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Abstract
In the clinical environment, the dose delivered by the radiotherapy
installation is controlled regularly in order to prevent damage to the
healthy patient tissues. On the other hand, a correct dose has to
be delivered in order to destroy the tumor in an optimal way. The
reference physical quantity for the energy absorbed in tissue is the
absorbed dose to water. This quantity is routinely measured with
ionization chambers. However, ionization chambers have to be calibrated in order to convert the measured electrical charge into absorbed dose to water. The currently used protocols demand that
these conversion factors have to be traceable to a primary standard
of absorbed dose to water. The preferred primary standard is a water calorimeter, which determines the dose directly by measuring
the temperature increase in water. This thesis presents experimental results of the water calorimeter developed by the Federal Office
of Metrology (METAS) exposed to the scanned proton beams at the
Paul Scherrer Institute (PSI). Ionization chamber measurements are
compared with the direct determination of absorbed dose to water
from the water calorimeter. The agreement of 3.2% of the dose
values measured by the two techniques are within their respective
statistical uncertainties, and confirm the possibility to use a water
calorimeter as primary standard for all types of existing proton therapy systems.
In addition, different types of ionization chambers have been exposed to identical proton doses in order to compare their chamber
specific correction factors kQ . The measurements confirm the recommended kQ values as proposed by the protocols.

Résumé
Dans l’environnement hospitalier, la dose délivrée par les installations de radiothérapie est contrôlée régulièrement pour prévenir
d’éventuels dommages dans les tissus sains des patients. D’autre
part, une dose correcte doit être délivrée pour détruire les tumeurs
de façon optimale. La grandeur physique de référence pour l’énergie
absorbée dans les tissus est la dose absorbée dans l’eau. Cette
grandeur est mesurée systématiquement avec des chambres ionisantes. Cependant, les chambres ionisantes doivent être calibrées
pour convertir la mesure de charge électrique en dose absorbée dans
l’eau. Les protocoles actuellement utilisés exigent que les facteurs
de conversion soient reliés à un étalon primaire pour la dose absorbée dans l’eau. L’étalon primaire de préférence est un calorimètre
à eau qui détermine la dose directement en mesurant l’augmentation
de la température dans l’eau. Cette thèse présente les résultats expérimentaux obtenus avec le calorimètre à eau, développé à l’Office
Fédéral de Métrologie (METAS), exposé au faisceau de protons scannés de l’Institut Paul Scherrer (PSI). Les mesures d’une chambre ionisante sont comparées avec la détermination directe de la dose absorbée dans l’eau provenant du calorimètre à eau. Les valeurs de
la dose mesurée par les deux techniques sont en accord dans les
3.2% selon leurs incertitudes respectives, ce qui confirme la possibilité d’utiliser le calorimètre à eau comme étalon primaire pour tous
les types de systèmes de protonthérapie existants.
De plus, différents types de chambres ionisantes ont été exposées
à une dose identique dans le faisceau de protons pour comparer leur
facteur kQ spécifique à chaque chambre. Les mesures confirment les
valeurs kQ recommandées par les protocoles.

Metaphor

Figure 1: Metaphor for the absorbed dose to water in a scanned proton
beam using a water calorimeter.

"A picture is worth a thousand words". This section presents an
analogy with paintings that illustrates the heart of the project.
In the upper left corner of the figure, a Pop art painting (Alex Katz1970-"Vincent with Open Mouth") shows a large homogeneous colored area. In the lower left corner a Pointillism painting (Paul Signac1892-"Femmes au puits") is shown with a lot of points of different
colors.
Looking at the square area of grass, the area in the Pop art style is
homogeneously green and in the Pointillism style the grass is a combination of blue, yellow and green spots. Decreasing the distance between the painting and the eye, the appearance of the grass changes
in the Pointillism style, but not in the Pop art style. Thus in the Pop
art style, the grass is always a homogeneous green area, but in the
Pointillism style the eye can zoom into the grass and sees only blue,
yellow or green spots. Zooming out the eye, one sees green grass
as in the Pop art style. Important to the painter is that the observer
sees green grass in the painting.
Now that the figure has been described, the link between the

ii
paintings and the absorbed dose to water in a scanned proton beam
using a water calorimeter can be explained.
The Pop art represents the traditional passive scattering method
for proton therapy, where the protons are diffused in an homogeneous way. The Pointillism represents the PSI spot scanning technique with deposition of protons by spots. The grass square is the
irradiation area in the water. The colors (homogeneous green, or the
blue, yellow or green spots) represent the temperature increase owing to the deposited dose into water. The temperature increase is
not the same for all the spots (different colors). The eye, which sees
the colors, is the water calorimeter. The water calorimeter is like a
thermometer, which detects the temperature increase.
In the traditional passive scattering method for proton therapy
(Pop Art), the water calorimeter is able to measure correctly the total temperature increase (green grass), in other words the total absorbed dose.
Will in the PSI spot scanning technique the water calorimeter also
be able to measure the total temperature increase (green grass)?
Or will only a part of the temperature increase be measured (the
blue, yellow or green spots)? The aim of the thesis is to investigate
whether the water calorimeter is able to measure the total absorbed
dose to water in a scanned proton beam (green grass). If this is the
case, the water calorimeter can be used as primary standard for both
proton deposition methods (passive scattering or spot scanning).
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Introduction

35’450 new cases of cancer are recorded annually in Switzerland (annual mean value between 2003 and 2006 [1]). More than half of the
patients suffering from cancer are treated with radiation therapy during their illness. Radiation therapy relies on the destructive effects
of ionizing radiation on tumors. Different types of ionizing particles
(photons, electrons, protons, heavy ions, neutrons) can be used, depending on the nature, the localization and size of the tumor. Protons in the energy range between 70 and 230 MeV are increasingly
used for radiation therapy of cancer [2], because protons deposit
the maximum of the dose inside the tumor and minimize the effect
on the surrounding healthy tissue. Compared to the clinical accelerators for photons and electrons, which are commercially available
and more than 6’000 units are installed world wide [3], proton and
heavy ion facilities still operate in an often more experimental environment. Nevertheless, since 1954 more than 70’000 patients have
been treated with charged particle beams [4].
All clinical radiation therapy units have to be regularly controlled
to ensure the correct energy absorbed in the patient tissue according
to the treatment plan. In radiotherapy the reference value for the
energy absorbed in a tissue is the absorbed dose to water DW expressed in the SI unit Gy = 1 Jole/ kg. How to obtain this reference
quantity is described in the protocol of the International Atomic Energy Agency (IAEA) Technical Report Serie (TRS) 398 [5]. This protocol recommends to calibrate the ionization chambers used in proton
therapy in a 60 Co reference beam (photon energy 1 MeV), together
with a calculated ionization chamber specific conversion coefficient
kQ,Q0 for the specific proton beam quality. However, the International Commission on Radiation Units and Measurements (ICRU) has
recommended in their Report nr.78 of 2007 [2], that "when available,
calorimeters should be used as primary standards or, alternatively,
to confirm the proton calibration coefficient of the reference ionization chamber". Primary standards for absorbed dose to water can be
realized using a water calorimeter, which is the most direct method
(for a review of other calorimeters see [2]).
Water calorimetry is an established primary standard for determining the absorbed dose to water for external high energy photon
beams [6, 7] and have already been used in scattering proton beams
[8, 9]. In a water calorimeter, the absorbed dose is determined by
measuring the temperature increase which is the product of the energy absorbed and the specific heat of water.
The aim of this thesis was to measure and compare the absorbed
dose with a water calorimeter and different ionization chambers for
scanned proton beams. To achieve this goal, the primary standard
of the Federal Office of Metrology METAS water calorimeter for ex-
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Figure 2: Comparison of the doses determined by the ionization chamber
used for the dosimetry for the scanned proton beam facility at PSI and the
two independent thermistors of the water calorimeter.

ternal photon beams [7] was replicated. The measurements were
performed at the scanned proton beam facility at the Paul Scherrer
Institute (PSI). Numerical studies have shown that water calorimetry
should also be feasible for scanned protons [10]. Figure 2 shows the
main result of the thesis: the comparison of the dose measured with
the METAS water calorimeter and the ionization chamber used at PSI
for the dosimetry of the proton therapy installation. Within the statistical uncertainties, the results show a good agreement between the
two dose determinations.
At the same time, the calculated ionization chamber specific conversion coefficient kQ,Q0 for the specific proton beam quality recommended by the IAEA protocol has been compared with kQ,Q0 values
measured in the PSI proton beam for several ionization chambers.
The results show a good agreement between the calculated and the
measured coefficient.
In this thesis, the various interactions of protons with matter will
be presented. The difference between the traditional and the PSI
proton delivery systems will be discussed, as well as, the principles
of an ionization chamber and the METAS water calorimeter and how
they have been used for dosimetric comparison with the scanned
proton beam at PSI. Finally, the experimental setup and the experimental results of the comparison of water calorimetry and ionization
chamber will be presented.

Physics of proton therapy

2

3

Physics of proton therapy

In order to understand why protons were chosen for cancer therapy,
the proton interactions with matter are presented in this chapter.
The absorbed dose as function of the depth (named Bragg curve for
heavy particles, like protons) which results from the energy deposition of the proton interactions in matter, explains well this choice.
Figure 3 shows the dose deposited as function of depth for a monoenergetic proton beam. The dose is well localized in the depth. Only
a low dose is absorbed between the surface and the stopping point
(Plateau). The maximum dose (Bragg peak) is absorbed where the
protons stop, beyond this point the dose falls quickly to zero. This
particular dose shape can be described with help of the stopping
power and the range of the protons, both owing to proton interactions with matter. These are presented in this chapter.

Figure 3: The Bragg curve: the absorbed dose of a monoenergetic proton
pencil beam as function of the penetration depth. The dose is low in the
plateau region and maximal at the end of the proton track, leading to the
so called Bragg peak.

2.1

Proton interactions with matter

In general, the proton interactions at energies used in proton therapy can be divided into two main categories: interactions with the
electrons of atoms (electronic interactions) and interactions with the
nucleus (nuclear interactions). In this section, the different interactions are described according to Attix [11].
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The proton interactions can be described with help of the impact
parameter b relative to the atomic radius a (see figure 4).

Figure 4: Schematic of an atom with the parameters used to describe the
collisions between a charged-particle and an atom: the impact parameter
b and the atomic radius a.

Interactions with the electrons of atoms Protons lose their energy in the matter primarily through electromagnetic interactions.
According to the distance between the charged-particle and the electrons of atoms, the interactions can be divided in two groups: Soft
Collisions (b»a) and Hard Collisions (b∼a).
Soft Collisions (b»a) For b»a, the charged-particle (e.g. proton) passes the atom at a distance, but the particle’s Coulomb force
field ionizes the atom by ejecting a valence-electron. The amount
of energy transferred to an atom is very small (a few eV), but Soft
Collisions account for half of the energy transferred to the matter.
Soft collisions also lead to the emission of Čerenkov radiation, but
the amount of Čerenkov light produced by a proton therapy beam is
low, because the protons are not relativistic and the ejected electrons
have low energies.
Hard Collisions (b∼a) For b∼a, the incident particle interacts
with an electron of the atom, which is ejected with high kinetic energy. These electrons, called δ-rays, are energetic enough to undergo
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other interactions and transfer their energies along a separate tack
from the primary incident charged-particle track.
The number of hard collisions is small compared to soft collisions,
but the energetic contribution is comparable.
Nuclear Interactions (b«a) For b«a, the heavy charged-particle
may interact inelastically with the nucleus. For a heavy chargedparticle with high kinetic energy (100 MeV), protons and neutrons
can be ejected out of the nucleus. Then the excited nucleus can decay by emission of so-called evaporation particles (i.e nucleus of low
energy) and γ-rays. Thus, when nuclear interactions occur, the spatial distribution of the absorbed dose is modified, because a fraction
of the kinetic energy is transported by neutrons and γ-rays far away
and is not deposited locally with excitation or ionization processes.
In the next section, the stopping power is presented. The stopping power describes the rate of energy loss per unit of path length
by a charged particle. The nuclear interactions are not included in
the definition of the stopping power, because those interactions are
assumed to be negligible in comparison with electron interactions
for the energies used in proton therapy. This assumption will be discussed in chapter 4, Ionization Chamber for Dosimetry, where the
nuclear interactions and the deposited energy of the products of the
proton interactions (e.g. further interactions of δ-rays, secondary
protons, etc.) will be introduced and discussed in more details in
order to improve the absorbed dose determination.
2.1.1

Stopping power for electron interactions

The stopping power (dE/ d)Y,E,Z (units: MeV/ cm or J/ m) is the expectation value of the rate of energy loss per unit of path length 
by a charged particle of type Y and kinetic energy E, in a medium of
atomic number Z. The mass stopping power (dE/ ρd) (units:
MeVcm2 / g or Jm2 / kg) is the stopping power divided by the density ρ
of the absorbing medium.
Normally the stopping power may be subdivided into "mass collision stopping power" (resulting from the rate of energy lost by soft
and hard collision) and "radiative stopping power" (resulting from the
rate of energy lost by bremsstrahlung). In radiative collisions, the energy is carried far away from the charged-particle track by photons,
as opposed to the collision interactions which produce energy deposition owing to excitations and ionizations near the track. As a consequence, the mass collision stopping power is taken into account
for the absorbed dose determination for therapeutic proton beams.
The mass collision stopping power, due to its nature, is also called
electronic stopping power.
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The mass collision stopping power is given by [11]






dE
dEs
dEh
=
+
ρd c
ρd c
ρd c

(1)

where c indicates collision interactions and s indicates soft and h
hard, respectively.
The terms on the right can be written as




dE

=

ρd

c

Z

H

E
E0mn

0

Qsc dE0

+

Z

E0m
H

E0 Qhc dE0

(2)

where E0 is the energy transferred to the atom or electron in the
interaction, H is the arbitrary energy limit between soft and hard collisions (in terms of E0 ), E0m and E0mn are the maximum and minimum
energy, respectively, that can be transferred into a collision with an
atomic electron, and Qsc and Qhc are the respective differential mass
collision coefficients for soft and hard collisions (units: cm2 / gMeV
or m2 / kgJ).
For a heavy particle, like a proton, with kinetic energy less than its
rest-mass energy M0 c2 (938.28 MeV for proton), E0m can be written
as [11]
E0m ' 2m0 c2

β2





(3)

1 − β2

where β = c ( is the particle velocity). For protons, E0m =
20 keV for E = 10 MeV, or E0m = 0.2 MeV for E = 100 MeV [11].

2
E0
2m0 c2 β2
E0m is related to E0mn by Em
'
, where  is the mean
0

mn

excitation potential of the hit atom (see later). 

dEs
In the next paragraphs, the soft collision term ρd
and the hard
c


dEh
collision term ρd
are discussed.
c

The Soft Collision Term The soft-collision term for protons in equations (1) and (2) was derived by the Bethe formula, assuming that the
Born approximation is satisfied. The Born approximation assumes
that the particle velocity ( = βc) is much greater than the maximum Bohr-orbit velocity () of the atomic electrons.
The Bethe soft-collision formula is [11]


dEs
ρd



=
c

2Cm0 c2 z 2
β2





ln

2m0 c2 β2 H
 2 (1 − β2 )





−β

2

(4)

where z is the elementary charge of the heavy incident particle, m0 c2 = 0.511 MeV the rest-mass energy of an electron, C ≡
π(NA Z/ A)r02 , in which NA Z/ A is the number of electrons per gram of
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the target medium (e.g. the electron density is 3.343 · 1023 e/ g in
water [11]), and r0 = e2 / m0 c2 = 2.818 · 10−13 cm is the electron
radius.
2 2
Zz 2 MeV
k ≡ 2Cmβ02c z = 0.1535 Aβ
2 g/ cm2 will be used to simplify the factor before the squared brackets. Only this factor yields a dimension
to the expression of the stopping-power, the factor in the squared
brackets is dimensionless (m0 c2 , H and  have to be expressed with
the same units, usually eV).
The mean excitation potential  is the mean value of all excitation
and ionization potentials of an atom of the target medium. Bloch has
estimated that  ∝ Z, but it is found that / Z varies with Z and tends
to increase at low Z. Thus, instead of calculating the value of  with
the Bloch theory, it is derived directly from stopping-power or range
measurements. For water it is found to be  = 75.0 eV [11].
The Hard Collision Term The hard-collision term for protons in
equations (1) and (2) is given by


  0


Em
dEh
2
= k ln
−β
(5)
ρd c
H
where for protons one assumes that H  E0m .
The hard-collision term takes into account only the interaction between an incident particle and an atom, and not the further interactions of δ-rays, x-rays or Auger electrons. The energy deposited
by δ-rays will be taken into account later with the Spencer-Attix theory (see chapter 4). In order to simplify the theory, atomic binding
energies have been neglected and the atomic electrons treated as
free.
The mass collision stopping power The hard-collision term (5)
and the Bethe formula for the soft-collision term (4) can be combined
to obtain the mass collision stopping power for protons


!


2m0 c2 β2 E0m
dE
= k ln
(6)
− 2β2 
ρd c
 2 (1 − β2 )
This expression can be simplified for protons with equation (3)
and the stopping-power becomes [11]
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dE
ρd







= 2k ln





2m0 c2 β2



− β2

(1 − β2 )

c



2m0 c2 β2
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(7)


− β2 − ln 
(8)
(1 − β2 )




Zz 2
β2
2
= 0.3071
13.8373 + ln
− β − ln  (9)
Aβ2
1 − β2

= 2k ln

e.g. the (electronic) stopping-power in water is 4.564 MeVcm2 / g
for protons with a initial energy of 10 MeV [12].
In the next paragraphs, the dependencies of expression (7) will
be discussed further.
Dependencies
On the stopping medium The mass collision stopping power
decreases as Z is increased owing to the two factors: the factor Z/ A
and the term − ln . Due to the factor Z/ A (outside the bracket) the
mass collision stopping power is proportional to the number of electrons per mass of the medium. The second term − ln  decreases the
stopping power as Z is increased and gives the stronger variation
with Z.  only depends on the stopping medium, but not on the type
of charged particle.
On particle velocity The dependence on the particle velocity
is in the β2 term, which is outside and inside of the bracket. The
strongest influence comes from 1/ β2 (outside the bracket), which
decreases the stopping power as β increases. When β approaches
unity, the stopping power is influenced by the increasing β2 terms
inside the bracket.
Owing to the term 1/ β2 , the stopping power increases proportional to 1/ E as particles slow down. The stopping-power is not valid
for small β, and a correction factor has to be added to take this case
into account. However, the stopping-power increases near the end
of the charge particle’s path and produces the "Bragg peak".
On particle charge The dependence on particle charge is given
by z 2 . This factor means that a double charge particle has a stoppingpower 4 times bigger as a single charge particle, with the same velocity in the same medium.
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On particle mass There is no dependence on particle mass. All
heavy particles of the same z and velocity  have the same stoppingpower.

In the next paragraph the range of a charged particle is described,
because it is related to the stopping power and has a direct influence
on the absorbed dose.
Range
The charged particle Continuous Slowing Down Approximation
(CSDA) range definition is: "The range ℜCSDA of a charged particle of
a given type and energy in a given medium is the expectation value
of the path length p that it follows until it comes to rest". The CSDA
range related to the mass stopping power is given by
Z

E0

ℜCSDA ≡
0



dE
ρd

−1

dE

(10)

where E0 is the initial energy of the particle. Generally dE/ ρd is
in MeVcm2 / g, dE in MeV and ℜCSDA in g/ cm2 .
The ℜCSDA for protons in water is shown in figure 5. The ℜCSDA
in g/ cm2 can be approximately fitted by
ℜCSDA ≈ 0.0004 · E20 + 0.0477 · E − 1.1433, E0 in MeV

(11)

for proton kinetic energies 25 MeV < E0 < 300 MeV according
to the raw data of the CSDA for proton in water [12]. For example,
for protons of 150 MeV, the ℜCSDA is approximatively 15 g/ cm2 (the
exact value is 15.77 g/ cm2 [12]) .
In the next section, the absorbed dose vs. depth illustrated in
figure 3 at the beginning of this chapter will be explained with help
of the stopping power and the range presented above.

2.2

Bragg Peak and Spread Out Bragg Peak

First the absorbed dose will be defined using the stopping power presented in the previous section. The absorbed dose due to the energy
lost in collision interactions by a fluence ϕ (charged particle/cm2 ) of
energy E0 passing perpendicularly through a foil with density ρ is
[11] (see also chapter 4)


dE
D=ϕ
, MeV/ g
(12)
ρd c
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Figure 5: The CSDA range of protons in water vs. proton kinetic energy. The
line is the polynomial fit of the raw data according to [12] and the dashed
lines are the E0 and E20 proportionality of the CSDA Range.

where (dE/ ρd)c is the mass collision stopping power of the medium, E0 the incident energy and ρ is the density of the absorber material.
The variation of absorbed dose vs. depth in a medium depends
on particle type and energy, the medium, and the geometry of the
beam.
The Bragg curve (see figure 3) is the name given to the shape
of the absorbed dose vs. depth for heavy particles, like protons.
The curve is a consequence of the range dependence ℜ ∝ E20 (see
equation
(11)), which results from the stopping power dependence


dE
∝ β−2 (see equation (7)). This means that the stopping-power
ρd c
increases near the end of the track and creates the Bragg peak. As
the dose-profile is maximal and well localized in space, both in lateral
direction and in depth, the absorption of charged particles is well
suited for radiation therapy of tumours. However, the Bragg peak is
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Figure 6: Example of a SOBP depth dose distribution for protons (blue line),
created by the superposition of several monoenergetic proton beams (red
lines).

only intensive in the small area at the end of the track. For practical
tumour treatment, one superimposes the dose profiles of protons of
different energies to produce a homogeneous dose distribution in the
overall tumour volume. This new dose shape is called Spread-OutBragg-Peak (SOBP) (see figure 6).
In the next chapter, the traditional passive scattering method and
the spot scanning technique creating the SOBP are described from
the perspective of dosimetry. For more information about medical
aspects, treatment planning [13, 14, 15], biological effect (RBE), intensity modulated radiotherapy (IMRT)[16, 17], positioning of the patient with a Computed Tomography (CT) [18, 19], etc. see the related
literature.

Realization of proton therapy

3
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Realization of proton therapy

3.1

PSI proton beam: proton source and accelerator

The protons used for therapy at PSI are accelerated in a superconducting isochronous cyclotron built by the company ACCEL Instruments GmbH in Bergisch Gladbach (Germany), named the COMET
cyclotron at PSI. An isochronous cyclotron is a cyclotron that maintains a constant Radio Frequency (RF), and compensates for the velocity gain of the accelerated particles by increasing the magnetic
field with radius [20].
The protons are produced in the center of the cyclotron by a cold
cathode ion source, which consists of two hemispheres forming the
anode/cathode pairs whose arcs are used to ionize the supplied hydrogen gas. Both hemispheres are connected to a "chimney" in the
cyclotron center where the protons are pulled out by the extractor
dee voltage. The protons are accelerated in the RF system (cyclotron resonator). The cyclotron produces protons with fixed energy
of 250 MeV and allows to control the intensity of the beam directly in
the ion source before acceleration. Before the beam is deflected into
the PROSCAN treatment area (see figure 7), the energy of the beam
is modified using a degrader consisting of a carbon absorber. This
degrader allows to change the range of the protons quickly in order
to provide the SOBP.

Figure 7: Layout of the PROSCAN treatment area [21]. The cyclotron delivers accelerated protons to both therapy installations (Gantry), the OPTIS
facility for eye radiotherapy and the Proton Irradiation Facility (PIF).

In the next sections, the PSI spot scanning technique for proton
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therapy is presented and compared to the traditional passive scattering method.

3.2

Traditional passive scattering method for proton
therapy

Figure 8: Illustration of the principle of the scattering method [22].

The passive scattering method is analog to high energy photon
therapy. Figure 8 shows the principle of the scattering method. The
proton beam passes first through a rotating range-shifter wheel,
which gives the proton the appropriate depth penetration in the target (fixed range modulation). The range-shifter wheel is used to produce the SOBP. The proton is scattered by a double system of scatter
foils yielding a point source of radiation with homogenous flux in a
solid angle, like a 60 Co source used for the treatment. The scatter
foils consist of two different materials, the first one has low atomic
number and the second foil has high Z, in order to obtain a constant
flux and a constant range in the solid angle. The shape in the lateral
direction is created with collimators. The compensator is used to adjust the shape in such a way to correspond to the distal side of the
target volume. The range-shifter wheel, first and second scatters,
collimators and compensators have to be adjusted to the specific
shape of the tumour and the required projections for the individual
patient.

3.3

PSI spot scanning technique

The protons can be focused and deflected in a computer controlled
magnetic field. This allows a controlled localized dose distribution
by scanning a pencil beam on the desired area. Figure 9 shows the
dose spot deposited by a single pencil beam of protons. The spot
scanning technique consists of scanning and superposing individual

3.3

PSI spot scanning technique

14

Figure 9: Schema of a monoenergetic single spot in a phantom (inspired
from [22] and [23]).

static dose spots in order to create an homogeneous dose deposition
in the target volume (pulsed-scanned radiation). The spot scanning
technique allows to produce a three dimensional dose distribution of
arbitrary shape. The shape usually used for dosimetry at PSI is a
10 cm three dimensional box perpendicular to the beam direction,
following the IAEA recommendation [5].
At the PSI proton scanning facility, a proton box with homogeneous dose distribution is created as follows : a first layer of protons
(square of 10 cm x 10 cm) is deposited at the maximum depth (proton energy of maximum energy) by scanning sequentially individual
packets of protons onto a single spot. The gaussian width of the pencil beam in air is σr = 3.5 mm, but due to the scattering in water
the gaussian width broadens to σter = 4.5 mm. The lateral distance between the proton spots is 5.0 mm. The proton packets are
scanned in the layer both vertically and from left to right (named Tsweep scanning). Then the successive layers are deposited at each
energy to create the final proton box and related SOBP. The relative
dose weighting factors of the proton spot of different energies are
chosen such that the dose in the final proton box is homogeneous.
The dose in a spot is determined by the number of monoenergetic
protons deposited. This number of protons is monitored in real time
and the beam is switched off when the dose (=number of protons) is
reached. Hence, the dose deposition is not sensitive to beam intensity fluctuations.
PSI has developed two different proton scanning facilities to treat
patients, named Gantry 1 and Gantry 2. A Gantry is a cylindrical
scanning assembly in the bore of which the patient bodies can be irradiated in all three spatial dimensions. The Gantry 1 is the first gen-
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eration of Gantry (1996), which is fully operational and the Gantry
2 is the new generation which is currently under test (first patients
expected in 2011). In the next sections, the Gantries 1 and 2 are
presented.
3.3.1

Gantry 1: the first Gantry at PSI

Figure 10 shows a schema of the head of the PSI Gantry 1 used for
the spot scanning technique for a dose measurement with ionization chamber. The number of protons delivered for a given spot is
measured by the beam monitor system. When the required number
of protons has been reached, the beam is switched off using a fast
kicker magnet in the beam line before the gantry head. Then the
parameter (position, monitor units, etc.) for the next spot are sent
to the Gantry. The spot position is always displaced when the beam
is switched off. When the displacement is finished, the new spot is
deposited. The sweeper magnet is used to move the spot in the Xdirection (lateral motion). The Y-direction of the spot is changed by
modifying the range shifter system to scan the dose spot in depth.
The moving patient table changes the spot height (it is the slowest
motion of the scanning).
Because of the moving focal point (patient table), the Gantry
1 could not be used for water calorimetry. However, the ionization chamber measurements were performed using a water phantom
placed on the patient table (see figure 11).
3.3.2

Gantry 2: the new generation

Figure 12 shows the Gantry 2 treatment head and the METAS water
calorimeter.
A major goal of the development of the Gantry 2 is to provide a
new scanning system which is able to follow the motion of the inner
organs during irradiation. The Gantry 2 has the same basic scanning
performance as Gantry 1, but is designed specifically for new parallel
beam scanning techniques. For this the dynamic control of the beam
intensity at the ion source is used [19].
In August 2006 the mechanical structure of the new Gantry has
been installed in the PROSCAN area. The Gantry 2 has been connected in 2007 to the COMET cyclotron. First beam was delivered in
2008 and the first patients are expected in 2011.
The dose measurements presented in this work were performed
with the ionization chamber on the Gantry 1 and with the water
calorimeter on Gantry 2. This choice was motivated by the differ-
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Figure 10: Top view schema of the horizontally rotated Gantry 1 treatment
head with all the 3 dimensions used for the spot scanning (inspired from
[23]).

Figure 11: The horizontally rotated Gantry 1 and the water phantom lying
on the patient table for dose measurement with ionization chamber.

3.3
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Figure 12:
Gantry 2 before horizontal rotation and the METAS water
calorimeter (wooden box). The Gantry treatment head weighs 250 tonnes
and has a positional accuracy within millimeter after rotation.

ence between Gantry 1 and Gantry 2 for water calorimetry. To be
able to scan organs in motion (e.g. lungs), the scanning speed in
Gantry 1 was insufficient. In Gantry 1 the slow scanning speed is
a consequence of the use of two mechanical systems to move the
spots (i.e range shifter system and the patient table). Improvements
in the Gantry 2 were done to increase the scanning speed by using
a double magnetic scanning system with two sweeper magnets replacing the motion of the patient table and using the degrader-beam
line in addition to the range shifter system.
This improvement at Gantry 2 allowed water calorimeter measurements in scanned proton beams because the target (water calorimeter) does not move, which otherwise would lead to a perturbation
of the thermal distribution of the water.

3.4
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Dosimetry in proton therapy

In the previous sections, the dose deposited in matter has been presented. Dosimetry investigates the interaction of ionizing radiation
with matter. A dosimeter is an instrument which yields a measure of
the absorbed dose deposited in a specific sensitive volume. An absolute dosimeter measures absorbed dose without a specific radiation
calibration. There are three basic methods used for the absolute determination of the absorbed dose in water: calorimetry, ionization
dosimetry, chemical dosimetry.
Calorimetry has the advantage that it measures directly the heat
owing to the absorbed dose. Specifically, water calorimetry was chosen for this work owing to the know-how of the Federal Office of
Metrology (METAS) in photon calorimetry [10]. However in the clinical environment, ionization chambers are used as the dosimeters of
choice, because they show a high reproducibility, are easy to use and
are low cost. The ionization chambers have to be calibrated relative
to the water calorimeter in order to measure correctly the absorbed
dose for a specific radiation. In this context, the water calorimeter
is a primary standard and the ionization chambers are used as secondary standards. The IAEA TRS-398 code of practice [5] defines the
reference conditions for calibrating these secondary standards.
In the next chapter, the basic theory of ionization dosimetry and
dose measurements with ionization chambers are presented.

Ionization Chamber for Dosimetry

4
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Ionization Chamber for Dosimetry

The first part of this chapter presents the basic theory for dose determination with an ionization chamber. The chapter presents the
essential theory to understand the IAEA TRS-398 formalism used
to measure the dose with an ionization chamber. The second part
presents the absorbed dose measurements with ionization chambers
and the equipment required for such measurements.

4.1

Introduction

The aim of this chapter is to describe the behavior of the ionization inside an ionization chamber. Figure 13 illustrates an ionization
chamber in water (a typical dose measurement situation). An ionization chamber is a sensitive volume (cavity) filled with air surrounded
by a wall, usually of graphite. Cavity theory allows to calculate the
absorbed dose in such a cavity. The Bragg-Gray theory [24] is the
simplest cavity theory which was developed by Gray for γ-rays, considering only the ionization in the air-wall system. Spencer-Attix improved this theory by adding the secondary electrons influence due
to the wall of the chamber using Charged-Particle Equilibrium (CPE).
These theories are directly used in the ND -based absorbed dose to
water IAEA formalism (ND is the calibration factor in terms of absorbed dose to water for the dosimeter) for the dose determination in
radiotherapy. The ND -based formalism takes into account, amongst
others, the effects of the electrode, the wall and the sleeve of the
ionization chamber.
In the next sections, the basic concepts used to describe ionization in a medium is first presented, then the Bragg-Gray and SpencerAttix cavity theories and finally the IAEA ND -based formalism. At the
end, the various concepts are summarized.

Figure 13: Schematic of an ionization chamber emerged in water, which
illustrates the situation in a dose measurement with an ionization chamber.

4.2
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Definition of relevant quantities for cavity theory

To introduce the Bragg-Gray theory, some physical and dosimetric
quantities have to be defined. The definitions are provided by the
ICRU Report 59 [25].
The mass electronic stopping power is given by
S/ ρ = (1/ ρ)(dE/ d), Jm2 kg−1

(13)

which is actually the combination of the Bethe soft-collision and
the hard-collision formulas as previously seen (equation (6)). The
electronic collisions include all interactions with atomic electrons, excluding radiative transitions and nuclear interactions. ρd is termed
the areal density, S the linear stopping power.
Linear energy transfer (LET) or restricted linear collision
stopping power is given by
LΔ = (dE/ d)Δ , Jm−1

(14)

where dE, defined above, is reduced by the kinetic energy of electrons with energy greater than Δ. L∞ is equal to S.
The mean energy required in a gas to create one ion pair is
given by
W = E/ N, eV per ion pair
(15)
where E is the total energy of a charged particle and N is the
mean number of ions pairs produced when completely stopped in a
gas. W depends on the composition of the gas and on particle type
and energy.
By dividing W by the charge of the electron in coulombs and converting the energy from eV to J, one obtains W
≡ Wr which is more
e
convenient for the absorbed dose to air.
The fluence is given by
=

dN
d

, m−2

(16)

where dN is the number of particles traversing a sphere of crosssection area d centered at the measurement point. For an unidirectional beam, d is an area perpendicular to the beam.
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The Cema is defined as
C = S/ ρ, Jkg−1

(17)

Cema represents the energy lost by heavy charged particles through electronic interactions by a fluence of charged particles per
unit mass of an irradiated specified material. The Cema is analogous to Kerma (K) that represents the energy transferred to directly
ionizing particles by indirectly ionizing particles such as photons.
The Kerma is defined as [26]
K = dEtr / dm, Jkg−1

(18)

where dEtr is the sum of the kinetic energies of all the charged
particles liberated by the interactions of uncharged ionizing particles
in a mass dm.
The absorbed dose is defined as
D = dε̄/ dm, Jkg−1

(19)

where ε̄ is the mean energy transmitted to material of mass dm.
Cema and absorbed dose in proton therapy The absorbed dose
D cannot be identical to Cema C due to energy transport by secondary electrons. The maximum secondary electrons range for 250
MeV protons in tissue is around 2.5 mm. Thus, secondary electrons
equilibrium CPE (see section 4.5) is assumed to exist in irradiated
material and absorbed dose and Cema are considered to be identical. Thus, the following notation will be used
D = S/ ρ, Jkg−1

(20)

In the following section, the Bragg-Gray theory is described. The
Bragg-Gray relation allows to calculate the adsorbed dose in the
medium surrounding a cavity gas (Bragg-Gray cavity).

4.3

Bragg-Gray theory (cavity theory)

The Bragg-Gray theory described by Gray [24] and Attix [11] is presented here. The original theory was derived for γ-rays by Gray in
1936.
The aim of the cavity theory is to derive the energy absorbed per
unit mass in the surrounding medium from the ionization produced
in the gas inside the cavity [27].
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Equation (20) is the basis of cavity theory. For a fluence  of
charged particles (e.g. electrons in the case of primary γ-rays) of
kinetic energy E passing through an interface between two different
matters, e.g. air and wall () in the case of an ionization chamber
(see figure 14.1), the absorbed dose in air is given by




Dr =  (S/ ρ)r E =  ((1/ ρ)(dE/ d))r E
(21)
and in the wall,




D =  (S/ ρ) E =  ((1/ ρ)(dE/ d)) E

(22)

where the terms between square brackets are the mass collision
stopping powers of air and the wall, evaluated at energy E.

Figure 14: 1. A fluence  of charged particles (e.g. electrons) is shown
crossing the wall-air interface. The corresponding absorbed doses are given
by equations (21) and (22). 2. In this figure, the fluence  is shown crossing
a thin layer of air surrounded by the walls. The corresponding absorbed
doses are the same as in figure 14 (1).

For a differential energy distribution E the average mass collision
stopping power in the air cavity must be used and is given by
R Em
E ((1/ ρ)(dE/ d))r dE
(S/ ρ)r ≡ 0
(23)
R Em

dE
E
0
Z Em
Dr
1
E ((1/ ρ)(dE/ d))r dE =
(24)
=
 0

and in the same way, for a thin layer of wall replaced by air,
R Em
E ((1/ ρ)(dE/ d)) dE
(S/ ρ) ≡ 0
(25)
R Em

dE
E
0
Z Em
1
D
=
E ((1/ ρ)(dE/ d)) dE =
(26)
 0
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The ratio of absorbed doses in the two adjacent matter volumes,
which is the Bragg-Gray relation, can be written with help of equations (23) and (25)
(S/ ρ)
D
≡ s,r
(27)
=
Dr
(S/ ρ)r
where (s,r )Q is named the wall to air mass electronic stopping
power.
This equation is true only if the two Bragg-Gray conditions are
satisfied:
1. "The thickness of the "air"-layer is assumed to be small in comparison with the range of the charged particles striking it such
that its presence does not perturb the charged-particle field"
(see figure 14 (2)).
2. "The absorbed dose in the cavity is assumed to be deposited
entirely by the charged particles crossing it".
For the first condition the mean path length (g/ cm2 ) of the particles traversing the air-layer is practically identical if the air were replaced by a wall layer having the same thickness. For protons which
create little scattering, the first Bragg-Gray condition is satisfied for a
very small cavity in comparison with the proton range. In the BraggGray theory all charged particles entering the cavity are assumed
not to stop in the cavity. The second condition is not clearly satisfied
for protons. Protons produce, when crossing the wall of the chamber,
energetic δ-rays (energetic electrons) which have a non-local energy
deposition. δ-rays are produced in knock-on electron-electron collisions, and these δ-rays join the flux of electrons through the cavity.
This consideration will be taken into account in the Spencer-Attix theory (see section 4.6).
As the air in the cavity is a gas, Dr can be written in terms of the
charge M produced by the radiation in the cavity
Dr =

M

W

Vρr e

(28)

where M is the electric charge produced in the ionization chamber with a cavity volume V and W/ e is the mean energy required in
air to form an ion pair by the charge of the electron. By substituting equation (28) in equation (27), we obtain the second Bragg-Gray
relation
M W
D =
· s,r = Dr s,r
(29)
Vρr e
where the meanings of the different factors have been given above.
This relation is also known in its original form as [24]:
E = J Wρ

(30)
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where E is the γ-ray energy absorbed per unit volume of the
medium, J is the ionization per unit volume produced in the gas,
W is the average energy lost by the secondary electrons per pair of
ions formed in the gas, and ρ is the ratio of the stopping power of
the medium and the gas for the secondary electrons.
As it has been mentioned above, the second Bragg-Gray relation
allows to calculate the adsorbed dose in the medium surrounding a
cavity gas (Bragg-Gray cavity) as in an ionization chamber.
This theory is adequate if the wall and the gas of the chamber
are of the same material, which is generally not the case. The influence of the δ-rays created by the proton interactions with matter was
neglected, and Spencer and Attix created a new theory to take into
account the existence of fast secondary electrons in redefining the
mass electronic stopping power s,r . The Spencer-Attix theory requires Charged-Particle Equilibrium (CPE), which is introduced in the
next section.

4.4

Stochastic and nonstochastic quantities

The notion of stochastic and nonstochastic quantities are used in
the definition of the Charged-Particle Equilibrium (CPE), which is an
important concept of the Spencer-Attix theory, but not required for
Bragg-Gray theory.
The physical quantities defined in a radiation field could be stochastic or nonstochastic quantities. This notion is used to evaluate the
size of the spherical volume centered at a point P to describe the
field at that point.
A stochastic quantity has the following characteristics [11]:
• its values are determined by a probability distribution and hence
cannot be predicted deterministically.
• It is defined for finite domains only. Its values are not continuous
in space and time (i.e. gradient cannot be defined)
• Its values can each be measured with an arbitrarily small error.
• The expectation value Ne of a stochastic quantity is the mean N̄
of its measured values N as the number of values N approaches
∞.
A nonstochastic quantity has these characteristics:
• For given conditions, its value can be predicted by calculation.
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• It is "a point function" defined for infinitesimal volumes. Its values are continuous in space and time (i.e. gradient can be defined)
• Its value is equal to the expectation value Ne of a related stochastic quantity (if one exists).

4.5

The Charged-Particle Equilibrium (CPE)

Figure 15: Illustration of the radiation equilibrium. A volume V of a homogeneous medium contains a radioactive source distribution, which emits
isotopically into the volume. The radiation equilibrium (RE) exists for the
volume , if there is a perfect reciprocal exchange of rays of each type and
energy between both sides of the plane T, which is a tangential plane to
the volume .

An important consequence of the CPE conditions, which will be
presented in the next section, is the equivalence of the absorbed
dose and the collision kerma, used in the Cema definition for protons
(see section 4.2).
The Charged-Particle Equilibrium (CPE) according to Attix will be
described in the following [11].
A volume V of a homogeneous medium is shown in figure 15,
containing a radioactive source distribution, which emits isotopically
into the volume. Consider a small volume  around a point of interest P. V must be large enough so that the maximum distance of
penetration d of primary rays plus their secondaries is less than the
minimum separation s0 of the boundaries of V and .

4.6

The Spencer-Attix theory

26

The radiation equilibrium (RE) exists for the volume  if the following four conditions are satisfied:
1. The atomic composition of the medium is homogeneous.
2. The density of the medium is homogenous.
3. The volume is irradiated homogenously.
4. The charged-particle paths are not perturbed by electric or magnetic fields, except by the fields created randomly by the individual atoms.
Consider now a plane T (figure 15) that is tangent to the volume
 at a point P0 , and the rays crossing the plane T per unit area. The
radioactive source distribution within the sphere S of radius d centered at point P0 is perfectly symmetrical to plane T. The radiation
equilibrium (RE) says that "in the nonstochastic limit, for each type
and energy of ray entering , another identical ray leaves". In other
words, there will be perfect exchange of rays of each type and energy between both sides of the plane T, since the radioactive source
distribution in the sphere S is perfectly symmetrical to plane T.
The charged particle equilibrium (CPE) exists for the volume  if
each charged particle of a given type and energy leaving  is replaced by an another identical ray entering. It is obvious that where
RE exists, so does CPE.

4.6

The Spencer-Attix theory

The Bragg-Gray theory does not predict correctly the ionization in
an air-cavity, especially when wall and gas of the chamber are of
different material. Spencer and Attix [28] (1955) modified the BraggGray theory to incorporate the δ-ray effect and to relate the dose
integral to the cavity size.
The Spencer-Attix theory has the following assumptions: the two
Bragg-Gray conditions and the existence of CPE. The role of the wall
of the ionization chamber is to generate δ-rays to take part of the
electron flux in or out of the sensitive volume. In other words, the
wall provides δ-ray CPE in the volume of the chamber.
Consider a cavity containing a medium g (e.g. air) surrounded by
a homogeneous medium  (e.g. wall). A homogeneous source of
monoenergetic electrons with an initial energy E0 emits N particles
par gram through the medium . The absorbed dose D at any point
in medium  (where CPE exists) is given by
CPE

D = K = NE0 , MeV/ g

(31)
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where K is the kerma related to D (see section 4.2). The absorbed dose can also be written like
D =

Z

E0

eE (dE/ ρd) dE

0

(32)

where eE is the (primary) electron fluence spectrum, and
(dE/ ρd) is the mass collision stopping power of . By equating
the two absorbed dose expressions (31) and (32), one obtains
N

eE =

(dE/ ρd)

(33)

The equilibrium spectrum of a monoenergetic source of electrons
is proportional to the number of emitted particles per gram, and inversely proportional to the mass stopping power in the medium.
Spencer and Attix introduced a new parameter Δ to characterize
the size of the cavity. Δ is the mean energy of electrons having the
ranges just large enough to cross the cavity. According to this pae,δ
rameter, they divided the equilibrium spectrum E of electrons and
δ-rays into two groups:
• The "fast" group: electrons of energies E ≥ Δ. These electrons
transport energy, enough to cross the cavity.
• The "slow" group: electrons of energies E < Δ. These electrons
do not transport energy and are not able to enter the cavity.
These are assumed to have zero range.
The absorbed dose D at any point in medium  (where CPE exists) is given by
CPE

D = NE0 =

Z

E0

(S/ ρ) (E, Δ)dE
e,δ
E

Δ

(34)

where (S/ ρ) (E, Δ) is the stopping power of electrons, evaluated
at energy E in medium  and includes only low-energy δ−rays (E <
Δ) which contribute to the dose at the place where they are created.
e,δ

The equilibrium spectrum E of electrons and δ-rays is similar to
equation (33)
e,δ
=
E
where R(E0 , E) =

NR(E0 , E)
(dE/ ρd)

(35)

e,δ

E
eE

is the ratio of the electron fluence including

δ−rays to the primary electron fluence alone. The absorbed dose can
be written with help of equation (35)
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CPE

D = NE0 = N

E0

Z

Δ

R(E0 , E)
(dE/ ρd)

(S/ ρ) (E, Δ)dE
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(36)

The same could be written for the dose Dg in the cavity
CPE

Dg = NE0 = N

Z

E0
Δ

R(E0 , E)
(dE/ ρd)g

(S/ ρ)g (E, Δ)dE

(37)

The Spencer-Attix mass electronic stopping power is finally given
by
s,r =

D
Dg

R E0

=

R(E0 ,E)
Δ (dE/ ρd)
R E0 R(E ,E)
0
Δ (dE/ ρd)g

(S/ ρ) (E, Δ)dE
(S/ ρ)g (E, Δ)dE

(38)

By taking the δ−rays production and the cavity size, the SpencerAttix cavity theory shows a better agreement with experimental observations for small cavities than does the Bragg-Gray theory (i.e. as
the size of chamber is given by Δ, one can define a small cavity with
Δ < 80 keV, ca. range of 7 mm for γ-rays).
The Spencer-Attix water to air mass electronic stopping power s,r
is used for calculating the correction factor kQ,Q0 according to the
IAEA ND -based formalism [5], which is described in the next section.
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According to the ND -based formalism [5] the absorbed dose to water
D,Q ( is the abbreviation for water here) at the reference conditions given in Table 4 for a proton beam of quality Q is given by
D,Q = MQ ND,,Q0 kQ,Q0

(39)

where MQ is the reading of the dosimeter (collected charge) corrected for the influence quantities pressure and temperature, electrometer calibration, polarity effect and ion recombination (see section below). ND,,Q0 is the calibration factor in terms of absorbed
dose to water for the dosimeter at the reference quality Q0 of 60 Co
radiation and kQ,Q0 is a chamber specific factor which corrects for differences between the reference beam quality Q0 and the quality Q
(proton in this work) being used.
In the next sections, MQ , ND,,Q0 and kQ,Q0 are discussed in more
detail.
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The dosimeter reading MQ

The calibration factor for an ionization chamber is valid only for the
conditions used for the calibration. Any differences between the reference conditions and the user beam conditions should be corrected.
The dosimeter reading MQ corrected for influence quantities is
given by
MQ = M1 · kTP · keec · kpo · ks

(40)

where M1 is the dosimeter reading of collected charge without
correction, kTP is the pressure, temperature and humidity correction,
keec the electrometer calibration factor, kpo polarity correction and
ks the ion recombination correction. M1 is directly measured from
the ionization chamber irradiated in the beam.
In the next paragraphs, the correction factors k are discussed.
Pressure, temperature and humidity (kTP ) The air in the ionization chambers is in equilibrium with ambient temperature and pressure air, therefore the charge created in the chamber is sensitive to
atmospheric and temperature variations. The correction factor kTP is
given by
kTP =

(273.2 + T) P0
(273.2 + T0 ) P

(41)

where P and T are the cavity air pressure and temperature, respectively, and, P0 and T0 the pressure and temperature reference
values (P0 = 101.3 kP, T0 =20°C). Because the calibration factor is
referred to a relative humidity of 50% and the chambers are used
in a relative humidity between 20% and 80%, the humidity is not
corrected for. The pressure and temperature correction factor kTP
is always measured for each dose deposition. As the PSI irradiation
room has no air-conditioning, the kTP is the largest correction factor
at 5%.
Electrometer calibration (keec ) No electrometer calibration factor keec is needed if the ionization chamber and the electrometer
are calibrated together, which is always the case in this work, so
keec = 1.
Polarity effect (kpo ) The polarizing potential is the same for the
calibration and the measurements with proton beam. And only one
polarity is used for each chamber. kpo is set to 1.
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Ion recombination (ks ) The recombination of ions yields an incomplete collection of charge in the ionization chamber cavity and
therefore an ion recombination correction factor kpo should be used.
Two effects occur:
• the recombination of ions formed by separate ionizing particle
tracks (called volume recombination), which depends on the
dose rate (i.e. density of ionizing particles).
• the recombination of ions formed by a single ionizing particle
track (initial recombination), which does not depend on the dose
rate.
Both effects depend on the chamber geometry and on the polarizing
voltage.
The Code of Practice of the IAEA TRS-398 recommends for pulsed
beam and pulsed-scanned beams to derive the correction factor ks
using the two voltage method [29]. The method uses a linear dependence of 1/ M on 1/ V and the dosimeter readings (collected charges)
M1 and M2 at the polarizing voltages V1 and V2 , respectively. V1
is the voltage for the routine use of the chamber and V2 a voltage
ideally lower by a factor of 3. M1 and M2 are not corrected for the
pressure, temperature and humidity and the polarity effect. The recombination correction factor ks at the normal operating voltage V1
is given by


ks = 0 + 1

M1
M2





+ 2

M1
M2

2

(42)

The constants  are given in Table 6 for pulsed-scanned radiation used at the PSI beam at the Gantry 1 and 2 in chapter 5. The
measurement of the correction factor ks with the two voltage method
(corrects for both the volume and initial recombination) for the ionization chamber used in this work is also described in the mentioned
chapter. The ks correction factor is about +2% (measured in the proton beam).
4.7.2

The calibration factor ND,,Q0

The most important factor for determining the absorbed dose to water with an ionization chamber is the calibration factor ND,,Q0 . The
unit of ND,,Q0 is Gy/ C. The reference quality Q0 is a beam of 60 Co
gamma rays.
The calibration factor is measured in the METAS 60 Co beam. The
following formalism is used to determine the calibration factor ND,,Q0 :
ND,,Q0 =

D,Q0
MQ

(43)
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where MQ is the dosimeter reading of collected charge with correction and D,Q the absorbed dose to water in a 60 Co beam. The
dosimeter reading MQ is calculated with
MQ = M · kTP · ks · ƒproƒ

(44)

where M is the dosimeter reading current with the zero current
correction, kTP the pressure and temperature correction, ks the ion
recombination correction and ƒproƒ the beam profile correction. The
dosimeter reading current M is given by M = Q0 − L where Q0 is the
integrated charge per minute and L the zero current (see section
4.10.1 for the experimental determination of ND,,Q0 ).
M is not corrected for the polarity effect (kpo ). The ks correction
factor is a chamber characteristic and is measured once for each
chamber. The non-uniformity of the beam profile induces an nonconstant dose rate over the volume cavity of the chamber and the
beam profile correction factor ƒproƒ should be used. The ƒproƒ correction has been measured for each chamber and is about ±0.05%.
The absorbed dose to water D,Q in a 60 Co beam is given by the
general exponential decay process of nuclear disintegration


−ln(2) · Δt
D,Q0 = t · Dreƒ · exp
(45)
t1/ 2
where t is the irradiation time in minutes, Dreƒ is the reference
dose rate at the irradiation position measured with the METAS photon
water calorimeter at the precise reference date and time in Gy/ min,
Δt is the time difference between the reference date and the measured date, and t1/ 2 is the half-life of 60 Co (t1/ 2 = 1925.5 dys).
See chapter 5 for the experimental determination and the numerical values of the calibration factor ND,,Q0 for the ionization chambers
used in this work.
4.7.3

The correction factor for the radiation quality of the
beam kQ,Q0

The correction factor for the radiation quality of the beam kQ,Q0 is a
chamber specific factor which corrects for differences between the
reference beam quality Q0 and the quality Q being used.
Generally the absorbed dose to water, D , at the user beam quality Q is given by
D,Q = MQ ND,,Q0 kQ,Q0
(46)
We use the most common reference quality Q0 for the calibration
of ionization chambers which is 60 Co gamma radiation.
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For historic reasons, kQ,Q0 was first determined theoretically and
later experimentally using equation (46). Proton therapy was proposed at the same time (1946 by R. Wilson) when photon therapy
using 60 Co beam was introduced [30]. Owing to the complexity of
hadron therapy, the photon therapy was preferred and photons provided by the 60 Co sources became the reference for therapy and
dosimetry (i.e. the reference beam quality Q0 ). Experimental dose
determination for the clinical quality beam other than 60 Co was not
available. One had to wait the arrival of electron linear accelerators
(linacs) in the 1960s to determine experimentally the kQ,Q0 factor between the 60 Co beam quality and the electron beam quality (for this
reason, the correction factors kQ,Q0 are calculated theoretically for all
beam qualities other than 60 Co, which are currently not available as
beam reference). The values of kQ,Q0 may be calculated using [5]
kQ,Q0 =

(s,r )Q (Wr )Q pQ
(s,r )Q0 (Wr )Q0 pQ0

(47)

where s,r are the water-air stopping power, Wr the mean energy required in air per ion pair formed and pQ the perturbation factors, all at the qualities Q and Q0 . The calculated correction factors
kQ,Q0 between the 60 Co and the proton beam quality for all type of
chambers are between +5% and -2%. See chapter 5 for the numerical values of the different parameters used to calculate the kQ,Q0
factors.
When the beam quality is available, the correction factor kQ,Q0
is determined experimentally according to equation (46). Thus the
beam quality correction factor kQ,Q0 is defined [5] as
kQ,Q0 =

ND,,Q
ND,,Q0

=

D,Q / MQ
D,Q0 / MQ0

(48)

The beam quality correction factor should be measured with the
absorbed dose D,Q and D,Q0 at the quality being used and at the
reference quality, respectively. However, the absorbed dose D,Q for
proton is not available (see chapter 7). Ideally, the reference beam
quality and the quality being used should be the same. In this case,
the absorbed dose is given by
D,Q = MQ ND,,Q

(49)

where the beam quality correction factor kQ,Q0 is not needed.
Such dose measurements can be performed with a calorimeter in
the beam quality being used by clinical applications.
In the next sections, the expressions of kQ,Q0 with the IAEA NK based formalism [5] for the absorbed dose to air are presented.
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Relation between the absorbed dose to air Dr and the
absorbed dose to water D

The relation between the absorbed dose to air Dr and the absorbed
dose to water D is presented according to Andreo [31].
According to the NK -based formalism, the absorbed dose to air
calibration factor ND,r,Q0 for an ionization chamber is given by
Dr,Q0 = ND,r,Q0 MQ0

(50)

where Dr,Q0 is the mean absorbed dose inside the air cavity of
the user’s ionization chamber, ND,r,Q0 is the calibration factor of
the chamber, and MQ0 is the reading of the dosimeter (corrected for
influence quantities), all factors evaluated at the calibration quality
Q0 (usually 60 Co). The basic assumption in the absorbed dose to
air formalism [5] is that: ND,r,Q0 = ND,r,Q , the calibration factor at
the calibration quality Q0 is valid for the user quality Q. Using this
assumption with the Bragg-Gray relation (29) and the equation (50)
yields
D,Q = Dr,Q (s,r )Q pQ = ND,r,Q MQ (s,r )Q pQ
(51)
where (s,r )Q is the Spencer-Attix water to air mass electronic
stopping power, and pQ the perturbation correction factor, all are
given at the user quality beam Q.
When an ionization chamber has a calibration factor in terms of
absorbed dose to air ND,r and a second calibration factor in terms of
absorbed dose to water ND, at the same reference quality Q0 , a relationship can be written between both calibration factors. Equating
equations (49) and (51) both at quality Q0 gives
ND,,Q0 = ND,r,Q0 (s,r )Q0 pQ0

(52)

Equating the two different expressions of D,Q given by equation
(46) and (51) and using (52) and the fact that ND,r,Q0 = ND,r,Q in
the first expression, the factor kQ,Q0 becomes
kQ,Q0 =

(s,r )Q (Wr )Q pQ
(s,r )Q0 (Wr )Q0 pQ0

(53)

where the meaning of the factors s,r , Wr and p has been given
above.
The correction factor kQ,Q0 is calculated theoretically with help of
the equation above and is directly used for the determination of the
absorbed dose to water for proton therapy. Certain components of
the theoretical kQ,Q0 are derived from experiment, others by Monte
Carlo or other calculations. The s,r are derived from calculation
based on experimental data, the Wr from experiment and the pQ
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from calculations or experiment. The numerical values of the factors
s,r , Wr and p at quality Q0 (i.e. 60 Co) and Q (i.e. proton) used for
the calculation of kQ,Q0 are discussed in chapter 5.
In the next paragraphs, the factor pQ , which corrects for the effect
of the walls (i.e. graphite or A-130 plastic) and the electrode, and the
(s,r )Q Spencer-Attix water to air mass electronic stopping power
for proton beam are presented in more details.
The factor pQ The perturbation correction factor p includes all the
different contributions which depart from the ideal Bragg-Gray conditions. For a cylindrical chamber, the perturbation correction factor
is given by a linear multiplication of independent individual perturbation factors p
pQ = pc pds p pce

(54)

For a plane-parallel chamber, pds and pce disappear and pQ becomes
pQ = pc p

(55)

The different individual correction factors p are described in the
following paragraphs.
The cavity correction pc corrects the response of an ionization chamber for the presence of the air cavity in the medium, which
perturbs the electron fluence due to scattering of electrons inside the
cavity. This perturbation factor is small , therefore it is taken to be 1.
The displacement correction pds corrects the effect of replacing a volume of water with the air cavity of the ionization chamber
when the reference point of the chamber (see Table 3 in chapter 5)
is taken to be at the chamber center. In other words, pds corrects for
the fact that a cylindrical chamber cavity with its center at zreƒ measures the electron fluence at a point which is closer to the radiation
source than zreƒ . The correction factor derives from experiment and
is given by [5]
pds = 1 − 0.004 rcy

(56)

where rcy is the inner radius of the cavity in mm. No displacement
correction factor is necessary for a plane-parallel chamber, because
the front of the air cavity is positioned at zreƒ . The displacement correction is about -2%.

4.7

The absorbed dose to water with an ionization chamber

35

The wall correction p corrects the response of the ionization chamber for the presence of the chamber wall and the waterproofing sleeve. p accounts for differences in the photon mass
energy absorption coefficients and electron stopping power between
the medium and the chamber wall and sleeve. The wall correction
p derives from calculation based on experimental data and is
given by [5]
p =
αs,r (μen / ρ), + τsseee,r (μen / ρ),seee + (1 − α − τ)s,r
s,r
(57)
where smed,r is the medium (i.e. wall, sleeve or water) to air
mass electronic stopping power, (μen / ρ),medm is the ratio of the
mean mass energy absorption coefficients of water and the medium
(i.e. wall or sleeve), averaged over a photon spectrum, α(t ) =
1 − exp−11.88t and τ(ts ) = exp−11.88t (1 − e−11.88ts ), where t and ts
are the thickness of the wall and the sleeve (in g/ cm2 ) respectively
[5]. The wall correction is about ±2%.
The central electrode correction pce corrects the response
of the ionization chamber for the presence of the central electrode
instead of air. This correction derives from experiment and is about
-1%.
Value for s,r for protons The value of the water to air mass
electronic stopping power s,r is given by
s,r =  + bRres +

c
Rres

(58)

where Rres is the proton beam quality beam index (see definition in section 7.3,  = 1.137, b = −4.3 · 10−5 , and c = 1.84 · 10−3 ,
where the values , b and c are from a fit of the monoenergetic
stopping-power ratios calculated with the Monte Carlo code PETRA
[32, 33]). The water to air mass stopping power was calculated using the Spencer-Attix cavity theory.
The PETRA code simulates the total energy deposition for the following particles:
1. primary protons
2. secondary protons (created in nonelastic nuclear collisions)
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3. secondary electrons (generated along primary and secondary
proton tracks)
4. heavier charged particles (other than proton and created in nonelastic nuclear collisions)
For the electronic and elastic nuclear interactions, the Monte Carlo
code uses a technique developed for electron transport, where the
step-lengths of protons are determined by the distance between proton and electron collisions in which the primary proton loses a large
fraction of its energy, larger than a energy cut-off Δ (10 keV). For
every proton-electron collision a secondary electron production occurs. The energy deposition of the secondary electron is taken into
account until its energy drops below the energy cut-off Δ.
For the inelastic nuclear interactions, the energy loss of a primary
proton can be divided into different processes:
1. energy transferred to neutral particles (neutrons, photons).
2. energy transferred to secondary protons
3. energy transferred to heavier charged particles (alpha particles,
deuterons, etc.)
The calculation of the stopping-power ratios used the "in-line"
method during the transport, in which the track-end term is taken
to be the remaining energy of the particle when it drops below the
energy cut-off Δ.
The calculation shows the large influence of the secondary electrons and nonelastic nuclear interactions (high energy neutrons and
photons depose their energy far from the proton track), however the
influence on the stopping-power ratio from secondary protons and
alpha particles is negligible. The secondary particles heavier than
alpha particles have not been taken into account.

4.8

Summary of the ionization chamber theory

In order to summarize this section on the theory of Ionization Chamber, I would like to point to the illustration of the ionizing chamber
used at the beginning of this chapter. In figure 16 the theories and
factors influencing the different media in dose measurement with an
ionization chamber are shown.
The Bragg-Gray theory is the basic theory for calculating the absorbed dose in the water surrounding a air cavity without wall influence. This theory was developed for γ-rays. The second Bragg-Gray
condition is therefore not satisfied for protons owing to δ-rays produced when the protons cross the wall. However this problem is
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Figure 16: Overview of the theories and factors used to calculate the energy
deposition of a proton beam passing through an ionization chamber.

solved with the CPE notion and the Spencer-Attix theory, which take
into account the influence of δ-rays produced by the walls. The s,r
stopping power ratios calculated with the Monte Carlo code PETRA
give a most accurate description of the proton energy deposition by
considering energy transport far from the proton track by heavier
particles, neutrons and γ-rays. The Spencer-Attix theory enters the
correction factor for the radiation quality of the beam kQ,Q0 in the
ND -based formalism. The correction factor pQ gives another wall correction factor by introducing the difference between the photon mass
energy absorption coefficients and electron stopping power between
water and wall.
When considering Spencer-Attix theory for γ-rays, an important
effort is needed for the Monte Carlo simulation to implement the
physical interactions of the protons in water. New Monte Carlo Code
developments, like Geant4 [34], have now resulted in simulations
designed for clinical use. A recent Geant4 study of Z. Moràvek [35]
(2009) on the interactions of a proton beam inside a water phantom
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in the 20-220 MeV energy range gives an accurate theoretical model
of the physical interactions occurring in water.
The protons which have not undergone a nuclear interaction deposit 90% of their energy above 50 MeV. The other 10% comes
from nuclear interactions and particles created in the nuclear interactions. The particles created by nuclear processes are 90% secondary
protons (created by protons and neutrons), and 10% ions. They deposit their energy in general in the plateau region of the Bragg curve.
Electrons and positrons also contribute to the energy deposition for
0.01%-0.5%. The energy depositions were analyzed and no initial
energy dependence in the whole energy range (20-220 MeV) was
observed. The energy deposition for protons of 162 MeV (17.5 cm
depth) was described. Protons deposit energy continuously up to the
Bragg peak. Neutrons decrease after ca. 13 cm, but still contribute
up to ca. 10 cm after the Bragg peak. The ions deposit energy up
to the peak. Electrons and positrons deposit most energy at the entrance, but their contribution continues up to ca. 20 cm after the
peak. Part of the energy escapes from the water phantom by particles created in the nuclear processes. For energies above 100 MeV,
40% of the energy related to nuclear processes escapes from the
initial volume (phantom size: 50 cm x 50 cm x 10 cm), transported
essentially by gammas (from electronic processes) and neutrons (ca.
25%) and protons (from nuclear processes). The most important energy deposition process is proton ionization (90% of the total energy
deposition for 210 MeV protons).
Owing to the new simulation code, the proton interactions in water are better understood, and one can imagine that the IAEA formalism will be improved by calculating a new fit of the monoenergetic
stopping-power ratios with the Monte Carlo code Geant4 (instead of
PETRA) to determine the dose with an ionization chamber more accurately for proton beams.
In the next sections, the absorbed dose to water measured with
ionization chambers is presented. The first part describes the material, and the second the 60 Co calibration and the proton measurement procedure for absorbed dose to water with ionization chambers.

4.9

Measuring absorbed dose with Ionization Chambers

For relative dose measurements ionometric dosimeters are used for
clinical application and recommended by the IAEA Code of Practice
TRS-398 [5] for reference dosimetry.
An ionometric dosimeter system for radiotherapy contains of the
following components:
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• One or more ionization chamber assemblies, which include the
electrical fitting and any permanently attached cable.
• An electrometer which include a power supply for the polarizing
voltage of the ionization chamber.
• A phantom and waterproof sleeves for chambers which are not
waterproof
In the next sections, material used for relative dose measurements, calibration of the ionometric dosimeter and dose measurements procedure with an ionometric dosimeter are described.
4.9.1

Ionization chambers

Cylindrical chamber A cylindrical ionization chamber type may
be used for dosimetry in therapeutic proton beams. This type of
chamber is preferred because it is robust and simple to use for measurements in a water phantom. The chamber cavity volume must
be sufficiently sensitive and able to measure dose at a precise position. The reference point of the chamber is given in Table 3. These
requirements are met in cylindrical chambers with a cavity volume
between 0.1 and 1 cm3 (internal diameter <7 mm and internal length
<25 mm). The chamber should be as homogenous as possible. The
air cavity should be in equilibrium with ambient temperature and
pressure air [5].
Plane-parallel chamber For proton beams also plane-parallel
chamber ionization chambers can be used for reference dosimetry,
especially for beams having narrow SOBP (see section 2.2 Bragg
Peak and Spread Out Bragg Peak). The chamber should be designed
for use in water, homogenous and as water equivalent as possible.
Plane-parallel chamber have a disc shaped cavity in which the ratio of the cavity diameter to the cavity height should be large (five
or more). The reference point of the chamber is given in Table 3.
Due to this design, plane-parallel chambers minimize scattering perturbation effects. The incident proton fluence passes perpendicularly through the front window and the contribution of other particles
through the side walls is negligible. Furthermore, the diameter of
the collecting electrode should not be >20 mm in order to reduce
non-uniformities of the beam profile in radial direction. The cavity
height should not be >2 mm, and the collecting electrode should be
guarded by another electrode having a width not smaller than 1.5
times the cavity height. The thickness of the front window should be
maximal 0.1 g/ cm2 (or 1 mm of PMMA, i.e. Polymethyl methacrylate,
also known as acrylic, one trade name is Plexiglas) in order to make
measurements also at small depth. The air cavity should also be in
equilibrium with ambient temperature and pressure air [5].
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Chambers used in this work We choose 4 different types of ionization chamber: 3 cylindrical chambers (Exradin T2, 2571, PTW
30013) and one plane-parallel (NACP 02) (see figure 17). This leads
to a comparison with 4 different chamber specific factors kQ,Q0 . The
Exradin T2 chamber is used for the current clinical dosimetry at PSI.
All chambers fulfil the requirements described above. Characteristics
of the cylindrical ionization chamber and the plane-parallel ionization
chamber used are given in Table 1 and 2 respectively. All chambers have a TNC male connector (W type) which fit directly with the
electrometer connector (see section 4.9.2 below). During the measurements, an extension cable of 10 m is used except for the 2571
chamber which has a 10 m integrated cable.
Table 1: Characteristics of the cylindrical ionization chamber types used

Cavity volume ( cm3 )
Cavity length (mm)
Cavity radius (mm)
Wall material

Exradin
T2 a
0.54
11.4
4.8
A-150

Wall thickness ( g/ cm2 )
Central electrode material
Waterproof

0.113
A-150
No

2571

b

PTW 30013

c

0.6
24.1
3.2
Graphite

0.6
23.0
3.1
Graphite,
PMMA
0.065
0.057
Aluminium Aluminium
No
Yes

a Type

Spokas. SN. XV051461 (METAS chamber), SN. 456 (PSI chamber)
3594
c SN. 2136

b SN.

Table 2: Characteristics of the plane-parallel chamber types used

Materials
Window thickness mm
Electrode spacing mm
Collecting electrode diameter mm
Guard ring width mm
Waterproof
a SN.

13501

NACP02 a
Mylar foil and graphite
window, 104 mg/ cm2
0.6 mm
2
10
3
Yes
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Figure 17: The sensitive part of the ionization chambers. Top: not waterproof chambers, bottom: waterproof chambers.

4.9

Measuring absorbed dose with Ionization Chambers

4.9.2

42

Electrometer

We use the electrometer Unidos T10002-20669 (PTW Freiburg, Germany). The electrometer has a digital display with a four digital resolution (i.e. 0.1% resolution on the reading) as the IAEA Codes of
Practice recommends [5].
As the electrometer is an integral part of the ionometric dosimeter,
the ionization chamber and the electrometer are calibrated as one
instrument together (see section 4.10.1).
4.9.3

Barometer and thermometer

For the temperature and pressure correction (see section 4.7.1), a
GEDruck barometer DPI 142 and a PT100 thermometer connected
to a Keithley 2001 Multimeter are used. The PT100 thermometer
and the Keithley 2001 Multimeter are calibrated as a single unit by
the Thermometry Laboratory of METAS. As the air pressure and the
water temperature enter directly in the dose determination, the uncertainties of the pressure and the temperature are 0.05% and 0.1%
respectively.
4.9.4

Phantoms and sleeves for the chambers

The IAEA Codes of Practice recommends water as the reference medium for measurements of absorbed dose. The phantom material
should be water equivalent (i.e. have the same absorption and scatter properties as water). We use for ionometric dosimetry for proton
a water phantom with PMMA side walls of 30 cm side length. The
beam entrance of the phantom is a square in Polystyrene of 12 cm
side length and 0.4 mm wall thickness.
PTW 30013 and NACP chambers are waterproof, but Exradin T2
and 2571 must be used with waterproof sleeves. The 2571 sleeve is
made of PMMA, with a 0.5 mm thickness wall, to allow rapid thermal
equilibrium of the chamber with water. An air gap of 0.2 mm between
the sleeve and the chamber allows the air pressure equilibrium with
ambient air. This gap has been measured according to the difference
between the sleeve and the chamber diameters. The calibration and
the measurements are done with the same sleeve. The Exradin T2
sleeve is made of a very thin rubber condom for dosimetry use.
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Dose measurements with the Ionometric Dosimeter
Dosimeter calibration with

60 Co

The ionometric dosimeter calibration with
following steps:

60 Co

is performed in the

1. Electric test of the ionometric dosimeter.
2. Determination of the control current before the beginning of the
calibration with a 90 Sr radioactive source.
3. Ionometric dosimeter calibration in water with

60 Co.

4. Determination of the control current after the calibration with
the same 90 Sr radioactive source.
The measurement principle for the dosimeter calibration with 60 Co
is illustrated in Figure 18. An Alcyon II 60 Co beam delivery system
produces the photon beam with a mean energy of 1.25 MeV. The
dose to water calibration of the ionization chamber results from the
irradiation of the ionization chamber fixed in a water phantom during
a determined and well-know irradiation time. The water phantom is
a 60 x 60 x 60 cm3 PMMA tank. The reference dose rate at the irradiation position and at the precise reference date and time in Gy/ min
was determined with a water calorimeter. The dose rate during the
calibration is corrected for the 60 Co half-life. The integrated current,
due to charge carriers creation owing to the photon irradiation, is
measured.

Figure 18: Measurement principle for the dosimeter calibration with the
60 Co METAS source.
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Table 3: Reference conditions for the determination of the absorbed dose
to water in 60 Co gamma ray beams [5]

Influence quantity
Phantom material
Chamber type
Measurements depth, zreƒ
Reference point of the
chamber

Position of the reference
point of the chamber
SCD (Source
Distance)
Field size

Chamber

Reference value or reference characteristics
Water
Cylindrical or plane parallel
5 g/ cm2
For cylindrical chambers, on the central axis at the center of the cavity volume. For plane-parallel chambers, on the inner surface of the window at its center.
For cylindrical and plane-parallel
chamber, at the measurement
depth zreƒ
100 cm
10 cm x 10 cm

The dosimeter calibration in water with
lows:

60 Co

is performed as fol-

1. First the zero current (charge integrated over 60 s without the
60 Co irradiation), the water temperature and the air pressure
are measured 10 x 1 minute.
2. Afterwards the ionization chamber is pre-irradiated with 10 Gy
of 60 Co irradiation.
3. Then the integrated charge, the water temperature and the air
pressure are measured 25 x 1 minute with 60 Co irradiation. The
mean value of integrated charge per minute corrected for pressure and temperature (Q0 ) is used for the analysis.
4. Finally, the zero current, the water temperature and the air pressure are measured again 10 x 1 minute. The mean value of the
zero current corrected for pressure and temperature (L) before
and after the beginning of the calibration is used for the analysis.
The METAS dosimeter calibration with 60 Co beam follows the IAEA
Codes of Practice recommendations. The reference conditions for
the determination of the absorbed dose to water in 60 Co gamma ray
beams are described in Table 3.
The formalism used to analyze the measurements of the dosimeter calibration is described in section 4.7.2. The dosimeter calibration
with 60 Co gives the calibration factor ND,,Q0 for each chamber (see
table 5 for ND,,Q0 calibration values).
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Table 4: Reference conditions for the determination of the absorbed dose
to water in proton beams [5]

Influence quantity
Phantom material
Chamber type
Measurements depth, zreƒ
Reference point of the
chamber

Position of the reference
point of the chamber
SCD (Source Chamber
Distance)
Field size at the phantom
surface
4.10.2

Reference value or reference characteristics
Water
For Rres ≥ 0.5 g/ cm2 , cylindrical and
plane parallel
Middle of the SOBP
For cylindrical chambers, on the central axis at the center of the cavity volume. For plane-parallel chambers, on the inner surface of the window at its center.
For cylindrical and plane-parallel
chamber, at the measurement
depth zreƒ
Clinical treatment distance
10 cm x 10 cm

Proton Measurement Procedure

Preparation before irradiation
Temperature stabilization The phantom filled with tap water
is left 24 hours in the irradiation room to allow the water to reach
thermal equilibrium. The electrometer is switched on 1 hour before
the first measurement.
Alignment of the ionization chamber with the proton beam
line The chamber is aligned in such a way that the radiation fluence
is approximately uniform over the cross-section of the chamber cavity. The phantom is placed on the patient table of the Gantry 1 facility.
We position the reference point of the chambers (see Table 4) at a
depth in water of 8.3 cm, and at the center of a 12 cm square of the
beam entrance phantom. We position the system at the coordinates
X=-2.00, Y=-9.73, Z=10.0 (see section 3.3) relative to the phantom
position. With this configuration, the SOBP is centered within a millimeter of the reference depth zreƒ (see section 2.2). No particular
correction is applied for the waterproof sleeve, because it is a part
of the dosimeter and the calibration of the ionization chamber is also
done with the sleeve.
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Electrometer setting The electrometer is set on integrated
current mode in pC (high range mode). After a polarizing voltage
modification, the dosimeter is warmed up during 20 minutes and an
automatic zero balance is performed, in order to operate the measuring system under stable conditions. The leakage current is checked
to be between 0.000 and 0.002 pA for all chambers, before the beginning of the measurements. After each measurement the display
is hold, reset and is again put in start measurement mode.
Irradiation Every ionization chamber is pre-irradiated with 2 Gy
to achieve charge equilibrium in the different materials. Then the
ionization chambers are irradiated with a 1 Gy 10 x 10 cm2 box (PSI
Gantry 1 Monitor Unit (MU) 12303459) and a maximum energy range
of 138 MeV. The integrated current, the water temperature and the
air pressure are measured for each box. This measurement is repeated 2 times per chamber.

Figure 19: The water phantom is placed on the patient table of the Gantry 1
facility. The water temperature is measured with a PT100 sensor (Platinum
Resistance Thermometer). A laser is used to align the ionization chamber
with the beam.
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Results of Proton irradiation of Ionization
Chamber

In 2009, proton dosimetry measurements with ionizing chambers
have been performed in order to verify experimentally the theoretical
kQ correction factors. For this purpose, the calibration factor ND,,Q0
of each chamber has been determined in the METAS 60 Co beam. To
determine the proton dose more accurately, the ion recombination ks
for proton has also been measured for each chamber on the Gantry 1
proton beam. This chapter presents and compares the experimental
and the theoretical values of kQ for each chamber.

5.1

Dose measurement with the Ionometric Dosimeter

As presented in chapter 4, the absorbed dose to water with an ionization chamber is given by equation (49): D,Q = MQ ND,,Q0 kQ,Q0 .
This equation is used for the experimental determination of kQ,Q0 :
D
kQ,Q0 = M N,Q , where the dose D,Q is known and controlled by
Q

D,,Q0

Gantry 1. The dose of the proton box is fixed by the monitor chamber of the Gantry 1 system, which is by itself calibrated traceable to
the METAS 60 Co beam (see later the related discussion). The reading of the dosimeter MQ is measured by the ionization chamber and
the calibration factor ND,,Q0 has been previously determined at the
METAS 60 Co beam.
The theoretical calculated correction factor for the radiation quality of the beam kQ,Q0 is given by equation (47):
kQ,Q0 =

(s,r )Q (Wr )Q pQ
,
(s,r )Q (Wr )Q0 pQ0

where pQ is given by equation (54): pQ =

0

pc pds p pce . In this chapter, the numerical values of the factors
s,r , Wr and p at quality Q0 (i.e. 60 Co) and Q (i.e. proton) used for
the theoretical calculation of kQ,Q0 are discussed.

5.2

Experimental verification of the correction factor
kQ,Q0 for protons

Figure 20 summarizes the experimental results for the experimental
determination of kQ,Q0 . Each ionization chamber has been irradiated
tree times with a proton dose of 1 Gy set by the PSI delivery system
(black diamond). The experimental kQ,Q0 has been determined with
help of equation (49), as explained above. The measurements are
compared with the theoretical values of kQ,Q0 for protons according
to IAEA TRS-398 [5] (red box). The results show a good agreement
between the theoretical and measured values of kQ,Q0 , for all chambers within the statistical uncertainties of the measurements. Even if
the measurements with the chamber 2571 are inside the tolerance, a
1.4% difference is observed between the TRS-398 tabulated kQ value
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Figure 20: Theoretical (red box) and experimental (black diamond) values
of kQ,Q0 . The theoretical values are given in table 9 and the related uncertainties are given in figure 22, according to the IAEA TRS-398 [5].

(1.039 ± 1.7%) and the experimental value (1.024 ± 0.8%). Those
results agree with the discrepancy of 1.8% observed by Medin [9]
for the same type of chamber. Medin attributes this deviation to an
overestimated numerical value of the factor (Wr )Q in the calculated
kQ,Q0 . However, according to the last dose measurements done with
the same chambers in the PSI proton beam, the results from figure
20 are not reproducible even if the measurements always confirm
the recommended kQ values as proposed by the protocols. The dose
reproducibility is about 1% for all type of chambers. More systematic measurements are necessary to understand the reason of those
fluctuations on the dose repetition.
In the experimental determination of kQ,Q0 , the calibration factor ND,,Q0 has been determined in the METAS 60 Co beam for each
D,Q

chamber. ND,,Q0 is given by equation (43): ND,,Q0 = M 0 where
Q
MQ = M · kTP · ks · ƒproƒ . Table 5 gives the parameters used for the
calibration and the numerical values of the calibration factor ND,,Q0
for each chamber.
To improve the dosimeter reading MQ , already corrected for pressure and temperature, the ion recombination ks has been determined
specifically for the pulsed-scanned beam of PSI for all chambers used
in this work. The two voltage method has been used (see chapter 4)
 2
 
M1
1
where ks is given by equation (42): ks = 0 + 1 M
+

.
1
M2
M2
Three measurements of the collected charges have been done for
the normal voltage V1 and the same for the reduced voltage V2 . The

5.2 Experimental verification of the correction factor kQ,Q0 for
protons

49

Table 5: The calibration factor ND,,Q0 for the chambers used in this work
(calibration done in June 2009, except for Exradin PSI in September 2006).
All uncertainties are given for k=1 (i.e. for a confidence level of 68%).

IC type

Exradin
T2 PSI

Voltage, V
Polarity
ks
ƒproƒ
ND,,Q0 , ·107 Gy/ C
Uncertainty, %

400
positive
1.00100
1.00000
6.372
0.50

Exradin
T2
METAS
400
positive
1.00100
1.00000
6.069
0.45

2571

PTW
30013

250
400
negative positive
1.00178 1.00100
1.00040 1.00060
4.549
5.478
0.45
0.45

NACP

200
positive
1.00178
0.99980
16.843
0.45

mean value of those tree measurements has been used for the values of M1 and M2 in the equation of ks . No temperature and pressure
correction is required for the ks determination. Table 6 gives the coefficients 0 , 1 and 2 for the voltage ratio used for the determination
of ks summarized in table 7.
Table 6: Fit coefficients, for the calculation of ks using
the two voltage method for pulsed-scanned radiation,
as function of the voltage ratio V1 / V2 , according to the
IAEA TRS-398 [5]. The fit errors are about 0.3%.

V1 / V2
2.0
4.0
5.0

0
4.711
1.468
1.279

1
-8.242
-1.200
-0.750

2
4.533
0.734
0.474

Table 7: Parameters and results of the two voltage method.

Polarizing voltage in V
Chamber type
Exradin T2 PSI
Exradin T2 METAS
2571
PTW 30013
NACP

V1 (normal)

V2 (reduced)

V1 / V2

ks

400
400
-250
400
200

100
100
-50
100
100

4.0
4.0
5.0
4.0
2.0

1.006
1.005
1.025
1.006
1.010

The 0.8% relative standard uncertainty of the measured values
of kQ,Q0 on figure 20 has been evaluated assuming a 0.45% relative
standard uncertainty for the calibration factor ND,,Q0 , 0.6% for the
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dosimeter reading MQ relative to beam monitor and 0.4% for the correction influence quantities k . The method presented here for the
kQ,Q0 experimental verification depends twice on the factor ND,,Q0 .
The 1 Gy dose of the proton box is fixed by the monitor chamber
of the Gantry 1 system, which is by itself calibrated traceable to
the METAS 60 Co beam. We have done the kQ,Q0 verification using
the factor ND,,Q0 measured with the METAS 60 Co beam for each
chamber. For this reason, this verification is indirect and depends
on ND,,Q0 . For an independent verification, the water calorimeter
with sufficient statistic measurements has to be used to determine
directly the dose and to determine the kQ,Q0 depending only once on
the factor ND,,Q0 .
The theoretical calculated correction factors for the radiation quality of the beam kQ,Q0 for each chamber are given by the IAEA TRS-398
[5]. The following paragraphs give details to the numerical values of
the factors in kQ,Q0 and the uncertainty of kQ,Q0 shown in figure 20.
Numerical values for all factors at 60 Co beam quality (i.e. Q0 )
The values used for the denominator of equation (47) are presented
according to the IAEA TRS-398 [5].
The value of the water to air mass electronic stopping power s,r
is taken to be 1.133 and the mean energy required in air to form an
ion pair Wr ≡ W
for dry air is taken to be 33.97 J/ C for 60 Co. For the
e
pQ calculation, the value of pc is taken to be 1 for both cylindrical
and plane-parallel chamber, as the electronic equilibrium exists in
60 Co at z
2
reƒ (5 g/ cm in water). The factors pds , p , pce and the
parameters used to calculate pds and p are given in table 8.
The uncertainties of these factors are given in figure 21.

Figure 21: Copy of the table 38 of the IAEA TRS-398 (2000) [5].
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Table 8: Summary of all parameters entering into the denominator of kQ,Q0
for each chamber according to the IAEA TRS-398 [5].

inner radius of the cavity,
rcy (mm)
pds i
pc
pce l
wall material

wall thickness, t ( g/ cm2 )
sleeve material d
sleeve
thickness,
ts
( g/ cm2 )
s,r f
(μen / ρ), f
sseee,r f
(μen / ρ),seee f
p j
s,r pQ h k
a material

Exradin
T2
4.8

2571

PTW
30013
3.1

NACP

0.981
1
1
A-150a

0.987
1
0.993
Graphite

0.988
1
0.993
Graphiteb ,
PMMAc

0.113
-

0.065
PMMAc
0.0595e

0.057
-

1
Mylar
foil and
graphite
0.104
-

1.142
1.011
1.013
1.127

1.003
1.113
1.102
1.030
0.992
1.102

1.102g
1.030g
1.001
1.112

1.024
1.161

3.2

b

-

density: ρ=1.127 g/ cm3
density: ρ=1.85 g/ cm3
c material density: ρ=1.19 g/ cm3
d no buildup cap is used
e a PMMA sleeve with a thickness of 0.5 mm is used
f values of the IAEA TRS-277 [26] for TPR
20,10 = 0.56 according to IAEA TRS-398
[5] are used
g for PMMA only
hs
,r = 1.133 is assumed
i according to equation (56)
j according to equation (57)
k according to equation (54) for p
Q
l values of 0.993 is given to aluminium central electrode and 1 for other materials.
b material
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Numerical values for all factors at proton beam quality (i.e.
Q) The values used for the numerator of equation (47) are presented according to the IAEA TRS-398 [5].
The value of the water to air mass electronic stopping power s,r
is taken to be 1.137 at Rres = 5 g/ cm2 (according to equation (58))
and the mean energy expended in a gas per ion pair formed Wr ≡ W
e
is taken to be 34.23 J/ C for protons. In general, the perturbation
correction factor p is small, therefore all components (pc , pds , p
and pce ) are taken to be 1 (i.e. pQ = 1).
The uncertainties of these factors at proton beam quality alone
are given in figure 23.

Table 9: Calculated values of kQ,Q0 for proton at
beam quality index Rres = 5 g/ cm2 , for the chambers used in this work according to the IAEA TRS398 [5].

Ionization chamber type

kQ,Q0

Exradin T2 type Spokas
2571
PTW 30013
NACP

1.017
1.040
1.030
0.988

Value and uncertainty of kQ,Q0 Table 9 summarizes the calculated values of kQ,Q0 for the chambers used in this work according to
the IAEA TRS-398. We have always positioned the ionization chamber at quality index Rres = 5 g/ cm2 , so only the kQ,Q0 for protons at
this beam quality index are given.
Due to the confusion (see figures 22 and 23) for the relative standard uncertainty in kQ in Table 32 of the IAEA TRS-398 where c (kQ ) =
2.0% for plane-parallel chambers and Table 42 of the IAEA TRS-398
where c (kQ ) = 2.1% for plane-parallel chambers, the combined standard uncertainties are recalculated for 60 Co+proton. The combined
standard uncertainty is also recalculated for the absorbed dose D,Q
with the corrected uncertainty of kQ . The corrected values are given
in table 10. The official reference values in table 32 of the IAEA TRS398 (see figure 22) have been used for the analysis of all our results,
instead of the values of table 42 (see figure 23) or the corrected values of table 10.

As presented previously, all kQ measurements are consistent within
statistical uncertainties with the theoretical values, however the cal-
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Figure 23: Copy of the table 42 of the IAEA TRS-398 (2000) [5].
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Table 10: Summary of the combined standard uncertainty of : the parameters entering into kQ,Q0 , the factors kQ,Q0 and the absorbed dose D,Q for
60 Co and proton beam. The combined standard uncertainty are calculated
using the values of 60 Co in figure 21 and proton in figure 23 of the IAEA
TRS-398 [5].

Chamber type

Component
s,r
Assignment of s,r to
beam quality
Wr ≡ W
e
pc
pds
p
pce
Combined
standard
uncertainty in kQ,Q0
Combined
standard
uncertainty in D,Q

Cylindrical

Plane-parallel

60 Co+Protons

60 Co+Protons

c (%)

c (%)

1.1

1.1

0.3
0.5
0.3
0.4
0.8
0.5

0.3
0.5
0.3
0.3
1.6
-

1.6

2.1

1.9

2.4

culated and measured kQ in figure 20 are discussed in more detail
below.
Except for the values corresponding to the Farmer 2571, the IAEA
calculated kQ values are slightly smaller than the measured values.
Due to many experimental measurements [9], the numerical values
for all factors at 60 Co beam quality (i.e. Q0 ) in the calculated kQ are
now known with great confidence. For protons, the stopping-power
ratio calculated using the Monte Carlo Code PETRA is now well established. However, kQ,Q0 is also strongly dependent on (Wr )Q and pQ ,
and for those factors the numerical values are not well established so
far. Currently the IAEA value for (Wr )Q is (34.23±0.4%) J/ C and was
obtained from comparisons for calorimetric and ionometric measurements using the ICRU stopping-power ratios and converted to the
IAEA value using the PETRA stopping-power ratios. With this conversion, the (Wr )Q value is consistent with the PETRA stopping-power
ratios recommended by the IAEA TRS-398. Until more information
is available, this (Wr )Q value for proton is used. For the pQ value,
there is a lack of experimental information in proton beams and the
pQ value is taken to be unity.
Figure 20 shows that the calculated kQ,Q0 value is either smaller
(Exradin, PTW30013, NACP) or larger (Farmer 2571) than the mea-
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sured values. When decreasing the (Wr )Q value (e.g. using the
value of 34.1 J/ C from Schultz et al. (1992) [9]), the calculated values
agree better to the measured values for the majority of the chambers, except Farmer 2571. When using (Wr )Q = 33.6 ± 1.7% proposed by Medin [9], all calculated kQ,Q0 values would be out of the
statistical uncertainties of the measurements, except for the Farmer
2571. This result is explained by the method with which the numerical value of (Wr )Q has been determined. The numerical value
comes from a ionometric (and calorimetric) measurement in a proton beam using a NE 2571. That would explain the good agreement between the calculated and experimental values of kQ,Q0 in that
case. However, the numerically changing (Wr )Q value would not
sufficiently explain the discrepancy between the kQ,Q0 values of the
Farmer 2571. Setting a specific pQ value for each individual chamber
must be considered in the future also for protons, as it is done with
the pQ0 for 60 Co.
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Water Calorimetry as Primary standard

In this chapter, the basic theory for determining the dose with a
water calorimeter is described, followed by the presentation of the
METAS Sealed Water Calorimeter. First the equipment and the electronics used for the water calorimeter is described, followed by the
preparation procedure of the water calorimeter and the measurements.

6.1

Introduction

Water calorimetry is the preferred method to measure the absorbed
dose to water. It is based on the temperature rise produced by the
dose deposited in the water. The accuracy of water calorimetry is
limited by the uncertainty in the heat defect which is the fraction of
the energy which is not thermalized. A good knowledge of the different chemical reactions produced in water due to the irradiation,
allows to prepare the water in order to have a well defined heat defect (usually chosen to be zero).

6.2

The absorbed dose to water in a water calorimeter

The absorbed dose to water D,Q determined by a water calorimeter
is given by [2]:
1
D,Q = cW · ΔTW · k ·
(59)
1 + khd
where cW is the specific heat capacity of water (in Jkg−1 K−1 ), ΔTW
is the temperature rise due to irradiation (in K), khd is the heat defect
due to deposited energy which does not result in a temperature increase and k is the product of various correction factors of the order
of unity that depend on the construction of the calorimeter. Using
the value of cW = 4206 Jkg−1 K−1 for the specific heat of water at
4°C [36], the temperature increase owing to the absorption of 1 Gy is
0.238 mK. We have chosen a water saturated with nitrogen leading
to zero heat defect.
The correction factor k is given by:
k = kc · k · kp · kdd · kρ · kt

(60)

where kc is the correction for conductive heat transfer, k the correction for convective heat flow, kp a correction for perturbations of
the radiation field by the glass vessel and probes, kdd a correction for
the non-uniformity of the lateral dose profile, kρ a correction for the
change of the density of water with temperature, and kt a correction
for the fluctuation of the thermistor response.
The conductive heat transfer kc depends on the irradiation time,
the radiation quality (i.e. protons, photons, electrons, ...), the pre-
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and post-radiation time, and the glass vessel dimensions. Calculations with the COMSOL MULTIPHYSICS software [37] have been performed for the condition of this work using a three-dimensional model,
yielding the kc value of -0.25%.
The water phantom is cooled at 4°C to reduce the convective heat
transfer, for this reason k is assumed to be equal to 1.
Attempt to measure the perturbation of the proton radiation field
by the glass vessel kp , dose measurements were performed in the
PSI beam, using a FC-65G chamber. Due to the uncertainty of 1%
on the dose reproducibility, the vessel influence on the dose can not
be evaluated with enough accuracy (<0.2%). Work are in progress
to find the reason of the fluctuation on the dose repetition, for this
reason kp is set to 1.
The correction for the non-uniformity of the lateral dose profile
kdd is negligible as the lateral dose profile is uniform around the thermistors position. kdd is assumed to be equal to 1.
The correction for the difference in water density between 4°C and
22°C (kρ ) is not applied because the depth of measurements is determined in the unit of g/ cm2 for the water calorimeter measurements
(at 4°C) and for the ionization calibration (at ambient temperature).
kρ is assumed to be equal to 1.
The correction for the fluctuation of the thermistor response kt is
negligible as the fluctuation of the thermistor calibration measured
values are insignificant. kt is assumed to be equal to 1.
All these various correction factors are of the order of unity and
yield to a k value of 0.9975. Therefore, a value of 1 is assigned to
the correction factor k in this work, as this correction is negligible
compared to the thermal fluctuation during the measurements to
influence the final result (see later).
As pointed out above, the measured heat energy in a water calorimeter may not correspond to the absorbed energy from the irradiation. The heat defect takes into account the difference between the
absorbed energy and the energy appearing as heat. The correction
1
factor for the heat defect is 1+k
, where the heat defect khd is given
hd
by: khd = (E − Eh )/ E , where E is the total absorbed energy and
Eh is the part of the energy which is converted into heat. A non
zero heat defect is due to the exothermic and endothermic chemical
processes initiated by the chemical changes due to the irradiation
of water (i.e. radiolysis of water). A positive heat defect implies an
overall exothermicity for the chemical reactions and a negative heat
defect an overall endothermicity.
In order to have water with stable heat defect close to zero, the
radiolysis of water and the quantities which influence the heat defect
have to be well known. The radiolysis of water is a complex system
of chemical reactions which can be simulated with computer models
using reactions known to take place in irradiated water. The cal-

6.2

The absorbed dose to water in a water calorimeter

58

culated heat defect can be verified by comparing the temperature
rise of various dissolved gases [38] or by measuring the chemical
products of radiolysis and comparing them to the model calculations
[39, 40].
It has been shown [39, 40] that the heat defect in water is sensitive to impurities, dissolved gases, dose rate, accumulated dose and
temperature.
The water and the surface of the glass vessel are contaminated by
organic impurities. These impurities react with radiation and the heat
of these reactions contributes to the temperature rise in water. In
order to minimize these impurities in the water used for calorimetry,
the vessel must be cleaned and filled with ultra pure water (the ultra
pure water provided by the water purification system used in this
work has the following properties: Total Organic Carbon (TOC): <
10 ppb, water resistance: 18.2 MΩcm at 25°C, Water Quality: Type
I). Generally the impurities are destroyed after an accumulated dose
of 100 Gy and than the heat defect stays constant. Klassen and
Ross [38, 40] have tested various gases to study their influence on
the heat defect. Three saturated ultra pure water/gas mixtures have
been recommended for water calorimetry: saturation with N2 or Ar
(this aqueous solution is referred to as "pure water", because N2 or Ar
does not participate in the radiolysis and is only used to remove air),
saturation with H2 , and saturation with a mixture of H2 and O2 . Pure
water and H2 -saturated water are sensitive to impurities, compared
to H2 / O2 mixture, which is insensitive. A stable zero heat defect
of pure water and H2 -saturated water is reached quickly (<30 Gy)
[38, 40]. The H2 / O2 mixture has a constant heat defect of -0.023
[40]. According to simulation, the pre-dose needed to reach the zero
heat defect for pure water is smaller [40] at low dose rate (i.e. 3 Gy
for 1 Gymin−1 compared to 28 Gy for 20 Gymin−1 , both at 4°C) and
at ambient water temperature (i.e. 2 Gy at 21°C compared to 3 Gy
at 4°C, both at a dose rate of 1 Gymin−1 ). All heat defects have been
evaluated for low linear energy transfer (LET) ionizing radiation such
as high energy x rays and 60 Co gamma rays. Protons are also low
LET ionizing radiation, and are assumed to have the same radiolysis
of water as 60 Co gamma rays.
We have prepared the water in our water calorimeter according
to the recipe of [7], where ultra pure water is gasified with nitrogen
N2 . The water is assumed to be free of impurities. Before the dose
measurements no pre-irradiation is done. The water calorimeter is
operated at 4°C where the water density is maximal (see the next
section for the description of the cooling system). For pure water
with N2 , the heat defect is assumed to be zero for low LET particles
(i.e khd = 0) [2].
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The METAS Sealed Water Calorimeter

Water calorimetry requires sensitive thermometry as the temperature rise is only 0.238 mK per gray. For this purpose, sensitive thermistor beads connected to a Wheatstone bridge have been chosen
as temperature sensors for the water calorimeter. In the next sections, the water calorimeter is described in details.
6.3.1

The Water calorimeter and electronics

A schematic of the water calorimeter is shown in figure 24. The
water is in a 30 x 30 x 30 cm3 Plexiglas tank (i.e. water phantom).
The ultra pure water vessel with the two fixed thermistors is held by
holding plexiglas rods in the water phantom. The polystyrene beam
entrance window of the phantom is 12 x 12 cm2 and 0.4 mm thick.
The exterior walls of the phantom are insulated electrically with mylar foils (grounded) and thermically with 5 cm thick Styrofoam. The
phantom is enclosed in an insulated wooden box of 85 cm on each
side. The wooden box is also insulated with mylar foil and 5 cm thick
Styrofoam.
In order to minimize convection, the water in the vessel has to
be cooled to a temperature of 4°C, where the density of the water
is maximal. For this purpose, a Neslab Refrigerated Bath RTE 10
provides cooled water (0.9°C) to both heat exchangers in the water
phantom and the surrounding air in the wooden box. The temperature of the air is regulated to 3.8°C by a LakeShore Temperature
Controller Model 331 (see table 11 for parameters) where a PT100
thermometer measures the air temperature. The air temperature is
controlled by the value of the current in the heating plate provided by
the LakeShore controller. Fans force the air to circulate permanently
around the water phantom. The water temperature is measured by a
PT100 thermometer connected to a Keithley multimeter. Both PT100
Thermometers are calibrated by the METAS Thermometry Laboratories and have an precision of ±0.01 K at 4°C. A magnetic stirrer at
the bottom of the tank insures a thermic homogeneity of the water
cooled by the heat exchanger inside the phantom and is manually
activated if needed (see below). The multimeter, the temperature
controller, the valve and the stirrer are connected to a computer with
a GPIB interface.
Figure 25 shows the circuit used to measure the change in thermistor resistance. The sensitive circuit is a four-arm AC Wheatstone
bridge (the description below concerns only one Wheatstone bridge,
but each of the two NTC thermistors is coupled to its own independent Wheatstone bridge, named bridge 1 and bridge 2). In the
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Figure 24: Side view of the water calorimeter [41].

Figure 25: Schema of the circuit used in the water calorimeter (only one
Wheatstone bridge is shown). The elements in the red box are inside the
wooden box. The Wheatstone Bridge measures the thermistor resistance
change due to the ionizing radiation induced temperature rise. The rest of
the electronics is used to control the temperature of the water calorimeter.
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Table 11: Parameters of the Lakeshore
Temperature Controller (PID controller)

Heater range
Proportional (gain)
Integral (reset)
Derivative (rate)

3
250.0
7.5
0.0%

Table 12: Parameters of the lock-in amplifiers during the measurements.

Oscillation amplitude
Oscillation frequency
Range
Accuracy
Time Constant
Synchronous TC
Ref. phase
Shield
Line filter
Coupling input
Slope
Auto AC Gain
AC Gain

1.00 V
21.50 Hz or 18 Hz
20 μV
± 40 nV
500 ms
On
0
float
50 and 100 Hz
DC
24 dB/ oct
Off
69 dB

a

a Lock-in 1 is set to 18 Hz for bridge 1 and lock-in 2 to 21.50 Hz for bridge 2
to avoid oscillation perturbation between the two circuits.

Table 13: Measured maximum uncertainty
for the ranges of the Burster Decade resistances.

Range
0.01 Ω
0.1 Ω
1Ω
10 Ω
100 Ω
1 kΩ

max. uncertainty mΩ
±0.025
0.040
0.18
1.8
9
90
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bridge, the two fixed resistances of 9000.00 Ω are Vishay Ultra-High
Precision (VHP102) hermetically sealed bulk metal foil resistors with
very low resistance/temperature and humidity effect and with a tolerance of 0.005%. The opposite arm is a resistor decade (Burster
Ultra-High Precision Type 1422) with a resistance range of 10 mΩ
to 10 kΩ (Table 13 gives the maximum resistance uncertainties for
each range of the Burster Decade). The two decades used in the two
bridges are calibrated by the METAS Electricity Laboratories. The input AC oscillation excitation at the entrance of the bridge and the
output voltage in the middle of the bridge are provided by a Signal Recovery Model 7265 Digital Signal Processing dual phase lock-in
amplifier. The parameters used for both lock-in amplifiers during the
measurements are given in table 12.
The resistor decade and the lock-in amplifier are remotely controlled and read out with a computer using a GPIB interface. The
Labview programm balances the bridge by changing the resistance
value of the decade to have a voltage in the middle of the bridge
inside a window between 40 μV and -40 μV for the real component
of the electrical signal. The imaginary part of the impedance component is not taken into account in this work (no extra capacitance
is used in the bridge to balance the imaginary component). The system thermistor-Wheatstone bridge-lock-in amplifier leads to a temperature difference sensitivity of 10 μK.

Figure 26: Schema of the Wheatstone bridge.
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The basic Wheatstone bridge is illustrated in figure 26: Rt is the
thermistor resistance, Rd the decade resistance, R and Rb the fixed
resistance, Un the constant voltage input and U is the voltage measured in the middle of the bridge.
For a given voltage input Un , the current flowing through ABC and
ADC depend on the resistances:
Un = UABC = UADC ⇒ ABC (R + Rb ) = ADC (Rd + Rt )

(61)

The voltage drops from A to B and from A to D are given by:

Un
 UAB = ABC R = R +R R




UAD = ADC Rd =

b

Un
R
Rd +Rt d

The voltage U in the middle of the bridge can then be obtained
from U = UAB − UAD :
U=

R Rt − Rb Rd
(R + Rb )(Rd + Rt )

Un

(62)

Finally, the resistance of the thermistor is obtained from equation
(62):
Rt =

6.3.2

Rd [(R + Rb )U + Rb Un ]
R (Un − U) − URb

(63)

Glass vessel

Figure 27 shows the glass vessel in which the dose to be measured
is absorbed. The glass vessel is a Borosilicate (Pyrex) cylinder of
67.56 mm outer diameter and with 1 mm wall thickness. A thermistor probe is fixed with a teflon nut at each side of the vessel. The
teflon nuts have four screws to align the thermistors probes (see also
section 6.4.1). When the teflon nuts and the valve-knobs are sealed,
the glass vessel is totally waterproof. The vessel has to be filled with
ultra pure water and flushed with gas. A part of the gas saturation
system is directly integrated in the glass vessel (see section 6.4.1).
The right gas pipe connected to the gas inlet duct brings the gas inside the vessel and the duct creates little bubbles to improve the gas
saturation. The gas leaves the vessel through the left gas pipe and
the gas outlet coupling pipe is used to fix the reservoir (to prevent
the water to go up in the gas tube). The vessel is hung and fixed
in the water phantom with the help of holding rods in Plexiglas. The
height can be modified with the fixation nut on the holding rods.
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Figure 27: Schema of the glass vessel. The view is given according to the
view of the proton beam entry. During the gas saturation process, the gas
enters from the right and leaves to the left. (1) glass vessel in Borosilicate,
(2) gas inlet duct, (3) thermistor’s teflon nut (to fixe and align), (4) gas
pipe, (5) gas inlet coupling pipe, (6) gas outlet coupling pipe, (7) small
valve’s Viton ring, (8) valve-knob, (9) glass plug, (10) large valve’s Viton
ring, (11) knob’s fixing ring, (12) thermistor, (13) vessel’s height fixation
nut and vessel’s holding rod (both in Plexiglas), (14) flexible tube for the
thermistor’s electrical wires.

6.3.3

Thermistor

In order to find several thermistor’s bead suppliers, the material composition of the GE Thermometrics thermistor beads have been analyzed.
Bead structure The GE Thermometrics 10 kΩ thermistor beads of
the sealed glass bead BR11KA103J type are used in the thermistor
probe of the METAS water calorimeter.

An electron microscope analysis of these GE Thermometrics thermistor beads has been performed (see figure 28) to see whether
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Figure 28: GE Thermometrics BR11 type glass bead thermistor. On the left,
top view and on the right, side view.

the difference between a 1 kΩ thermistor and a 10 kΩ thermistor is
owing to material composition and/or material structure. The material composition was analyzed using Energy Dispersive X-ray analysis (EDAX) and the geometrical structure by scanning electron microscopy. Both analysis types were performed at ComLab of the "Institut de Microtechnique" of the University of Neuchâtel.
The following samples were used:
• Sample 1: GE Thermometrics 1 kΩ BR11KA102J Lot. 3.1 / SEQ
502518
• Sample 2: GE Thermometrics 10 kΩ BR11KA103J Lot. 3.1 / SEQ
507715
The description of the GE Thermometrics thermistor bead is given
by the type code: Ruggedized Bead (BR), Nominal bead diameter in
mils (11), adjacent leads with stub ends glass coated (K), zero-power
resistance as 25°C in kω (A102), ± 5% tolerance at 25°C (J).

Figure 29: Broken glass bead thermistor (showing wires, glass and semiconductor)
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Before the analysis, the thermistors had to be prepared. As can
be seen in figure 28, the NTC (Negative Temperature Coefficient) material of the thermistors is covered by a glass bead. This glass had to
be broken in order for the electron beam of the microscope to reach
the NTC material. Figure 29 shows an example of a thermistor bead
prepared for analysis: the NTC material is the porous part and the
12 μm thick platinum wires can also be seen.
The microscopic structure of sample S1 (1 kΩ thermistor) is a
porous material, as shown in figure 30. Figure 30 shows also an
EDAX X-ray fluorescence energy spectrum of sample S1. The main
components of the 1 kΩ thermistor are: manganese (Mn), oxygen
(O), cobalt (Co) and nickel (Ni). Traces of copper (Cu) were observed
too. The copper is perhaps used to increase the conductivity.
The microscopic structure of sample S2 (10 kΩ thermistor) is more
porous than sample S1 which would be consistent with the higher
resistivity of a factor of 10 (see figure 31). The main components of
the 10 kΩ thermistor are again: manganese (Mn), oxygen (O), cobalt
(Co) and nickel (Ni). However no copper (Cu) was seen in this 10 kΩ
thermistor sample (figure 31).
The 12 μm diameter platinum wires of the thermistors (figure 32)
were also analyzed. The energy spectrum shows mainly platinum
(Pt) (figure 32) with some small traces of copper.
The analysis of a 1 kΩ and a 10 kΩ thermistor of GE Thermometrics indicates that the resistivity is mainly controlled by the porous
structure of the material. The material composition is manganese
(Mn), oxygen (O), cobalt (Co) and nickel (Ni) which owing to reference [42] are the standard ingredients of today’s NTC thermistors.
The thermistor beads are fixed in a capillary glass tube and connected to electric wires. The METAS thermistor probes used in the
water calorimeter are presented in the next section.
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Figure 30: At the top: microscopic structure of the 1 kΩ bead thermistor
and at the bottom the EDAX spectrum of the 1 kΩ bead thermistor.
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Figure 31: At the top: microscopic structure of the 10 kΩ bead thermistor
and at the bottom the EDAX spectrum of the 10 kΩ bead thermistor.
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Figure 32: At the top: Platinum wire of the thermistor. At the bottom: EDAX
Spectrum of the platinum wire
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Figure 33: Schema showing the details of a METAS
thermistor [7].

METAS Thermistor probes The structure of a typical thermistor
probe is shown in figure 33. The capillary tube used for the thermistor probe is a standard borosilicate Duran tube of 8.0 mm outer
diameter and 5 mm inner diameter (i.e. Duran 43.008.15). The capillary is then manipulated with a flame to have a sealed end of 5 cm
length, >0.35 mm inner diameter and 0.5 mm outer diameter. The
total length of the glass tube is ca. 12 cm. The capillary tubes are
tested for leaks using a helium leak detector. The bead (see figure
28) is fixed with UV hardening epoxy at the end of the capillary tube.
The bead is soldered with two copper wires and the electric isolation
between them is assured by a microtube enveloping one of the two
wires. The wires are then connected to a shield cable with a LEMO
connector. A waterproof rubber tubing is fixed at the other end of the
tube to protect the electrical cable. In this way, the thermistor probe
is waterproof. This thermistor probe design is from the National Research Council in Canada (NRC) which kindly supplied METAS with
a few probes. For this reason, the thermistors are named NRC-1,
NRC-2, etc. These thermistor probes were calibrated at METAS as
described in the following paragraph.
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Thermistors calibration The thermistors used for calorimetry are
NTC (Negative Temperature Coefficient) probes, i.e. the resistance R
deceased inversely proportional to the temperature T.
The non-linear behavior of the thermistors is given by [43]
R(T) = R0 · e

β



1
− T1
T
0



(64)

where β and R0 are determined by calibrating the thermistor at
the standard reference temperature (T0 =25°C is most often used as
reference for the resistance value of the thermistor). R0 is the resistance of the thermistors at the temperature T0 .
For a given resistance R, the temperature can be obtained by the
inverse of equation (64)


T(R) =

(ln R − ln R0 )
β

+

1

−1

T0

(65)

This equation enters directly into the dose determination (see
chapter 7).
The following equations are used to determine the calibration factors β and R0 . The calibration curve of the thermistors can also be
written as
1
2
ln(R) = 0 +
+ 2
(66)
T
T
where the slope is given by
β(T) =

d (ln(R))
22
 1  = 1 +
T
d T

R0 can be written as a function depending slightly on T


β(T) 2
R0 (T) = exp 0 +
− 2
T0
T

(67)

(68)

The procedure for the thermistor calibration consists of 3 steps:
1. the thermistors are emerged in a thermostatic bath with two
PT100 thermometers
2. the resistances of the thermistors are measured as a function of
the temperature given by the PT100 thermometers for temperatures between -4°C and +12°C with 1°C unit interval, in such a
way that the temperature used during the dose measurements
with the water calorimeter (+4°C) is in the middle of the temperature range.
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3. the calibration factors β and R0 are determined by fitting equation (66) for ln(R) in function of 1/ T, which gives the coefficients
0 , 1 and 2 .
As the PT100 Thermometers are used for the calibration of the
thermistors, the accuracy of the thermistors is not better than the
PT100 thermometers accuracy, that is ±0.01 K tolerance for an absolute temperature measurement at 4°C (provided by the calibration
of the PT100 Thermometers). But, as it will be explained later, the
water calorimeter measurements consist of measuring temperature
differences which can be determined with higher accuracy.

6.4

Water calorimeter: preparation and measurement
procedure

In order to perform high quality dose measurements, the water calorimeter has to be prepared accordingly. The vessel and the thermistors
have to be cleaned to eliminate the impurities, the water in the vessel has to be flushed with gas and finally the water in the phantom
has to be cooled at 4°C.
The measurements start by first balancing the Wheatstone Bridge to
reach zero volt in its center. Then the bridge is calibrated for fixed
resistance steps leading to the ohm step calibration factor for each
bridge.
In the next sections, all this points are described in detail.
6.4.1

Water calorimeter preparation

Vessel and thermistor probe cleaning and vessel filling The
vessel and thermistor probe cleaning is a critical step in the preparation of the water calorimeter because organic impurities modify the
heat defect of the water (see section 6.2). Therefore the vessel and
thermistor probes are carefully cleaned before each measurement
campaign.
The ultra pure water used to clean and to fill the vessel is provided
by a Millipore water purification system (Milli-Q Advantage A10). The
Millipore system consists of various purification sequences: the
METAS osmotic water passes through UV lamp irradiation which ensures organic molecule oxidation and bacteria destruction. Then it
flows through filters which remove ionic and organic contaminants.
A the end, the water has a Total Organic Carbon (TOC) smaller than
10 ppb, and the water resistance is 18.2 MΩcm at 25°C.
The cleaning consists in emerging the glass vessel and the reservoir in a sulphuric-chromic acid mixture (H2 SO4 (≥ 92%) and CrO3
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(≥ 1.3%)) during ca. 15 hours. The viton seal of the valve-knobs
are emerged in a powerful alkaline concentrate Hellmanex II (Hellma
GmbH & Co. KG, Deutschland) diluted at ca. 5% with Millipore water
during ca. 10 minutes. The PTFE encapsulated rubber o-ring (CAPFE
O-ring by ACE GLASS incorporated, USA) for fixing the thermistor
probes and the thermistor’s teflon nuts are emerged in the sulphuricchromic acid mixture during ca. 10 minutes. The glass plugs of the
valve-knobs and the glass part of the thermistor probes are emerged
10 seconds in the sulphuric-chromic acid mixture and rinsed with ultra pure water 3 times. The glass vessel and the reservoir are first
rinsed with osmotic water and then with ultra pure water. Then the
vessel is mounted with the valve-knobs and thermistor probes fixed
with two CAPFE O-rings compressed between the glass and the thermistor’s teflon nut. The thermistor with the smallest number (see
paragraph 6.3.3) is always fixed at the right of the vessel. The two
thermistor probe tips are positioned with 1 cm distance to each other
and aligned horizontally in the three directions with the scribed lines
around the vessel with help of the screws on the thermistor’s teflon
nut. Finally the vessel is filled with ultra pure water and sealed by
screwing the valve-knobs.
The gas saturation system Figure 34 shows the METAS gas saturation system. Different aqueous systems are appropriate for water
calorimetry [44, 39, 40] due to their low heat defect (see section
6.2). We have chosen to saturate the water with nitrogen (N2 ), as in
the case of the METAS Photon calorimeter [7]. The high-purity water
saturated with nitrogen is called "pure water", because the gas does
not participate to chemical reactions during radiation. The nitrogen
bubbling is used to remove air from the vessel. The heat defect of
the "pure water" is zero [40]. The characteristic of the nitrogen used
for the saturation is given in Table 14. The water in the vessel is
flushed with a flow rate of 200 ml/ min during ca. 2 hours.
Table 14: Characteristic
of the nitrogen used for
the gas saturation

Purity
H2 O
O2
H2
N2
CO2
CO
Cn Hm

99.9999%
< 0.5 ppm
< 0.1 ppm
< 0.1 ppm
< 0.1 ppm
< 0.1 ppm
< 0.1 ppm
< 0.1 ppm
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Figure 34: Schema of the bubbling system. (1) Sense of the gas flow, (2) Vform support, (3) Velcro tapes, (4) Teflon gas inlet tube, (5) Coupling piece,
(6) Reservoir, (7) Silicone gas outlet tube, (8) Bubbler.

Alignment of the thermistors with the beam line Table 15
shows the reference conditions used for the determination of the absorbed dose to water in proton beams with the water calorimeter.
The thermistor probes centered at the middle of the vessel (see
previous sections) are aligned with the cross in the middle of the
beam entrance windows for the height and the transversal direction.
With the help of a laser, fixed in the beam line, three reference points
are aligned: 1) the cross in the middle of the beam entrance windows, 2) the cross on the opposite side of the beam entrance, 3) tips
of the thermistor probes.
After alignment, the styrofoam plate for the beam entrance window is fixed and the wooden box is closed.
Water Calorimeter cooling To cool the water in the phantom from
ambient temperature (ca. 20°C) to 4°C, the valve is opened to fill the
heat exchanger in the water phantom with 0.9°C water and the stirrer is activated. When the PT100 thermometer indicates ca. 4°C, the
valve is closed. The temperature of the water is stabilized by controlling the circulating air around the water phantom. 7 hors later
the water in the phantom is stable at 4°C. The stirrer in the phantom
is stopped and the water is left 2 hors to reach a steady state (no
convection). Then the calorimeter is ready for measurements.
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Table 15: Reference conditions for the determination of the absorbed dose
to water in proton beams with the water calorimeter

Phantom material
Measurements depth, zreƒ
Reference
point
of
water
calorimeter
Position of the reference point of
the water calorimeter
SCD (Source Chamber Distance)
Field size at the phantom surface
a measurements
b measurements

6.4.2

Water
16.8 cm

a

or 15 cm

b

At the center of the vessel.
At the measurement depth zreƒ
Clinical treatment distance
8 cm x 8 cm a
or 6.5 cm x 6.5 cm b

of 2006
of 2008

Measurement procedure

Wheatstone Bridge balancing Before measuring series of doses,
the Wheatstone Bridge has to be balanced. During the water cooling procedure, the bridge is continuously balanced (by changing the
decade resistors) such that the real component of the voltage across
the bridge is between 40 μV to -40 μV.
Bridge calibration - Ohm step calibration factor The ohm step
calibration factor for each bridge is determined by applying a 0.4 Ω
resistance change in the decade resistor and measuring the corresponding voltage change in the lock-in amplifier. The ohm step calibration factor is given by:
Fc =

0.4000
ΔU

, Ω/ μV

(69)

Pre-irradiation Prior to proton irradiation measurements for determining the absorbed dose, no specific pre-irradiation was performed.
However calculations [40] recommend an accumulated pre-dose of
3 Gy at 4°C for a dose rate of 1 Gy/ min with pure water to reach a
steady state with a heat defect of 0.001. For this reason, the first run
of the measurements is not taken into account in the results.
Dose measurement The dose profile specifications and the equipment used for the measurements done at PSI with the water calorimeter are given in table 16.
When the temperature gradient surrounding the thermistors is too
high for dose measurements (i.e. the slope voltage-time is too steep
to observe clearly the dose step), the valve is opened ca. 30 s and
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Table 16: The radiation conditions for the dose measurements in 2006 and
2008.

Parameters
Box

2006 a
8 cm x 8 cm x 8 cm

Dose (Gy)
Beam current (nA)
Sweep scanning c
Bridge

4.5
122
T
bridge1 d /NRC-4,
bridge2 e /NRC-5
NRC-11

Vessel

f

2008 b
6.5 cm x 6.5 cm x
6.5 cm
not specified
115
T
bridge1 d /NRC-2,
bridge2 e /NRC-6
NRC-11

a PSI

test area
Gantry 2
c T: vertical from left to right
d Burster 1 SN. 189854, lock-in 1 SN. 06109769
e Burster 2 SN. 191403, lock-in 2 SN. 06109600
f The vessel was produced by the National Research Council in Canada (NRC) and
the number 11 was etched on the surface
b PSI

the stirrer is activated for a few minutes. The measurements can be
pursued ca. 2 hors later.
In the next chapter, the results are presented for the measurements done at PSI with the water calorimeter.
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Results of Proton irradiation of Water Calorimeter

In 2006, before the Gantry 2 was installed, the first absorbed dose
measurements with the METAS water calorimeter were performed at
the PROSCAN test area of PSI [45, 46]. Then in 2008, dose measurements were done with the water calorimeter and ionization chambers
on Gantry 2 [47]. Finally, in 2009 proton dose measurements with
ionization chambers were performed on the moving table of Gantry
1 (presented in the previous chapters).
In the following section, the absorbed dose determined from the
lock-in amplifier voltage change is described. Then the results obtained with the water calorimeter in 2006 and 2008 are presented.

7.1

Determining the absorbed dose from the lock-in
amplifier voltage change

The absorbed dose to water, DW,Q , determined by a water calorimeter is given by:
1
DW,Q = cW · ΔTW · k ·
(70)
1 − khd
The dose measurement chain can be described as:
ΔT → ΔR → ΔU

(71)

The energy deposition in water owing to the proton beam produces a temperature rise, which changes the resistance of the thermistors. This produces a voltage change in the middle of the bridge
which is detected by the lock-in amplifier.
Figure 35 shows a typical voltage change ΔU detected by the lockin amplifier after a dose deposition. The two thermistors do not show
the same voltage change for an identical dose because of a different
ohm step calibration factor. This factor Fc (in Ω/ μV) of each thermistor/bridge system is determined by repeatedly applying a calibrated
resistance step of 0.4000 Ohm in the Wheatstone bridge.
From the voltage change ΔU (in μV) measured for each thermistor/bridge system (see figure 35), one obtains the corresponding resistance change ΔR of the thermistors :
ΔR = ΔU · Fc , Ω

(72)

The ohm step calibration factor is measured with a precision of
1%. The factors differ about 7.1% between the two thermistors NRC2 and NRC-6 (see figure 35).
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Figure 35: The change in lock-in amplifier voltage for the two thermistors
NRC-2 (blue) and NRC-6 (red), respectively. Note that the voltage is not the
same owing to the two different ohm step calibration factors. The precision
of the voltage difference measurement in this graph is 1% and is given by
the voltage fluctuation measured before and after the dose deposition.

Then, using the calibration curve of the thermistors [43]


1
1
R(T) = R0 · exp β( −
)
T
T0

(73)

where β and R0 are determined by calibrating the thermistor at the
standard reference temperature (T0 =25°C), we calculate the temperature change by using
ΔT = T(RD − ΔR) − T(RD ), mK

(74)

where RD is the value of the resistance of the thermistor before irradiation (assumed to be equal to RDecde in figure 26) and T(R) is
given by the inverse of equation (73):


T(R) =

(ln R − ln R0 )
β

+

1

−1

T0

(75)

Finally we calculate the absorbed dose in water DW,Q (in Gy) using
equation (70):
DW,Q = cW · ΔTW · k ·

1
1 − khd

(76)

For example showing the dose measurement in figure 35 for NRC2, a voltage change of 3.19 ± 0.03 μV corresponds to a resistance
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change of 0.144 ± 0.001 Ω (for Fc = 0.0451 ± 0.0004 Ω/ μV) which
yields a temperature change of 0.367 ± 0.004 mK corresponding to
a dose of 1.54 ± 0.02 Gy.

7.2

Dose deposition of a scanned proton beam

The first measurements in 2006 consisted of depositing an absorbed
dose to water of 4.5 Gy in a 8 cm box of scanned protons in the water
calorimeter [45]. Figure 36 shows the individual dose profiles for the
19 energies (red and green curves) required to create such a 8 cm
box of 4.5 Gy (blue curve).
The thermistors, positioned at a depth of 16.8 cm, recorded a
temperature rise for first six energy planes (red curves). No signal
was seen for protons with an energy less than 155.78 MeV(16.85 cm)
deposited in front of the thermistors (green curves). This corresponds
to a distance of 4 mm between the Bragg peak (of 153.38 MeV) and
the thermistor position.
The temperature profile of the two thermistors induced by the
dose deposition of the 8 cm proton box is shown in figure 37. The
time structure of this temperature profile can be understood from
the way the proton packets are deposited at the PSI proton scanning
facility (described in section 3.3).
The thermistors sense the dose deposition of the plateau of the
first proton dose distribution (1.5 Gy in figure 36 with energy of
167.4 MeV, at 19.10 cm depth). The highest energy has the largest
dose, leading to the strongest temperature rise. As can be seen in
figure 37, the temperature rise occurs in thermistor 1 t = 2.6 s before the corresponding temperature rise in thermistor 2, because the
thermistor 1 is placed 1 cm to the left of thermistor 2, and the proton
packets are scanned both vertically and from left to right. Because
the thermistors only sense the dose deposition a few mm surrounding the thermistor beads (owing to the small heat conductivity of water of 0.61 Wm−1 K−1 ) no temperature rise occurs until the next layer
of protons is deposited (second layer at 18.65 cm, proton energy =
165.1 MeV). The dashed lines in figure 37 are the proton beam arrival times given by the inputs from the proton deposition scheme as
shown in figure 36 (proton energies and relative weighting factor of
proton dose). The proton beam current was such that the deposition
took 80 s. A deposition of 4.5 Gy in water at 4 °C leads to a temperature rise of 1.07 mK, a value which is reasonably well measured by
both thermistors with a 2% accuracy in figure 37.
The results demonstrate that the 3D dose profile produced by the
spot scanning technique is sufficiently long-lived in water that absolute dosimetry with a water calorimeter should be feasible, as expected by the simulation of reference [10].
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Figure 36: The Spread Out Bragg Peak (SOBP) of a 4.5 Gy box in the water
phantom (8 x 8 x 8 cm3 box centered at 15 cm) measured in December
2006.

Figure 37: The temperature rise signal of two thermistors for a 4.5 Gy 8 cm
proton box deposition. The precision of the temperature rise measurement
in this graph is 2% and is given by the thermal fluctuation measured before
and after the dose deposition.

7.3 Comparing the dose measurements with the water calorimeter
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7.3

Comparing the dose measurements with the water
calorimeter and ionization chamber

In August 2008, we repeated the experiments with the water calorimeter at the newly installed Gantry 2 at PSI and compared the measurements with the standard ionization chamber used by PSI (Exradin T2).

Figure 38: Comparison of the doses determined by the ionization chamber
Exradin T2 and from the two independent thermistors of the water calorimeter

Figure 38 summarizes the experimental results: the water calorimeter measurements of the absorbed dose to water for 10 sequentially deposited 6.5 cm proton boxes of 0.44 Gy centered at a reference depth of 15 cm water are shown for each of the two thermistors.
The uncertainty on the mean of the 10 individual measurements of
thermistor NRC-2 and NRC-6 is 5.2% (see below), both thermistors
showing the same value of the dose inside this statistical uncertainty.
The dose measurements were repeated in the same proton box
conditions for the ionization chamber Exradin T2. The chamber reading MQ was corrected for pressure and temperature, and the NDW ,Q0
calibration factor of the Exradin T2 was previously determined at the
60 Co source of METAS using the IAEA TRS-398 protocol (see section
4.10.1). The tabulated value kQ,Q0 = 1.017 at the proton-beam quality index Rres = 3 g/ cm2 was taken from IAEA TRS-398 [5]. Rres is
the residual range in water and is defined as Rres = Rp − zreƒ where
Rp is the depth of the 10% level of the peak dose on the distal edge
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of the Bragg peak, and zreƒ is the reference depth for the measurements (zreƒ = 15 cm in this case). The uncertainty of the Exradin T2
ionization chamber is dominated by relative standard uncertainty of
2% owing to the kQ,Q0 factor according to the ICRU 2007 recommendation [2].
As can be seen in figure 38, the dose determined by the ionization
chamber Exradin T2 is found to agree within 3.2% to the mean dose
determined by both of the two thermistors of the water calorimeter. The absorbed dose to water measurements are all in agreement
within the statistical uncertainties of the measurements.

7.4

Uncertainties on the dose measurement

The uncertainty on the voltage change, measured using the voltage
slope fits (linear regression model) before and after the dose deposition, is about 5%. This uncertainty has been evaluated with the
standard deviation of the voltage slope fits for the voltage change
the most affected by the thermal fluctuation from the 10 measurements. This is the larger uncertainty which limits the dose measurements accuracy. The thermal fluctuations (short, middle and
long terms fluctuations) have an influence on the quality of the preand post-irradiation fit, which determines directly the dose measurements. The uncertainty on those thermal fluctuations diminishes
with the amount of boxes measured, the duration of the pre- and
post-irradiation and the control of the thermal stability.
Other uncertainties are the ohm step calibration factor which has
been directly measured in the experimental condition and is 1% and
the dose reproducibility (standard deviation on mean dose) which is
1%. The fit reproducibility (0.15%), the thermistor calibration
(0.089%) and the specific heat capacity of water (0.005%) uncertainties are also taken into account. All the uncertainties are given for
k=1.
The total combined uncertainty of the dose measurement with the
water calorimeter is 5.2%.

7.5

Improvements

It is clear that the precision on the dose measurements is limited
by thermal fluctuations. To diminish those influences, more time is
needed to stabilize the temperature inside the vessel. After maximum three series of measurements, the temperature system should
be stabilized again, before to go one with the next measurements.
Another improvement will be to increase the duration of the pre- and
post-irradiation which is directly linked with the fit quality. The dura-
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tion of the pre- and post-irradiation in this work was about 20 s and a
duration of minimum 120 s is needed for a fit improvement in good
stable thermal condition (according to measurement done with the
60 Co calorimeter). It is also preferable to do a ohm step calibration
measurement before and after each serie of dose boxes depositions
which is sensible to temperature variation. In this work the ohm step
calibration measurement has been just once at the beginning of the
series.
The dose deposition for the comparing with the water calorimeter and the ionization chamber was only about 0.4 Gy, which yields
insufficient signal. A dose of 10 Gy will improve the measurements
significantly. In other hand, the imaginary part of the voltage signal
has not been taken into account due to leak of optimization time in
the beam. This has to be done in the future to have the full signal
information.
Metrological dose measurements with a water calorimeter need a
lot of time before and during irradiation, for this reason a dedicated
environment, independent from the patients treated in the proton
beam, is necessary to succeed in a real ionization chamber calibration with a water calorimeter as primary standard.

Conclusion
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Conclusion

In this thesis, a water calorimeter has been developed and exposed
to the scanned proton beams at the Paul Scherrer Institute (PSI).
The direct determination of absorbed dose to water from the water calorimeter has been compared with an ionization chamber used
in medical environments.
In essence, the work shows that water calorimetry can also be
used as a primary standard for scanned proton beams, because water has a sufficient low heat diffusion and has no convection at 4°C.
Within 3.2%, the dose value determined by the water calorimeter
is identical to the value determined by the ionization chamber with
the theoretical kQ value given by the IAEA TRS-398. The combined
uncertainty on the dose is about 5%. In order to diminish the dose
uncertainty, the thermal fluctuation has to be minimize in the experimental condition.
The comparison of the kQ correction factors for different types of
ionizing chambers confirm the kQ values recommended by the IAEA
TRS-398 protocol.
To improve the dose measurements with the water calorimeter,
more time is needed to reach a good thermal stabilization of the
water before and during the series of dose boxes depositions. More
dose has to be deposited to improve the signal-to-noise and more
time duration after and before the irradiation is needed in order to
reduce the thermal fluctuation influences on the fits. In the same
time, the imaginary part of the voltage signal has to be balanced in
the each bridge to take into account the full signal information. All
those improvements have to be optimized directly in the beam line.
With those improvements, the absolute dose delivered by the PSI
proton beam could be measured and used for a specific proton calibration of the ionization chambers, which are directly used in the
daily check of the dose before the patients arrive.
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