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A novel calorimeter for synchrotron produced
monochromatic x-ray beams

Islam El Gamal'?® | Jean Dessureault' | Malcolm R. McEwen'
"Metrology Research Centre, National Abstract
g:iii:h Council Canada, Ottawa, Ontario, Background: Electron synchrotrons produce x-ray beams with dose rates

orders of magnitude greater than conventional x-ray tubes and with beam sizes
on the order of a few millimeters. These characteristics put severe challenges
on current dosimeters to accurately realize absorbed dose or air kerma.

2Department of Physics, Carleton University,
Ottawa, Ontario, Canada

Correspondence Purpose: This work seeks to investigate the suitability of a novel aluminum-
Islam EI Gamal, National Research Council based calorimeter to determine absorbed dose to water with an uncertainty
Canada, Buiding 1495, 1200 Montreal Road. | - significantly smaller than currently possible with conventional detectors. A lower
Email: islamelgamal@cmail carleton.ca uncertainty in the determination of absolute dose rate would impact both

therapeutic applications of synchrotron-produced x-ray beams and research
investigations.

Methods: A vacuum-based calorimeter prototype with an aluminum core was
built, matching the beam profile of the 140 keV monochromatic x-ray beam, pro-
duced by the Canadian Light Source Biomedical Imaging and Therapy beamline.
The choice of material and overall calorimeter design was optimized using FEM
thermal modeling software while Monte Carlo radiation transport simulations
were used to model the impact of interactions of the radiation beam with the
detector components.

Results: Corrections for both the thermal conduction and radiation transport
effects were of the order of 3% and the simplicity of the geometry, combined
with the monochromatic nature of the incident x-ray beam, meant that the uncer-
tainty in each correction was <0.5%. The calorimeter performance was found
to be repeatable over multiple irradiations of 1 Gy at the + 0.6% level, and no
systematic dependence on environmental effects or total dose was observed.
Conclusion: The combined standard uncertainty in the determination of
absorbed dose to aluminum was estimated to be 0.8%, indicating that absorbed
dose to water, the ultimate quantity of interest, could be determined with an
uncertainty on the order of 1%. This value is an improvement over current tech-
nigues used for synchrotron dosimetry and comparable with the state-of-the art
for conventional kV x-ray dosimetry.

KEYWORDS
calorimetry, dosimetry, synchrotron x-rays

1 | INTRODUCTION ties of synchrotron light, in particular collimation and
large flux, simplify the design of additional collimation
The use of synchrotrons for radiotherapy and radio-  and reduce the time required to deliver large doses. The

surgery is a growing area of research with the end goal ~ synchrotron beams can potentially be used to deliver, in
of transitioning to clinical applications." The proper- @ fraction of a second, absorbed doses to tissues on
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the order of several hundred grays. In vivo and in vitro
studies have shown that tumor cells exposed to spatially
fractionated beams of dose rates several orders of mag-
nitude higher than typical radiotherapy treatments show
greater sensitivity to radiation than normal cells. 68
Although the mechanisms behind the increased tumor
sensitivity observed are not fully understood, any investi-
gation of those mechanisms is limited by the underlying
uncertainty of the delivered dose.

Absorbed dose calibration of a synchrotron beam in
the absence of the collimation necessary for a spa-
tially fractionated beam serves as a starting point for the
dosimetry of those beams, while also expanding the use
of synchrotrons as a dosimetric research tool. For exam-
ple, a calibrated high dose rate monochromatic beam in
the kV range has the potential to determine the intrin-
sic energy dependence of chemical dosimeters such as
Fricke and alanine as a function of beam energy? Issues
of beam quality specification have affected such inves-
tigations in the past'®!" and the use of monochromatic
beams offers a clear advantage.

Currently much of the literature has focused on deter-
mining the absorbed dose in the context of a spatially
fractionated beam using radiosensitive films, solid state
detectors, and chemical dosimeters.” "2~ However, all
these detectors suffer from a lack of direct traceability
to a primary standard of absorbed dose for synchrotron
beams. Current protocols that attempt to develop metro-
logical traceability have relied on using ion chambers
based on the TRS-398 IAEA protocol.'® lon chambers
require calibration using conventional x-ray tubes, which
have lower dose rates, different field sizes, and dif-
ferent energy spectra. Additionally, ion chambers and
radiochromic films suffer from a non-trivial dependence
on the dose rate and absorbed dose that is yet to be fully
investigated for synchrotron beams. The assumptions
inherent in transferring a calibration from a conventional
x-ray tube to a synchrotron beam is a significant con-
tributor to the calibration uncertainty. For example, when
matching beams of different KV but identical half-value
layers variations in calibration factors of up to 2% have
been reported.?

The aim of this project is to develop a traceable and
transportable primary standard for synchrotron beams
available in Canada with a lower uncertainty than cur-
rent methods. A primary standard in this context aims to
determine the absorbed dose independently from any
other radiation-based measurements and the most com-
mon type of absorbed dose standard is a calorimeter. A
calorimeter relies on measuring a radiation induced tem-
perature change in a mass of material and the energy
deposited is obtained from the relation E,,s = mcAT,
requiring knowledge of the core mass, m, and the spe-
cific heat capacity, c. The absorbed dose (E,ps/m) can
thus be determined in terms of quantities with stan-
dards entirely independent of radiation, resulting in a
primary measurement. A calorimeter is advantageous

for synchrotron measurements since its response is
independent of both the absorbed dose and dose rate.'®

Looking across the range of beam modalities applied
to radiation therapy, water calorimeters have been a
primary focus of development, as they provide a direct
measurement of the quantity of interest. However, water
calorimetry presents some significant measurement
challenges, including complex radiochemistry, convec-
tion, encapsulation, and low sensitivity, which make it
unsuitable for operation in synchrotron facilities. The
steep dose gradients found in low energy photon beams
are an additional constraint."”

The most common non-water material for calorime-
ters is graphite as it has a similar atomic number to
water, has no measurable radiochemistry and is easy
to machine. Lye et al.'® used a graphite calorimeter,
originally designed for higher energy electron beams,
to carry out a similar measurement at the Australian
Synchrotron, but the size of their calorimeter required
a scanning method to deliver a uniform dose and this
resulted in rather large uncertainty contributions. The
design of Bass et al.'’ is intended to be portable
and therefore could potentially be used in a simi-
lar way to that of Lye et al. However, graphite is
inherently inhomogeneous?° due to its manufacturing
process. Local density variations in graphite can be
problematic?' particularly in this situation where the
synchrotron beams are physically very small and the
conversion factor from absorbed dose to graphite to
absorbed dose to water is large in the 65—140 keV range
of interest in this work.

Following a detailed literature review a number of
concepts for the design of a custom calorimeter for syn-
chrotron beams were identified: (i) a small calorimeter
core is required to avoid any beam scanning and approx-
imate dose to a point; (ii) finite element modelling is
necessary to analyze heat flow within the calorimeter
design to optimize geometry and materials; (iii) a solid
material is required (i.e., not water) but an alternative
to graphite should be investigated—ideally elemental,
non-crystalline, uniform, and amorphous; (iv) a vacuum
enclosure is likely a requirement to minimize conduc-
tive heat losses; and (v) the entire system should be as
homogeneous as possible to minimize perturbation cor-
rections and reduce the uncertainty of the correction in
converting to the material of interest, water.

Aluminum has been used in a number of calorime-
ter designs, dating back to the 1980s (e.g., Hochauser
and Bolk??) but has been more recently used in radia-
tion therapy applications.?>2* Aluminum has an atomic
number and physical density higher than water, but its
elemental, uniform composition, combined with previous
successful demonstrations of use make it attractive.

This study serves as a proof of principle in using
a purpose-built aluminum calorimeter to determine the
absorbed dose due to millimeter sized synchrotron-
produced monochromatic x-ray beams. Once commis-
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Gafchromic EBT3 film measurements showing the variation in intensity of the incident beam in the vertical dimension due to an

uncollimated, a, and collimated, b, 140 keV synchrotron-produced monochromatic beam. The collimator is made up of a 25 mm thick steel disc
with a 3.6 x 2 mm rectangular slit for the beam in the center. The collimated beam is measured on the outer face of the calorimeter vacuum

vessel entrance window.

sioned, direct calibration of ion chambers for routine use
will be possible, significantly reducing the uncertainty
in the absorbed dose and providing direct metrological
traceability.

2 | METHODS

21 | Beamline

This work uses the Canadian Light Source (CLS) BMIT-
ID beamline as the synchrotron source. The beamline
has a length of approximately 55 m measured from the
insertion device, a super conducting 4.3T wiggler, where
the photons are first produced, to the sample positioning
stage. The beamline can produce photons with ener-
gies of 25-140 keV, and an upstream monochromator
allows the delivery of monochromatic beams, to within
+ 0.1 keV.! The photons produced are naturally polar-
ized and collimated. The fields produced vary depending
on the beam energy selected, exhibiting a Gaussian-like
intensity variation in the vertical direction while being
uniform horizontally. The largest field sizes are on the
order of 220 mm x 11 mm in the horizontal and verti-
cal directions respectively, but this can only be achieved
at the lowest energies?® Figure 1a shows a typical
field produced using a 140 keV beam measured using
Gafchromic EBT3 film, the plot shows the rapid beam
fall-off in the vertical direction, with a FWHM of less than
8 mm.

2.2 | Calorimeter design and build

Aluminum was chosen for both the core and enclosure
material. In addition to what is noted above, aluminum is

obtainable as very high-purity material, is easily machin-
able and has no significant outgassing under vacuum.

The radiation induced temperature rise can be related
to the absorbed dose using Equation (1). Where the
k; factors denote corrections due to measurement
conditions and ¢, denotes the specific heat of
pure aluminum, 0.8969(10) J-g~1K~120.26-30 |deally, for
Equation (1) to give the absorbed dose to the core with-
out correction factors, all the energy deposited in the
core material would contribute to the temperature rise
measured by the thermistor. The two largest correc-
tion factors that impact the feasibility of a calorimeter
measurement are due to conduction and radiation trans-
port, referred to as kgong and kyessel respectively. The
conduction correction accounts for heat loss or gain
that impacts the measurement of the core tempera-
ture rise. The radiation transport correction considers
the effect of scatter and attenuation due to interactions
between the beam and media other than the core, and
in other dosimetry scenarios can be referred to as a
perturbation correction. Although the naming conven-
tion implies a calorimeter-specific aspect, the procedure
to determine kyessel (Using a Monte Carlo simulation) is
essentially the same as that to calculate the correction
to yield absorbed dose to water from the measurement
of calorimeter absorbed dose.

The dose to the aluminum calorimeter core is given
by:

Ede i
posited
— = Ccore A Tcore~kVesseI-kCond- H ki

(1)

DAI, core — m
core

where, ¢ is the specific heat capacity of the core
material, AT,y is the radiation-induced temperature
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FIGURE 2 A cross-section of the vacuum vessel is shown. The entire vacuum vessel is constructed from aluminum alloy with the different
colors meant to highlight the different design features more clearly. The yellow lines denote photon tracks incident from the left onto the
calorimeter front window. The grey components (entrance window and backscatter plate) are pure aluminum, as is the calorimeter core. The
cut-out shows a close-up beam’s eye view of the calorimeter core, low thermal conductivity aerogel supports are used to thermally isolate the
aluminum core. A nickel wire negative-thermal-coefficient thermistor is used as the temperature sensor and is positioned outside the primary

field. Nickel paste, omitted for clarity, is used to ensure adequate thermal contact with the core.

rise, Kvessel @nd kcong are defined above and T1k; is a
product of other correction factors. In this work, the dose
to the core is defined as the average dose over the core,
the energy deposited by the collimated beam divided by
the aluminum core mass. In Equation (1), the definition
Of Kyessel IS such that Dy o refers to the absorbed dose
to the core in air due to the beam in the absence of
the vacuum vessel. This was believed to be conceptu-
ally clearer for the subsequent conversion to absorbed
dose to water. For the preliminary testing in this work, the
lowest dose rate monochromatic beam was used, with
an energy of 140 keV.

A cross-section of the calorimeter is shown in
Figure 2. In general, one would select a large ther-
mal mass, as this would result in a lower correction
for conductive heat loss, but in this case the mass is
constrained by the size of the beam. A series of beam
transport and thermal simulations were conducted to
optimize the size of the core. The largest dimension
of the core, 40 mm, is along the horizontal axis to take
advantage of the uniformity of the beam in that direction.
The vertical dimension of the core, 0.5 mm, was chosen
to minimize any volume averaging by keeping the core
within the central peak of the intensity distribution (as
seen in Figure 1). In the beam direction the core has a
thickness of 3 mm, which results in a volume averaging
correction due to attenuation. The thickness of the core
in the beam direction was optimized to maximize the
volume to surface area ratio (and therefore to reduce
heat loss) whilst not resulting in a prohibitively large
volume averaging correction. For the 140 keV beam, this
averaging, due to nonlinear attenuation within the core,
was found to be a 0.3% effect (a correction of 1.003).
The core is constructed from pure aluminum (99.999%
pure, as indicated by the manufacturer).

Air surrounding the core despite being a relatively
poor thermal conductor results in an approximately 40%

lower temperature rise of the core due to conductive
heat losses. The temperature losses are expected to be
even greater if convection is considered. Primary stan-
dard graphite calorimeters for radiation therapy have
typically used vacuum gaps to isolate the calorimeter
core, the work of Domen and Lamperti being an early
example>" McEwen et al 32 investigated conduction in a
graphite calorimeter on which the Lye et al. design was
based and demonstrated the absence of conductive
heat losses to air at pressures below 10~% mbar. Such a
pressure is readily achievable using a commercial turbo-
molecular pump. An aluminum-alloy (type 6061) vacuum
enclosure was therefore designed and constructed to
maintain such a vacuum and minimize the impact of
heat conduction. The volume of the vacuum vessel is
approximately 400 cm® and an Edwards® T-station 85
tabletop turbo pump can achieve the desired vacuum in
less than 15 min and maintain it indefinitely.

To thermally isolate the core from the aluminum enclo-
sure, low conductivity aerogel supports were used to
suspend the core in the enclosure. Different aerogel
formulations were considered for the device, including
both silica and polyimide-based aerogels. The aerogels
were assessed based on material properties and ease
of machinability, as the contact area of the support with
both the core and enclosure is directly proportional to
the heat lost. Despite the superior performance of silica
aerogel in the simulations, the material proved difficult
to machine to the small dimensions required, and so
the lowest density polyimide aerogel was chosen. X-
116 Airloy® is used with a density of 0.09 g/cm3 and a
thermal conductivity of 29 mW/m/K in ambient air>® A
sensitivity study of the impact of changing the thermal
conductivity of aerogel, within the range provided by the

@ Atlas Copco Group, Stockholm, Sweden
bAerogel Technologies LLC, Boston, MA
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FIGURE 3 Thermal modeling results of the calorimeter
assembly using COMSOL to investigate heat conduction after
irradiation. The source is switched on at 0 s and switched off at 15 s.
The simulation results verify adequate thermistor response to core
temperature changes and that the heat loss through the aerogel is
minimal while most heat losses occur through the thermistor wire.

manufacturer, as well as the impact on performance of
operation in vacuum, was performed and is reflected in
the uncertainty for the conduction correction.

Preliminary thermal simulations (see Figure 3)
showed that the copper wires of the thermistor
temperature sensor resulted in considerable conductive
heat losses. Despite the small wire diameter, 0.06 mm
(44 Gauge), the large thermal conductivity relative to the
other components in contact with the calorimeter core
provided a substantial heat-loss pathway. By employ-
ing a nickel-wire thermistor, extensively used in industrial
processes for their corrosion resistance, with a ther-
mal conductivity approximately 20% that of copper*
the conductive heat losses are significantly reduced. An
Amphenol® AB-type NTC thermistor is therefore used
to measure the temperature rise in the core. The ther-
mistor uses a miniature chip-in-glass probe < 0.5 mm
in diameter. Nickel paste is used to adhere the thermis-
tor to the core resulting in a fast thermistor response
to temperature changes in the core. During construc-
tion, care was taken to measure the masses of all the
core components, including any adhesives used, allow-
ing precise values to be used for modeling. These are
given in Table 1.

As noted above, the vacuum vessel was constructed
from type 6061 aluminum alloy (a highly machinable
alloy composed of 98% pure aluminum). An initial sim-
ulation showed that the use of 6061 alloy for the
components of the vacuum enclosure not directly in the
beam path had a negligible impact on the scatter and
attenuation of the beam. Pure aluminum was used for
the vessel entrance window and a pure aluminum plate

¢ Amphenol Corporation, Wallingford, CT

TABLE 1 Alist of the calorimeter core components along with
their measured masses, used as part of the thermal and radiation
transport simulations of the core.

Mass
Core component Mass + 5x10° (g) fraction
Core 0.16578 0.810
Thermistor 0.00024 0.001
Wire 0.02143 0.105
Pelco High Performance 0.00401 0.020

Nickel Paste

Aerogel Support 0.01144 0.056
Loctite Hysol 1C 0.00192 0.009

was added behind the core to eliminate any backscat-
ter from the stainless-steel vacuum pump attachment in
the rear of the enclosure. Pure aluminum, > 99.999%
aluminum by mass, was used for the core, entrance win-
dow and back scatter plate, ensuring that there are no
non-aluminum materials directly in the beam path.

2.3 | Experimental procedure

Figure 4 shows the irradiation set-up used to test the
feasibility of the calorimeter. Although the synchrotron
beam is collimated at the entrance of the irradiation
room, an additional steel cylinder, 25 mm thick with a
36 mm x 2 mm rectangular slit, was used to provide a
more well-defined radiation field. Specifically, the colli-
mation shields the thermistor from any direct irradiation
by truncating the beam in the horizontal direction. The
intention is that energy is only deposited in the pure
aluminum core. Figure 1b shows the collimated beam
profile in the vertical direction.

The calorimeter is aligned such that the core is within
the uniform portion of the field. Alignment was verified by
taking an x-ray image during irradiation using the beam-
line sCMOS imager system with 6.5 um resolution. The
synchrotron ring beam current, which ultimately deter-
mines the fluence rate, is run in “top-up” mode resulting
in a constant fluence rate which is continuously reported
by the facility information system and noted before each
irradiation set. The calorimeter enclosure was kept at
a pressure of 3 x 10~7 mbar to eliminate conductive
heat losses to air. The calorimeter was irradiated for
15 s using the 140 keV monochromatic x-ray beam by
opening the beamline shutter, with approximately 1 min
between irradiations. The transit time of the shutter is
reported to be 0.018 s. The resistance of the thermistor
was sampled every 400 ms using a calibrated Keysight
HP 3458A multimeter with high stability option (002)
and the data plotted in real-time. The fitting and deter-
mination of the radiation induced temperature rise was
automated and performed once data acquisition was
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FIGURE 4 (a) The irradiation setup at the CLS is shown with the synchrotron beam incident from the lower right. The inset image shows
the calorimeter core inside the vacuum vessel and can be compared with the schematic in Figure 2. (b) A top view diagram of the irradiation
setup showing the relative positions of the calorimeter, 25 mm thick steel collimator and sCMOS beamline camera.

complete. After a fixed number of runs, the calorime-
ter was allowed to come into thermal equilibrium again
before irradiations resumed.

2.4 | Calorimeter analysis

There are two main processes that break the direct
dependence between the energy deposited in the core
and the measured temperature rise: energy lost to
radiochemical processes and thermal transfer to/from
surrounding media. For the aluminum core, the energy
transferred to radiochemical processes is negligible >
With a suitably high vacuum (P < 10~% mbar), the heat
loss is primarily due to conduction through the aerogel
supports and the thermistor wires, which is addressed
using the conduction correction factor kg,,q in Equa-
tion (1). A COMSOLY model of the core was used
to model the irradiations by performing a finite ele-
ment model calculation to solve the heat equation in 3
dimensions:

oT
Pz =V (KVT)= Q )

where T denotes the temperature as a function of time
at a particular position, k the thermal conductivity of the
material, and pc, the density and specific heat capac-
ity of the material, respectively. The ends of the aerogel
supports, and thermistor wires, attached to the vacuum
vessel were used as boundary conditions, being kept at

dCOMSOL Multiphysics v. 5.3. www.comsol.com. COMSOL AB, Stockholm,
Sweden.

a constant temperature in the simulation. The core was
used as the heat source, denoted by Q, and the tem-
perature trace calculated following a 15 s irradiation, as
shown in Figure 3.

To calculate the conduction correction factor, the post
irradiation trace was linearly fitted and the fit extrapo-
lated to the mid-irradiation point. The process was then
repeated with all material conductivities set to zero. The
ratio of the extrapolated temperature values at the mid-
irradiation point yields the conduction correction factor.'®
This is the same process as used for primary standard
calorimeters in other beams3°

It can be inferred from Equation (2) that the magni-
tude of the conductivity correction depends on multiple
factors including the core mass, mass of other com-
ponents (e.g., aerogel rods, thermistor wires), thermal
conductivities and the irradiation time. Experimentally,
once the calorimeter is constructed, the only variable for
the selected beam energy is the irradiation time (since
the incident fluence is constant). The conduction correc-
tion was calculated for different irradiation times, and a
difference of 0.1% in kcong between irradiation times
of 2.5 and 15 s was derived. The large thermal con-
ductivity of aluminum means that thermal equilibrium
within the core occurs on a time frame smaller than the
irradiation time and so the correction is not sensitive to
the radial beam profile or incident energy (axial profile).
The correction is also dose rate independent for a fixed
irradiation time.

The extrapolation method is applied to a real mea-
sured temperature trace as shown in Figure 5, with
the added requirement to also extrapolate the pre-
irradiation trace to the mid-point. The resulting dif-
ference between the pre and post irradiation tem-
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FIGURE 5 A raw temperature trace for the core temperature
irradiated for 15 s using a 140 keV monochromatic x-ray beam. The
dashed lines show the post and pre irradiation fits used to evaluate
the radiation induced temperature rise (indicated by the arrow). The
extrapolation is to the mid-time of the irradiation.

perature fits at the irradiation midpoint denotes the
radiation-induced temperature rise, AT,,,. To account
for conductive heat losses AT, is then multiplied by
the conduction correction factor calculated using the
COMSOL simulation.

As a first validation of the thermal model, both the
measured and simulated temperature traces were nor-
malized with respect to the extrapolated temperature
at the end of each irradiation. By determining the
radiation-induced temperature rise for both the simu-
lated and measured traces, an estimate of the validity of
the model used and thus the heat loss correction factor
uncertainty can be obtained.

2.5 | Beam transport simulations

The EGSnrc radiation transport code®® was used to
model the synchrotron beam. Several EBT3 film mea-
surements were performed to determine the beam
profile, as shown in Figure 1; the horizontal beam pro-
file was also measured and is constant at the few %
level over the 36 mm width of the beam in that direc-
tion. The measured beam profile was used to derive
a probability distribution in the x-y plane. The derived
probability distribution is then used as a photon source
for the simulations while ensuring that both the beam
divergence and distribution is correctly modeled. The
energy deposited in the calorimeter core is scored with
the core: (i) in the vacuum vessel in vacuum, and (ii)
in air in the absence of the vessel. Scatter and atten-
uation corrections can then be derived for each pair
of simulations by taking a ratio of the scored energy
deposition. The energy deposited in the thermistor and

TABLE 2 EGSnrc Monte Carlo transport parameters used for
the simulations in this work.

Transport parameter Setting
Photon cross sections mcdf-xcom
Brems cross sections NRC
Brems angular sampling KM
Electron impact ionization penelope
Rayleigh scattering On

Spin effects On
Bound Compton scattering norej
Radiative Compton corrections Off
Atomic relaxations On

Pair angular sampling Simple
Triplet production Off

PE angular sampling On
Photonuclear attenuation Off
Photonuclear cross sections default
Boundary crossing algorithm exact
Skin depth for BCA 3
Electron-step algorithm PRESTA-II
Rayleigh scattering On

the contributions of the different structures, such as
the vessel entrance window and aerogel supports, were
individually assessed.

One disadvantage of the EGSnrc system is that it cur-
rently does not model the effect of photon polarization.
To investigate this, simulations with the GEANT43" sys-
tem using the G4EmLivermorePolarizedPhysics cross-
sections were carried out. A series of simulations of the
calorimeter core, identical to the EGSnrc simulations,
were performed with the polarization switched on and
off. A difference of the energy deposition ratio of less
than 0.1%, at 140 keV was found between simulations
with and without polarization modeled. As an additional
validation of the GEANT4 simulations, the energy depo-
sition ratios for simulations with polarization switched off
was compared with the value for the identical EGSnrc
simulations, yielding a difference of < 0.1%. Conse-
quently, EGSnrc was chosen to conduct the radiation
transport simulations to leverage the variance reduction
techniques in existing applications which significantly
reduced the simulation time. A summary of the trans-
port parameters for the Monte Carlo simulations using
EGSnrc is given in Table 2.

3 | RESULTS AND DISCUSSION

The results of the Monte Carlo simulations to cal-
culate the effect of the vacuum enclosure and
non-aluminum core components yielded a value of
Kvesser = 1.0325 + 0.0057 for the 140 keV beam. It
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FIGURE 6 Anillustration of the normalization procedure used to estimate the uncertainty in the conduction correction factor, kgong. On the
left, the background subtraction and fitting of the post-irradiation temperature trace is illustrated. The resulting linear fits are normalized with
respect to the normalization point. A plot of the normalized linear fits for both the measured and simulated temperature traces is shown. The
relative difference at the irradiation mid-point is shown in the insert, used as a conservative estimate of the uncertainty of kcong.

should be noted that by far the largest part of this
correction factor is the attenuation of the monochro-
matic beam through the 1.5 mm thick pure aluminum
front window, with the remaining scatter and beam diver-
gence contribution accounting for less than 0.3% of the
total correction. The presence of only pure aluminum
in the beam path combined with the monochromatic
beam means that we have high confidence in the accu-
racy of this correction. An unexpected component of
this correction factor was the lateral divergence of the
beam, which resulted in the irradiation of regions of
the core that were meant to be shielded by the col-
limator. Consequently, a conservative estimate of the
type B uncertainty on the kg correction is used,
accounting for both the uncertainty in estimating the
divergence of the beam and the underlying uncertain-
ties in the photon cross sections. The divergence can be
addressed in a future iteration of this design by using a
secondary collimator, with an identical aperture to the
primary collimator, on the surface of the calorimeter
entrance window to reduce any beam spread.
Simulated and measured temperature traces showed
agreement at the 0.1% level (in terms of the nor-
malized radiation-induced temperature rise) and the
conduction correction factor, kcong, Was determined to
be 1.030 + 0.002. The EGSnrc simulations, as noted
above, showed that the beam divergence resulted in
energy deposition in the Nickel paste surrounding the
thermistor, an effect not modelled within the COMSOL
simulation. Subsequent simulations indicated that the
magnitude of the impact on the conductivity correction
was of the order of 0.2%. Since it was not possible to

model the paste accurately, an additional uncertainty
component was included in the overall uncertainty for
Kcond» @s given above.

The primary estimate of the uncertainty in the con-
duction correction is based on the difference between
the normalized radiation induced temperature rise for
both the simulated and measured temperature traces,
as shown in Figure 6. This approach was based on
previous investigations in our laboratory?? and provides
an overall assessment of validity of the model. Each
irradiation is normalized with respect to the temper-
ature given by the post-irradiation linear fit when the
beam is switched off. The normalized post-irradiation
temperature fit is then extrapolated to the irradiation
mid-point, resulting in the normalized radiation induced
temperature rise. The average radiation induced temper-
ature rise for all the normalized fits is then calculated.
The same normalization and fitting procedure is done
for the thermal simulation trace. The relative difference
between the average normalized temperature rise and
the normalized simulation temperature rise is used as
the simulation uncertainty component of kcong. This is
combined with the component described above related
to beam divergence to give the overall uncertainty for
this correction.

Preliminary measurements conducted at the beam-
line showed adequate signal-to-noise performance. The
mean derived temperature rise for a typical set of 15irra-
diations, at a fixed dose rate, showed an experimental
type A standard uncertainty®® of 0.6%. The measured
absorbed dose to the core was 1.14 + 0.01 Gy, although
the closeness of this value to 1 Gy is not meaningful.
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TABLE 3 A preliminary uncertainty budget highlighting the most
significant influence quantities for determining the absorbed dose to
the aluminum core in air when irradiated with a 140 keV
monochromatic synchrotron x-ray beam.

Type Type Combined
Components of Equation (1) A (%) B (%) Unc. (%)
Temperature rise 0.65
Thermistor calibration 0.05
Thermal conduction (kcong) 0.20
Radiation simulation (Kyessel) 0.01 0.50
Aluminum-specific heat capacity 0.12
Positioning 0.05
Dose to aluminum core in air 0.84

The irradiation time was adjusted to give a dose deliv-
ery of around 1 Gy to demonstrate operation at therapy
dose levels. This is a measure of the total energy depo-
sition of the collimated beam divided by the aluminum
core mass—average dose not dose at a point. The
synchrotron fluence distribution both vertically and lat-
erally as well as the beam divergence is modeled and is
implicitly accounted for in the ky,sse COrrection. A prelim-
inary uncertainty budget is presented in Table 3 and the
Type A uncertainty is expected to decrease for higher
dose rates (lower energies at the CLS). The combined
uncertainty for determining the average dose to the alu-
minum core in air is 0.84%. The reproducibility of the
temperature rise observed is a significant contributor
to the overall uncertainty and is due to electrical noise
in the thermistor and connecting wires. Improving the
electrical shielding of the thermistor leads outside the
vacuum vessel is expected to improve the reproducibility
of the measured temperature rise.

The calorimeter background temperature drift was
observed to be sensitive to room temperature. This
sensitivity, despite the high vacuum within the calorime-
ter vessel, is consistent with the thermal simulations
indicating that the thermistor leads are a significant
heat-conduction pathway. Further measurements at the
NRC with improved thermal insulation of the calorimeter
resulted in some improvement in the observed sensitiv-
ity to ambient temperature drifts. In parallel, an analysis
of all the calorimeter runs obtained at the CLS was
carried out to extract the effect of room temperature
variations. This indicated that the short irradiation time
and consequently the use of linear fits of pre- and post-
irradiation traces to perform an extrapolation over a
period equal to half the irradiation time, resulted in a
limited impact of background variations on the repro-
ducibility of the radiation induced temperature rise. This
can be attributed to the time constant for the change
in the background sensed by the core being an order
of magnitude larger than the irradiation time. Without
increased thermal isolation, operation at lower dose
rates necessitating larger irradiation times would be

challenging, as the uncertainty in the fitting algorithms,
and in the determination of kgong Would increase. How-
ever, these initial tests were performed at the lowest
dose rate beam available on the BMIT beamline, and so
there is confidence in successful operation across the
energy range of interest.

The calorimeter is not necessarily limited to the beam
energy and beam size used in this investigation but there
are certain limitations. The small mass of the core, and
subsequent conduction correction, requires short irra-
diation times, and therefore limits the minimum dose
rate measurable. The data obtained here suggest, with
suitable data acquisition and improved electrical noise
isolation, that dose rates down to 1 Gy/min may be
achievable while maintaining an overall uncertainty less
than 1%. Large field sizes, particularly a field impinging
on the outer vacuum vessel (radius 8 cm), will introduce
significant scatter contributions and result in increased
energy deposition in the thermistor, impacting both
kvessel @nd Kcong- However, operation in another beam
modality is attractive as a simpler validation method than
comparison with another synchrotron beam primary
dose standard. Depending on the specific beam in ques-
tion, operation in UHDR beams, as designed for FLASH
dose delivery, should be possible. The portability of the
calorimeter, for operation at clinical and research sites,
has already been demonstrated and FLASH dose rates
should result in very short irradiation times, reducing the
Type A uncertainty.

The reproducible measurement of the absorbed dose
to the aluminum core demonstrated here serves as a
first step to then allow a Monte Carlo derived conver-
sion to absorbed dose to water under a set of reference
conditions. This approach was motivated by the well
characterized irradiation geometry and the use of a
monochromatic source with a known relative fluence
distribution and energy. It is anticipated that the quan-
tity derived would be a dose area product, the average
dose delivered to an area equal to the collimated beam
area of 3.6 X 0.2 cm, at a depth of 2 cm in phantom. This
is not identical to the concept in AAPM TG-612° or IAEA
TRS-398'° but is appropriate, based on the calorimeter
design and the likely application of synchrotron radiation
to microbeam delivery.

The underlying uncertainty of the photon interaction
cross-sections would contribute to both the Monte Carlo
based conversion to derive the dose to the core in air
and to convert that value to absorbed dose to water.
Based on international recommendations for interaction
uncertainties*° a conservative component of uncer-
tainty of 0.5% is assumed. This would be added to the
budget in Table 3,to give an overall standard uncertainty
around 1%.

The result of this feasibility test is that the calorime-
ter design is suitable for operation in the monochromatic
x-ray beams available at the CLS BMIT beamline. Addi-
tionally, the portable design and quick set up time of the
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calorimeter will allow future measurements to be con-
ducted at different synchrotron facilities. The immediate
next steps in this project are to carry out measurements
in a range of monochromatic beams in the 65—140 keV
energy range at the CLS and to further investigate
influence quantities.

4 | CONCLUSION

This work has shown the feasibility of a prototype alu-
minum calorimeter operated in vacuum to measure
millimeter-sized monochromatic x-ray beams. Perfor-
mance was assessed by determining the absorbed
dose to the aluminum core for an incident 140 keV
monochromatic x-ray beam. The effect of scatter and
attenuation due to the vacuum vessel was modeled
using the EGSnrc Monte Carlo code and found to be
1.0325 + 0.0057. The effect of beam polarization was
found to be negligible by simulating the calorimeter
using the GEANT4 Monte Carlo code. Finite element
modeling simulations were used to model the tempera-
ture response of the calorimeter to the radiation induced
temperature rise. The correction for conductive heat
losses was determined to be 1.030 + 0.002. A pre-
liminary uncertainty budget was developed for a dose
delivery of approximately 1 Gy, which indicated that the
standard uncertainty in the determination of absorbed
dose to water should be in the region of 1% or bet-
ter. Work is ongoing to refine the calorimeter design to
reduce Type A uncertainties, and to validate the conver-
sion procedure to derive absorbed dose to water from
the absorbed dose to aluminum.
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