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Abstract

A transportable water calorimeter for the determination of the quantity of absorbed dose to water in radiotherapy beams has been developed
at the PTB and is presented in detail in this investigation. Heat conduction effects occurring in the calorimeter are studied for different lateral
sizes of high-energy photon beams, for different depth dose distributions of electron beams and for a scanned-beam irradiation with a heavy ion
beam. The corresponding correction factors are calculated and arguments are given under which conditions these can adequately be applied.
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1. Introduction

The quantity of absorbed dose to water, Dy, is the mea-
surement in the dosimetry for radiation therapy and can be
determined most directly with the aid of a water calorimeter
[1,2] by measuring the radiation-induced temperature rise,
A7, at a point in a water phantom:

Dy = Adcp(L — h) Ik (1)

To achieve a high accuracy of measurement, several influ-
ence quantities affecting the temperature measurement have
to be considered, for example the so-called heat defect, #,
which is a possible difference between the energy imparted
to water and the energy occurring as heat [3,4], or different
heat conduction effects due to the absorption of the radia-
tion. In Eq. (1) the heat conduction corrections, kc, as well
as further corrections are combined to the product Ik;.

At the Physikalisch-Technische Bundesanstalt (PTB) a
water calorimeter is implemented as the primary standard
for realizing the unit gray (Gy) of absorbed dose to water
for 80Co-radiation with a relative standard uncertainty of
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less than 0.3% [5]. Based on PTB’s primary standard water
calorimeter different devices such as ionization chambers, for
example, which are routinely used for basic dosimetric mea-
surements in hospitals, are calibrated in terms of absorbed
dose to water under reference conditions. Following the ref-
erence conditions in the case of %0Co-radiation, the point of
measurement is located at the central axis of an extended radi-
ation beam of 10cm x 10 cm in adepth of 5 cm inside a water
phantom of 30 cm edge length, which is placed in a distance
of 95 cm to the 0Co-source [6]. For this condition, the dose
gradients in the vicinity of the point of measurement inside
the water phantom of the calorimeter are small enough, that
the corrections for heat conduction effects caused by these
dose gradients are almost negligible.

However, new applications in radiation therapy with high-
energy photon and electron radiations, and furthermore also
with ion beams like protons or carbon ions, make use of much
smaller lateral field sizes than those mentioned above. The
reasonable use of a water calorimeter for these non-reference
conditions may be limited by the much stronger heat con-
duction effects occurring in these cases. Nevertheless, the
calorimetric determination of the quantity of absorbed dose
to water in radiotherapy beams is of great interest, as it is
the most direct method to achieve the quantity in absolute
terms. At PTB, an additional calorimeter, based on the initial
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design by Pieksma et al. [7] has been developed besides the
above-mentioned primary standard water calorimeter, which
can be used as a transportable device applicable not only at
a standard laboratory but also at a radiation therapy facility.

In this paper, the transportable water calorimeter will
be presented in detail and it will be discussed how far the
water calorimeter can be used in radiotherapy beams with-
out increasing the measurement uncertainty excessively. By
means of heat conduction calculations on the basis of the
finite-element-method, correction factors for the calorimet-
ric determination of absorbed dose to water are calculated for
radiation beams of different lateral extensions as well as for
the special case of irradiations with a heavy ion beam using
the so-called scanned-beam or raster-scan method. Addition-
ally, heat conduction effects are investigated which occur due
to the temperature gradients caused by different depth dose
distributions in water, for instance for electron radiation of
different energy.

2. Material and methods
2.1. Calorimeter

The PTB primary standard water calorimeter as well as the
new transportable calorimeter mainly use identical compo-
nents as, for example, the water phantom and the calorimetric
detector, which have been described in previous publications
[8,9]. Briefly, a water calorimeter consists of a water-filled
cubic phantom of 30 cm edge length, made of 1 cm thick poly-
methylacrylate (PMMA) walls. The horizontally directed
radiation enters the phantom through a 3 mm thick PMMA
window. As the calorimeter is operated at a water tempera-
ture of 4°C to avoid convection inside the water phantom,
and as the radiation-induced temperature increase to be mea-
sured amounts to only about 0.24 mK/Gy, the phantom of the
calorimeter is thermally isolated by a layer of polystyrene,
several centimetre thick, surrounded by an active tempera-
ture stabilization system.

The method of temperature stabilization of the trans-
portable calorimeter significantly differs from that used in the
primary standard calorimeter and is realized by a sandwich
structure made of 11 mm thick, actively cooled aluminium
plates fixed between two 5cm thick layers of polystyrene.
The six sides of the water phantom are completely covered
by this structure, leaving open only the 12 cm x 12 cm radia-
tion entrance window where the thickness of the polystyrene
layer, shielding the water phantom from room temperature,
amounts to 15 cm. That cooling plate, which is located at the
top side, is machined as a traversable lid to enable access to
the water phantom. In detail, each plate consists of a lower
plate, 9 mm in thickness, in which a cooling channel with a
rectangular cross-section of 7mm x 10 mm has been milled
out in a meander-like structure (Fig. 1), and a cover plate,
2 mm in thickness, to seal the channel. The cooling channels
are connected in parallel to an outside cooling unit which

Fig. 1. Constructional drawing of the transportable calorimeter, showing the
cooling plates with the meander-like channels (A), the outer frame structure
(B), parts of the polystyrene shielding (C) and the radiation entrance window

D).

is suited to fix the temperature of the cooling plates to better
than £0.01 °C. The external Pt-100 sensor of the cooling unit
is placed at the surface of one of the aluminium plates. Addi-
tional Pt-100 sensors placed on each plate are used to monitor
their temperatures during the operation of the calorimeter.
Fig. 2 shows a picture of the transportable water calorimeter,
which has an almost cubic shape of about 60 cm edge length.

When the calorimeter is put into operation, the cooling
liquid does not only flow through the channels inside the alu-
minium plates but is by-passed to a stainless steel tube located
inside the water phantom. The water inside the phantom is
permanently mixed by means of a magnetically coupled stir-
rer located at the bottom of the phantom. To accelerate the
cooling procedure, the temperature of the cooler is first set
to 2.5°C, which decreases the temperature of the water in

Fig. 2. Picture of the transportable water calorimeter with the corresponding
cooling unit. The calorimeter has an almost cubic shape of about 60 cm edge
length.
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Fig. 3. Water temperature (B) in the calorimeter during the cooling proce-
dure. The set-point of the cooler is changed from 2.5 to 4 °C at the end of
time interval (1). During interval (2), the water temperature is heated up
to 4°C step by step and remains unchanged during the period that follows
(3). By means of the upper time scale and the right temperature scale of the
graph, the water temperature (A) is shown in an expanded view for a part of
the time period (3).

the phantom to about 3.5°C after about 7 h. Then the cool-
ing bypass into the phantom is switched off and the set-point
for the cooler temperature is increased to 4 °C, followed by
a step-by-step procedure in which the water temperature is
slowly heated up to 4 °C by means of a heating wire which
surrounds the above-mentioned stainless steel tube inside the
phantom. After that, the stirrer in the phantom is switched
off. The whole cooling procedure is completely automated
and takes typically 18—24 h before the remaining temperature
gradients in the calorimeter are low enough for irradiation
measurements to be started (Fig. 3).

The calorimetric detector [9] consists of a plane-parallel
glass cylinder filled with high-purity water, in which two
thin cone-shaped glass pipettes are mounted perpendicular
to the cylinder axis and opposite each other, such that the
opposing tips of the pipettes are separated by about 8 mm. The
tip of each pipette contains a thermistor sensor 0.25mm in
diameter. The detector can be fixed at different water depths
in relation to the entrance window of the phantom and is
mounted such that the axis of the radiation field coincides
with the cylinder axis.

2.2. Heat transport calculations

When the water calorimeter is applied for measurements
in an extended radiation field, the dominant heat conduction
effects arise due to the irradiation of the non-water mate-
rials of the detector (e.g. glass), because the values of the
specific heat capacities and of the radiation interaction coef-
ficients of these materials deviate from those of water. The
corresponding corrections for these effects for 8°Co-radiation
have been extensively studied in previous publications [9,10].
For the present investigation, the additional heat conduction
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Fig. 4. Lateral dose distributions for high-energy photon radiation beams of
different field sizes. The curves shown are based on measurements performed
at the linear accelerator of the PTB for field sizes between 20 and 75mm
and at the 89Co-source for a field size of 100 mm, respectively.

effects caused by irradiations with smaller lateral field sizes
as well as for different depth dose distributions have been
calculated. A two-dimensional model of the water phantom
without the detector was used within a finite-element pro-
gramme (ANSYS 7.1). The element size of the model was
chosentobe 1 mm x 1 mm. The transient calculations for this
investigation were performed for an irradiation time of 120s,
followed by a drift period without radiation of the same dura-
tion. This corresponds to the standard operating mode of the
water calorimeter.

Most of the heat generation rates used in the calculations
were derived from experimentally determined dose distribu-
tions measured at the PTB linear accelerator or at the 5°Co-
source, respectively. The measurements were performed in
a water phantom by the help of a small ionization cham-
ber fixed in a PMMA mount which could be automatically
moved either in horizontal and vertical direction in respect
to the mid-axis of the field or in parallel to the direction of
the radiation. To generate mathematical expressions for the
heat generation rates applicable within the finite-element pro-
gramme, the measured distributions were fitted by combina-
tions of polynomial and exponential functions. Fig. 4 presents
these curves for photon radiation beams with different lateral
dose distributions having full width at half maximum-value
(fwhm) ranging from 20 to 100 mm. For electron and pho-
ton radiations of different energies, depth dose distributions
in the direction of the radiation were measured at the cen-
tral axis of the radiation beam. Fig. 6 shows the principal
functional dependence of the corresponding heat generation
rates for these cases and for the case of a 300 MeV carbon
ion beam. For the study of the heat conduction effects occur-
ring in irradiations using the scanned-beam method, the heat
generation rates for the calculations were derived from the
assumed Gaussian-shaped intensity distribution of the car-
bon ion beam with an fwhm-value of 6 mm.
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3. Results and discussion

In this section, correction factors are presented for the
calorimetric determination of absorbed dose to water accord-
ing Eq. (1). The heat conduction corrections, kc, are based on
the results of finite-element heat conduction calculations and
are defined as the ratio of a calorimetric result without and
with influence of the heat conduction effects. The adequate
application of the corrections requires that the experimen-
tal value and the calculated correction have been determined
for the same case, that means identical time intervals must
be used for the linear extrapolations of the pre- and post-
irradiation drift curve to the mid-run position. For an irra-
diation time of 120s, these time intervals are 110s each for
the pre- and post-irradiation drift curve, with the latter one
starting 10 s after the end of the irradiation [9].

3.1. Lateral dose distributions

The correction factor, kc, for the heat conduction effects
caused by the limited size of the radiation beams has been
calculated in dependence of the field size for different lat-
eral positions in respect to the central axis of the fields. This
reflects the fact that the two thermistors of the calorimet-
ric detector are both about 4 mm separated from the central
axis. For this point of measurement, an additional correc-
tion factor, kg, which is given by the ratio of the dose rate at
the central axis of the beam to the dose rate at the point of
measurement, has to be applied to obtain the absorbed dose
to water under reference conditions. The conductive correc-
tions, k¢, for the case of an irradiation time of 120s and the
non-conductive corrections, kg, are shown in Fig. 5. Both
relative corrections are below 0.5% for field sizes larger than
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Fig. 5. Calculated correction factor kc and kg (upper part of the graph) for
an irradiation time of 120 s as a function of the field size. The correction kg
corrects for the dose rate difference between the central axis of the radiation
beam and the point of the caloric measurement, which is 4 mm away from
the central axis. The correction kc corrects for the heat conduction effects
due to the lateral dose distribution and is given for the point of the caloric
measurement (B) as well as for the central axis of the radiation beam (A).

50 mm x 50 mm, but for smaller field sizes the corrections
increase. For instance, the conductive correction k¢ for the
point of measurement being 4 mm away from the central axis
already amounts to about 0.983 for a field 40 mm x 40 mm
in size. Furthermore it can be seen that for even smaller field
sizes there is a strong variation in the amount and also in the
direction of the correction. This is an indication that for the
smaller field sizes, the corrections start to depend sensitively
on a precise knowledge of the shape and width of the dose
distribution and of the position of the measurement, respec-
tively. The question arises if the correction factors kc and kr
can be adequately applied for these irradiation conditions or,
in other words, which standard uncertainties can be assigned
to the corrections.

From additional finite-element calculations simulating
possible variations of the width of the dose distributions by
about +1 mm, which may be caused by instabilities of the
accelerator during the caloric measurements, the standard
uncertainty of the heat conduction correction kc is estimated
to be about +0.002 for a field size of 40mm x 40 mm and
about +0.018 for a field size of 20 mm x 20 mm. Further-
more, also the symmetry (“flatness™) of the radiation beam
in respect to the central axis is very likely to change during
the caloric measurements, which probably causes an addi-
tional uncertainty of at least the same amount as given above.
At the same time the conductive correction factor k¢ varies
due to instabilities of the lateral dose distribution, also the
non-conductive correction factor kg changes. Although the
position of the thermistors inside the calorimetric detector is
precisely known within an uncertainty of 0.1 mm, a change
in the shape of the dose distribution can be regarded as a
hypothetical change of the point of measurement in respect
to the central axis of the field. Therefore, for an estimate
of the uncertainties of the non-conductive correction factor
kg, the point of measurement is assumed to also vary within
+1mm for a given lateral dose distribution. This way, the
standard uncertainty of the correction kg in the case of the
40mm x 40 mm and the 20 mm x 20 mm field amounts to
40.002 and £0.074, respectively.

Although smaller correction factors can be achieved for
shorter irradiation times, it must be concluded that the use
of a water calorimeter of the given design may be generally
limited to radiation beams with a geometric width greater
than 40 mm. For these cases, the calorimetric determination
of absorbed dose to water within a relative combined stan-
dard uncertainty of less than 1% is achievable if it is assumed
that corrections for other influence quantities, which are not
being dealt with in this investigation, remain unchanged for
the different beams. Clearly the results presented in this sec-
tion depend on the individual width and shape of the dose
distributions available at the PTB. This can be different at
other radiation facilities. Therefore, it is essential in any case
to have a good knowledge of the lateral dose distribution
and its stability over the time of the calorimetric measure-
ments in order to be able to calculate the correction factors
properly.
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Fig. 6. Depth dose distributions in water for 20 and 6 MeV-electron radiation
(A and B) and for 16 MV photon radiation (C), based on measurements
performed at the linear accelerator of the PTB. In case of the 300 MeV
carbon ion beam (D) only the principal shape of the distribution is shown.

3.2. Depth dose distributions

From Fig. 6 it can be expected that the influence of heat
conduction effects driven by the depth dose distribution will
be very small for photon radiation as the dose gradients are
generally small. Corresponding heat transport calculations
have been performed for 8Co-, 8 MV-, and 16 MV-photon
radiation. In all cases, the conductive correction factor for
an irradiation time of 120s is less than 0.01% at the ref-
erence point of measurement, which is in a water depth of
50 and 100 mm for %9Co- and high-energy photon radiation,
respectively [6]. This principally differs from the case of high-
energy electron or ion beams. For these types of irradiation,
large temperature gradients caused by the depth dose curves
(Fig. 6) occur in the water calorimeter. In case of the 6 and
20 MeV-electron depth dose distributions the correction fac-
tor k¢ at different water depths is given in Table 1, which
reflects the fact that the measurements can be performed at
different reference points, following either the recommenda-
tions of the IAEA- or of the DIN-dosimetry protocol [6,11]. It
can be seen that the calculated corrections amount to less than
1% and more than 4% in case of the 20 and 6 MeV-electron
radiation at 20 mm depth in water, respectively. However, for
the transportable water calorimeter presented in this investi-
gation, the remaining temperature drift without irradiation
at a water depth smaller than or equal to 20 mm is still
affected by the influence of the room temperature outside the

Table 1
Heat conduction effect caused by different electron depth dose distributions
MeV 22 (mm) kc 2 (mm) kc

6 20.0 1.0423 13.7 1.0396
20 20.0 1.0066 47.8 0.9999

Correction factor k¢ at different water depths z.
2 Depth recommended by DIN [11].
b Depth recommended by IAEA [6].

calorimeter. During irradiation, this additional drift is super-
imposed by the depth dose driven temperature drifts and may
result in unpredictable corrections. It must be concluded that
the use of the water calorimeter in electron radiation is limited
to energies higher than about 13 MeV, for which the recom-
mended point of measurement according the IAEA-protocol
is at a water depth beyond 30 mm. For these cases, the stan-
dard uncertainties of the calculated correction factors k¢ are
smaller than £5 x 104, considering small variations in the
finite-element-model as well as in the mathematical expres-
sions for the heat generation rates used in the calculations.

The very large temperature gradients in the vicinity of the
maximum of the depth dose curve of the 300 MeV-carbon
beam are by far too large for any direct calorimetric deter-
mination of absorbed dose to water at that point. However,
in the clinical application of this type of radiation, the beam
energy is varied within a certain range to achieve a depth
dose distribution offering a narrow plateau region with an
almost constant dose rate. In this case, depending on the width
of the plateau region, similar heat conduction corrections as
discussed in Section 3.1 could be expected if the measure-
ments could be performed in a quasi-static radiation field,
i.e. the variation of the energy must be done fast enough, that
heat conduction effects due to the superposition of the depth
dose curves of the single beams can be neglected. Otherwise
the measurements with the calorimeter should be performed
using a radiation beam of constant energy and the point of
measurement should be chosen to be at the smooth part of the
dose distribution in a water depth between 50 and 100 mm.
In this case the conductive corrections caused by the depth
dose distribution are negligible.

3.3. Scanned-beam

In radiotherapy treatments with proton or heavy ion beams
using the scanned-beam method, a radiation beam with a
pencil-like lateral dose distribution is moved step by step
across the desired area in less than 1 min. By simultaneously
varying the dose rate and energy of the beam during the scan-
ning procedure, the whole tumour volume can be irradiated
with the prescribed dose. However, for a calorimetric deter-
mination of absorbed dose to water it may be more adequate
to use a constant dose rate as well as a constant energy (see
Section 3.2) throughout the measurement. This way, depend-
ing on the step size during the scanning procedure, an almost
homogeneous lateral dose distribution is achieved towards
the end of the scan. The time evolution of the correspond-
ing temperature distribution in water, which arises from the
superposition of the single beams, is mainly determined by
the irradiation time at each position of the scanned area.

To investigate the heat conduction effects in case of the
scanned-beam method, finite-element calculations were per-
formed for an irradiation with a 300 MeV carbon beam hav-
ing an fwhm of 6 mm, which is scanned across an area of
52 mm x 52 mm using a step size of 4 mm. This results in
variations of the lateral dose distribution of only about 0.04%.
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Fig. 7. Calculated three-dimensional temperature distributions in case of the scanned-beam method. A 300 MeV carbon ion beam with an fwhm-value of 6 mm
(left part) is scanned across an area of 52 mm x 52 mm with a step size of 4 mm. The irradiation time for each step is 0.1s. The middle and the right part of the
figure show the temperature distributions at the end of the seven times repeated scan and 120 s after the end of the scan, respectively.

The irradiation time at each of the 169 beam positions is
assumed to be 0.7s. Additionally, a seven times repeated
scan was studied by using a single irradiation time of 0.1s
and the same scan-parameter as mentioned above. The total
irradiation time is about 118s in this case, which is com-
parable to other irradiation conditions used in the present
investigation. The calculated three-dimensional temperature
distributions at the beginning of the first scan, at the end
of the seventh scan and 2 min after the end of the irradia-
tion are shown in Fig. 7. From the middle part of the figure
it can be seen that at the end of the irradiation the tem-
perature at the plateau region of the distribution is nearly
constant, offering only a small increase to those positions of
the scanned area, which have been irradiated at last. Based
on such temperature distributions, the conductive correction
factor k¢ for the calorimetric determination of absorbed dose
to water is calculated to be 0.9992 and 0.9982 for the sin-
gle scan at the central axis of the field and 4 mm apart the
axis, respectively. In case of the seven times repeated scan,
the corrections are nearly the same and amount to 0.9990 and
0.9981 at the central axisand 4 mm away fromiit, respectively.
The standard uncertainty of the given correction due to pos-
sible variations in the finite-element calculations is smaller
than 45 x 1074,

The investigation in this section shows that on principle,
the water calorimeter is applicable for irradiations using the
scanned-beam method. However, it should be accepted that
the conductive corrections given here are only valid for the
somewhat ideal situation of the calculations. In reality it has
to be expected that the dose distribution of a single scan may
not as homogeneous as assumed, which will strongly affect
the heat conduction corrections.

4. Conclusions
The application of the transportable water calorimeter for

the determination of absorbed dose to water in radiotherapy
beams is limited to certain irradiation conditions. Heat con-

duction calculations for the case of an irradiation time of 120 s
show that the geometric width of the radiation beam should be
generally larger than 40 mm x 40 mm to keep the combined
standard uncertainty for the determination of absorbed dose
to water at less than 1%. When the transportable calorimeter
is to be used for electron beams, a reasonable correction of
the heat conduction effects caused by the depth dose distri-
bution seems to be possible only for electron energies above
13 MeV. Furthermore it can be concluded that the irradiation
conditions in case of the scanned-beam method with proton
or heavy ion beams of constant energy can be adequately
chosen for the use of a water calorimeter. Heat conduction
calculations for the scanned-beam method investigating the
combined effect of simultaneously varying the lateral posi-
tion of the beam as well as the energy of the beam will be
performed shortly.

For the transportable calorimeter presented in this
investigation a further correction has to be applied for the
so-called perturbation effect. Due to the aluminium cooling
plates surrounding the calorimeter, the radiation field at
the point of measurement will be disturbed to some extent.
Preliminary results for ©°Co-vy-radiation predict this effect to
amount to about 0.3%. In the near future the corresponding
corrections for different kinds of radiation beams will be
determined by the help of Monte-Carlo calculations as well
as by comparative measurements with the primary standard
water calorimeter.
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