TPS input data.
In order to validate the TPS commissioning process, some research groups have implemented Monte Carlo
(MC) modelling tools (Tryggestad et al 2009, Ghita et al 2017). Scientists from the University of Maryland have
developed an online verification method based on the images acquired by an electronic portal imaging device
(EPID) (Anvari et al 2020). Others have suggested the use of phantoms capable of accommodating EBT3 films in
different orientations (Biglin et al 2019). The use of alanine as a reference detector in a mouse-like phantom, has
also been reported by our group (Silvestre Patallo et al 2020). The latter demonstrated the need for an
independent verification method for the TPS commissioning, after finding larger than 10% discrepancies
between Xstrahl SARRP Muriplan calculated and measured dose, delivered to a ROl in the brain with 10
mm X 10 mm field.

Few institutions working with IGSARP have the resources to implement either MC modelling or EPID based
verification tools. The disadvantage of using films and alanine for reference dosimetry and TPS verification is
that both detectors need additional post-processing and therefore the results of the comparison are not
immediately available.

Dose traceability for the small fields delivered by preclinical devices would benefit from a similar strategy as
the one recommended by the IAEA TRS-483 CoP (IAEA 2017) and recently adopted by the update of the IPEM
code of practice on reference dosimetry for megavoltage radiotherapy devices (Eaton et al 2020). TRS-483
formalism is based on the introduction of an intermediate calibration field in the form of a static machine specific
reference (msr) or a field nominated as a plan class specific reference (pcsr) which, by definition, are closer to
specific reference and clinical fields delivered by the radiotherapy devices. In our approach, we considered the
introduction of the 10 mm x 10 mm field as a msr for preclinical image-guided devices, specifically for SARRP.

Measurements in the 10 mm x 10 mm field will require a small volume ionization chamber (IC) with
stability of the response to some of the beam parameters that could influence the measurement outcome:
linearity, energy dependence, dose rate variation, angular response, ion recombination and polarity effects,
among others. There will be differences in the implementation, as currently, calibrations in the megavoltage
range are performed in terms of dose to water, while in the kilovoltage range, the most common approach by
calibration laboratories is to calibrate IC against a primary standard free-air ionization chamber (FAC), and to
release certificates in terms of air-kerma calibration coefficients (ARPANSA 2021), (NPL 2020), (BIPM 2018),
(NIST 2017).
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Table 1. Therapy level (medium energy x-rays) reference qualities.

HVL

Nominal generat- Additional filtration (mm Sn (mm
ing potential (kV) + mm Cu + mm Al) Cu)
135 0+ 027 +1.2 0.50

180 0+ 0.54 + 1.0 1.00

220 0+ 1.40 + 0.9 2.00

280 1.5 4+ 0.26 + 1.0 4.00

We evaluated the effects influencing the response of a small volume (3D PinPoint) ionization chamber in
medium energy x-rays with the aim of implementing a methodology that could improve the traceability of the
measurement chain in IGSARPs. A calibration of the chamber against NPL’s primary standard FAC, in a set of
reference medium energy x-rays (0.5-4 mm Cu HVL) was performed. Subsequently, and to allow for
measurements at certain depth in water, a cross-calibration against a secondary standard NE2611 ionization
chamber, lead to the experimental determination of the PTW 31022 chamber’s correction factor.
Measurements, to validate the calibration and correction factors, were performed at the ‘user’s’ beam quality
(HVL). Finally, a small water-equivalent phantom, accommodating the PTW 31022 ionization chamber was
used in an End-to-End test to verify the dose calculated by the TPS.

2. Materials and methods

2.1.PTW 31022 chamber characterization. Irradiation facility and measurement procedures

The detector investigated was the PTW 3D PinPoint ionization chamber type 31022. It is a vented cylindrical,
waterproof and fully guarded IC. It has a nominal sensitive volume of 0.016 cm’ and 99.98% pure Al central
electrode. Other characteristics of the design are described by the manufacturer (PTW-Freiburg 2021). Only one
detector (S/N 151987) was secured for the experimental work.

A set of four reference medium energy x-ray qualities (expressed in terms of half value layer: HVL) from the
300kV therapylevel facility at NPL was used for the characterization (see table 1). The x-ray source has an
inherent filtration of 0.3 mm aluminium equivalent plus 4.8 mm of PMMA.

Measurements described in this section were performed in the in-air setup, with the same procedure as the
one used for air kerma calibrations at NPL: chamber fixed in the carriage system with its reference point (on the
central axis at the centre of the cavity volume) aligned to the centre of the 7 cm diameter radiation field and the
chamber’s alignment mark facing the beam. The position of the chamber’s reference point (RP) at the centre of
the beam was verified with the facility’s alignment telescope. A precision micrometer (Mitutoyo 100-2100 mm
Tubular Inside Micrometer, 139-177) was used to precisely position the chamber’s RP at the same distance from
the source as the FAC defining plane. In this orientation, the axis of rotation defined by the central electrode is
perpendicular to the centre of the beam. A transmission monitor was used to correct for any variations in the
x-ray tube output. When not specifically mentioned to be different, the nominal tube operating current was 10
mA. Under those conditions, the nominal air kerma rate (AKR) is 0.1 Gy min "~ L

Each final reported value of current is calculated by sampling and averaging 100 independent values of
current, acquired with a Keithley 6514 electrometer (S/N 1046588). If not otherwise stated, the working voltage
applied to the PTW 31022 chamber was 300 V with negative polarity, which leads to the collection of negative
ions. The average current is corrected for any leakage effect, and for temperature (f) and pressure (p) variations,
measured by a calibrated thermistor (EPCOS B57861S0302F040, NTC, 3 kohm) placed in the proximity of the
IC sensitive volume and a GE Druck DPI 142 barometer (S/N 2644308) placed in the control area. This
procedure and the FAC are more extensively described in Kelly (2007). All instruments used during the
characterization measurements are regularly calibrated under UKAS-accredited calibration services.

Table 2 summarises each of the in-air and in-phantom setups. Only the elements with significant impact in
the determination of correction factors affecting the response of the chamber and/or dose measurements (i.e.
field size, amount of backscatter, etc) are specified. Pictures of three of the experimental setups are shown in
figure 1.

For in-phantom setups, measurements were performed in a slab phantom of Bart’s WT1 solid water
(Phoenix Dosimetry Ltd). WT1 material has been employed before in pre-clinical orthovoltage x-ray work
(Soultanidis et al 2019) and is very similar in composition to the solid water recommended in the Xstrahl internal
commissioning report (Hill et al 2005).
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(b)

Figure 1. Example of the setups used during experiments with the PTW 31022 chamber (a) in-air setup, (b) in-phantom 1, (c) in-
phantom 5.

Table 2. Experimental setups used for the characterization of the PTW 31022 ionization chamber in the medium energy x-rays.

Facility/HVL Chamber reference Phantom Backscatter material
(mm Cu) Field size® ™ SDDP em point depth (cm) SSD* (em) thickness (cm) thickness (cm)
In-air 300 kV NPL/table 1 7.0 75 N/A N/A N/A N/A
In-phantom 1 7.0 75 2.0 73 6.0 4.0
In-phantom 2¢ 7.0 75 2.0 73 30 28.0
In-phantom 3 7.0 75 1.0 74 29 28.0
In-phantom 4 UCL (CI) SARRP/0.84 13.0 35 2.0 33 6.0° 4.0
In-phantom 5 1.0 35 2.0 33 6.0 4.0

* Field diameter (300 kV NPL facility). Equivalent diameter (UCL (CI) SARRP).

" SDD: Source detector distance (to the position of detector’s reference point, the geometrical centre of the chamber).
¢ SSD: Source surface distance (to the front face of the WT1 phantom).

4 Setup used for chamber cross-calibration at medium energy x-rays reference qualities.

¢ Including 1 cm from the PMMA calibration platform.

2.1.1. Reproducibility, pre- and post-irradiation leakage, linearity, dose rate and directional response

Repeatability was assessed for all beam qualities by recording ten independent values of current measured by the
PTW 31022 chamber positioned at the centre of the beam. Measurements were reproduced on the subsequent
day after re-establishing the source to the chamber’s RP distance and verifying its position in the centre of

the beam.

Each reported value of pre- and post-irradiation leakage was determined by sampling and averaging 50
readings of current. Post-irradiation leakage was measured 20 s after the irradiation was stopped by the closure
of the shutter. To investigate the magnitude of the leakage, seven independent repeats of current measurements
were acquired for each of the four referred beam qualities (table 1).

To evaluate the linearity of the chamber response, the average of three corrected measurements of ionization
current were recorded at four nominal tube currents: 5, 10, 13 and 15 mA. Stability with AKR variations in the
range between 0.05 and 20 Gy min~ ' (as determined with the FAC) was established by comparing the ratios of
PTW 31022 readings against monitor chamber readings at different AKR to the ratio at the nominal AKR, for
each of the qualities evaluated.

Finally, for the directional response, a SARRP cone beam computed tomography (CBCT) of the PTW 31022
was performed to identify any defects in the chamber construction. Subsequently, at the NPL facility, the
chamber was placed with the alignment mark positioned perpendicular to the beam. By keeping the chamber
reference point at the centre of the beam, the chamber was carefully rotated along its rotation axis (defined by the
central electrode) to two other different positions, separated by 120 degrees. Corrected ionization current was
recorded three times at each position.

Linearity, dose rate and directional response were evaluated only for two of the reference qualities: 0.5 and 1
mm of CuHVL.
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2.1.2. Polarity effects on the PTW 31022 chamber’s response.

The working operating polarizing voltage for the PTW 31022 chamber was —300 volts (polarity yielding
negative charge). Polarity correction was determined in two different settings. The first included measurements
in-air with the same configuration and methodology as previously described in section 2.1, using the Keithley
6514 electrometer.

The second setup (in-phantom 1) involved the use of a field electrometer, in this case a PTW Unidos (S/N
0091°). Instead of current, a series of three measurements of charge, accumulated during 60 s (corrected for p
and tand fluctuations of the x-ray tube) were recorded for each relevant polarizing voltage. Conditions of the
reference dose measurements performed in preclinical image-guided irradiators were mimicked. This involved
positioning of the ionization chamber at 2 cm depth, with a total thickness of 6 cm (4 cm of backscatter from the
centre of the chamber). The source to the chamber centre was keptat 75 cm (SSD = 73 cm). To achieve the
desired phantom configuration, a bespoke WT1 plate (30 cm x 30 cm x 2 cm) with an insert for PTW 31022
chamber (PTW-Freiburg 2016), with the centre positioned at 1 cm depth, was used.

In both cases, readings were acquired with the electrometers at the chamber’s working operating voltage
(300 V) and both polarizations, to collect negative and positive charge. The variation of the polarity correction
for selecting a lower operating voltage (200 and 100 V) was also investigated.

Corrections for polarity effects (k) in all (four) medium energy x-ray reference beam qualities were
calculated according to equation (6) from the AAPM TG-61 CoP (Ma et al 2001).

2.1.3. Ion recombination effects on the PTW 31022 chamber’s response

For a continuous source of radiation and for the most commonly recommended ionization chambers for
reference dosimetry, the two-voltage analysis (TVA) method (Boag and Currant 1980) is adequate to quantify
the magnitude of the ion recombination (k):

i/ Vp)* — 1

k(W) = R
M= v — /)

(6]

where M; and M, are the collected charge (current) at polarizing voltages V; and V5, respectively. The equation
is valid for pairs of voltages where V; / V| < 0.5, where V] is the working operating voltage (—300 V).

Any presence of initial recombination would require a modification to equation (1) (Zankowski and
Podgorsak 1998). Previous published research (Derikum 2007, Palmans et al 2010, Miller et al 2016, Hyun et al
2017), refers to the presence of both effects for microchambers in high energy x-rays beams. However, no studies
have been published for microchambers in the medium energy x-ray range. That lead us to investigate the
response of the chamber with the Jaffé plot, reported to be more robust than the two-voltage method
(McEwen 2010).

With measurements of current (in-air configuration) or charge (in-phantom 1) for a set of voltages (negative
polarity): 50, 100, 150, 200, 250 and 300 V, ion recombination correction was determined by extrapolating the
inverse of the measured signal (1/M) to the infinite value of voltage (i.e. 1/V = 0).

The presence of initial recombination was evaluated by comparing k, obtained from Jaffé plots and the TVA
method.

To evaluate the response of the chamber at different polarizing voltages, saturation curves were obtained by
normalizing measured values of current (charge) at the selected values of voltage (for both, negative and positive
polarity) to the readings at —300 V and 4-300 V, respectively. A graph of the inverse value of voltage versus the
inverse of positive and negative measured signals (averaged over all beam qualities) was also plotted. Inverse of
measured signals were normalized to the inverse of the saturation current (charge) at the working polarizing
voltage —300 V (Jaffé plot of normalized current).

2.1.4. PTW 31022 free in air calibration in medium energy x-rays and energy dependence evaluation

To evaluate the energy dependence of the PTW 31022 ionization chamber, a direct calibration in terms of air
kerma against the NPL primary standard (FAC) was performed for the reference medium energy x-ray beam
qualities (table 1).

For each beam quality, the following calibration sequence was used: measurements of current with the
primary standard FAC, alternating with the PTW 31022 and a repeat of the primary standard measurements.
Ratios of FAC to monitor and PTW 31022 to monitor currents were corrected for leakage, pressure, and
temperature. The calibration coefficient (Nk) in Gy/C was determined as the ratio of the primary standard to
the PTW 31022 chamber response, multiplied by the primary standard sensitivity (in terms of Gy/C) for the

5 Independently of the ionization chamber (PTW 31022, PTW 30012 or NE2611), the PTW Unidos electrometer (S/N 0091) was used in all
the experiments referring to charge measurements.
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particular x-ray quality. To verify the stability of the chamber’s performance, the calibration was repeated at least
three times in each of five different calibration campaigns, between 2019 and 2020.

The energy dependence of the response of the PTW 31022 chamber was evaluated by comparison to the
response of the secondary standard ICNE2611 (S/N 134). The authors of two studies that previously used the
same methodology (Lietal 1997) and (Hill et al 2009) defined a so named relative detector response (RDR) ata
particular beam quality (HVL) as:

N (HVL,)Ng2611 X M(HVLy)NE2611

RDR(HVL, )prwsi022 =
x M (HVLy)prws1i022

(@)

where N, (HVL, ))ngae11 18 the air kerma calibration coefficient for the 2611 ionization chamber,

M (HVL,)ng2e11, and M (HVL, )prw3i022  are inair (corrected) readings of current for the NE2611 and the
PTW 31022 chambers, respectively. RDRs at different reference beam qualities were normalized to the response
of the chamber in the highest quality beam (i.e. 4 mm Cu HVL).

2.2. Experimental determination of chamber’s correction factor k., 31022

For users with interest in evaluating dose at certain depth instead of at the surface of the phantom, which is the
case for targeted irradiations in IGSARP devices, CoPs recommend applying the in-phantom method for
determination of absorbed dose to water at 2 cm depth. For that purpose, equations such as the one presented by
the IPEMB code of practice (Klevenhagen et al 1996), can be followed:

Dw,z:Z = MNK kch (’uen) > (3)
P w/ air =22

where D, ,_, is the dose to water (Gy) at the position of the chamber centre at depth of 2 cm in water (or water
equivalent phantom), M is the measurement system’s readings corrected for tand p, N is the chamber
calibration coefficient, [(f,,/ 0)w/air ].—2, is the mass energy absorption coefficient ratio, water to air, averaged
over the photon spectrum at 2 cm depth of water and field diameter &. Finally, k., is the correction factor that
takes into consideration changes in the response of the ionization chamber that was calibrated in air and is used
to perform measurements in water.

One of the challenges for using in-phantom methods based on in-air calibration is the lack of information on
the chamber correction factor, k., particularly if the type of ionization chamber used is not listed in reference
documents or if there are no published data. That is the case for the PTW 31022 IC.

The intercomparison method of the field instrument (PTW 31022) versus an NE2611 secondary standard
ionization chamber, as recommended in the IPEMB CoP was followed to experimentally determine k., for the
small volume detector, in the four reference beam qualities at NPL 300 kV therapy facility (table 1).

Measurements were performed in WT1 solid water with the total phantom thickness of 30 cm, to allow for
full backscatter conditions (in-phantom 2). AWT1 slab plate (30 cm x 30cm x 2 cm) with the insert for the
NE2611 IC was carefully interchanged with the one for the PTW 31022. A substitution method was used for the
measurement of the two recommended series (1 and 2) of ratios of secondary standard (SS) (Myg2611) to field
instrument (Mj1¢y,) readings (corrected for tand p). By equating absorbed dose from equation (3) for both
detectors, it was possible to derive a k., 31022 (based on measurements with the SSNE2611 at NPL reference
beam qualities), using the following relation:

[keh,31022]NPL (NE2611 based) = KenNE2611 X (Nk,NE2611/ Nk 31022) X (MNE2611/ M31022)tr1ie- 4

A series of exposures were given to the two chambers (series 1) and the ratio of readings Myg611/M31022 Was
calculated for each exposure. Afterwards the chambers were interchanged, and the measurements were repeated
(series 2). The true ratio (true) of the readings was then calculated using equation (2) from the IPMEB CoP
(Klevenhagen et al 1996).

The cross-calibration approach was also followed at UCL Cancer Institute (CI) SARRP device (x-ray tube
operated at 220 kV and 13 mA), further referred as the user’s beam quality (HVL = 0.84 mm Cu). The
measurements were performed in non-full backscatter conditions, as described in table 2 under in-phantom 4.

Firstly, based on equation (3), dose at 2 cm depth was calculated from measurements with the same NE2611
SS previously used at NPL 300 kV facility. Subsequently, the PTW 31022 was placed under the same
measurement conditions and the chamber correction factor, based on measurements with the SSNE2611, at the
user’s SARRP beam quality, [k, 3102, IsARRP (NE2611 based) » Was determined. Finally, dose at 2 cm depth was also
measured witha PTW 30012 IC, the UCL CI secondary standard system. Value of k, for the PTW 30012
chamber type is notlisted, neither in the IPEMB nor in the AAPM CoPs. PTW 30012 and NE2571 ICs, however,
have very similar dimensions and chamber materials, therefore values from table 8 of the AAPM CoP for the
NE2571 were used for dose calculations according to equation (3). This last set of measurements, led to the
determination of a second [kc’h, 31022 JSARRP (PTW 30012 based) (chamber correction factor based on measurements

6
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with the SSPTW 30012, at the user’s SARRP beam quality). Previously determined correction factors in the
user’s beam quality (by cross-calibration), were compared to the chamber correction factor derived from the
linear interpolation between the factors determined at the two closest NPL reference qualities (0.5 and 1 mm Cu
HVL) to the user’s quality (0.84 mm Cu HVL), [kclhﬁlozz];,»m,,imerpolmm.

2.2.1. Validation of experimentally determined correction factors for the PTW 31022
To validate the experimental determination of the chamber correction factors, measurements of absorbed dose
to water were performed at two different depths and scatter conditions. The first set of measurements was
performed with in-phantom 3 configuration. The second set repeated the conditions for in-phantom 1, to mimic
similar backscatter conditions to the ones used in SARRP devices.

Absorbed dose rate determined with the SSNE2611 and the PTW 31022 were compared for the four
reference beam qualities of the NPL 300 kV therapy level facility (listed in table 1).

2.3. SARRP machine specific reference field (msr) formalism

The dose at 2 cm depth in the presence of the small field, Dv{':‘a’j;‘i"‘é:l m at the user’s beam quality (Q), can be
calculated (as per equation (5)) by multiplying the product of the chamber calibration and correction factors
[Nk, gk, gl by the mass energy absorption coefficient ratio, water to air in the smaller 10 mm x 10 mm field,

[(@) ] . To account for any added effects to the chamber’s readings (already corrected for ¢, p
P w/air

z=2,0=1cm

and k) for measuring in the 10 mm x 10 mm msr field (Mg — o), an additional correction factor, ké"‘” ey is

introduced

Jnsr@=1.em Fusr B | [
DW)Q(EZIZ)Q)ZI cm = Mg:l CmNK)QkCh’QkQ f[(f) ] ) (5)
w/ air

z=2,=1cm

The dose at 2 cm depth delivered by the SARRP reference field (13 cm equivalent diameter) can be calculated
using equation (6):

DS 13 m = Mom1s anNiokon (um) : (6)
w/air z=2,2=13 cm

The relative output factor (ROF) is the ratio of dose measured for the 10 mm X 10 mm field and the
reference field. EBT3 film is a choice of detector for small field ROF determination as they do not suffer from
volume averaging effect and have relatively low energy dependence in medium energy x-rays (Wang et al 2018).
Equation (7) formalises ROF by means of measurements with EBT3 film

Dfmsr(zzlcm) D@:l cm
w,Q,z=2,0=1cm _ w,z=2 cm
- @=13 cm
DW,Z:Z cm

» l = ROFg. 7)
D ref (=13 cm)
film

w,Q,z=2,0=13 cm

Two independent sets of EBT3 film (from the same lot #12131901), for calibration and dose determination,
were used. Films were scanned in the EPSON Expression 10000XL Pro flat-bed scanner (Seiko Epson
Corporation, Nagano, Japan, S/N 022879) according to our working protocol (Billas et al 2019). Films were
analysed with the triple channel dosimetry method (Micke et al 2011) as implemented by the FilmQAPro
software (Ashland ISP Advanced Materials). Values of doseina 3 mm X 3 mm ROI and its standard deviation

(SD), reported by the red channel were recorded for the calculation of the ROF.

o,
kQ

The chamber correction factor 7 can then be determined using the following relation:

|:(ﬁen) ] = =

w/air z=2,=13 cm
|:( _en) ]

| ! w/air

Chamber and film measurements described in this section were all performed in WT1, using the setups
described as in-phantom 4 (reference field) and in-phantom 5 (10 mm x 10 mm field).

®)

Mg —
kéfmsrfref — ROFﬁlm X [ =13 cm] %

g=1cm

z=2,0=1cm |
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2.3.1. End-to-End dosimetry test

An End-to-End test was developed to obtain immediate results of the dose delivered by a preclinical plan,
calculated by SARRP TPS Muriplan. A10cm x 10cm x 2cm WT1 (small) phantom, with the geometric
centre of the chamber in the radial direction at 1 cm depth, was purposely designed.

Following the Muriplan TPS treatment planning workflow, the phantom (with the inserted chamber) was
fixed to the SARRP robotic couch system, and a CBCT was acquired. Muriplan tissue segmentation algorithm is
restricted, and the system is unable to perform calculations when the isocentre is placed in air. To avoid this, a
ROI with the dimensions of the WT'1 small phantom was created. A segmentation threshold in the water
equivalent tissue range was assigned to that structure. A second RO, with the approximate dimensions of the
PTW 31022 sensitive volume, was built to visualize the position of the isocentre and the field edges with respect
to the chamber volume.

Two different plans, each with one anterior field, were created. Field sizes were determined by the 10
mm x 10mmand5mm X 5mm collimators, respectively. The isocentre was placed at the reference point of
the PTW 31022. Finally, Muriplan version 2.2.1 was used to calculate treatment time and dose distribution.

Point doses calculated by Muriplan were compared to measurements with the PTW 31022 ionization
chamber for both selected field sizes. All measurements of charge described in this section were performed with
the PTW Unidos electrometer and corrected for tand p. Dose was calculated based on equation (3).

2.4. Uncertainties
Uncertainty budgets were derived according to the guide to the expression of uncertainty in measurement, from
the Joint Committee for Guides in Metrology (JCGM 2008).

Reproducibility, leakage, linearity, dose rate dependence, directional response and polarity and ion
recombination effect Type A uncertainties were determined through the standard deviation of the mean
(SDOM) of repeated measurements with a coverage factor of 1 (k = 1). Reported uncertainties consider not
only variations under the same conditions but also the repositioning of the measurement setup.

The overall uncertainty on the experimental determination of chamber’s calibration (Ng) and correction k.,
factors, as well as those associated to the determination of absorbed dose to water in the conditions of the
proposed End-to-End test are presented under the relevant Results subsections.

3. Results

3.1. Reproducibility, leakage, linearity, dose rate dependence and directional response of the PTW 31022
For all investigated reference beam qualities, repeatability, expressed as the SDOM of ten individual
measurements of current (in the order of 10~'> A), was within 0.05%. The difference between the averaged
measured current after reproducing the measurement setup was within 0.3%.

Averaged pre- and post-irradiation leakage current were both smaller than 7.0 fA. There was no evident
correlation between the magnitude of post irradiation leakage and the beam quality. On average (over the four
studied qualities), the signal acquired during irradiation was 177 times larger than the leakage. The largest
leakage fraction of measured signal was 0.88% (for 0.5 mm Cu HVL beam quality).

Within the range of the x-ray tube current tested (up to 15 mA) and for the two qualities studied (0.5 and 1
mm Cu HVL), the linearity test showed a linear response of the corrected measured current with delivered air
kerma (figure 2).

PTW 31022 versus monitor chamber readings ratio, at different AKR, was within +0.5% when compared to
the ratio at the system’s operational AKR (electron beam current 10 mA). The largest difference for the 0.50 mm
Cu HVL beam was 0.4%, at the maximum achievable AKR (0.14 Gy min~! for 15 mA electron tube current). For
the 1.00 mm Cu HVL beam quality, the largest difference was —0.5%, in this case at the minimum considered
AKR for this quality (0.07 Gy min ™" for 5 mA).

The CBCT image of the PTW 31022 confirmed the straight position of the central electrode as well as no
visible defects in the chamber construction. No significant directional dependence was observed. The maximum
variation of the response with respect to the one at the recommended position (when the alignment line is
perpendicular to the radiation source) was found for the chamber rotated 120 degrees clockwise (towards the
x-ray tube) for the two qualities investigated. The differences were 0.18% and 0.31% for 0.5 mm and 1 mm Cu,
respectively.

3.2. Polarity correction

The polarity of the voltage applied has an effect on the magnitude of the corrected ionization current readings,
when measurements with the PTW 31022 chamber are performed in air and connected to the Keithley 6514
electrometer (in-air setup). An effect of the same scale was present for charge measurements (also corrected for ¢

8



10P Publishing

Phys. Med. Biol. 66 (2021) 245012 1 Silvestre Patallo et al

=y
[=2]
1

-
N
1

-
N
1

©
1

Chamber Response (Current E-13 A)
=

4 I 6 8 10 12 14 I 16
Tube Current (mA)

Figure 2. Linearity of the chamber response.
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Figure 3. Polarity correction for the PTW 31022 (0.5-4 mm Cu HVL, 1 SD error bars). Table embedded: polarity correction at two
lower polarizing voltages, normalised to the value at the working polarizing voltage (300 V).

and p) with a PTW Unidos electrometer and the chamber at 2 cm depth in a solid water slab phantom setup (in-
phantom 1 setup).

Figure 3 shows polarity correction as a function of the beam quality. Each point represents the average of five
independent sets of measurements, all at the operating voltages of 300 V. For three sets, k,, was calculated based
on measurements of current; for the remaining two, collected ionization charge was used for the calculations.

The smaller k,,,; correction (1.010 £ 0.001) was determined for the x-ray beam with the lower quality (0.5
mm Cu HVL), while the larger correction (1.014 % 0.002) was found for the 2 mm Cu HVL beam quality.

As shown in the embedded table from figure 3, values of k;,,; determined by the TVA method at two lower
voltages (i.e. 100 and 200 V) are not significantly different from the correction determined at the working
polarizing voltage (i.e. 300 V).

3.3.Ion recombination and normalized saturation curves

As expected, ion recombination correction evaluated by the TVA method, for the selected working operating
voltage V| = —300and V, = —100V (collection of negative charge or ionization current) showed no
significant energy (HVL) dependence. The averaged ion recombination factor (over the four beam qualities), k;
was found tobe 1.001 £ 0.000.
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Figure 4. (a) Saturation curve for the PTW 31022 IC. Negative and positive measurements are normalized to those at —300 V and
4300V respectively. (b) Jaffé plots of normalized inversed positive and negative current (charge). At each voltage, 1/M is the average
of measurements at all four beam qualities, normalized to the inverse of the saturation signal.

Ion recombination factor from Jaffe’s plots (considering measurements at 50, 100, 150, 200, 250 and 300 V)
was found to be (on average over the four beam qualities) 1.001 £ 0.000.

Within the measurement conditions (& 7 cm field size, a source to detector distance of 75 cm and AKR in
the range of 0.1 Gy min "), ion recombination factor (collecting negative ions) determined through Jaffé plot
and the two-voltage method analysis, agreed within 0.1%.

Normalized saturation curves for the PTW 31022 (figure 4(a)) show the differences in the response of the
chamber depending on the polarity and magnitude of the applied voltage.

For negative applied voltage, the typical behaviour of an ionization chamber is observed, with the signal of
the chamber decreasing for lower applied voltages. The effect is evident for all beam qualities, with the larger
deviation from unity for the lower (0.5 mm CuHVL) beam quality (M_5qy /M_390v= 0.984).

The response of the chamber connected to positive bias voltages (positive charge collection) shows a
different behaviour. The average ratio of readings at each positive applied voltage, to the one at the (maximum)
positive operating voltage (300 V) was closer to a constant unity value, for each individual quality. When
collecting positive signal, the response of the chamber appears not to be significantly influenced by changes in
the magnitude of the applied voltage (in the considered range of voltages).

The uncertainty of the ratios in figure 4(a), expressed in terms of the standard deviation of the average
current (charge) at each of the bias voltage, was estimated to be 0.2%.

Jafté plots of normalized signal (1/M) in figure 4(b), showed different gradient and intercepts when
collecting negative or positive ions.

3.4.PTW 31022 air kerma calibration in medium energy x-rays. Energy dependence
Calibrating the PTW 31022 micro ionization chamber did not present particular challenges, compared to what
is the routine process for calibration of a secondary standard in medium energy x-rays.

Figure 5 presents the derived chamber calibration coefficients, N, for each of the beam qualities
investigated.

Values of Nk for a given calibration campaign (averaged over all the repeats) were always within the 0.6%
(represented by the error bars in figure 5), when compared to the values reported by the previous calibration.
The result is considered a good evidence of chamber stability within the period of time where this particular
chamber was evaluated. The Ny values in the table within figure 5 represent the mean N of the calibration
repetitions for each of the investigated qualities.

The PTW 31022 shows alarge energy dependence in the studied range of medium energy x-rays. As an
indication, the calculated maximum to minimum N ratio was found to be 13.5%. Comparing the PTW 31022
to asecondary standard NE2611 therapy dosimetry chamber, the RDR (normalized at 4 mm Cu HVL) was 0.89,
0.93 and 0.97 for 0.5, 1 and 2 mm Cu HVL, respectively.

For all beam qualities, combined standard uncertainty (k = 1) of the experimentally determined Nk 31022
was 1.26% (table 3). For the analysis, table 22 of NPL report 54 (Bass et al 2019) was used as reference. The small
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Figure 5. PTW 31022 chamber calibration coefficient Ny for medium energy x-ray qualities (0.5-4 mm Cu HVL).

Table 3. Uncertainty budget for determination of air kerma calibration
coefficients (Ng ). Values are given as one relative standard
uncertainty (k = 1).

Type Type
Sources of uncertainty A (%) B (%)
Air kerma rate 0.55
Electrometer current calibration 0.15

(pA/‘PA)

Electrometer resolution (pA) 0.03
Ton recombination correction 0.1
Leakage current (A) 0.5
Current measurements (A) 0.05
Temperature (K) 0.02
Pressure (kPa) 0.04
Distance from source correction 0.001
Orientation of chamber 0.05
Repeatability 1
Combined standard uncer- 1.26

tainty (k = 1)

chamber’s volume and the large leakage fraction were considered. Despite having only one chamber, the
calibration process was repeated several times through a period of almost two years.

3.5. Experimentally determined &, 31, for the PTW 31022 chamber. Validation of the results
The k., correction factors for the PTW 31022 chamber are presented in table 4. Values of k., 5611, used here to

derive the micro chamber correction factors, are included in the table for reference. Values of the overall
chamber correction factor, Py ham,2611> according to the formalism in AAPM TG-61 are also presented for
comparison.

Combined standard uncertainty (k = 1) of the experimentally determined k., is 3.24% (see table 5). It
considers combined uncertainties for all components in equation (4). Uncertainties for k., and N for the
NE2611 chamber (Type B) were taken from section 3.3 in the IPEMB CoP (Klevenhagen et al 1996), and the NPL
report 54 (Bass et al 2019), respectively. For the PTW 31022 chamber calibration coefficient (Ng), the
uncertainty was evaluated in this work (table 3). Type A uncertainties for the ratio of the collected charge
between the secondary standard and the 31022 chambers, where determined from the experimental work.

Values of absorbed dose rate measured in conditions different to the ones used to determine the PTW 31022
chamber correction factor k., 3102, are summarized in table 6. Values of dose rate measured with the NE2611 SS
ionization chamber, are presented for comparison.
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Table 4. Experimentally determined chamber correction
factors fora PTW 31022 ionization chamber.

HVL (mm Cu) ke 31022 ke, 2611 Bo,cham,2611
0.5 1.027 1.023 1.019
1.008 1.022 1.017
2 1.001 1.020 1.011
1.007 1.018 1.003

Note: Table 4 in the IPEMB CoP (Klevenhagen etal 1996).
Table VIII in the AAPM TG-61 CoP (Maetal 2001).

Table 5. Uncertainty budget for determination of chamber correction
factor k. Values are given as one relative standard uncertainty (k = 1).

Type

Sources of uncertainty A (%) Type B (%)
Kon NE2611 3
Calibration coefficient Ng 5611 0.37°
Calibration coefficient Ng 31022 1.13°
Ratio of collected charge (NE2611/ 0.25

31022)
Temperature (K) 0.02
Pressure (kPa) 0.04
Combined standard uncertainty (k= 1) 3.24

* Due to the high correlation of the two Ny coefficients through the
primary standard (FAC), uncertainties related to AKR measurements
have been removed from the uncertainty budget evaluation.

Table 6. Measurements of absorbed dose to water. Validation of the
experimental determination of k., 31022

Dose x10° (Gy s

Setup HVL (mm Cu) PTW 31022 2611 % A"

In-phantom 1 0.5 1.70 1.69 —0.53
1.0 2.51 2.50 —0.26
2.0 2.42 2.42 0.09
4.0 2.30 2.30 0.18

In-phantom 3 0.5 1.93 1.92 —0.61
1.0 2.79 2.77 —0.60
2.0 2.65 2.64 —0.19
4.0 2.48 2.49 0.33

*% A = 1 — Doseprws1022/Dosexs114

3.5.1. Determination of kly 310y, by cross-calibration in the user’s beam
Measurement of dose rate at 2 cm depth in the conditions of in-phantom 4 setup at UCL CI SARRP with two
different secondary standard systems (PTW 30012 and NE2611 IC) was 3.03 and 3.07 Gy min ™, respectively.

The cross-calibration by substitution of the PTW 31022 chamber yielded [N ki lcross— catibration Values of
2.132 x 10°GyC 'and2.160 x 10° Gy C ' using the NE2611 and the PTW 30012 ionization chambers,
respectively.

From equation (4), k/}, 3145, Was calculated in the user’s beam. Air kerma calibration coefficient for the PTW
31022 was determined by linear interpolation (between 0.5 and 1 mm Cu HVL), from the values reported in
figure 5.

(k31022 JSARRP (PTW 30012 based) AN [kl 31022 1sARRP (PTW NE2611 basedy  Were found tobe 1.023 £ 0.021 and
1.010 = 0.020, respectively. That is respectively, 0.90% larger and 0.40% smaller than the value obtained by
linear interpolation from the correction factors established at NPL reference qualities 0.5 and 1 mm Cu
(kc/h,31022,interpolated =1.014 £ 0.020). Differences between factors determined by the two different methods and
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Table 7. Uncertainty budget for determination of absorbed dose with the
End-to-End test. Values are given as one relative standard
uncertainty (k = 1).

Type

Sources of uncertainty A (%) Type B (%)
k?h 31022 3.3
Calibration coefficient Nk 31022 1.3
Mass-energy absorption coefficient ratio, 1.20©e

water to air
Interpolation of quantities of influence 1.5

for the user’s HVL
Dosimeter readings M 0.2
Temperature (K) 0.1
Pressure (kPa) 0.1
Combined standard uncertainty (k= 1) 4.0(3.9)

* Determined as part of our experimental work.

® According to table 1 of the IPEMB CoP (Klevenhagen et al 1996).
¢ According to table 1 from more recently published data for the
dosimetry of low- and medium-energy kV x rays (Andreo 2019).

with two different secondary standard chambers (NE2611 and 30012) are all within the experimental
uncertainties.

3.6. PTW 31022 chamber response in small field size beams

ROF for the 10 mm x 10 mm field, determined with EBT?3 film was 0.602. Ratio of corrected charge readings
measured with the PTW 31022 chamber, at the reference and the 10 mm x 10 mm fields was 1.672. The quotient
of the mass energy absorption coefficient ratio, water to air over the photon spectrum in the reference and 10

mm X 10 mm fields was 0.991. Following the formalism described in section 2.3 and employing equation (8), the

correction factor ka’""’ e , accounting for any changes in the response of the chamber different from those already

included in the IPEMB formalism for in phantom dose measurements at 2 cm depth, was found to be
0.997 + 0.012. The uncertainty for the correction factor was established based on the calculation of the maximum
and minimum ROF by evaluating the standard deviation of dose for the two independent sets of films.

3.6.1. End-to-End test measurements with the PTW 31022 chamber in the small WT1 phantom

With the procedure described in section 2.3.1 (using density override for the calculations), the external contour
of the phantom was correctly identified by Muriplan. For the isocentre positioned at the centre of the chamber’s
volume and at 1 cm depth in the phantom, the TPS also correctly calculated the beam SSD (34 cm). The SSD is an
important parameter used by the TPS algorithm to calculate isodoses and irradiation time.

For the 10 mm x 10 mm collimator, Muriplan-calculated dose for a 120 s treatment was 4.08 Gy. Whereas,
the measured dose with the ionization chamber was 4.18 Gy, giving a 2.48% dose difference, considering the
measured dose as the reference. With the same treatment time, the difference for the 5 mm x 5 mm collimator
was 1.91% (3.90 Gy and 3.98 Gy for the calculated and measured dose, respectively). Future work will include a
more comprehensive evaluation of the validity of the use of the PTW 31022 chamber in field sizes smaller than
10mm X 10 mm.

Table 7 below presents the uncertainties associated with measurements of dose in the conditions relevant to
the End-to-End test. Possible variations of water to air mass-energy absorption coefficient ratio and chamber
correction factor, because of the deviation from reference conditions (depth and phantom thickness) have not
yet been investigated and therefore were not considered in the analysis. Considering the range of the user’s beam
quality, those uncertainties should not add a significant figure to the quoted value.

4. Discussion

Despite the importance in accurate delivery of dose in preclinical radiation research, reference dosimetry of
small fields in medium energy x-rays (0.5-4 mm Cu HVL) has not been the subject of many scientific
investigations. Our evaluation of the performance of the PTW 31022 small volume ionization chamber in
medium energy x-rays demonstrated its capability as an alternative detector (with the advantage of an immediate
result) to films and alanine, for measurements of reference dose in small fields, delivered by image-guided
preclinical irradiation platforms.

13



10P Publishing

Phys. Med. Biol. 66 (2021) 245012 1 Silvestre Patallo et al

A characterization of leakage, ion recombination and polarity has been presented, and contributes to the
quantitative evaluation of the behaviour of the chamber in reference and users’ beam qualities in the medium
energy x-ray range. For the combination of PTW 31022 chamber and Keithley 6514 electrometer, the leakage
fraction of the measured signal (at AKRs between 0.005 and 0.20 Gy min ™~ ') was just below 0.9% for all
investigated beam qualities. That is larger than a leakage fraction of 0.05%—0.2% reported for measurements
with similar chambers in water with MV beams (McEwen 2010). Pre- and post-irradiation leakage (on the order
of fA) are very similar to those reported by other authors (McEwen 2010, Le Roy etal 2011). The larger relative
contribution of leakage to the actual chamber signal (current) needs to be considered within the uncertainties of
the determination of the chamber calibration coefficient.

The saturation curve (figure 4(a)) demonstrates that when the chamber is measuring negative current
(charge), the PTW 31022 chamber’s response is very similar to what have been reported for reference chambers
like the NE2571 (Le Roy et al 2011) (lower values of ionization current or charge at lower applied voltage). A
different behaviour is shown when the chamber is collecting positive charge, with almost no voltage-dependence
response observed. Similar voltage-dependent polarity effects of micro ionization chambers have been
associated to changes in the ionization chamber collecting volume caused by potential difference between
collecting electrodes (Miller et al 2016). For chambers of the same type, the effect is potentially specific to each
individual chamber. The studied chamber showed a voltage-dependent polarity effect for all the beam qualities.
Further investigation should be carried out for other PTW 31022 chambers and preferably for other types of
microchambers, including evaluation at different dose rates.

Difference in the intercepts of graphs shown in figure 4(b), confirms the differences in response of the
chamber at different polarizing voltages (section 3.3). Observed differences in the gradient, albeit for a different
energy range and pulsed type of beam, have been previously reported for a small volume IBA CCO1 ionization
chamber (McEwen 2010). Our study of ion recombination with the TVA method, lead to an average value of
1.000 + 0.000 for the combination Vj = 4300 V, V; = +100 V, which was not significantly different from
the k; determined for the negative operational bias voltage (V = —300V, V, = —100 V)yielding
1.001 + 0.000. Thatis a confirmation that differences in the response at different polarizing voltages cannot be
attributed to ion recombination processes. Similar to McEwen, we do not have an explanation for the
experimental result at this time.

Neither AAPM TG-61 nor IPEMB CoP specify the range of acceptable values for polarity correction for the
chambers recommended for reference dosimetry in medium energy x-rays. The value of the polarity correction
determined is higher than the 0.4% specified for reference-class ionization chambers in the addendum to the
AAPM TG-51 protocol (for reference dosimetry in high-energy photon beams) (McEwen et al 2014). However,
the k,,; determined for the PTW 31022 ionization chamber was smaller than the 3%, which is considered to be
the limit for a chamber to be suitable for measurements of absolute dose (Andreo et al 2005). Moreover, the
variation of k,, with energy across the total range of reference medium energy x-rays was 0.45%, which is
slightly lower than the 0.5% recommended in the same document.

The product [Ny k] for the PTW 31022 (S/N 151987) varies 9.8% over the energy range of the reference
medium energy x-rays (twice as much as recommended by the IPEMB CoP for reference dosimetry). However,
the majority of image-guided preclinical irradiation platforms have a beam quality between 0.5 and 1 mm Cu
HVL. For the studied PTW 31022 chamber, the product [Ny k] varies less than 2.6% between those two
qualities, that combined with the observed stability of the calibration coefficient over the two years recalibration
period (with less than 0.6% change) leads us to consider the PTW 31022 as a prospective candidate for reference
dosimetry in medium energy x-rays, more specifically when small fields are involved.

The validity of the experimental determination of k., 310> was demonstrated by comparing measurements
of absorbed dose to water (in a water equivalent slab phantom) at two different setups with measurements
performed with a secondary standard detector. Future work will include Monte Carlo simulations for the
determination of k., 3102, and its comparison with the experimentally determined factors.

We presented a dosimetry chain that includes direct reference dose measurements at the user’s beam quality
and in the presence of the small fields delivered by image-guided preclinical irradiation platforms. Following the
described formalism, it was demonstrated that within the experimental uncertainty, there is no need for an
additional correction to the response of the chamber for measurements of absorbed dose to water in SARRP’s
beam quality and with a small 10 mm x 10 mm field size. Our measurements showed that volume averaging
effect is not present in the measurements with the PTW 31022 in the 10 mm X 10 mm field size. At the same
time, differences in beam quality between the larger (open field) and the 10 mm x 10 mm field size are already
considered by the in-phantom method (as presented in the IPEMB CoP) by the selection of the
[(f,,,/ P)w/air]2=2,5 for the measured field (in this case the 10 mm x 10 mm field).

The simple End-to-End dosimetry test presented here enabled the comparison of measured versus TPS-
calculated dose, in a solid water phantom fixed to the positioning system, while targeting the chamber reference
point within the sensitive volume. The size of the PTW 30122 chamber restricts the use of the dosimetry
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verification test in plans with fields smaller than 5 mm x 5 mm. However, considering the limitations of the TPS
used (Muriplan), for which density override of the chamber cavity was used for the calculations, difference in
calculated versus measured dose smaller than 3% are very encouraging towards achieving a dosimetry
measurement methodology for direct and online pre-treatment verification of more complex beam
arrangements. Future work will consider the adaptation of azoomorphic phantom to include the insertion for a
small volume ionization chamber.

5. Conclusions

We evaluated the performance of a PTW 31022 micro ionization chamber, in medium energy x-rays. The
experimentally determined calibration coefficient and correction factors allow for the chamber to be used for an
accurate determination of absorbed dose to water in small fields delivered by image-guided preclinical
irradiation platforms that to date are mostly verified off-line, using radiochromic films or alanine.

The possibility of using a small volume ionization chamber for absolute dose measurements in the 10
mm x 10 mm field opens an avenue for the cross-calibration of diodes, that could then be used for an
independent verification for the TPS commissioning of the smaller fields. The prospect of improving the
dosimetry chain with an End-to-End test, similar to those implemented for radiotherapy patient-specific QA,
and using a detector with direct traceability to a primary standard for medium energy x-rays, is a step forward in
reducing uncertainties for preclinical irradiations. A more robust and reliable dosimetry chain for image-guided
preclinical irradiation platforms could contribute to harmonize dosimetry assessments across different
institutions and therefore to the reduction of uncertainties in preclinical radiation research.
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