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Abstract

The aim of this project is to develop a calorimeter for use in both electron and photon beams. The
calorimeter should be more robust than the present NPL primary standard X-ray calorimeter and is
designed to be sufficiently portable to enable measurements at clinical accelerators away from NPL.
Although intended for therapy-level dosimetry, the new calorimeter can also be used for high-dose
measurements at industrial facilities. The system consists of a front end (the calorimeter itself), means for
thermal isolation and temperature control, and a measurement system based on thermistors in a DC
Wheatstone bridge. The early part of the project focused on the development of a temperature control
system sensitive enough to allow measurements of temperature rises of the order of 1 mK. The control
system responds to the calorimeter, phantom and air temperatures and maintains the temperature of the
calorimeter to within ± 0.2mK over several hours. Initial operation at NPL in 6, 10 and 16 MV X-ray
beams show that the system is capable of measurements of 1 Gy at 2 Gy/min with a random uncertainty
of ± 0.5% (1 standard deviation).

1. INTRODUCTION

Graphite calorimeters have been under development at NPL for many years. There are separate
primary standard graphite calorimeters for high energy photon and electron beams. The photon
calorimeter [1] is based on the design by Domen and Lamperti [2] and is a complex device able to
measure dose rates down to 1 Gy/min. The electron beam calorimeter was first developed for high dose
applications in radiation processing and sterilization [3] but has been enhanced to operate at radiotherapy
dose rates as low as 5 Gy/min [4]. Graphite has obvious advantages as the material to use for a
calorimeter in that it is a solid with a high thermal conductivity and zero heat defect (i.e. all the energy
deposited by the radiation is expressed as heat). However, its major limitation is that it is not the material
of interest. In the majority of dosimetry applications absorbed dose to water is the quantity required and
therefore, corrections are required to convert from absorbed dose to graphite to absorbed dose to water. A
water calorimeter would give the desired quantity directly, but water calorimeters tend to be very complex
devices and the radiochemical reactions in water lead to a heat defect which makes it difficult to obtain an
accurate value of the absorbed dose. Water calorimeters are under development at a number of
institutions worldwide - including NPL - and their use is generally restricted to radiotherapy dose levels.

Since the two graphite calorimeters at NPL are of very different designs, it is not possible to define
either one as the primary standard for both radiation types. The photon calorimeter can operate in high
energy photons from Co-60 to 20 MV but is restricted to electron energies above 12 MeV. The electron
calorimeter's simplicity of design means that it cannot operate at the limited dose rates available for high
energy photons. It would be preferable to have a single calorimeter for both electron and photon beams
for a range of dose rates - from therapy levels up to industrial levels.

NPL offers a number of dosimeter calibration services for high energy photon and electron beams
at therapy and industrial dose rates. One area of concern for all these services is the validity of the
transfer of the calibration from NPL to other radiation facilities. It is assumed that the secondary
dosimeters calibrated, whether they be ion chambers or chemical dosimeters, behave in the same way in
two radiation beams defined by some beam quality. It is difficult to test this assumption since it has not
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be generally possible to operate primary standard calorimeters away from NPL. It is a desirable objective
to be able to operate a calorimeter in the user's own radiation field. This would enable one to check the
transfer of calibrations and investigate beam quality issues. This is primarily a concern at radiotherapy
dose levels where the uncertainty associated with a calibrations has to be much smaller, but it would also
be beneficial to have a calorimeter that could be taken from one industrial facility to another. This paper
will deal primarily with calorimetry at radiotherapy levels since this is the most demanding application.

2. DESIGN

2.1. Design requirements

The design requirements of this new calorimeter can be stated quite simply:

(1) A single calorimeter to operate in high energy photon and electron beams
(gammas: Co-60 to 20 MV, and electrons: 3 MeV to 25 MeV) at dose rates from
1 Gy/min to 10 kGy/min.

(2) A simple and robust design, easy to maintain.
(3) Portable, to allow measurements at other radiation facilities, primarily in the UK but also

in other countries.

There are two main problems with therapy-level calorimetry - measuring the radiation-induced
temperature rise, and preventing environmental changes from swamping the measurement. The radiation-
induced temperature rise in a material is related to the absorbed dose via the specific heat; a dose of 1 Gy
(a typical dose at radiotherapy levels) to graphite leads to a temperature rise of 1.4 mK. To be useful, the
calorimeter must be able to measure this dose with an uncertainty better than ±0.5%, which is equivalent
to ± 7|xK To resolve temperatures to this level at room temperature is a severe problem requiring state-
of-the art equipment. The second problem is that of temperature control. To be able to measure the
radiation-induced temperature rise in the calorimeter, environmental effects must be kept to a minimum.
The radiation-induced temperature rise is obtained by extrapolating the pre-and post-irradiation
temperature traces to the mid-point of the irradiation. Changes in these traces due to environmental
effects would result in an error in the extrapolation. Ideally the pre- and post-heat temperatures should be
constant, but a linear drift in one direction does not have an effect on the extrapolation. However, any
non-linear behaviour in the drift would significantly affect the derivation of absorbed dose. This therefore
implies that the room where the calorimeter is used must have very stable air conditioning, or the
calorimeter must have built-in temperature control. The NPL linac benefits from a very stable air
conditioning system which keeps the temperature of the irradiation room within ±0.1 °C, allowing
operation of the electron beam calorimeter down to 5 Gy/min with only minimal expanded polystyrene
insulation. However, such air conditioning is not generally available in other radiation facilities and
therefore the only option is to design a calorimeter with built-in temperature control. Such a control
system would have to cope with a wide range of temperatures and rapid temperature changes. For
example, a linac exposure room in a radiotherapy clinic has a maze entry but no doors, and therefore a
calorimeter in such a room could experience a combination of effects due to draughts and heat sources
(e.g. the linac itself). The situation in industrial facilities is likely to be even more severe, although the
measured temperature rise due to the radiation is much larger.

2.2. Calorimeter design

After some consideration it was decided to base the new calorimeter on the present electron beam
primary standard calorimeter. Such a device would need further enhancements to allow operation at
1 Gy/min and in more hostile environments than those found at NPL. Graphite was the material of choice
since there was already much experience of using graphite calorimeters at NPL. The only other choices
are water or some water-equivalent plastic. Water is just not practicable for a portable calorimeter and
little work has been done on plastics, except for polystyrene. Although the conversion from graphite to
water adds an additional uncertainty, it was not felt to be a significant problem. The basic elements of the
calorimeter are shown schematically in Fig. 1. The main calorimeter body is a graphite core and a graphite
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FIG. 1. Schematic diagram of calorimeter. For clarity the second bridge and associated thermistors
are omitted.

surround. The core is a disc 20 mm in diameter and 2 mm thick, with holes drilled radially into the disc to
accommodate four 22 kQ bead thermistors of diameter 0.5 mm and length 3 mm. The graphite surround
is an octagon 90 x 90 mm in cross section and 6 mm in thickness. The core is thermally isolated from the
surround by a nominal 1 mm air gap at all faces and is supported by small expanded polystyrene beads.
The octagon is a convenient approximation to the nominal 90 mm diameter circular field of the NPL linac
at a SSD of 1 m. The thickness of the calorimeter core is chosen so that it can be used in the lowest
electron energy available from the NPL linac - 3 MeV. The diameter of the core is such that any
correction for radial beam uniformity is small.

Graphite plates are added in front of the calorimeter body to position the core at the desired
measurement depth and also added to the rear to provide backscatter. The thickness of this backing
depends on the radiation type, the incident beam energy and on the measurement depth and is chosen so
that the temperature rise in the backing is as close as possible to that in the core. One of the major
problems with electron dosimetry is the rapid fall-off of the depth-dose curve. If one used a traditional
"thick" phantom, such as employed in the photon primary standard calorimeter, there would be significant
heat transfer from the core to the graphite surround (especially without the benefit of a vacuum system)
making extrapolations difficult. The entire calorimeter assembly is enclosed in 25 mm of expanded
polystyrene to provide a first level of thermal isolation.

The thermistors that measure the temperature rise in the graphite core are included in opposing
arms of two simple DC Wheatstone bridges constructed from precision resistors with a very low
temperature coefficient (<1 ppm/°C). Two commercial 61/2-digit voltmeters (DVMs) read the out-of-
balance voltages from the bridges simultaneously and are operated under IEEE-488 computer control.
The power supply for the bridge is a precision voltage supply (Vsup equivalent to 1.4 V) constructed at
NPL [5]. The aim of these enhancements to the basic electron calorimeter design was to increase the
signal to noise ratio. Two bridges gives an immediate improvement. By using thermistors in opposing
arms of the bridge one can cancel out some of the induced noise, which theory suggests should be better
than single thermistors in individual bridges. Shielded, twisted pair cable is used throughout to keep noise
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pickup to a minimum - a linear accelerator is a very electrically noisy environment and therefore every
precaution must be taken to minimise the effects of noise. A larger value of the bridge power supply can
also be used to increase the signal-to-noise ratio, although it also increases the power dissipated in the
thermistors and raises the question of non-linear effects due to thermistor self-heating. Calculations have
indicated that a value of up to 2V can be used safely.

The bridge out-of-balance voltage is calibrated directly against the absolute core temperature using
a commercial platinum resistance thermometer (PRT). The thermistors used in the calorimeter have been
found to be very stable requiring re-calibration only every two years. The effect of accumulated dose on
the response of the thermistor type used here has been measured at NPL [6]. No change was measured at
the ±0.1% level for doses in excess of lMGy.

As stated earlier, the absorbed dose to the graphite core Dg is derived directly from the absolute
temperature rise ATg and the specific heat capacity cg of the core (Dg = cgxATg). Extensive measurements
have been carried out at NPL to measure the specific heat capacity of the graphite core over the
temperature range 18-32 °C. Williams [7] looked at several samples of graphite and found no significant
difference in the specific heat capacity. He also irradiated a sample up to a dose of 3 MGy and re-
measured the specific heat capacity. Again, there was no significant difference in the result. The result
also agreed with previous measurements of the specific heat capacity made at NPL using the method of
differential scanning calorimetry [8], but with a much reduced uncertainty.

The most significant drawback of this design is the isolation of the core from the surround. By
using only a 1 mm air gap , rather than a vacuum gap as in the photon primary standard calorimeter, one
increases the heat transfer from the core to the surround. If the time constant associated with this transfer
is too small then what is measured is the bulk temperature rise rather than the core temperature rise.

2.3. Temperature control system

The temperature control system is shown schematically in Fig. 2. It consists of a large graphite
body (total mass 14 kg) which surrounds the calorimeter on five sides. It is not possible to put material in
front of the calorimeter since that would affect the measurement depth and prevent operation at the lowest
electron energies. Embedded within the graphite body are electrical heater elements which elevate the
body temperature to approximately 30 °C. By operating at an elevated temperature one can use the
environment as the cooling circuit rather than employing Peltier heat engines. The entire body is
surrounded by 25 mm of expanded polystyrene, with an extra 50 mm at the front to reduce the heat
transfer from the environment to the calorimeter. This polystyrene is enclosed in a hard plastic case, open
at the front, which is electrically screened to reduce noise pickup. The current to the heater elements is
provided by a computer-controlled power supply. Three temperatures are sensed - the calorimeter
surround, graphite body, and outside air. An algorithm running on the controlling PC adjusts the heater
current according to the temperatures of the air, body and core in order to keep the calorimeter
temperature constant. An alternative to this system would be to place the calorimeter inside an air-
conditioned box. However, to obtain the same stability as the graphite body arrangement one would need
a large volume of air which would make transport more difficult. The overall dimensions of the body
controller are 40 x 40 x 40 cm which makes it relatively easy to transport. It should be noted that there
are no heater elements in the calorimeter itself and that the body is outside the field size of the NPL beam
(except behind the calorimeter). This design is therefore best suited to a scattered, rather than swept,
beam.

The temperature sensing thermistors used for the control system are separate from those used to
determine the absorbed dose. The sensor for the calorimeter surround is a single glass bead thermistor in
a DC bridge. The graphite body uses nine thermistors in a series/parallel arrangement in a single arm of a
DC bridge. This arrangement behaves like a single thermistor but gives the mean temperature over the
whole of the graphite body. Similarly, the air is sensed using four thermistors in a series/parallel
arrangement to give the mean air temperature over four sides of the outer case. These air sensors are
mounted on thin graphite plates to reduce any self-heating effect and give a more reliable response. The
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FIG. 2. Schematic diagram of the body design - side view.

major assumption in this approach is that the three-dimensional system approximates to a one-
dimensional system denned by the three temperatures - calorimeter surround, mean body, and mean air.
Such an assumption is a reasonable starting point and makes it easier to construct a control algorithm.
The three temperature sensors are calibrated in terms of absolute temperature against a PRT in the same
way as the thermistors used to measure the absorbed dose.

A significant amount of work has been put into developing the control algorithm. This is superior
to a standard PID (proportional-integral-differential) algorithm in that it anticipates the effect of
variations in the air temperature on the calorimeter core and adjusts the body temperature to compensate.
The control system is somewhat asymmetric in that heat can be put much more quickly into the body
through the electrical heating than it is lost through conduction to the air. Effort has been made to derive,
by measurement, the heat transfer coefficients for the three components - ainbody, air:core and body:core.
The aim was not to derive a full thermal model of system but to use a simplified model based on one
dimensional heat transfer. The algorithm also has to rapidly stabilize the calorimeter. If one is to make
measurements in the field then one cannot wait several days for the calorimeter to be ready for use.
Separate PCs are used to control the calorimeter temperature and measure the absorbed dose - although
this involves more equipment it simplifies the software.

3. TESTING

There are three aspects to the testing of this calorimeter - testing the temperature control algorithm,
investigating the performance of the calorimeter and any systematic effects, and validation of the
calorimeter against the present primary standards at NPL. Only when this has been completed can the
final test of use in the field be carried out. The calorimeter was tested in 6, 10 and 16 MV photons and 16
MeV electrons using the NPL linear accelerator. The NPL linac is a travelling-wave, two-section research
accelerator allowing manual control of all the important operating parameters (pulse current, prf, pulse
width etc) at any electron energy in the range 3-20 MeV. A tungsten target (for X-rays) or an aluminium
scatter plate (for electrons) is placed at the end of the accelerator flight tube. For the photon
measurements a SSD (source-surface distance) of 1 m and field size of 9 cm diameter was used; for the
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electron measurements a SSD of 2 m and a field size of 15 cm x 15 cm was used. The dose rate in
photons was varied between 2 and 5 Gy/min while in electrons a higher dose rate between 10 and
20 Gy/min was used. By operating at higher dose rates one can give the required dose (typically 1 Gy) in
a much shorter time and therefore one can investigate more thoroughly the transfer of heat between the
calorimeter core and its immediate surround. It is obviously easier to obtain the higher dose rates in
electrons. A transmission monitor ion chamber is used to correct for current variations in the linac output.
This monitor is of an NPL design - aluminium electrodes are evaporated onto 25 |im polyimide foils -
putting a minimal amount of material in the beam.

4. RESULTS

The performance of the temperature control algorithm is shown in Figs 3 and 4. A typical
calorimeter run is shown in Fig. 5.

5. DISCUSSION

Figure 3 shows what the various temperature sensors measure when the control program is started.
Initially the calorimeter is at room temperature with all three sensors reading the same temperature. As
stated earlier, rapid stabilization of the calorimeter at its operating temperature is a primary requirement
of the algorithm, and this is achieved by rapidly heating the body above its operating temperature and
then, at the appropriate moment, switching the electrical heating off. This makes the calorimeter
temperature drift up to the desired operating temperature and, just before its temperature would start to
fall again, the body is turned on again to maintain constant temperatures. The user is able to set the
required temperature of the calorimeter and the control program adjusts the body temperature to suit,
depending on the air temperature. As can be seen the air sensor also indicates an increase in temperature.
This is because the air sensors are placed on the outside of the case of the body and respond to heat
conducting through the polystyrene insulation. Although this means that the air sensors do not measure
the true air temperature, it does not significantly affect the performance of the control program.
Stabilization of the calorimeter is achieved within eight hours.

Figure 4 shows the stability of the calorimeter at a later time when stabilization has been achieved.
By varying the body temperature in response to air temperature variations, the calorimeter temperature is
maintained to ± 0.2 mK over several hours. As one can see, there is a slight systematic residual in the
calorimeter temperature (at the 0.1 m K level) indicating that the control algorithm is not fully correcting
for air variations. Although the long term stability is impressive, one is really interested in the stability of
the system over the length of a calorimeter run - typically five minutes. Slow changes in temperature are
acceptable since these produce linear drifts in the calorimeter trace and these are typical of the NPL
environment. It is not so certain that other radiation facilities are so benign. One of the concerns in
developing the algorithm was whether the parameters determined in the model were 'universal' or
situation specific. Ideally the control program would perform the same in any radiation facility, but
further work is required to see whether this is true. Work is currently underway at NPL to gain a deeper
understanding of the physical processes involved in the calorimeter system which should yield a more
robust and reliable control algorithm.

Figure 5 shows a typical calorimeter run in a 16 MV photon beam at a dose rate of 5 Gy/min. The
irradiation time was kept to a minimum so that any heat transfer between core and surround in the
calorimeter would be clearly shown. If one had complete isolation of the core from the surround then the
post-heat trace would have exactly the same gradient as the pre-heat trace, but this is obviously not the
case here. Curvature in the post-heat trace indicates significant heat transfer from core to surround. The
extrapolations will correct for this heat loss but the uncertainty is increased due to the non-linear
behaviour. This effect can be minimised by using short irradiation times but one is constrained by the
signal-to-noise ratio which, at present, limits the minimum measurable dose to about 0.5 Gy. The typical
standard deviation in the calorimeter/monitor ratio for ten calorimeter runs is 0.5%. This is the random
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uncertainty and is due to a combination of effects including noise, extrapolations and drifts in linac
output, and is slightly larger than one would like. It is hoped to further improve the signal-to-noise, which
should reduce this uncertainty.

5. CONCLUSION

Initial testing of the calorimeter has confirmed the suitability of the design. Radiotherapy dose rates
can be measured with an uncertainty close to that of the present primary standards. The system is
portable, opening up the possibility of making direct measurements in user radiation facilities -
particularly radiotherapy clinics. Further work is required to improve the temperature control algorithm
by modelling of the heat transfer processes in three dimensions. It is hoped to extend this work to model
the heat transfer during irradiation and so derive a correction for the heat transfer from core to surround in
the calorimeter.

Before the calorimeter can be used outside NPL it must be validated against the present primary
standard calorimeters together with a full investigation of any systematic effects. It should be noted that
this calorimeter is not intended to replace the present primary standards, but as a transfer instrument
between NPL and other radiation users. Once this work is complete it is hoped to carry out measurements
in UK radiotherapy clinics, as well as other radiation facilities. This will give a direct determination of
absorbed dose where it is required, check the validity of dosimeter calibrations provided at NPL, and
allow investigation of issues such as beam quality definition.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the financial support of the National Measurement Policy
Unit of the UK Department of Trade and Industry.

210



REFERENCES

[1] DUSAUTOY, A.R., The UK primary standard calorimeter for photon beam absorbed dose
measurement, Phys. Med. Biol.41 (1996) pl37

[2] DOMEN, S.R., LAMPERTI, P.J., J. Res. Natl. Bur. Stan38 (1974) p595

[3] BURNS, D.T., et al., An NPL absorbed dose calibration service for electron beam radiotherapy,
(Proc. Int. Symp. on Measurement Assurance in Dosimetry, 1993) IAEA-SM-330/34 (FLITTON,
S.P., Ed.), IAEA, Vienna (1994) p61

[4] MCEWEN, M.R., et al., The calibration of therapy level electron beam ionisation chambers in
terms of absorbed dose to water, Phys. Med. Biol43 (1998) 2503-2519

[5] SANDERS, R.P., THOMAS, C.G., A precision voltage supply for the NPL primary standard
electron beam calorimeter, NPL Report RSA(EXT)24 National Physical Laboratory, Teddington
(1991)

[6] MCEWEN, M.R. et al., The use of thermistors in the NPL electron beam calorimeter, NPL Report
RSA(EXT)41, National Physical Laboratory, Teddington (1993)

[7] WILLIAMS, A.J., et al., Measurement of the specific heat capacity of the electron beam graphite
calorimeter, NPL Report RSA(EXT)40, National Physical Laboratory, Teddington (1993)

[8] RICHARDSON, M.J., Compendium of thermophysical property measurement methods Vol 1;
Survey of measurement techniques (MAGLIC, CEZAIRLIYAN and PELETSKY, Ed.) Plenum
Press, New York (1984)

NEXT PAG£(S}
left BLANK

211


