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Abstract

Modern techniques in external photon beam therapy, such as intensity modulated or stereo-
tactic radiotherapy with flattening filter free linear accelerators, impose great demands on
clinical dosimetry. The important issues are dose measurement uncertainties in small radi-
ation fields, as well as the influences of the flattening filter and the neutrons in the photon
radiation field. This work investigates the response of different detectors by Monte Carlo
simulations with respect to the mentioned aspects in order to contribute to the revision of the
current dosimetry protocols for photon dosimetry.

Monte Carlo simulations of the coupled electron and photon transport were performed with
the EGSnrc program package. The FLUKA code was used for neutron transport. The cor-
rection factor kfclin,fmsr

Qclin,Qmsr
was calculated for field sizes from 1×1 cm2 to 9×9 cm2 for Si diodes

and ionization chambers. Moreover, the beam quality correction factor kQ was calculated
for linear accelerators with and without flattening filter.

kfclin,fmsr
Qclin,Qmsr

deviated from unity by less than 2% for diodes. Furthermore, the results revealed
that removing the flattening filter led to a change within 1.1% and 1.6% in the relationship
between the beam quality correction factor kQ and the beam quality specifier TPR20

10 and
%dd(10)x, respectively. The influence of neutrons on the kQ values of ionization chambers
was far below 0.1%.

The results have shown that unshielded Si diodes are best suited for small field dosimetry
of all detectors examined, since the correction factor deviates only slightly from the unity
and is mostly independent of the electron beam spot size of the linear accelerator. The
results indicate that large volume ionization chambers may not be recommended for dose
measurements in small fields and radiation fields of flattening filter free linear accelerators,
due to the volume averaging effect. In addition, the results of this work have shown that the
changes between the recommendations of the ICRU Report 37 and the recently published
Reports 90 should be taken into account, when widely published Monte Carlo calculated
values are examined and compared. Results of this work can contribute to the improvement
of the upcoming revision of the dosimetry protocols, with the major goal of delivering highly
conformal external beam radiotherapy with low dose uncertainty to the patient.



Zusammenfassung

Moderne Techniken in der perkutanen Strahlentherapie mit Photonen, wie die inten-
sitätsmodulierte oder stereotaktische Bestrahlung mit ausgleichsfilterfreien Linearbeschle-
unigern, stellen große Anforderungen an die Dosimetrie dar. Die wesentlichen Aspekte
sind hierbei Dosismessunsicherheiten in kleinen Strahlungsfeldern, sowie die Einflüsse des
Ausgleichsfilters und der Neutronen im Photonenstrahlungsfeld. Diese Arbeit untersucht
das Ansprechen verschiedener Detektoren mittels Monte-Carlo-Simulationen bezüglich der
genannten Aspekte, um zur Überarbeitung der aktuellen Dosimetrieprotokolle in der Photo-
nendosimetrie beizutragen.

Monte-Carlo-Simulationen des gekoppelten Elektronen-Photonen-Transports wurden mit
dem Programpaket EGSnrc durchgeführt. Für den Neutronentransport wurde der FLUKA
Code verwendet. Der Korrektionsfaktor kfclin,fmsr

Qclin,Qmsr
wurde für Feldgrößen von 1×1 cm2 bis

9×9 cm2 für Si-Dioden und Ionisationskammern berechnet. Zudem wurde der Korrektions-
faktor kQ für die Strahlungsqualität im Strahlungsfeld von Linearbeschleunigern mit und
ohne Ausgleichsfilter berechnet.

kfclin,fmsr
Qclin,Qmsr

wich für Si-Dioden nicht mehr als 2% von eins ab. Darüber hinaus zeigten die
Ergebnisse, dass das Entfernen des Ausgleichsfilters einen Einfluss auf den funktionellen
Zusammenhang zwischen dem Korrektionsfaktor kQ und den Strahlungsqualitätsfaktoren
TPR20

10 und %dd(10)x von 1,1% bzw. 1,6% zur Folge hatte. Der Einfluss von Neutronen auf
die kQ Werte von Ionisationskammern lag weit unter 0.1%.

Die Ergebnisse haben gezeigt, dass für die Dosimetrie kleiner Felder nicht abgeschirmte Si-
Dioden aus allen untersuchten Detektoren am besten geeignet sind, da der Korrektionsfaktor
nur gering vom Wert eins abwich und weitgehend unabhängig von der Größe des Brennflecks
des Linearbeschleunigers war. Wie aus den Ergebnissen hervorgeht, sind großvolumige Ion-
isationskammern aufgrund des Volumeneffekts möglicherweise nicht für Dosismessungen
in kleinen Feldern sowie in Strahlungsfeld von ausgleichsfilterfreien Linearbeschleunigern
zu empfehlen. Darüber hinaus haben die Ergebnisse dieser Arbeit gezeigt, dass Änderun-
gen zwischen den Empfehlungen des ICRU Reports 37 und des kürzlich veröffentlichten
Reports 90 berücksichtigt werden sollten, wenn vielfach publiziert Daten aus Monte-Carlo-
Berechnungen untersucht und verglichen werden sollen. Ergebnisse dieser Arbeit kön-
nen wesentlich zur Verbesserung der anstehenden Überarbeitung der Dosimetrieprotokolle
beitragen, mit dem großen Ziel dem Patienten eine hochkonformale perkutane Strahlenther-
apie mit geringer Dosisunsicherheit zu ermöglichen.



List of publications 7

List of publications

This thesis is based on the following peer-reviewed publications:

• Czarnecki, D., Poppe, B. and Zink, K. (2018), ’Impact of new ICRU Report 90 rec-
ommendations on calculated correction factors for reference dosimetry’, Physics in

Medicine and Biology 63(15), 155015 (12pp).
Journal Impact Factor (2017): 2.665

• Czarnecki, D., Poppe, B. and Zink, K. (2017), ’Monte Carlo-based investigations on
the impact of removing the flattening filter on beam quality specifiers for photon beam
dosimetry’, Medical Physics 44(6), 2569-2580.
Journal Impact Factor (2017): 2.884

• Czarnecki, D. and Zink, K. (2014), ’Corrigendum: Monte Carlo calculated correction
factors for diodes and ion chambers in small photon fields’, Physics in Medicine and

Biology 59(3), 791-794.
Journal Impact Factor (2014): 2.761

• Czarnecki, D. and Zink, K. (2013), ’Monte Carlo calculated correction factors for
diodes and ion chambers in small photon fields’, Physics in Medicine and Biology

58(8), 2431-2444.
Journal Impact Factor (2013): 2.922

• Horst, F., Czarnecki, D., Harder, D. and Zink, K. (2017), ’The absorbed doses to water
and the TLD-100 signal contributions associated with the neutron contamination of a
clinical 18 MV photon beam’, Radiation Measurements 106, 331-335.
Journal Impact Factor (2017): 1.369

• Horst, F., Czarnecki, D. and Zink, K. (2015), ’The influence of neutron contamination
on dosimetry in external photon beam radiotherapy’, Medical Physics 42(11), 6529-
6536.
Journal Impact Factor (2015): 2.496



List of symbols 8

List of symbols

Roman latter symbols

cw specific heat capacity of water

d Burlin cavity theory dimensionless parameter calculated from the electron
fluence

%dd(10)x percentage depth-dose at 10 cm depth in water (beam quality specifier)

Da absorbed dose to air

Dcav absorbed dose to cavity

Dm absorbed dose to medium m

Dw absorbed dose to water

Dfclin
w,Qclin

absorbed dose to water in a clinical radiation field

Dfclin
cav,Qclin

absorbed dose to cavity in a clinical radiation field

Dfmsr
w,Qmsr

absorbed dose to water in a machine-specific reference field

Dfmsr
cav,Qmsr

absorbed dose to cavity in a machine-specific reference field

Dfref
cav,60Co absorbed dose to cavity in a 60Co radiation source under reference condi-

tions for calibrations

Dfref
w,60Co absorbed dose to water in a 60Co radiation source under reference condi-

tions for calibrations

Dfref
cav,Q absorbed dose to cavity in a radiation field with reference field size fref

and beam quality Q

Dfref
w,Q absorbed dose to water in a radiation field with the beam quality Q and

reference field size fref

e elementary charge

E energy

f cavity theory conversion factor

fref reference field

fclin clinical radiation field

fmsr machine-specific reference field
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ki generic correction factor to correct the deviations from the reference con-
ditions for calibration

kHD correction of the heat defect

kfclin,fmsr
Qclin,Qmsr

correction factor for the clinical radiation field fclin

kQ beam quality correction factor

L∆ restricted collision stopping power(
L∆

ρ

)
cav

restricted mass collision stopping power for cavity material
(
L∆

ρ

)
w

restricted mass collision stopping power for water
(
L̄∆

ρ

)w

cav
Spencer-Attix water-to-cavity restricted mean mass collision stopping
power ratio

ma mass of the sensitive air volume

M60Co detector signal in a 60Co radiation source

MQ detector signal in a radiation source with the beam quality Q

M fclin
Qclin

detector signal in a radiation the clinical radiation field

M fmsr
Qmsr

detector signal in a machine-specific radiation field

N60Co calibration factor of a detector for 60Co radiation

NQ calibration factor of a detector for radiation with beam quality Q

p overall perturbation factor

pcel central electrode perturbation factor

pfl fluence perturbation factor

pstem stem perturbation factor

pvol volume perturbation factor

pwall wall perturbation factor

pρ density perturbation factor

q charge created by ionizing radiation

Q beam quality

Qclin beam quality of a clinical radiation field

Qmsr beam quality of a machine-specific reference field

~r position vector

Scol collision stopping power for electron
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Scol
ρ

mass collision stopping power for electron(
Scol
ρ

)
cav

mass collision stopping power for electron in cavity material
(
Scol
ρ

)
w

mass collision stopping power for electron in water
(
S̄col
ρ

)
cav

mean mass collision stopping power for electron in cavity material
(
S̄col
ρ

)
w

mean mass collision stopping power for electron in water

sBG
w,cav Bragg-Gray water-to-cavity mean mass collision stopping power ratio

sw
a Spencer-Attix water-to-air restricted mean mass collision stopping power

ratio

sw
cav Spencer-Attix water-to-cavity restricted mean mass collision stopping

power ratio

T temperature

TPR20
10 phantom tissue ratio (beam quality specifier)

Wa mean energy to create a ion pair

zref reference water depth

Greek letter symbols

∆ cutoff energy

Φe− general electron fluence

Φe−
cav electron fluence in a cavity

Φe−
w electron fluence in water

µen
ρ

mass energy-absorption coefficient(
µen
ρ

)
cav

mass energy-absorption coefficient for cavity material
(
µen
ρ

)
w

mass energy-absorption coefficient for water
(
µ̄en
ρ

)
cav

mean mass energy-absorption coefficient for cavity material
(
µ̄en
ρ

)
w

mean mass energy-absorption coefficient for water
(
µ̄en
ρ

)w

cav
water-to-cavity mean mass energy-absorption coefficient ratio

(
µ̄en
ρ

)w

Si
water-to-silicon mean mass energy-absorption coefficient ratio

ρ mass density

Ψ general particle energy fluence
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Ψcav particle energy fluence in a cavity

Ψw particle energy fluence in water

Ωfclin,fmsr
Qclin,Qmsr

output factor



1 Introduction

In radiation therapy there is a thin line between too much radiation that could cause serious
damage to normal tissue and too little radiation that can lead to the recurrence of the previous
tumor. Dose response curves for tumor control and normal tissue damage make it possible
to determine a sufficient dose that is limited to an acceptable probability for side effects to
occur. Deterministic radiation effects as a function of absorbed dose tend to have a sigmoid
shaped dose-response curve. In radiobiology, three mathematical models of dose response
relationships are widely used: The Poisson, logistic and probit model (Bentzen and Tucker,
1997). The dose response curves for tumor control and normal tissue dependent on many
patient individual factors such as the radiosensitivity of the patient (Bentzen and Overgaard,
1994; Nahum and Uzan, 2012), the dose rate (Steel et al., 1987), linear energy transfer of
the ionizing particle and irradiation technique (Chao et al., 2001; Tommasino and Durante,
2015). Figure 1 shows typical dose response curves for tumor control and normal tissue
damage. The dose range between the dose that is large enough to achieve acceptable tumor
control and the dose that leads to tolerable side effects is called the therapeutic window. The
therapeutic window is often illustrated by a complication free tumor control curve (doted line
in Figure 1), which is the difference between the tumor control and normal tissue damage
probability for uncorrelated dose responses (Kallman et al., 1992).

The therapeutic window is usually a small dose range, therefore dose measurements with
high accuracy are of great importance in radiation therapy. To achieve this goal, dosimetry
protocols or Codes of Practice (Andreo et al., 2001; DIN 6800-1, 2016; DIN 6800-2, 2008;
Almond et al., 1999) have been developed by national and international organizations to pro-
vide a methodology for measuring absorbed dose to water in radiation beams. The dosimetry
protocols are based on absorbed dose to water measurements using calibrated dosimeters. A
system of calibration and traceability is developed, so that dose measurements in the clinic
can be related to a primary standard through a complete chain of calibration and correction
factors (Andreo et al., 2001). The correction factors depend on the intended corrections such
as beam quality, field size etc. These dosimetry approach is not static, it needs adaptations to
keep up with further developments in irradiation techniques. In recent years, there have been
significant developments in teletherapy with photon beams generated by a linear accelerator
(linac), which have also impacted dosimetry. The application of modern techniques in ra-
diotherapy like intensity modulated radiation therapy (IMRT) and stereotactic radiosurgery
(SRS) significantly improve dose homogeneity and conformity of the treatment plan and
sparing organs at risk (Zelefsky et al., 2000; Kam et al., 2003; Ma et al., 1999). This leads
to a reduction in normal tissue toxicity and an increased therapeutic window. In addition,
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Figure 1: Qualitative representation of typical dose response curves for tumor control and normal
tissue damage. The solid line represents the tumor control probability as a function of dose. The
dashed line represents the probability of normal tissue damage as a function of dose. The doted line
shows the difference between tumor control and normal tissue damage.

flattening filter-free (FFF) linacs have increasingly been used in recent years. The main ad-
vantages of FFF linacs, beside the higher dose rate, are a reduced head scatter and leakage
radiation compared to conventional linacs with a flattening filter (WFF). This results in a
benefit for the patient in the form of a reduced whole body dose (Cashmore, 2008).

However, these recent developments have not only brought benefits, but have also affected
the accuracy and increased uncertainty of dose measurements. The application of IMRT
and SRS require dose measurements in small photon fields. The accuracy of the small field
dose measurement is affected by the lack of lateral charge particle equilibrium, spectral
changes as a function of field size, sensitivity variations of the used detectors and the non-
negligible detector volume (Das et al., 2008). Moreover, dosimetry protocols have to be
adapted to photon fields produced by FFF linacs. The energy spectrum and lateral profiles
from FFF linacs differ from conventional linacs. This changes cause some differences in
the relationship between beam quality specifier and important dosimetric properties such as
beam quality correction factor kQ and stopping power ratios sw,a (Xiong and Rogers, 2008;
Ceberg et al., 2010; Dalaryd et al., 2014).

The dosimetry protocols had to be adapted to these latest developments, in particular, due to
the increasing use of very small radiation fields and flattening filter-free linear accelerators.
Therefore, Alfonso et al. (2008) proposed a new formalism for small and non-standardized
field dosimetry. The formalism extends the concept of the reference field to a machine-
specific reference field fmsr and introduces a correction factor kfclin,fmsr

Qclin,Qmsr
for clinical radiation

fields fclin. In recent years new Codes of Practice for small field dosimetry have been devel-
oped by national and international organizations such as the German Code of Practice DIN
6809-8 (2014) from DIN (Deutsches Institut für Normung) and TRS 483 (Palmans et al.,
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2017) from IAEA (The International Atomic Energy Agency). In addition, an addendum
(McEwen et al., 2014) to the TG-51 dosimetry protocol (Almond et al., 1999) was recently
published in which recommendations were given for dosimetry in FFF beams based on the
work of Xiong and Rogers (2008).

Investigations in the field of photon dosimetry have been grown over the years. In several
studies key data have been determined using experimental methods and Monte Carlo simu-
lations helping to improve the fundamental understanding of dosimetry and to improve the
accuracy of dose measurements. McEwen (2010) published kQ values for different types
of ionization chambers. Krauss and Kapsch (2014) determined correction factors kQ and
correction factors in small 3 cm x 3 cm photon beams experimentally. A semi-theoretical
approach has been published by O’Brien et al. (2016) to calculate small field correction fac-
tors kfclin,fmsr

Qclin,Qmsr
. Moreover, Monte Carlo simulations in the field of dosimetry are becoming

more and more important with increasing computing power (Rogers, 2006). Several studies
calculated kQ values for conventional linacs (Muir and Rogers, 2010; Wulff et al., 2008) and
FFF linacs (Lye et al., 2016) using Monte Carlo simulations.

1.1 Fundamentals of dosimetry

The aim of dosimetry is to determine the absorbed dose Dm at the point of interest in a ma-
terial or tissue m. In dosimetry measurable chemical or physical effects caused by ionizing
radiation are exploited to determine the absorbed dose. This measurable effects need to be
proportional to the absorbed dose to the material Dm. In external beam radiotherapy the
reference dose is measured in water at a reference depth. Ionizing radiation causes a temper-
ature increase in water. The temperature rise ∆T can be measured using a water calorimeter
that uses a thermistor in a Wheatstone bridge circuit to measure the change in resistance due
to temperature changes (Kubo, 1983). The temperature rise ∆T in water is proportional to
the absorbed dose to water Dw according to the following equation:

Dw = cw∆T (1 − kHD) (1)

Here is cw the specific heat capacity of water and kHD is the correction of the heat defect ac-
cording to Ross and Klassen (1996). The heat defect describes the radiation-induced chem-
ical changes in water which causes the temperature to rise or fall. The heat defect depends
strongly on the water quality and must be determined for each laboratory specific condi-
tions. An extensive investigation of the heat defect was carried out by Klassen and Ross
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(1997). Water calorimeters are used as the primary standard in radiation therapy to measure
the absorbed dose in water.

However, calorimeters are not practical to use as a standard dosimeter in clinical routine.
Therefore, different chemical or physical effects have to be exploit that are proportional to
the absorbed dose, which are easier to measure in the clinical routine. Since most chemical
or physical effects cannot be measured in water directly or are not existing, a cavity with
different material must be placed at the point of measurement. The measurable effect that is
proportional to the absorbed dose depends on the material of the detector’s sensitive volume
(e.g. air, semiconductor, photographic film, ect.). The detector can be seen as a cavity
positioned in the water volume. Ionization chambers are the most widely used detectors to
measure radiation (Andreo et al., 2017). Ionization chambers detect the charge q created by
ionizing radiation in the sensitive volume of the chamber. In radiation therapy, most common
ionization chambers have an air filled sensitive volume (Krieger, 2011). The relation between
the dose Da in the air cavity of the ionization chamber and the charge q is expressed in the
following equation:

Da =
q

ma

Wa

e
(2)

Where ma is the mass of the sensitive air volume, Wa is the mean energy to create a ion pair
and e is the elementary charge. However, the aim of dosimetry is to determine the dose in
the undisturbed medium—in this case it is the dose to waterDw. The dose to waterDw in the
absence of the detector must be determined from the dose in air Da or another cavity Dcav

of which the detectors sensitive volume is composed—this is the objective of cavity theory.
With such a measurement method, a very good understanding of cavity theory is generally
required to interpret measurements with detectors of different size and material.

1.2 Cavity theory

The objective of cavity theory is to determine the absorbed dose of a radiation field in an
undisturbed reference medium (usually water), which is however disturbed by a cavity. A
cavity theory determines the relation f between the dose in the cavity Dcav and in water Dw

as shown in equation 3.

Dw

Dcav
= f(Q) (3)
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The so-called dose conversion factor f depends on the beam quality Q of the radiation
source. In general, two different ideal detector types under specific conditions can be de-
fined from which an exact derivation of f(Q) can be determined. For both detector types,
Dw in electron or photon radiation fields can be calculated from the particle energy fluence
Ψ. In a uniform water volume, the dose Dw (~r) at the point of interest ~r can be calculated
from the photon energy fluence Ψw (~r) when a charge particle equilibrium is established
(CPE) (see Eq. (4)).

Dw (~r)
CPE
=

∫
dΨw

dE
(~r, E)

(
µen (E)

ρ

)

w
dE (4)

Here are µen/ρ the mass energy-absorption coefficient, ρ mass density and E the energy.
When the spectral energy fluence of photons is not changed by the introduction of a cavity
(i.e. dΨw

dE
(~r, E) = dΨcav

dE
(~r, E)), the following relation between the dose to water Dw and the

dose in the cavity Dcav can be derived from Eq. (4).

Dw

Dcav
=

∫
dΨw
dE

(~r, E)
(
µen(E)
ρ

)
w
dE

∫
dΨw
dE

(~r, E)
(
µen(E)
ρ

)
cav
dE

=

(
µ̄en
ρ

)
w(

µ̄en
ρ

)
cav

(5)

The derived relation is the well-known water-to-cavity mean mass energy-absorption coef-
ficient ratio usually expressed as

(
µ̄en
ρ

)w

cav
. Detectors that meet these conditions, which led

to the derivation of equation (5), are referred to as large detectors, because the detector must
be large enough to establish a CPE. However, the detector must be much smaller than the
photon mean free path in the cavity in order to not violate the condition dΨw

dE
= dΨcav

dE
. The

generated detector signal is therefore primarily caused by secondary electrons generated in
the sensitive volume of the detector. The secondary electron range of high-energy photon
therapy beams is to large to build a detector with a reasonably sized sensitive volume in
which a CPE can be established (Nahum, 2009).

The other ideal detector type is based on an opposing principle where the detector signal is
dominated by electrons scattering into the detector volume. These detectors are referred to
as Bragg-Gray cavities. The Bragg-Gray cavity theory is derived from the relation between
the dose to water Dw and the electron fluence Φe−

w as seen in equation (6).
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Dw(~r)
δ-eqm.

=

∫
dΦe−

w

dE
(~r)

(
Scol (E)

ρ

)

w
dE (6)

Here is Scol the collision stopping power for electrons. Equation (6) is only valid under
δ-electron equilibrium. An ideal Bragg-Gray cavity does not disturb the spectral electron
fluence (i.e. dΦe−

w
dE

= dΦe−
cav

dE
) in the material in which it is introduced. From this condition and

equation (6) results the Bragg-Gray cavity theory as shown in equation (7).

Dw

Dcav
=

∫
dΦe−

w
dE

(~r, E)
(
Scol(E)
ρ

)
w
dE

∫
dΦe−

w
dE

(~r, E)
(
Scol(E)
ρ

)
cav
dE

=

(
S̄col
ρ

)
w(

S̄col
ρ

)
cav

(7)

For a Bragg-Gray cavity the relation between the dose Dw and Dcav is the water-to-cavity
mean mass collision stopping power ratio, usually expressed in a short notation sBG

w,cav.

For real detectors, the Bragg-Grey conditions for low-energy electrons are difficult to main-
tain. For this reason, Spencer and Attix (1955) developed a new expression for the stopping
power ratio, in which the condition dΦe−

w
dE

= dΦe−
cav

dE
must be maintained for electron energies

E ≥ ∆. According to Spencer-Attix cavity theory all electron below the energy ∆ are not
part of the electron spectrum and deposit their energy locally at their place of origin. Elec-
trons with a energy E ≥ ∆ are part of the electron spectrum and deposit energy locally.
Their energy loss is ≤ ∆, which is defined by the restricted collision stopping power L∆.
This results in a problem because electrons which have an energy E < ∆ when entering
the cavity are not taken into account in the dose calculation. For this reason, Nahum (1978)
did add a track-end term to approximate the dose contribution of these low-energy electrons.
Equation (8) shows the Spencer-Attix cavity theory with the track-end term.

Dw

Dcav
=

∫

∆

dΦe−
w

dE
(~r, E)

(
L∆(E)
ρ

)
w
dE + dΦe−

w
dE

(~r, E=∆)
(
Scol(∆)

ρ

)
w

∆
∫

∆

dΦe−
w

dE
(~r, E)

(
L∆(E)
ρ

)
cav
dE + dΦe−

cav
dE

(~r, E=∆)
(
Scol(∆)

ρ

)
cav

∆
=

(
L̄∆

ρ

)w

cav
(8)

The Spencer-Attix restricted mean mass collision stopping power ratio is usually expressed
in a short notation

(
L̄∆

ρ

)w

cav
or sw

a . Air filled ionization chambers in radiotherapy beams
behave as Spencer-Attix cavities. The cutoff energy ∆ is traditionally set to 10 keV (Andreo
et al., 2001), which corresponds to an electron range of a typical detector size.
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The Spencer-Attix cavity theory is not applicable for small solid state detectors such as
silicon diodes (Ogunleye et al., 1980; Aspradakis et al., 2010). The mean electron energy at
10 cm water depth (reference depth) of a conventional 6 MV linac is about 1 MeV (Czarnecki
et al., 2017). The continuous-slowing-down approximation range of 1 MeV electrons is
4 m in the air-filled sensitive volume of ionization chamber, but only 2.3 mm in silicon
(Seltzer, 1993). Thus, in opposite to an ionization chamber, the size of a silicon detector is
not negligibly small compared to the electron range. Burlin (1966) developed a more general
cavity theory for solid and liquid state detectors that determines the dose conversion factor
f from electron and photon interactions within the detector volume. Equation (9) shows the
Burlin cavity theory in its simplest form Ogunleye et al. (1980).

Dw

Dcav
= d sw

cav + (1 − d)

(
µ̄en

ρ

)w

cav
(9)

Where d is a dimensionless parameter calculated from the electron fluence generated in the
cavity and the electron fluence entering the cavity.

Unlike ideal cavities, real detectors can hardly fulfill the requirements of the cavity theories
presented here. The components of a detector such as the wall, electrode, chamber stem or
volume of the detector change the particle fluence at the point of measurement. Therefore,
the dose conversion factor f for real detectors must be complemented by a perturbation
factor p. As formalized in the dosimetry protocol of the IAEA (Andreo et al., 2001) and
investigated in several studies (Wulff et al., 2008; Crop et al., 2009; Bouchard et al., 2009),
the overall perturbation factor p can be factorized into individual perturbation factors pi (see
Eq. 10).

Dw

Dcav
= f (Q)

∏

i

pi (10)

Thus each particle fluence disturbance is represented by a perturbation factor individually,
as described in the following.

pstem perturbation caused by the ionization chamber stem

pcel perturbation caused by the ionization chamber central electrode

pwall perturbation caused by the ionization chamber wall

pfl fluence perturbation caused by different atomic composition of the sen-
sitive volume compared to water, resulting in a changed particle fluence
mainly in the low energy region.
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pρ perturbation due to the different material density of the sensitive volume
compared to water

pvol perturbation caused by averaging the charge particle fluence over the sen-
sitive volume

1.3 Reference dosimetry

In radiation therapy, all dosimeters used for reference dosimetry are provided with a calibra-
tion factor N60Co. The calibration factor N60Co is determined from measurements in primary
and secondary standard laboratories under reference conditions for calibration. The refer-
ence conditions for calibration are defined in dosimetry protocols (Andreo et al., 2001; DIN
6800-2, 2008; Almond et al., 1999). Table 4 shows the reference conditions for calibration.

Table 4: Reference conditions for calibration taken from the German dosimetry protocol (DIN 6800-
2, 2008).

Influence quantity reference condition

beam quality 60Co gamma radiation

phantom material water

Measurement depth zref 5 cm

source to surface distance 100 cm

field size fref at zref 10×10 cm2

The calibration factor is determined from the absorbed dose to waterDfref
w,60Co and the detector

reading M60Co according to equation (11) under reference conditions .

N60Co =
Dfref

w,60Co

M60Co
(11)

The absorbed dose Dfref
w,60Co is determined by a measurement with a calorimeter or with a

secondary standard dosimeter calibrated with a calorimeter. This calibration chain ensures
that all absolute dose measurements can be traced back to a calorimetric measurement of
absorbed dose. From equation (11), the reference dose can be measured using the calibration
factor N60Co. However, in most cases the reference conditions in the clinic do not correspond
to the reference conditions for calibration. In order to measure the reference dose Dfref

w,Q in
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the clinic using the calibration factor N60Co, deviations from the reference conditions for
calibration are taken into account by correction factors ki. Thus, the reference dose in the
clinic is determined by the following equation:

Dfref
w,60Co = MQN60Co

∏

i

ki (12)

MQ is the detector reading in a radiation field with the beam quality Q. If the beam quality
Q is not 60Co radiation, the correction factor kQ must be applied. The beam quality cor-
rection factor kQ takes into account the influence of the beam quality Q on the calibration
factor N60Co determined for 60Co radiation. The beam quality correction factor kQ can be
determined experimentally from the following equation:

kQ =
NQ

N60Co
=

Dfref
w,Q

/
MQ

Dfref
w,60Co

/
M60Co

(13)

In order to calculate kQ using Monte Carlo simulations, it is necessary to assume that the
detector reading MQ is proportional to the absorbed dose Dfref

cav,Q in the sensitive volume of
the detector. With this assumption, the following expression can be derived for kQ:

kQ =
Dfref

w,Q

/
Dfref

cav,Q

Dfref
w,60Co

/
Dfref

cav,60Co

(14)

The beam quality correction factor kQ can also be calculated theoretically on the basis of
cavity theory and a product of perturbation factors

∏
i pi,Q at the given beam quality Q.

kQ =
f(Q)

∏
i pi,Q

f(60Co)
∏

i pi,60Co
(15)

Air-filled Ionization chambers in high-energy photon fields can be assumed to behave like
Spencer-Attix cavities. So that the dose conversion factor f in equation (15) is the Spencer-
Attix stopping power ratio water-to-air sw

a Andreo (1992).

Conventional linear accelerator can produce a beam with the reference field size fref =

10×10 cm2. However, some linacs (e.g Tomotherapy and CyberKnife system) can not real-
ize the reference field size, therefore a machine-specific reference field fmsr has to be used
(Alfonso et al., 2008). If a field fmsr is used instead of the reference field fref for reference
dosimetry, a further correction factor kfmsr,fref

Qmsr,Q
must be applied to correct for the changed de-

tector response due to the different field size. In this work only conventional linacs were
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investigated. For conventional linacs fmsr is equal to fref and therefore the correction factor
kfmsr,fref
Qmsr,Q

is unity.

1.4 Small Field dosimetry

Measurement of absorbed dose under different beam conditions relative to the previously
measured dose under reference conditions is necessary for machine commissioning and qual-
ity assurance (QA). Relative dose measurements such as beam profiles, depth dose curves
and output factors Ωfclin,fmsr

Qclin,Qmsr
are of great interest in radiotherapy. The output factor Ωfclin,fmsr

Qclin,Qmsr

is the ratio between the absorbed dose Dfclin
w,Qclin

at a clinical field size fclin where other ref-
erence conditions remain unchanged and the dose Dfmsr

w,Qmsr
under machine-specific reference

conditions.

Ωfclin,fmsr
Qclin,Qmsr

=
Dfclin

w,Qclin

Dfmsr
w,Qmsr

(16)

The beam quality indices Qmsr and Qclin emphasize the possible change in beam quality
when the field size changes. For small field sizes fclin the output factor cannot be determined
from the detector reading M fclin

Qclin
in the clinical field fclin and the detector reading M fmsr

Qmsr
in

the machine-specific reference field fmsr. The detector response changes with the field size
due to the volume averring effect, lateral range of charge particle and the smaller size of the
viewable parts of the beam source (electron beam spot size) (Das et al., 2008). In addition,
the beam quality changes with smaller field sizes, so that the Spencer-Attix stopping powers
ratio sw

cav and the mean mass energy-absorption coefficient ratio
(
µ̄en
ρ

)w

cav
may differ from the

reference conditions. Therefore, an additional correction factor kfclin,fmsr
Qclin,Qmsr

must be added to
determine output factors from the detector reading:

Ωfclin,fmsr
Qclin,Qmsr

=
M fclin

Qclin

M fmsr
Qmsr

kfclin,fmsr
Qclin,Qmsr

(17)

Using the definition of the output factor in equation (16) the correction factor kfclin,fmsr
Qclin,Qmsr

may
be expressed as follows:

kfclin,fmsr
Qclin,Qmsr

=
Dfclin

w,Qclin

/
M fclin

Qclin

Dfmsr
w,Qmsr

/
M fmsr

Qmsr

(18)
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Assuming that the detector signalM is proportional to the absorbed doseDcav in the sensitive
volume of the detector, the factor can be calculated by equation (19).

kfclin,fmsr
Qclin,Qmsr

=
Dfclin

w,Qclin

/
Dfclin

cav,Qclin

Dfmsr
w,Qmsr

/
Dfmsr

cav,Qmsr

(19)

Considering air-filled ionization chambers, the correction factor can be traced back to
stopping-power ratios sw

a and perturbation factors p using Spencer-Attix cavity theory:

kfclin,fmsr
Qclin,Qmsr

=
(sw

a
∏

i pi)
fclin
Qclin

(sw
a
∏

i pi)
fmsr
Qmsr

(20)

1.5 Monte Carlo Simulation

Monte Carlo simulation of the radiation transport through a complex model of a radiation
source allows a very detailed calculation of a radiation field. Moreover, the implementation
of a detailed geometric model of a detector in Monte Carlo algorithms makes it possible
to calculate the dose deposition in the sensitive volume of the detector. The Monte Carlo
method can simulate the discrete interactions of a particle that travels through matter ex-
actly as it would appear in physical reality—assuming that the cross-section data are well
known.

In the case of electrons, a simulation of each interaction separately is often not possible, due
to the high number of interactions that a high-energy electron undergoes until it comes to
rest (Kawrakow, 2000a). In order to reduce the long computing time due to the large num-
ber of electron interactions, the condensed history (CH) technique was developed. Several
electron interactions are combined in a single step by the CH technique. In the Monte Carlo
algorithm EGSnrc that was used in this thesis, a class II CH technique for electron/positron
transport is implemented. Single electron interactions are only simulated above a threshold
energy. These interactions are referred to as catastrophic events. All interactions below the
threshold energy are condensed to a single step. The condensed step is calculated based on
the continuous slowing down approximation (CSDA) and multiple scattering theory (Bethe,
1953; Goudsmit and Saunderson, 1940). In addition, a boundary crossing algorithm is im-
portant to calculate the transport of electrons without artifacts using the CH technique. The
EGSnrc boundary crossing algorithm does not use condensed electron steps near boundaries
between different regions, but calculates the electron interactions one by one. The EGSnrc
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CH technique is described in detail in the publication of Kawrakow (2000a). A benchmark
of this CH technique has been published by Kawrakow (2000b).

In order to test a Monte Carlo algorithm for its ability to calculate the detector response,
various methods have been used in recent years as shown by Bouchard and Seuntjens (2016).
One way to evaluate Monte Carlo calculations is to compare the Monte Carlo calculated
values with theoretically calculated values. Rogers (1993) calculated f from equation (3)
using cavity theory to compare the results with Monte Carlo calculated values. This kind of
tests are limited by the applicability of the cavity theory and the accuracy of the cross-section
data (Bouchard and Seuntjens, 2016).

Another type of Monte Carlo test is based on the Fano theorem (Fano, 1954). The so-called
Fano tests do not test the algorithm for accuracy but for consistency. Fano tests can check the
electron transport and energy deposition for consistency in a geometry composed of multiple
regions with different mass densities but same atomic composition. This is because the Fano
theorem utilized in this test refers to the case of an arbitrarily large and complex geometry
consisting of only one material with a given atomic composition. If such a geometry is
exposed to a uniform flow of photon radiation so that a charge particle equilibrium can be
established, the flow of secondary radiation is also uniform and independent of the density
variations in the different regions of this geometry as shown in the publication by Fano
(1954). To establish Fano conditions in a Monte Carlo simulation all materials used in the
simulation geometry must have the same cross-section, but can have different mass densities.
The radiation source must ensure a charge particle equilibrium in the entire geometry of
interest. In this thesis, a special source for the Fano test was used, which distributes electrons
throughout the geometry proportional to the density of the material, so that a charge particle
equilibrium is established. Thus, the comparison between Monte Carlo calculated values
and theoretical values using the Fano theorem does not depend on the accuracy of the cross-
section data.

1.6 Purpose

The aim of this work was to reduce dose uncertainties in external photon beam dosimetry
by calculating correction factors for reference and non-reference conditions using Monte
Carlo simulations. Furthermore, influencing parameters on the correction factors were in-
vestigated. The results of this study were published in five peer review articles:

In non-reverence conditions, correction factors for small fields kfclin,fmsr
Qclin,Qmsr

for field sizes be-
tween 0.5 x 0.5 cm2 and 4 x 4 cm2 were calculated by Monte Carlo simulations according
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to the formalism published by Alfonso (Alfonso et al., 2008). Moreover, the impact of the
electron beam spot size of the linear accelerator on kfclin,fmsr

Qclin,Qmsr
values was investigated for ion-

ization chambers and diode detectors. Important quantities of the radiation field such as the
restricted water-to-air mass stopping power ratios sw

a and mean mass energy absorption co-
efficient

(
µ̄en
ρ

)w

Si
for water relative to silicon as a function of field size were calculated. The

publication titled “Monte Carlo calculated correction factors for diodes and ion cham-
bers in small photon fields” (Czarnecki and Zink, 2013) brings together all the findings on
small field dosimetry obtained in the context of this work.

Beside the use of small fields, FFF linacs are an important issue in modern photon dosimetry.
For this reason, the impact of the flattening filter on reference dosimetry was investigated.
The use of the well-known beam quality specifiers TPR20

10 and %dd(10)x to predict dosimetric
field properties for FFF linacs was investigated. Furthermore, the ability of alternative beam
quality specifier such as electron or photon mean energy of the radiation field to merge
the dosimetry of FFF and WFF linacs was analyzed. These findings where published in the
article titled “Monte Carlo-based investigations on the impact of removing the flattening
filter on beam quality specifiers for photon beam dosimetry” (Czarnecki et al., 2017).

The Monte Carlo simulations have been done with the user code EGSnrc (Electron Gamma
Shower by the National Research Council Canada) (Kawrakow et al., 2010; Rogers et al.,
1995). The EGSnrc user code is well established and benchmarked in the field of Medical
Physics (Kawrakow, 2000a; Rogers, 2006). With EGSnrc it was possible to simulate the
coupled electron-photon transport through detailed linac heads and detector geometries to
ensure a most accurate calculation of the radiation field and dose deposition. However,
high-energy photon fields (> 7 MeV) are contaminated by neutrons (Followill et al., 2003;
AAPM, 1986). The contribution of neutrons to the dose to water Dw and the influence
on ionization chambers and thermoluminescence dosimeters under reference conditions was
investigated using the EGSnrc user code in combination with the Monte Carlo code FLUKA
(Ferrari et al., 2005; Fassò et al., 2005; Böhlen et al., 2014). Although the influence is
probably very small, this work was the first systematic study of this problem. The findings
were published in an article with the title “The influence of neutron contamination on
dosimetry in external photon beam radiotherapy” (Horst et al., 2015). Moreover, this
investigation has been extended to quantitatively determine the unwanted neutron induced
signal in thermoluminescence dosimeters in and out of the radiation field in non-reverence
conditions. The outcomes were presented in an article with title “The absorbed doses to
water and the TLD-100 signal contributions associated with the neutron contamination
” (Horst et al., 2017).
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According to the Guide to the expression of Uncertainty in Measurement (GUM), the uncer-
tainty of a value consists of two components: Type A and B uncertainty (JCGM, 2008). For
values from Monte Carlo simulations, type A uncertainty is often referred to as Monte Carlo
statistical uncertainty. The statistical uncertainty can be reduced with high computational
effort. However, type B uncertainties include errors in the particle transport algorithm, inac-
curate data of the geometry in which the radiation transport is calculated and uncertainties of
cross section data. The consistency of the electron transport algorithm can be verified with a
Fano cavity test Fano (1954). The accuracy of the defined geometry in which the radiation
transport should be calculated is limited by the information provided by the manufacturer of
the linacs and detectors. Finally, the cross-sectional data also have a significant impact on the
outcome of a Monte Carlo simulation. Therefore, the ICRU Report 37 (Berger et al., 1984)
gives recommendations for important key data of different materials. Recently, these recom-
mendations were revised based on newer measurements and published in the ICRU Report
90 (Seltzer et al., 2014). The impact of these new key data on Monte Carlo calculated values
for clinical reference dosimetry was evaluated in the last publication of this work with the
title “Impact of new ICRU Report 90 recommendations on calculated correction factors
for reference dosimetry” (Czarnecki et al., 2018). This publication extended the study of
Andreo et al. (2013) to investigate the impact of the new recommendations on kQ values in
high-energy photon and electron fields.
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2 Scientific work

2.1 Monte Carlo calculated correction factors for diodes and ion
chambers in small photon fields

The results were published in the following publications, which are reprinted in this sec-
tion:

Czarnecki, D. and Zink, K. (2013), ’Monte Carlo calculated correction factors for diodes and
ion chambers in small photon fields’, Physics in Medicine and Biology 58(8), 2431-2444.
doi:10.1088/0031-9155/58/8/2431

Czarnecki, D. and Zink, K. (2014), ’Corrigendum: Monte Carlo calculated correction factors
for diodes and ion chambers in small photon fields’, Physics in Medicine and Biology 59(3),
791-794. doi:10.1088/0031-9155/59/3/791

c© Institute of Physics and Engineering in Medicine. Reproduced with permission. All rights
reserved [http://iopscience.iop.org/article/10.1088/0031-9155/58/8/2431]

http://iopscience.iop.org/article/10.1088/0031-9155/58/8/2431
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http://iopscience.iop.org/article/10.1088/0031-9155/58/8/2431
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Abstract
The application of small photon fields in modern radiotherapy requires the
determination of total scatter factors Scp or field factors �

fclin, fmsr
Qclin,Qmsr

with high
precision. Both quantities require the knowledge of the field-size-dependent
and detector-dependent correction factor k fclin, fmsr

Qclin,Qmsr
. The aim of this study is the

determination of the correction factor k fclin, fmsr
Qclin,Qmsr

for different types of detectors
in a clinical 6 MV photon beam of a Siemens KD linear accelerator. The
EGSnrc Monte Carlo code was used to calculate the dose to water and
the dose to different detectors to determine the field factor as well as the
mentioned correction factor for different small square field sizes. Besides this,
the mean water to air stopping power ratio as well as the ratio of the mean
energy absorption coefficients for the relevant materials was calculated for
different small field sizes. As the beam source, a Monte Carlo based model
of a Siemens KD linear accelerator was used. The results show that in the
case of ionization chambers the detector volume has the largest impact on
the correction factor k fclin, fmsr

Qclin,Qmsr
; this perturbation may contribute up to 50% to

the correction factor. Field-dependent changes in stopping-power ratios are
negligible. The magnitude of k fclin, fmsr

Qclin,Qmsr
is of the order of 1.2 at a field size of 1

× 1 cm2 for the large volume ion chamber PTW31010 and is still in the range
of 1.05–1.07 for the PinPoint chambers PTW31014 and PTW31016. For the
diode detectors included in this study (PTW60016, PTW 60017), the correction
factor deviates no more than 2% from unity in field sizes between 10 × 10
and 1 × 1 cm2, but below this field size there is a steep decrease of k fclin, fmsr

Qclin,Qmsr

below unity, i.e. a strong overestimation of dose. Besides the field size and
detector dependence, the results reveal a clear dependence of the correction
factor on the accelerator geometry for field sizes below 1 × 1 cm2, i.e. on
the beam spot size of the primary electrons hitting the target. This effect is
especially pronounced for the ionization chambers. In conclusion, comparing
all detectors, the unshielded diode PTW60017 is highly recommended for small
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field dosimetry, since its correction factor k fclin, fmsr
Qclin,Qmsr

is closest to unity in small
fields and mainly independent of the electron beam spot size.

(Some figures may appear in colour only in the online journal)

1. Introduction

In high precision radiotherapy such as intensity modulated radiotherapy (IMRT) and
stereotactic radiosurgery, it is fundamental to determine the dose in small photon fields with
high accuracy. However, the accuracy in experimental small field dosimetry is limited due to
the lack of lateral charged particle equilibrium, spectral changes as a function of field size,
sensitivity variations of the used detectors and the non-negligible detector volume (Das et al
2008). On the other hand, all common dosimetry protocols (Andreo et al 2000, Almond et al
1999, DIN6800-2 2008) are based on measurements under reference conditions. Regarding
the field size, they are limited to the 10 × 10 cm2 reference field size. Therefore, Alfonso et al
(2008) proposed a new formalism for small and non-standard field dosimetry, introducing a
new detector-dependent correction factor k fclin, fmsr

Qclin,Qmsr
which may be determined by Monte Carlo

simulations only.
In several publications, the correction factor k fclin, fmsr

Qclin,Qmsr
or a different notation of the factor

has been provided for various detectors in small fields of several linear accelerators. Francescon
et al (2011) provide small field correction factors for different types of detectors and two
linear accelerators (SIEMENS Primus, ELEKTA Synergy) with a nominal energy of 6 MeV.
Moreover, he shows that the correction factor k fclin, fmsr

Qclin,Qmsr
not only depends on the field size, but

may also depend on the spot size of the primary electrons hitting the accelerators target.
Cranmer-Sargison et al (2011) calculated the correction factors for diode detectors in

small Varian iX linear accelerator photon fields. One conclusion of this publication is that the
scatter factors are very sensitive to the simulation source parameters of small fields. In another
study, Cranmer-Sargison et al (2012) provide the difference between output factors calculated
from the dose in diode detector modelled in detail and a simplified model. One conclusion of
this study is that high-density components near to the silicon chip have to be included in the
detector model.

Crop et al (2009) could show using Monte Carlo simulations that the variation of the
electron beam spot size of the linear accelerator Elekta Synergy at 6 MV beam quality leads
to variations in the field shape of the 0.8 × 0.8 cm2 field. They also found that these variations
lead to different perturbation factors for microionization chambers. Therefore, output factors of
small fields may be used for a Monte Carlo commissioning of linear accelerator models or only
as an independent validation of the TG-105 (Chetty et al 2007) approach for commissioning.
Francescon et al (2008) estimate the electron beam spot size of a Cyberknife system by a Monte
Carlo based calculation of the well-known total scatter factor for different electron beam spot
sizes and comparison with measurements. The strong dependence of the total scatter factor
on the electron beam spot size is obviously caused by the source occlusion effect (Scott et al
2009).

Based on the results in a previous publication (Czarnecki et al 2012), the field factor
�

fclin, fmsr
Qclin,Qmsr

and the correction factor k fclin, fmsr
Qclin,Qmsr

were calculated within this work using the Monte
Carlo method for a wide range of field sizes following the formalism of Alfonso et al and
previous publications on small field Monte Carlo dosimetry. The calculations were performed
for a linear accelerator SIEMENS KD (6 MV-X) and five different detector types. Calculating
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the field and correction factors, special attention was paid to the influence of the accelerators’
electron beam spot size on the new dosimetric quantities for different small field sizes. In
addition to that, measurements at the University Hospital Marburg were performed to estimate
the electron beam spot size of the accelerator in Marburg by comparing experimental and
simulated data. Following Bouchard et al (2009), the relation between the correction factor
k fclin, fmsr

Qclin,Qmsr
and the water to air mass collision stopping-power ratios (s̄w,a)Q , as well as the

perturbation factors for ionization chambers was obtained. To investigate the influence of
(s̄w,a)Q on k fclin, fmsr

Qclin,Qmsr
, the water to air mass collision stopping-power ratios were calculated

for several field sizes by Monte Carlo simulations. Additionally, the ratio of the mass energy
absorption coefficient (μ̄en)

w
Si in water and silicon for various field sizes was calculated, since

the dose in a silicon diode detector also depends on this quantity.

2. Methods and materials

2.1. Background theory

Following the notation of Alfonso et al , the absorbed dose to water, D fclin
w,Qclin

, at a point in a
water phantom for a clinical field size fclin of beam quality Qclin is given by

D fclin
w,Qclin

= D fmsr
w,Qmsr

�
fclin, fmsr
Qclin,Qmsr

, (1)

where Qmsr is the beam quality of the corresponding machine specific reference field fmsr.
The machine specific reference field is an intermediate field for treatment devices that cannot
create a conventional reference field fref = 10 × 10 cm2. For a conventional linear accelerator,
the machine specific reference field fmsr is equal to the reference field fref. The field factor
�

fclin, fmsr
Qclin,Qmsr

converts the absorbed dose to water D fmsr
w,Qmsr

in the machine specific reference field

into the absorbed dose to water D fclin
w,Qclin

in a clinical field fclin, which could be of arbitrary size.
The field factor cannot be determined experimentally without an additional correction factor
k fclin, fmsr

Qclin,Qmsr
, which corrects the different detector response in the different field sizes fclin and

fmsr:

�
fclin, fmsr
Qclin,Qmsr

= M fclin
Qclin

M fmsr
Qmsr

k fclin, fmsr
Qclin,Qmsr

, (2)

where M denotes the dosimeter reading per monitor units. In this formalism, the beam quality
correction factor in common dosimetry protocols (Andreo et al 2000, Almond et al 1999,
DIN6800-2 2008) can be considered as a special case of the correction factor k fclin, fmsr

Qclin,Qmsr
, which

may be written as follows:

k fclin, fmsr
Qclin,Qmsr

= D fclin
w,Qclin

/M fclin
Qclin

D fmsr
w,Qmsr

/M fmsr
Qmsr

. (3)

To calculate the correction factor by the Monte Carlo method it has to be assumed that
the detector reading M is proportional to the absorbed dose D fclin

det,Qclin
in the sensitive volume

of the detector, i.e. equation (3) can be expressed as follows:

k fclin, fmsr
Qclin,Qmsr

= D fclin
w,Qclin

/D fclin

det,Qclin

D fmsr
w,Qmsr

/D fmsr

det,Qmsr

. (4)

All quantities in equation (4) can be computed by Monte Carlo simulations.
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In the case of ionization chambers, Bragg–Gray theory can be applied and the correction
factor k fclin, fmsr

Qclin,Qmsr
can be traced back to the water to air mass stopping-power ratios (s̄w,a)Q and

perturbation corrections p (Andreo 1992):

k fclin, fmsr
Qclin,Qmsr

= (s̄w,a)
fclin
Qclin

(s̄w,a)
fmsr
Qmsr

(p)
fclin
Qclin

(p)
fmsr
Qmsr

. (5)

The perturbation correction p accounts for all possible fluence perturbations due to the
replacement of the material water by the detector. According to Bouchard et al (2009), the
perturbation correction may be factorized as follows:

p = p f l pρ pvol pstem pcel pwall. (6)

The perturbation of the secondary electron fluence due to the air filled cavity is taken
into account by the factor p f l ; the factor pρ describes the perturbations due to the different
detector material density compared to water, pvol quantifies the change of fluence due to the
averaging of charged particle fluence over the sensitive volume of the detector filled with water
compared to the fluence at the point of measurement in water, pstem considers the perturbation
due to the stem of the chamber, pcel is the change of fluence due to the central electrode and
pwall is the change of fluence due to the walls chamber. To determine the impact of the overall
perturbation factor p on the correction factor k fclin, fmsr

Qclin,Qmsr
, it was calculated as a function of field

size for all ionization chambers, but it was not factorized according to equation (6). Only the
volume perturbation pvol was calculated separately, as it was expected that it will have the
largest impact on p.

Bragg–Gray theory cannot be applied in the case of diode detectors. For solid-state
detectors, the Burlin theory has to be used (IPEM 2010), which not only accounts for electron
interactions within the detector volume, but also for photon interactions. Accordingly, the
correction factor may be written as

k fclin, fmsr
Qclin,Qmsr

=
[
d s̄w,Si + (1 − d)(μ̄en)

w
Si

] fclin

Qclin[
d s̄w,Si + (1 − d)(μ̄en)

w
Si

] fmsr

Qmsr

(p)
fclin
Qclin

(p)
fmsr
Qmsr

. (7)

Within equation (7), s̄w,Si denotes the mass stopping-power ratio of water to silicon and
(μ̄en)

w
Si the ratio of mass energy absorption coefficients for the materials water and silicon.

The parameter d should be determined from the electron fluence generated in the cavity of the
detector and the electron fluence entering the cavity.

2.2. Monte Carlo calculations

For the Monte Carlo simulations, the EGSnrc code system (Kawrakow et al 2010) was
used. The particle transport in the treatment head of the linear accelerator (SIMENS KD,
6 MV-X) was simulated with the user code BEAMnrc (Rogers et al 1995). The BEAMnrc
simulations were performed with a transport and particle production threshold energy of
ECUT=AE=700 keV for electrons as well as positrons and PCUT=AP=10 keV for photons.
To improve the efficiency of the Monte Carlo simulations, the variance reduction technique
directional bremsstrahlung splitting (DBS) was utilized. For the linear accelerator geometry,
a splitting number of 3000 was selected for optimal simulation efficiency. According to the
recommendation by Kawrakow et al (2004), a splitting field radius of 10 cm at a distance
of 100 cm from the source was chosen for the 10 × 10 cm2 reference field. For the other
field sizes, the splitting radius was also set equal to the side length of the radiation field. The
treatment head was modelled in detail according to the information given by the manufacturer.
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Table 1. Detectors used for Monte Carlo simulations and measurements.

Dimension of sensitive volume

Detector type Volume (mm3) Radius (mm) Length (mm)

PTW31010
Semiflex (SF) 125 2.75 6.5
PTW31014
PinPoint (PP1) 15 1 5
PTW31016
PinPoint (PP2) 16 1.45 2.9
PTW60016
Shielded Diode P (SD) 0.03 – –
PTW60017
Jnshielded Diode E (uSD) 0.03 – –

To model the initial electron beam in the treatment head, the BEAMnrc source ISOURCE=19

was used.
Phase space files (PHSP) were generated with BEAMnrc for different field sizes and

electron beam spot sizes. The field size was varied from 0.5 × 0.5 to 10 × 10 cm2 and the
initial electron beam spot size from 1.4 to 2.6 mm full-width at half-maximum (FWHM). The
generated PHSP files were used as a particle source in the EGSnrc user codes egs_chamber
(Wulff et al 2008), sprrznrc (Rogers et al 2011) and g. The user code beamdp (Ma and Rogers
2009) was used to calculate the photon fluence from PHSP files created at a depth of 10 cm
in a water phantom. Within the egs_chamber and sprrznrc code, the threshold/cut-off energies
for the particle transport was set to ECUT=AE=521 keV and PCUT=AP=10 keV. The user code
sprrznrc was used to calculate the stopping-power ratios for several field sizes in a water
phantom. With the user code g the mass energy absorption coefficient was calculated.

The dose within the sensitive volume of five different types of detectors (see table 1)
was calculated with the user code egs_chamber. The detector geometries were modelled in
detail according to the information given by the manufacturer (PTW-Freiburg) using the egs++
geometry package (Kawrakow et al 2009). The ionization chambers were modelled including
all detail such as central electrode, stem and capsule. The diode detectors were modelled
including the whole silicon chip and the surrounding material. The dose to water D fclin

w,Qclin
was

calculated in a small cylindrical water voxel with a radius of 0.1 mm and a height of 1 mm. In
preliminary calculations, it was confirmed that a further decrease in voxel size will not change
the dose to the voxel within uncertainty limits (<0.2%) even at the smallest field size, i.e. the
volume averaging for this voxel size is negligible.

2.3. Monte Carlo commissioning of the linear accelerator

The BEAMnrc model of the Siemens KD applied in this work was already used in several
publications as a particle source. The commissioning of the BEAMnrc linear accelerator model
is described in Wulff et al (2010), Wulff (2010). In addition, the spatial distribution of the
primary electrons hitting the target was adjusted within this study according to the work of
Francescon et al (2008). For this reason, measurements within the 6 MV-X photon beam of a
Siemens KD-2 accelerator at the University Hospital Marburg were performed to determine
the detector reading at the field size 1 × 1 cm2 and at the reference field size 10 × 10 cm2.

2.4. Measurements

The measurements were performed in a MP3 (PTW, Freiburg) water-phantom (50 × 60 ×
50 cm3) at a source-to-surface distance of 90 cm and a water depth of 10 cm, using two different
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Figure 1. Monte Carlo calculated ratio of the detector reading M fclin
Qclin

/M fmsr
Qmsr

for three different
field sizes as a function of electron beam spot size for the detectors given in table 1. In addition,
the field factor �

fclin, fmsr
Qclin,Qmsr

is displayed. The statistical uncertainty of the Monte Carlo data is below
0.6% (1 σ ). In the last two diagrams, the statistical uncertainty corresponds to the symbol size.

ionization chambers (PTW31010, PTW31016) and diode detectors (PTW60016, PTW60017).
The detectors were positioned with their effective point of measurement at the measurement
depth using the TrueFix system (PTW-Freiburg). The overall uncertainty of the ratio of the
detector readings was assumed to be 0.75% (1σ ) according to the investigations of Francescon
et al (2011). The uncertainty takes account of the detector positioning, the mechanical tolerance
of the multileaf collimator and output fluctuations of the linear accelerator.

3. Results

3.1. Influence of linear accelerator spot size on the field factor and the correction factor

The ratio of the detector readings M fclin
Qclin

/M fmsr
Qmsr

for different detectors as a function of the

electron beam spot size is given in figure 1. In addition, the field factor �
fclin, fmsr
Qclin,Qmsr

is shown,
which is free from all detector perturbations. The quantities are given for the field sizes
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Figure 2. Correction factor k fclin, fmsr
Qclin,Qmsr

for three different field sizes as a function of the electron
spot size calculated according to equation (2) for the detectors given in table 1. The statistical
uncertainty of the Monte Carlo results corresponds to the symbol size (1σ ).

4 × 4, 1 × 1 and 0.5 × 0.5 cm2. As can be seen, for the three field sizes the field factor as
well as the ratio of detector reading shows a different large dependence on the electron beam
spot size. The smaller the field size, the stronger the dependence of the detector reading ratio
on the electron beam spot size. Moreover, the ratio of the detector reading strongly depends
on the volume of the detector for the small field sizes 1 × 1 and 0.5 × 0.5 cm2.

Using equation (2), the correction factor k fclin, fmsr
Qclin,Qmsr

was determined from the data of

figure 1; the results are shown in figure 2. As to be expected, the variation of k fclin, fmsr
Qclin,Qmsr

with the beam spot size is much smaller than the variation of the detector reading. For all
given field sizes, the variation is within 0.8% for the diodes, and for the ion chambers it is
within 1% down to a field size of 1 × 1 cm2. Only for the smallest field size of 0.5 × 0.5 cm2,
there is a remarkable dependence of the correction factor on the beam spot size present for the
ion chambers. Depending on the ion chambers, volume k fclin, fmsr

Qclin,Qmsr
increases by more than 20%.
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Figure 3. Measured and calculated ratios of detector reading M fclin
Qclin

/M fmsr
Qmsr

for the 1 × 1 cm2 field as
a function of the beam spot size. The calculated data were fitted by a second-order polynomial. The
measured ratio of detector reading is symbolized by a horizontal line. The vertical lines indicate the
predicted spot size. The experimental uncertainties are symbolized by a dashed line and are about
0.75%. The error bars give the statistical uncertainty of the Monte Carlo data, which corresponds
in the lower diagrams to the symbol size (1σ ).

This is obviously due to the source occlusion effect. The results given in figures 1 and 2 are
consistent with the results published by Francescon et al (2011).

3.2. Determination the electron beam spot size

The dependence of the detector reading on the electron beam spot size for the 1 × 1 cm2 field
was used to determine the true spot size by comparing the calculated and measured detector
readings. The 1 × 1 cm2 field size was chosen rather than the more sensitive 0.5 × 0.5 cm2 field
size, because it was not possible to create a 0.5 × 0.5 cm2 field size with the multileaf collimator
of the linear accelerator. Figure 3 contains the Monte Carlo calculated ratio of the detector
reading for different detectors together with the measured ratios. A second-order polynomial
is used to fit the Monte Carlo data for the detectors to find the value of the electron beam
spot size that corresponds to the measured data. The mean value for the different detectors
results in a value of 2 mm for the electron beam spot size (FWHM, Gaussian distribution). All
following results are calculated with this spot size.

3.3. Interaction coefficients

To investigate the change in detector response, the spectral photon fluence for different field
sizes was calculated by Monte Carlo (see figure 4). The resulting mean photon energies are
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Figure 4. Monte Carlo calculated spectral photon fluence of the Siemens KD-2 accelerator at a
depth of 10 cm in a water phantom for different field sizes. The fluences are normalized to the
maximum.

Figure 5. Monte Carlo calculated mean photon energy of the Siemens KD-2 accelerator over field
size at a depth of 10 cm in a water phantom.

given in figure 5. As can be seen, there is an almost linear increase of the mean photon energy
with decreasing field size, resulting in a change of about 0.7 MeV going from the reference
field size of 10 × 10 cm2 down to a field size of 0.5 × 0.5 cm2. As the detectors response
depends on the perturbation corrections p as well as on the ratios of the restricted stopping
powers and in case of the diodes also on the ratios of energy absorption coefficients (μ̄en)

w
Si,

both quantities were calculated using PHSP for the different field sizes. The results are given
in figures 6 and 7.

The impact of the field-size-dependent changes in photon fluence on the restricted
stopping-power ratios is no more than 0.5% even for the smallest field size of 0.5 × 0.5 cm2, i.e.
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Figure 6. Restricted water to air stopping-power ratio as a function of field size normalized to the
water to air stopping-power ratio at the field size of 10 × 10 cm2 for the Siemens KD (6 MV-X)
linear accelerator. The cut-off energy � was set to 10 keV (Andreo et al 2000).

Figure 7. Mean mass energy absorption coefficient for water relative to silicon as a function of
field size at a depth of 10 cm in a water phantom for the Siemens KD (6 MV-X) linear accelerator.

may be neglected to the first approximation. This confirms the findings of other publications
(Andreo and Brahme 1986, Das et al 2008). In comparison to this, changes in the ratios of
the mass energy absorption coefficients due to field-size-dependent photon fluence variations
are much more pronounced. As can be seen in figure 7, there is an increase of about 10% in
(μ̄en)

w
Si for the materials water and silicon going from the reference field size 10 × 10 cm2

to a field size of 0.5 × 0.5 cm2. Therefore, it may be expected that the field-size-dependent
response of diode detectors may be attributed to a non-negligible amount to the variation of
(μ̄en)

w
Si. On the other hand, (μ̄en)

w
Si varies only about 2% in the range of 0.5 × 0.5 to 4 × 4 cm2

field size. For that reason, a 4 × 4 cm2 machine specific reference field may be more suitable
for small field dosimetry.
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Figure 8. Monte Carlo calculated perturbation factors as a function of field size for three different
ionization chambers. All perturbation factors are normalized to the perturbation factor at the
reference field size of 10 × 10 cm2. In the left diagram, the total perturbation factor p and the
volume perturbation factor pvol are shown. In the right diagram, the volume effect is excluded, i.e.
the ratio p/pvol normalized to the value at the reference field size is given.

3.4. Perturbation factors for ionization chambers in small fields

The calculated pertubation corrections p = Dw/(Ddet · sw,a) for the ion chambers are given
in figure 8. As may be expected, the volume effect pvol (see equation (6)) contributes
to a large amount to the overall perturbation correction; its contribution was calculated
separately (Bouchard et al 2009) and is given in figure 8 together with the overall perturbation
correction p. As can be seen, the perturbations corrections for the two PinPoint chambers
are much smaller than that for the larger Semiflex chamber PTW31010. At first glance,
the differences in the volume perturbation of both PinPoint chambers are surprising since
the active volume of both chambers is quite similar (see table 1). This can be explained
by the different geometries of both chambers: the radius of the PTW31014 is smaller, but the
length of the cylindrical volume is larger, resulting in a larger volume effect in comparison
to the more compact PTW31016 chamber. The residual perturbation corrections do not differ
within 0.7% between both chambers (see the right diagram of figure 8). The right diagram of
figure 8 shows that not only the volume perturbation increases with decreasing field size, but
also the product of the remaining perturbation factors. Additional simulations are necessary
to obtain more information about the field size dependence of the different perturbation
corrections given in equation (6).

3.5. Correction factor k fclin, fmsr
Qclin,Qmsr

In figure 9, the resulting correction factor k fclin, fmsr
Qclin,Qmsr

for the ionization chambers and the diode
detectors as a function of field size are summarized. For field sizes larger than 3 × 3 cm2, the
correction factor k fclin, fmsr

Qclin,Qmsr
for the ionization chambers is close to unity. For smaller field sizes,

the chambers underestimate the dose. Since the volume perturbation pvol is larger than other
perturbation effects (see figure 9), the correction factor strongly depends on the volume of the
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Figure 9. Calculated correction factor k fclin, fmsr
Qclin,Qmsr

for ionization chambers and diodes as a function
of field size.

chambers. For field sizes between 2 × 2 and 9 × 9 cm2, the diodes also underestimate the
dose. These results confirm the measurements from Sauer and Wilbert (2007) who compared
the response of diode detectors in comparison to an ionization chamber as a function of field
size.

The under-response of the diode detectors may be caused by the increasing ratio of the
mass energy absorption coefficient (μ̄en)

w
Si in smaller fields (see figure 7). On the other hand,

the diode detector clearly overestimates the dose in field sizes below 1.4 × 1.4 cm2. This
results in a correction factor k fclin, fmsr

Qclin,Qmsr
below unity. Similar data have recently been published

by Francescon et al (2011) for comparable detectors.
A more fundamental investigation was recently performed by Scott et al (2012). They

investigated the dose response in small photon fields in dependence of the mass density
of the detectors material. For their Monte Carlo simulations, they defined several types
of water, different in mass density but all having the same atomic composition and mass
stopping power and mass energy absorption coefficients like water with density of 1 g cm−3.
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According to their results, high-density detector materials overestimate the dose and low-
density detector materials underestimate the dose relative to that of water in small field sizes.
These findings confirm our results in figure 9. According to Scott et al , the dose overestimation
and underestimation, respectively, correlates with the mass density of the detector material
relative to that of water.

In summary, in very small fields (<1.4 × 1.4 cm2) the deviations of the correction
factor k fclin, fmsr

Qclin,Qmsr
from unity are smallest for the diodes, mainly because of their very small

sensitive volume. Comparing both diode detectors, the unshielded one shows slightly smaller
perturbation corrections. Therefore, the unshielded diode should be preferred for small field
dosimetry measurements (Eklund and Ahnesjö 2010).

4. Conclusion

According to the formalism of Alfonso et al field factors �
fclin, fmsr
Qclin,Qmsr

and correction factors

k fclin, fmsr
Qclin,Qmsr

were calculated for small field dosimetry. The dependence of both quantities on
electron beam spot size and field size was calculated for several detectors in a 6 MV photon
field of a Siemens KD-2 linear accelerator using the EGSnrc Monte Carlo code. The results
show that all calculated correction factors k fclin, fmsr

Qclin,Qmsr
down to the field size of 1 × 1 cm2

were independent of the electron beam spot size. This is a significant fact when Monte Carlo
calculated correction factors are eventually used for clinical dosimetry, since the exact value of
the electron beam spot size is often unknown and may vary between different linear accelerators
of the same model. In very small field sizes such as 0.5 × 0.5 cm2, the correction factor for
all investigated ionization chambers depends on the electron beam spot size.

In contrast to the correction factor k fclin, fmsr
Qclin,Qmsr

, the field factor �
fclin, fmsr
Qclin,Qmsr

and ratio of detector

reading M fclin
Qclin

/M fmsr
Qmsr

show a field size dependence already for field sizes >1 × 1 cm2. This
dependence was used to determine the true electron beam spot size of the real Siemens KD-2
linear accelerator. Regarding the ionization chambers, the volume effect is one of the largest
perturbations in small field dosimetry; therefore PinPoint chambers are highly recommended.
Comparing both PinPoint chambers included in this study, the PTW 31016 is superior to
the PTW 31014 chamber because of its more compact design, resulting in a smaller volume
perturbation. This result confirms the finding in Crop et al (2009). Optimal detectors for small
field dosimetry are diode detectors. They are characterized by the smallest correction factor
k fclin, fmsr

Qclin,Qmsr
which is within 2% down to a field size of around 1.5 × 1.5 cm2. The small increase

of k fclin, fmsr
Qclin,Qmsr

from the reference field size down to the field size of about 2 × 2 cm2 is obviously
due to the increase of the ratio of mass energy absorption coefficients (see figure 7). The strong
decrease of the correction factor below this field size obviously is an effect related to the mass
density of the detector material as recently shown by Scott et al (2012).

Comparing both diodes, the unshielded diode has a correction factor which is closest to
unity, i.e. this detector is the optimal choice for small field dosimetry purposes. This result is
in accordance with a statement recently published by Eklund and Ahnesjö (2010).
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(Some figures may appear in colour only in the online journal)

In our paper unfortunately an error occurred while calculating the correction factors k fclin, fmsr
Qclin,Qmsr

for the shielded and unshielded diode detectors by Monte Carlo simulations. Using the variance
reduction technique, range-based Russian roulette, wrong material was used for rejection
range medium. As a result, the range of the electrons was incorrectly calculated and the
electrons whose energy was big enough to reach the sensitive volume of the diode were
subject to Russian roulette. This mistake led to an incorrect calculation of diode detector
reading M fclin

Qclin
and correction factor k fclin, fmsr

Qclin,Qmsr
, particularly for the shielded diode in field sizes

� 1 × 1 cm2. All published data involving the dose of the shielded and unshielded diode
detectors are therefore recalculated and compared to those published first. This involves figure
1 on page 2436, figure 2 on page 2437, figure 3 on page 2438 and the lower diagram of figure
9 on page 2552.

The recalculated ratio of diode detector reading M fclin
Qclin

/M fmsr
Qmsr

as a function of the electron
beam spot size for field sizes 1 × 1 cm2 and 4 × 4 cm2 together with the faulty published data
are given in figure 1. For the field size of 0.5 × 0.5 cm2 the difference between the recalculated
and the published ratio of diode detector reading was within the statistical uncertainty and is
therefore not shown in figure 1. The correction factor k fclin, fmsr

Qclin,Qmsr
was also calculated using the

diode detector reading in figure 1 and is shown in figure 2 as a function of electron beam spot
size. Based on the new calculated data, the electron beam spot size was determined according
to subsection 3.2 and is shown in figure 3. The influence of the error on the determination of
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Figure 1. Monte Carlo calculated ratio of shielded and unshielded diode detector reading
M fclin

Qclin
/M fmsr

Qmsr
as a function of the electron beam spot size for the field size of 1 × 1 cm2

and 4 × 4 cm2. The upper diagrams show the recalculated and the previously published
ratio of the detector reading, the lower diagrams present the relative difference between
them. For the field size of 1 × 1 cm2, the statistical uncertainty corresponds to the
symbol size.

Figure 2. The correction factor k fclin, fmsr
Qclin,Qmsr

for the shielded (SD) and unshielded diode
(uSD) in the 1 × 1 cm2 and 4 × 4 cm2 photon field of a Siemens KD 6MV linear
accelerator as a function of the electron beam spot size. The upper diagrams show
the recalculated and the originally published correction factors k fclin, fmsr

Qclin,Qmsr
and the lower

diagrams present the relative difference between the data sets.

792
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Figure 3. Measured and calculated ratios of detector reading M fclin
Qclin

/M fmsr
Qmsr

as a function
of field size. The recalculated data and the original data are fitted by a second-order
polynomial. The measured ratio of detector reading is shown by a horizontal line. The
vertical lines show the predicted electron beam spot size for each fit.

Figure 4. Calculated correction factors k fclin, fmsr
Qclin,Qmsr

for the SD and uSD detectors as a
function of field sizes. The upper diagram shows the recalculated and the originally
published correction factor k fclin, fmsr

Qclin,Qmsr
and the lower diagrams present the relative

difference between them.

the electron beam spot size was only up to 30 μm, i.e. the impact was within the statistical
uncertainty of the calculations.

Furthermore, the correction factor k fclin, fmsr
Qclin,Qmsr

for both diode detectors as a function of
field size is shown in figure 4. The figure includes the published and the recalculated data.
A comparison between the recalculated correction factor k fclin, fmsr

Qclin,Qmsr
and the correction factor

k fclin, fmsr
Qclin,Qmsr

for a different linear accelerator (Varian Clinac 2100) previously published (Bassinet
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Figure 5. Correction factor k fclin, fmsr
Qclin,Qmsr

for shielded (SD) and unshielded diode detector
(uSD) as a function of field sizes. Black colored symbols represent the recalculated
correction factor and green colored symbols represent the correction factor published
by Bassinet et al (2013).

et al 2013) is shown in figure 2. The recalculated correction factor k fclin, fmsr
Qclin,Qmsr

is now in good
agreement with the data published by Bassinet et al (2013).

It can be concluded, that the regrettable mistake influenced the correction factors
k fclin, fmsr

Qclin,Qmsr
—especially for the SD. For this diode, the change in calculated correction factors is

in the range of 1–2%. The recalculated data are now in good agreement with the published
data.
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2.2 Monte Carlo-based investigations on the impact of removing
the flattening filter on beam quality specifiers for photon
beam dosimetry

The results were published in the following publication, which is reprinted in this section:

Czarnecki, D., Poppe, B. and Zink, K. (2017), ’Monte Carlo-based investigations on the im-
pact of removing the flattening filter on beam quality specifiers for photon beam dosimetry’,
Medical Physics 44(6), 2569-2580. doi:10.1002/mp.12252

c© 2017 American Association of Physicists in Medicine. Reproduced with permission. All
rights reserved [https://doi.org/10.1002/mp.12252]
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Purpose: The impact of removing the flattening filter in clinical electron accelerators on the rela-
tionship between dosimetric quantities such as beam quality specifiers and the mean photon and elec-
tron energies of the photon radiation field was investigated by Monte Carlo simulations. The purpose
of this work was to determine the uncertainties when using the well-known beam quality specifiers or
energy-based beam specifiers as predictors of dosimetric photon field properties when removing the
flattening filter.
Methods: Monte Carlo simulations applying eight different linear accelerator head models with and
without flattening filter were performed in order to generate realistic radiation sources and calculate
field properties such as restricted mass collision stopping power ratios ð�L=qÞwaterair , mean photon and
secondary electron energies. To study the impact of removing the flattening filter on the beam quality
correction factors kQ, this factor for detailed ionization chamber models was calculated by Monte
Carlo simulations.
Stopping power ratios ð�L=qÞwaterair and kQ values for different ionization chambers as a function of TPR20

10
and %dd(10)x were calculated. Moreover, mean photon energies in air and at the point of measurement in
water as well as mean secondary electron energies at the point of measurement were calculated.
Results: The results revealed that removing the flattening filter led to a change within 0.3% in the
relationship between %dd(10)x and ð�L=qÞwaterair , whereby the relationship between TPR20

10 and
ð�L=qÞwaterair changed up to 0.8% for high energy photon beams. However, TPR20

10 was a good predictor
of ð�L=qÞwaterair for both types of linear accelerator with energies \ 10 MeV with a maximal deviation
between both types of accelerators of 0.23%.
According to the results, the mean photon energy below the linear accelerators head as well as at

the point of measurement may not be suitable as a predictor of ð�L=qÞwaterair and kQ to merge the
dosimetry of both linear accelerator types. It was possible to derive ð�L=qÞwaterair using the mean sec-
ondary electron energy at the point of measurement as a predictor with an accuracy of 0.17%. A bias
between kQ for linear accelerators with and without flattening filter within 1.1% and 1.6% was
observed for TPR20

10 and %dd(10)x respectively.
Conclusion: The results of this study have shown that removing the flattening filter led to a change
in the relationship between the well-known beam quality specifiers and dosimetric quantities at the
point of measurement, namely ð�L=qÞwaterair , mean photon and electron energy. Furthermore, the results
show that a beam profile correction is important for dose measurements with large ionization cham-
bers in flattening filter free beams. © 2017 American Association of Physicists in Medicine [https://
doi.org/10.1002/mp.12252]

Key words: flattening filter free, Monte Carlo, photon dosimetry

1. INTRODUCTION

Conventional linear accelerators (linacs) have been designed
with a flattening filter because of a historical need for

homogeneous radiation fields. When modern radiotherapy
techniques such as IMRT/VMAT in combination with
sophisticated treatment planning systems are applied, there is
no longer a need to adjust the beam profile with a flattening
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filter. Some potential advantages such as an increased dose
rate, less variation in field size-dependent factors and less
head scattered dose, leading to lower whole-body doses to
the patient, have generated an increased interest in flattening
filter-free linear accelerators as described in.1–4 Despite their
benefits for modern radiation therapy techniques there are
some limitations and challenges, as described by Sharma and
Georg et al.1,5

Accordingly, it has to be remarked that present dosimetry
protocols6,7 are based on conventional linear accelerators
with flattening filters and therefore the focus on dosimetry in
flattening filter-free beams has to be strengthened as it was
done in the TG-51 addendum.8 The beam quality correction
factor kQ (also known as the beam quality conversion factor)
as well as the water-to-air restricted mass collision stopping-
power ratio ð�L=qÞwaterair are specified as a function of beam
quality specifiers TPR20

10 in the IAEA6 and %dd(10)x in the
AAPM7 dosimetry protocol. An addendum8 to the AAPM’s
TG 51 dosimetry protocol has recently been published in
which it was concluded—in accordance with the results pub-
lished by Xiong and Rogers9—that %dd(10)x is a suitable
beam quality specifier for flattening filter-free (FFF) linacs.
However, the Addendum8 remarks that detectors with a high-
Z electrode are not suitable for reference dosimetry of FFF
beams referring to the investigations by Muir and Rogers10

on central electrode perturbation factors.
Several Monte Carlo-based studies9,11,12 investigated the

relationship between %dd(10)x and TPR20
10, respectively, and

ð�L=qÞwaterair for realistic radiation fields with (WFF) and
without flattening filter (FFF). These studies pointed out a
change in the relationship when removing the flattening fil-
ter, although only a slight change in the relationship
between %dd(10)x and ð�L=qÞwaterair was observed. Ceberg
et al.11 and Dalaryd12 introduced dual-parameter beam-
quality specifiers to predict more accurately ð�L=qÞwaterair in
WFF and FFF fields.

Based on the well-documented change in the relationship
between ð�L=qÞwaterair and either TPR20

10 or %dd(10)x, this study
investigated the ability of the beam quality specifiers used in
current dosimetry protocols to indicate certain dosimetric
properties of WFF and FFF fields in order to merge the
dosimetry of WFF and FFF fields. In that regard, the relation-
ship between both %dd(10)x and TPR20

10 and the beam quality
correction factor kQ for ionization chambers with different
sensitive volumes in WFF and FFF fields was investigated by
Monte Carlo simulations. This study also investigated the
small volume PinPoint ionization chambers, although they
are not suitable for reference dosimetry according to the TG-
51 addendum.8 Furthermore, it was examined whether the
mean photon and electron energy at the point of measurement
or the mean photon energy below the accelerator head were
suitable beam quality specifiers to predict ð�L=qÞwaterair and kQ
more accurately than conventional beam quality specifiers (%
dd(10)x, TPR20

10) by using one functional relationship for both
linac types. To achieve results that are as general as possible,
this study covers a wide range of linear accelerators with dif-
ferent photon energies and ionization chambers.

2. METHODS

2.A. Monte Carlo simulations

All Monte Carlo simulations were performed using the
version V4-r2-4-0 of the EGSnrc code system13 and the 2013
version of BEAMnrc.14 Eight different linear accelerator
heads were modeled according to drawings from three major
vendors (Siemens, Varian, and Elekta). Virtual models of the
Siemens KD, Elekta Precise, and Varian Clinac iX were cre-
ated (see Table I).

The Siemens KD 6 MV WFF linac model was already
used in previous studies.16,17 The electron beam spot size and
energy of the Siemens KD 15 MV and the Elekta Precise
WFF models were adjusted to measurements at the Univer-
sity Medical Center Giessen and Marburg. The electron beam
spot size of the Varian Clinac iX linac WFF models was set
to full width at half maximum of 1 mm according to the
accelerator used for the IAEA phsp database.18 However,
the influence of the electron beam spot size on the dose at the
center of a 10 9 10 cm2 field is negligible. The electron
beam energy of the Varian Clinac WFF models were set to
their actual nominal energy.

The flattening filter-free linear accelerator heads were
realized by replacing the flattening filter by a 2 mm thick alu-
minum layer in the Monte Carlo-based model. An aluminum
filtration for the FFF beams was chosen according to the fil-
tration of the high-intensity unflat beam from Siemens,
which was described by Xiao et al.15 In this study a thicker
aluminum filtration was chosen in order prevent contamina-
tion of the treatment field by primary electrons with high
energies. In addition, five FFF linacs with a nearly ten times
thicker filtration (6 mm Cu) have been created to investigate
the influence of the thickness of the filter. The electron beam
spot size and energy of the FFF beams were equal to the cor-
responding WFF beams. When removing the flatting filter,
the linac head geometry as well as the electron beam were not
modified to investigate only the influence of the flattening
filter, not target or collimator changes. It may be expected,
that varying the primary electron energy or the filter material
and thickness will not change the functional relationship of
the calculated dosimetric quantities, but will shift the corre-
sponding data points as a function of beam quality specifier
to higher or lower values.

The variance reduction technique DBS (directional brems-
strahlung splitting) implemented in BEAMnrc was used for
the Monte Carlo simulations through the linear accelerator
head according to the recommendations by Kawrakow et al.19

with a splitting field radius of 10 cm at the isocenter for a
10 9 10 cm2 radiation field. Moreover, electron range rejec-
tion was utilized to save computation time for electrons with
an energy of 2 MeV or less in the linear accelerator head
models.

Phase space files from the BEAMnrc treatment head mod-
els were created to calculate the mean photon energy below
the linear accelerators head at the isocenter �Ec

air (100 cm dis-
tance from source). The BEAMnrc input data provided by
Muir et al.20 were taken to generate the Eldorado-6 60Co unit,
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which is an updated model of the 60Co treatment source
used by Mora et al.21 The radiation sources were used to
calculate the restricted water-to-air mass collision stopping-
power ratio and the beam quality correction factor kQ for
the five ionization chambers given in Table II. The ioniza-
tion chambers were modeled in detail according to manu-
facturer drawings using the egs++ class library.22 The
ionization chamber models from PTW (Freiburg, Germany)
have been already used in a different work dealing with
small field correction factors.16 Dose to water Dw and dose
calculations within the active volume of the ionization
chambers Ddet were calculated by applying the user code
egs_chamber.23 The intermediate phase space storage
(IPSS) technique was applied to calculate dose to all inves-
tigated detectors and dose in a small cylindrical water vol-
ume with a radius of 2 mm and a height of 0.5 mm in the
same radiation field. Besides this IPSS technique, a photon
cross-section enhancement (XCSE) volume was defined for
the cylindrical water volume and the ionization chambers
surrounding the dose scoring region with a radius of 1 cm
with an XCSE factor of 128. The restricted water-to-air
mass collision stopping-power ratio ð�L=qÞwaterair was calcu-
lated with the user code SPRRZnrc.24 ð�L=qÞwaterair was calcu-
lated in a cylindrical volume of 0.1 cm radius and 0.1 cm
height. The user code FLURZnrc was applied to calculate
the mean photon energy �Ec

z¼ 10cm and electron energy
�Ee�
z¼ 10cm in the water phantom at the point of measurement

(10 cm water depth). The mean photon energy and electron

energy were calculated in a cylindrical water voxel of
0.25 cm radius and 0.2 cm height at 10 cm water depth.
The transport threshold and cutoff energies in all Monte
Carlo simulations were set for electrons to AE = ECUT =
521 keV and for photons AP = PCUT = 10 keV. All fur-
ther transport parameters were set to their defaults.13

The mean electron and photon energy at the point of mea-
surement, ð�L=qÞwaterair and kQ were calculated at 10 cm water
depth and a source-to-surface distance (SSD) of 100 cm for
jaw collimated geometric field sizes of 10 9 10 cm2 at the
surface. The dose to water at 10 cm water depth with SSD of
90 cm and the dose to water at 20 cm water depth with a SSD
of 80 cm was calculated to determine the beam quality speci-
fier TPR20

10. A depth dose profile with SSD = 100 cmwas cal-
culated using the IPSS technique to determine the beam
quality specifier %dd(10)x.

TABLE II. Ionization chambers investigated in this study.

Ionization chamber type sensitive volume

PTW31014 - PinPoint 0.015 cm3

PTW31016 - PinPoint 0.016 cm3

PTW31010 - SemiFlex 0.125 cm3

NE2561 - Secondary standard 0.325 cm3

NE2571 - Farmer-type 0.69 cm3

TABLE I. Linear accelerators investigated in this study. The statistical uncertainties are within 0.32% for TPR20
10, 0.26% for %dd(10)x, 0.11% for the mean photon

energy �Ec
air at the isocenter, 0.6% for the mean photon energy �Ec

z¼ 10 cm at the point of measurement and 0.7% for the mean electron energy �Ee�
z¼ 10 cm at the point

of measurement.

Beam model Nominal energy TPR20
10 %dd(10)x �Ec

air in MeV �Ec
z¼ 10 cm in MeV �Ee�

z¼ 10 cm in MeV

Elekta precise (WFF) 6 MeV 0.668 66.8 1.754 1.315 0.948

Siemens KD (WFF) 6 MeV 0.677 67.6 1.839 1.386 1.026

15 MeV 0.777 80.3 4.462 3.369 2.311

Varian clinac (WFF) 4 MeV 0.603 61.4 1.096 0.814 0.652

6 MeV 0.659 66.1 1.633 1.221 0.921

10 MeV 0.735 73.7 2.915 2.190 1.530

15 MeV 0.758 78.0 3.785 2.860 1.949

18 MeV 0.776 82.4 4.557 3.436 2.324

Elekta precise (2 mm Al) 6 MeV 0.646 65.1 1.447 1.131 0.942

Siemens KD (2 mm Al) 6 MeV 0.646 64.9 1.410 1.120 0.963

15 MeV 0.740 76.9 2.944 2.434 2.101

Varian clinac (2 mm Al) 4 MeV 0.573 58.8 0.867 0.663 0.597

6 MeV 0.624 62.9 1.220 0.947 0.829

10 MeV 0.682 69.1 1.785 1.458 1.341

15 MeV 0.730 75.7 2.803 2.337 1.990

18 MeV 0.747 78.7 3.339 2.810 2.349

Elekta Precise (6 mm Cu) 6 MV 0.6570 65.7 — — —

Siemens KD (6 mm Cu) 15 MV 0.7470 77.3 — — —

6 MV 0.640 64.1 — — —

Varian clinac (6 mm Cu) 10 MV 0.691 69.9 — — —

15 MV 0.753 78.9 — — —
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2.B. Calculation of beam quality correction
factors kQ

The beam quality correction factor kQ was determined by
calculating the dose in a small water volume Dw and in the
sensitive volume of the investigated ionization chambers Ddet

for the 60Co treatment source and at the beam quality Q
according to Eq. (1).

kQ ¼ ðDw=DdetÞQ
ðDw=DdetÞ60Co

(1)

The correction of a nonuniform dose distribution inside the
ionization chambers volume is already included in the Monte
Carlo-calculated kQ value. For large volume ionization cham-
bers in FFF fields, the radial dose distribution may have a
large impact on the kQ value. Moreover, the influence of the
radial dose distribution on kQ may vary considerably for dif-
ferent FFF linac models. In accordance with this issue one
could imagine a beam quality correction factor for FFF
beams k�Q which does not include the effects from a nonuni-
form profile as defined in Eq. (2):

k�Q ¼ kQ
Prp

(2)

with Prp being the radial beam profile correction factor. In
this work Prp was calculated for cylindrical ionization cham-
bers by a dose profile integration (average dose 〈Drel〉) along
the cylinder axis of the ionization chambers’ sensitive volume
from x=�L/2 to x=L/2 as given in the following equation.

Prp ¼ 1
hDreli ¼

LR L=2
�L=2 DrelðxÞ dx

(3)

Here, Drel(x) is defined as the relative dose normalized to the
dose at the central axis and L the length of the sensitive volume.

3. RESULTS

3.A. Beam quality specifiers TPR20
10 and %dd(10)x as

indicators for properties of photon fields

The Monte Carlo calculated TPR20
10, %dd(10)x, the mean

photon energy at the isocenter free in air �Ec
air, the mean pho-

ton energy �Ec
z¼ 10 cm, and secondary electron energy �Ee�

z¼ 10 cm
at 10 cm water depth for nine different linear accelerators
with (WFF) and without flattening filter (FFF) are given in
Table I. The calculated ð�L=qÞwaterair data for both linac types
(WFF and FFF) and both types of filtration for the FFF
beams (2 mm Al, 6 mm Cu) are summarized in Fig. 1 as a
function of TPR20

10 and as a function of %dd(10)x.
As can be seen, the calculated data are in good agree-

ment with data published by Dalaryd et al.12 For compar-
ison, the fits recommended by the dosimetry protocols from
the IAEA6 and AAPM7 are added. As described in previous
publications25–28 and also used in the IAEA dosimetry pro-
tocol,6 ð�L=qÞwaterair as a function of TPR20

10 can be fitted to a
third-order polynomial for conventional linacs (WFF). In
this work, calculated ð�L=qÞwaterair data as a function of TPR20

10
for WFF beams could be fitted to a second-order polynomial
to better than 0.17%. As can be seen in Fig. 1 the fit was in
good agreement with the polynomial equation provided by
the IAEA dosimetry protocol.6 The newly calculated fit
based on the data in this work is shown in equation Eq. (4).

�L
q

� �water

air

¼�0:942215 TPR20
10

� �2þ1:08739 TPR20
10

� �

þ0:81529 ðrms¼0:0010Þ (4)

Furthermore, it can be seen from the results in Fig. 1 that
removing the flattening filter will change the relationship
between ð�L=qÞwaterair and TPR20

10. Thus, ð�L=qÞwaterair as a function
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FIG. 1. Monte Carlo calculated water-to-air stopping-power ratio ð�L=qÞwaterair as a function of TPR20
10 (left) and %dd(10)x (right) for photon beams with (WFF) and

without flattening filter (FFF). Data for FFF beams with a 2 mm Al (red circles) and 6 mm Cu layer (green triangles) are shown. The black dotted lines represent
the fit through the data for WFF beam calculated in this work and are given in Eq. (4) and Eq. (6), respectively. The fits through all FFF dat calculated in this
work are represented by a red dashed line. The values are compared with the data calculated by Dalaryd et al.,12 while the gray lines represent the fit from the
dosimetry protocols6,7, respectively. Error bars represent one standard deviation of Monte Carlo statistical uncertainty (i.e., r < 0.1%).
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of TPR20
10 for high-energy FFF beams (≥ 10 MV x-rays,

TPR20
10 ≥ 0.68) was on average 0.7% lower than predicted by

the calculated second-order polynomial fit. On the other
hand ð�L=qÞwaterair values for 6 MV FFF beams—which are
commonly used in clinical radiotherapy—are within 0.23%
to the polynomial fit calculated for WFF beams [Eq. (4)].
However, there are also 10 MV FFF beams used in clinical
routine. The calculated ð�L=qÞwaterair for the 10 MV FFF beam
differed by 0.5% from the determined polynomial curve.
With regard to photon beams with 6 MV-X, these results
diverge from the findings by Xiong and Rogers,9 which
showed that removing the flattening filter changes the rela-
tionship between ð�L=qÞwaterair and TPR20

10 from 0.4% to 1%.
The highest change in the relationship was determined for
the highest linear accelerator energy with 18 MV x-rays.
However, our results, for the WFF as well as for the FFF
linacs with the nominal energy of 6 MV, are consistent
with the findings by Dalaryd et al.12 Dalaryd et al.12

reported a divergence of 0.4% for 10 MV FFF linacs
similar to a divergence of 0.5% observed in this work. Fur-

thermore, it was possible to fit all calculated �L
q

� �water

air
for

FFF beams with 2 mm Al and 6 mm Cu layer to a third-
order polynomial to better than 0.15%. The calculated fit
based on data for FFF beams is shown in Eq. (5).

�L
q

� �water

air

¼� 0:94513 TPR20
10

� �2 þ 1:04130 TPR20
10

� �

þ 0:84365 ðrms ¼ 0:0010Þ (5)

In a similar manner to TPR20
10, previous studies showed a lin-

ear relation between ð�L=qÞwaterair and %dd(10)x as shown
by9,26,27,29 for %dd(10)x ≥ 62%. Equation (6) shows the lin-
ear regression for WFF beams calculated in this work.

�L
q

� �water

air

¼� 2:03032 � 10�3 %ddð10Þx
� �

þ 1:25556 ðrms ¼ 0:0014Þ (6)

The calculated fit in Eq. (6) agrees with the TG-51 curve
within 0.3% in the investigated range. In this work, the calcu-
lated ð�L=qÞwaterair values as a function of %dd(10)x for FFF
beams are on average 0.21% lower than predicted by the
curve fitted for WFF beams by linear regression—with a
maximum deviation of 0.3%. These results support the find-
ings of Xiong and Rogers,9 who reported that ð�L=qÞwaterair as a
function of %dd(10)x for FFF beams is systematically slightly
below ð�L=qÞwaterair for WFF beams. The linear regression for
FFF beams with %dd(10)x ≥ 62% is given in Eq. (7) and is
also shown in the right panel of Fig. 1.

�L
q

� �water

air

¼� 2:0991 � 10�3 %ddð10Þx
� �

þ 1:25814 ðrms ¼ 0:006Þ (7)

Figure 2 presents the beam quality specifier TPR20
10 and %dd

(10)x as an indicator for the mean photon energy �Ec
air at the

isocenter (100 cm distance to source) free in air for WFF and

FFF beams. As can be seen in the left panel, WFF and FFF data
points follow the same relationship as a function of TPR20

10. It
was possible to predict the mean photon energy below the accel-
erator head with a less than 0.12 MeV error using TPR20

10 for
WFF and FFF beams with a third-order polynomial fit through
all data—the polynomial is given in Eq. (8).

�Ec
air ¼ 548:295 MeV TPR20

10

� �3�1020:16 MeV TPR20
10

� �2
þ 640:137 MeV TPR20

10

� �
� 134:161 MeVðrms ¼ 0:07 MeVÞ ð8Þ

In contrast to TPR20
10, no simple functional interrelation was

found between �Ec
air and %dd(10)x for WFF and FFF beams

according to the data shown in the right panel of Fig. 2. FFF
beams with the same %dd(10)x as WFF beams have a lower
mean photon energy below the linear accelerator head than
conventional beams. This energy divergence between the two
beam types increases (up to 0.6 MeV) with higher values of
%dd(10)x.

In Fig. 3 the mean photon and secondary electron energies at
10 cm water depth are shown as a function of TPR20

10 and %dd
(10)x. As can be seen in Fig. 3 (upper left panel) when removing
the flattening filter, the correlation between the mean photon
energy at the point of measurement �Ec

z¼10cm and the beam quality
specifiers TPR20

10 changes for accelerators with higher energies
(> 10 MV x-rays). Equation (9) shows the second-order polyno-
mial fit through the data forWFF linear accelerator.

�Ec;WFF
z¼10cm ¼75:739 MeV TPR20

10

� �2�90:069 MeV TPR20
10

� �
þ 27:63 MeV ðrms ¼ 0:09 MeVÞ ð9Þ

The deviation from the fit in Eq. (9) was up to 0.19 MeV for
FFF linear accelerators. Furthermore, a functional relation-
ship between �Ec

z¼10cm and %dd(10)x was investigated for
WFF and FFF linear accelerators (Fig. 3, right panel). Equa-
tion (10) shows the fitting function through the data deter-
mined using WFF linear accelerators.

�Ec;WFF
z¼10cm ¼ 3:4392 � 10�3 MeV %ddð10Þx

� �2
� 0:35389 MeV %ddð10Þx

� �
þ 9:5896 MeVð rms ¼ 0:09 MeVÞ (10)

The deviation from the fit in Eq. (10) was up to 0.28 MeV
for FFF linear accelerators.

3.B. Relation between ð�L=qÞwater
air and energy

spectrum-based beam quality specifiers

In Fig. 4 data from Fig. 1, Fig. 2 and Fig. 3 were
used to investigate the correlation between ð�L=qÞwaterair and
mean photon and electron energies of the radiation field.
Accordingly, Fig. 4 presents ð�L=qÞwaterair as a function of
mean photon energy �Ec

air below the accelerator head at
the isocenter (upper panels), as well as ð�L=qÞwaterair as a
function of mean photon �Ec

z¼10cm and electron energy
�Ee�
z¼10cm at the point of measurement (middle and lower

panel).
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The results in Fig. 4 showed that the linear relationship
between ð�L=qÞwaterair and the mean photon energy below the
linear accelerator head, respectively, at the point of

measurement changes when the flattening filter is removed.
Furthermore, the findings indicate a linear relationship
between ð�L=qÞwaterair and the mean electron energy at the point
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of measurement �Ee�
z¼10cm for all beam types (with and without

flattening filter). The linear relationship determined by linear
regression is given in Eq. (11).

�L
q

� �water

air
¼� 2:18355 � 10�2 MeV�1 �Ee�

z¼10cm

� �

þ 1:14231 ðrms ¼ 0:0010 MeVÞ (11)

Interestingly, data points for FFF beams were on average
0.06% higher than predicted by the linear regression and data
for WFF beams accordingly on average 0.07% lower.

3.C. Beam quality correction factor with and
without volume-averaging correction for flattening
filter-free beams

Figure 5 shows the conventional beam quality correc-
tion factor kQ in comparison to the beam quality correc-
tion factor k�Q corrected for the volume-averaging as
defined in Eq. (2). The correction factors kQ and k�Q are
given as a function of TPR20

10 and %dd(10)x for FFF
beams with a 2 mm Al layer. Varian Clinac 15 MV
(TPR20

10 = 0.73) and 18 MV (TPR20
10 = 0.747) high-energy

beams had a considerably higher dose gradient within the
sensitive volume of the chamber compared to the Sie-
mens KD 15 MV (TPR20

10 = 0.74) high-energy linac. This
resulted in larger Prp values for the NE2571 chamber and
a large difference between the kQ value for high-energy
Varian and Siemens linacs. The difference between these
linacs is reduced when looking at k�Q as a function of
TPR20

10 and %dd(10)x.

3.D. Effects of removing the flattening filter on the
relation between kQ and various beam quality
specifiers

The beam quality correction factors kQ for five different
ionization chambers as a function of four investigated beam
quality specifiers are presented in Fig. 6. The panels in the
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first column show kQ as a function of TPR20
10. The panels

in the second column present kQ as a function of %dd(10)x.
The panels in the third and fourth column provide kQ as a
function of mean photon energy below the accelerator head
and at the point of measurement, respectively. Additionally,
the kQ values for the NE2561 and the NE2571 ionization
chambers determined by Krauss and Kapsch30 using a
water calorimeter are shown in Fig. 6 for reference. More-
over, Fig. 6 shows a comparison between the calculated
beam quality correction factors kQ and the polynomial fits
from Muir et al.,27 which are also based on Monte Carlo-
calculated data for WFF linear accelerators. In Fig. 6, the
calculated data are also compared to the experimentally
determined kQ values published by McEwen.31 Figure 6
shows also the Monte Carlo-calculated kQ values for the

ionization chamber NE2561 in WFF and FFF fields pub-
lished by Lye et al.32

The calculated kQ for the ionization chamber NE2561 is in
good agreement with the revised polynomial fit (dashed line
in Fig. 6) from Muir et al.,28 which is based on an updated
Monte Carlo model of the ionization chamber. In this work
calculated kQ data as a function of TPR20

10 for WFF beams are
consistent with the curves determined by Muir et al.27—the
root-mean-square deviation (RMSD) varies between 0.0013
and 0.0023. In this work, the calculated kQ for the ionization
chamber NE2561 in WFF beams is in good agreement with
the data from Krauss and Kapsch30 for low energies. How-
ever, there is a 0.8% discrepancy between the kQ value from
Krauss and Kapsch30 at TPR20

10 = 0.76 (Krauss and Kapsch:
kQ = 0.982 � 0.003; this work: kQ = 0.9743 � 0.0008). On
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the other hand, our results are in good agreement with the
calculations published by Lye et al.32 The calculated kQ val-
ues as a function of %dd(10)x are in good agreement with the
fit from Muir et al. published in,27,28 respectively—RMSD
ranges between 0.0012 and 0.0035.

kQ values for the PinPoint ionization chambers in FFF
beams are on average lower than for the WFF beam. The
smallest bias between FFF and WFF beams was observed for
the NE2561 ionization chamber. For the investigated 6 MV
Varian, Siemens, and Elekta FFF linacs with a 2 mm Al layer
the kQ values for the NE2561 chamber were
0.9957 � 0.0004, 0.9942 � 0.0005, and 0.9949 � 0.0004,
respectively. When the Al layer in the Varian and Elekta
models were replaced by 6 mm Cu TPR20

10 and %dd(10)x val-
ues increased and kQ decreased to 0.9934 � 0.0008 and
0.9943 � 0.0008, respectively. All calculated kQ values for
the NE2571 in FFF beams are greater than kQ values for
WFF beam.

Figure 7 presents kQ as a function of the mean electron
energy at the point of measurement �Ee�

z¼ 10 cm for all investi-
gated ionization chambers. A good linear regression is
observed for the small-volume PinPoint ionization chambers
PTW31014 and PTW31016 with r2 = 0.9928 and
r2 = 0.9948 respectively. To help compare the different data
sets, the linear regression of the data for the ionization cham-
ber PTW31014 represented by a dotted line is shown in all
panels of Fig. 7. The data in Fig. 7 suggest that the linear rela-
tionship may be valid for all investigated ionization chambers
for WFF beams. Unlike for WFF beams, kQ differs from this
linear relationship with increasing ionization chamber size
for FFF beams.

4. DISCUSSION

4.A. Beam quality specifiers, TPR20
10 and %dd(10)x,

as indicators for properties of photon fields

According to the results in Fig. 1, removing the flattening
filter led to changes in the relationship between ð�L=qÞwaterair
and the well-known beam quality specifiers TPR20

10 and
%dd(10)x. When using TPR20

10 as a beam quality specifier to
predict ð�L=qÞwaterair , a difference between WFF and FFF beams
of up to 0.8% was detected. The difference between FFF and
WFF beams increases with beam energy for TPR20

10. A signif-
icant difference between FFF beams with 2 mm Al and
6 mm Cu layer could not be observed, even though the differ-
ence between the layer’s thicknesses (g/cm2) was nearly a fac-
tor of ten. The data for the 10 times thicker filter followed the
same functional relationship as the data for the 2 mm Al fil-
ter. Due to the beam hardening effect, the thicker filter only
moves the data points to larger TPR20

10 and %dd(10)x values
within the same functional relationship between ð�L=qÞwaterair
and the beam quality specifiers. However, the relative thin fil-
ter does not affect the investigated relationships in the same
extent as the flattening filer does.

Looking at %dd(10)x as an indicator for the mean photon
energy, high-energy FFF beams (> 10 MV) with the same

value of %dd(10)x had a lower photon energy in air (Fig. 2,
right panel) and also at 10 cm water depth (Fig. 3, upper right
panel) compared to WFF beams. Comparing the results of
the right panel in Fig. 2 and the upper right panel in Fig. 3,
the bias between WFF and FFF linear accelerators decreased
for %dd(10)x as a predictor of the mean photon energy at
10 cm water depth in comparison to %dd(10)x as a predictor
of the mean photon energy in air.

Regarding the relationship of the mean electron energy at
the point of measurement within the water phantom, Fig. 3
clearly shows that neither beam quality specifier is a good
unique predictor for the two types of accelerators (WFF and
FFF). The results indicate that FFF beams have a higher
mean secondary electron energy at the point of measurement
compared to WFF beam with the same TPR20

10 or %dd(10)x.
This difference may be caused by the hardening of the x-ray
spectrum due to the flattening filter, generating a qualitatively
different secondary electron fluence spectrum.

Moreover, the correlation between the mean energy of the
photon radiation field and the beam quality specifiers of cur-
rent dosimetry protocol (TPR20

10 and %dd(10)x)) was investi-
gated. For this purpose the mean photon energy below the
accelerator head and the mean photon and secondary electron
energy at 10 cm water depth was calculated to analyze the
energy in the WFF and FFF fields. The results presented in
Fig. 2 showed that an FFF beam with the same %dd(10)x as
for conventional beams had a smaller mean photon energy
below the linear accelerator head. On the other hand, FFF
beams had higher mean secondary electron energies than
WFF beams with the same value of %dd(10)x as well as
TPR20

10 (see Fig. 3). Further investigations are needed to
understand this effect in more detail.

4.B. Relation between ð�L=qÞwater
air and energy

spectrum-based beam quality specifiers

According to the results shown in Fig. 4 the mean photon
energy is not a suitable indicator for ð�L=qÞwaterair to merge the
dosimetry of WFF and FFF beams, because the relationship
between the mean photon energy and ð�L=qÞwaterair was not
retained when removing the flattening filter, while the mean
secondary electron energy as an indicator for ð�L=qÞwaterair had
an acceptably small bias for WFF and FFF beams.

4.C. Beam quality correction factor with and
without volume-averaging correction for flattening
filter-free beams

Several publications have shown, that the measured dose
by a detector is influenced by the sensitive volume and can
reduce the measured dose depending on the dose gradient
due to dose averaging across the sensitive volume.33,34 The
radial beam profile correction factor Prp was calculated to
correct the reduced absorbed dose in the inhomogeneous lat-
eral dose profiles of the FFF beams. The highest values of
Prp were determined for the radiation fields with the highest
field inhomogeneity. The Varian Clinac 18 MV and 15 MV
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radiation field without flattening filter (FFF) decreased
within the active volume of the NE2571 chamber by up to
3.6% and 3%, respectively. However, the Siemens KD
15 MV radiation field without flattening filter (FFF) has a
much smaller dose decrease (< 1.6%) within the active vol-
ume of NE2571. Removing the volume-averaging correction
from the beam quality correction factor kQ led to a better
functional relationship between k�Q and the beam quality
specifier TPR20

10 and %dd(10)x.
The results indicate that the inhomogeneity of dose profile

of FFF beam may vary and become a major issue when the
dose is measured with large volume ionization chambers such
as the NE2571.

4.D. Effects of removing the flattening filter on the
relation between kQ and various beam quality
specifiers

Beam quality correction factors kQ for five different ion-
ization chambers as a function of %dd(10)x, TPR20

10, and three
energy spectrum-based beam quality specifiers were calcu-
lated for FFF and WFF linear accelerators (see Fig. 6, Fig. 7).
The results showed that the relationship between kQ and all
investigated beam quality specifiers changes when the flatten-
ing filter is removed. The bias between WFF and FFF 6 MV
linacs was between 0.12% and 0.30% for TPR20

10 as a beam
quality indicator. The bias increased for the 10 MV linacs
and was within 0.3% for the NE2561 and NE2571. For small
volume PinPoint ionization chambers, the bias increased
more significantly up to 0.7%, however, these chambers are
not suitable for reference dosimetry. For high-energy beams
(> 10 MV x-rays), the NE2571 ionization chamber had the
highest bias between WFF and FFF beams. Linacs with a
large difference between WFF and FFF kQ values for the
NE2571 had also a high radial beam profile correction factor
Ppr for the FFF beams. This indicates that the bias is caused
to a large extent by the volume-averaging effect.

Only a small energy independent bias (within 0.4%)
between WFF and FFF linacs was observed for %dd(10)x as a
beam quality indicator for all investigated ionization cham-
ber, except the large volume NE2571.

The mean electron energy as an indicator for kQ showed
an increased bias between WFF and FFF beams, even though
a tight fit for WFF and FFF beams has been observed. More-
over, the results suggest that the overall perturbation factor
may be independent of the mean secondary electron energy
for WFF beams and for small ionization chambers in FFF
beams. However, a direct measurement of the mean electron
energy is not possible in current radiotherapy clinics, but nev-
ertheless, it is worth investigating the relationship between
these fundamental dosimetric quantities to get a better under-
standing of beam quality correction factors.

5. CONCLUSION

In the present study, the effect of removing the flattening
filter on the beam quality specifiers TPR20

10 and %dd(10)x of

current dosimetry protocols6,7 as indicators of radiation field
properties was investigated. This study showed that %dd(10)x
is a suitable beam quality specifier to indicate ð�L=qÞwaterair for
WFF and FFF beams with a maximum bias of 0.3% between
the two linear accelerator types using only one functional
relationship. The beam quality specifier TPR20

10 revealed only
a good correlation between WFF and FFF beams (< 0.15%)
for low energies (< 10 MV x-rays) as an indicator for
ð�L=qÞwaterair (see Fig. 1).

The study also showed that the mean secondary electron
energy at the point of measurement �Ee�

z¼ 10 cm could be a rea-
sonable indicator for ð�L=qÞwaterair in WFF and FFF beams, and
for smaller volume chambers there is even a simple unique
linear relationship between kQ and �Ee�

z¼ 10 cm, but shows a lar-
ger bias between WFF and FFF beams as an indicator for kQ
in high-energy fields and large volume chambers (see Fig. 7)
of up to 0.7%.

Nevertheless, the study showed that the change in the rela-
tionship between beam quality specifiers and kQ when remov-
ing the flattening filter is caused not only by the different
relationship between the beam quality specifier and
ð�L=qÞwaterair for FFF beams but also by the geometry of the ion-
ization chamber. Due to the inhomogeneous lateral dose pro-
file of FFF beams the volume-averaging effect is not
negligible for large volume ionization chambers. It may be
useful to provide beam quality correction factors k�Q that do
not include effects of a nonuniform profile at the depth of
measurement, because Prp may vary for different linacs with
similar TPR20

10 or %dd(10)x. According to the results in this
study the ionization chamber NE2561 is most suitable for
dose measurement in FFF beams; due to the smallest bias
between kQ values for WFF and FFF linac. Further investiga-
tions are required to understand this change in the investi-
gated relationships to merge the dosimetry of WFF and FFF
fields. However, the results have shown that the %dd(10)x can
be used for dosimetry in the photon field of both linac types
(WFF and FFF) for all investigated energies with an accept-
able bias within 0.4%. Restricting the x-ray beam energies of
clinical FFF electron accelerators to the commonly used
energy of 6 MV x-rays (TPR20

10 � 0.67), TPR20
10 is still an eli-

gible beam quality specifier with a bias of at most 0.26% in
flattening filter-free beams.
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2.3 The influence of neutron contamination on dosimetry in
external photon beam radiotherapy

The results were published in the following publication, which is reprinted in this section:

Horst, F., Czarnecki, D. and Zink, K. (2015), ’The influence of neutron contamination
on dosimetry in external photon beam radiotherapy’, Medical Physics 42(11), 6529-6536.
doi:10.1118/1.4933246
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Purpose: Photon fields with energies above ∼7 MeV are contaminated by neutrons due to photo-
nuclear reactions. Their influence on dosimetry—although considered to be very low—is widely
unexplored.
Methods: In this work, Monte Carlo based investigations into this issue performed with  and
 are presented. A typical Linac head in 18 MV-X mode was modeled equivalently within both
codes.  was used for the photon and  for the neutron production and transport simulation.
Water depth dose profiles and the response of different detectors (Farmer chamber, TLD-100,
TLD-600H, and TLD-700H chip) in five representative depths were simulated and the neutrons’
impact (neutron absorbed dose relative to photon absorbed dose) was calculated. To take account of
the neutrons’ influence, a theoretically required correction factor was defined and calculated for five
representative water depths.
Results: The neutrons’ impact on the absorbed dose to water was found to be below 0.1% for
all depths and their impact on the response of the Farmer chamber and the TLD-700H chip was
found to be even less. For the TLD-100 and the TLD-600H chip it was found to be up to 0.3%
and 0.7%, respectively. The theoretical correction factors to be applied to absorbed dose to water
values measured with these four detectors in a depth different from the reference/calibration depth
were calculated and found to be below 0.05% for the Farmer chamber and the TLD-700H chip, but
up to 0.15% and 0.35% for the TLD-100 and TLD-600H chips, respectively. In thermoluminescence
dosimetry the neutrons’ influence (and therefore the additional inaccuracy in measurement) was found
to be higher for TLD materials whose 6Li fraction is high, such as TLD-100 and TLD-600H, resulting
from the thermal neutron capture reaction on 6Li.
Conclusions: The impact of photoneutrons on the absorbed dose to water and on the response of a
typical ionization chamber as well as three different types of TLD chips was quantified and was as
expected found to be very low relative to that of the primary photons. For most practical reasons the
neutrons’ influence on dosimetry might be neglected while for absolute precise thermoluminescence
dosimetry in high energy photon fields, the use of TLD-700H (<0.03% 6Li) instead of the commonly
used TLD-100 (7.4% 6Li) or even the extra neutron sensitive TLD-600H is recommended (95.6% 6Li)
due to the additional inaccuracy in measurement for TLD materials with a high 6Li fraction.
C 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4933246]

Key words: photon therapy, neutron contamination, ionization chamber dosimetry, thermolumines-
cence dosimetry

1. INTRODUCTION

Today the majority of radiation therapy treatments are per-
formed on medical electron linear accelerators (Linacs). The
accelerated electrons can be used directly for irradiation of
the tumor or for the generation of highly penetrating brems-
strahlung inside a high Z target. The photon radiation field can
be formed by primary collimators (jaws) and so called multi
leaf collimators (MLCs) to achieve a good tumor conformity.
The use of higher photon energies has some advantages over
lower energies, such as the better sparing of tissue near the

body surface due to a longer dose buildup. However, addi-
tionally to the interaction with bound electrons high energy
photons (∼7 MeV and above) can undergo inelastic reac-
tions with nuclei inducing the giant dipole resonance.1 The
particular reaction threshold and resonance width depend
on the nuclear properties of the individual target isotope.
The resulting excited nucleus decays immediately by emis-
sion of one or more nucleons or a light nucleus (such as a
deuteron, triton, or alpha) with energies of some MeV. This
two-stage process is called photodisintegration or nuclear
photo-effect.2,3 Especially for heavy target nuclei such as lead,
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tungsten, or tantalum, the neutron separation threshold is low
and the photonuclear cross section is high.4 Practically only the
secondary neutrons are relevant to consider because neutron
emission is the dominating disintegration channel for excited
heavy nuclei while secondary protons or ions are emitted more
rarely and have only short ranges in matter. As a result, the
primary photon field becomes contaminated by fast neutrons
which might penetrate through the collimators when electrons
with energies above 7 MeV are used for bremsstrahlung
generation.5,6

The goal in medical photon dosimetry is to determine the
absorbed dose to water as precisely as possible. Due to the
application of detectors such as air-filled ionization chambers
or thermoluminescence dosimeters (TLDs) commonly made
of LiF, several correction factors have to be applied to the
actually measured dose. However, none of these correction
factors corrects the reading for the additional absorbed dose
in the detector coming from photoneutrons. It is a common
method to determine such detector type specific factors by
means of Monte Carlo simulations.7,8 The most commonly
used Monte Carlo code for this purpose is the 
code, which is considered to have the best electron–photon
transport models implemented and thus represents the gold
standard in photon therapy physics.9  treats coupled
electron–photon transport but does not include photonuclear
reactions. Therefore a simulation of the neutron radiation field
at a high energy electron Linac is not possible with .
The Monte Carlo code  which was used in this work
additionally to  includes extensive (photo-)nuclear
reaction as well as neutron transport and interaction models
additional to electron–photon transport.10–12

Various studies have discussed the radiation protection is-
sues and the possible risk of secondary cancer due to photoneu-
trons.13,14 For such investigations biologically weighted dose
quantities such as effective dose are commonly used. Due to
the neutrons’ high relative biological effectiveness and as a
consequence of their high radiation weighting factors (up to 25
depending on the neutron energy) their effective dose relative
to that of the primary photons is quite high compared to their
relative contribution to absorbed dose as measured in clinical
dosimetry.

In this work we present the results of our Monte Carlo
simulations on the neutron contamination and their influ-
ence on dosimetry (absorbed dose to water, ionization cham-
ber response, response of different TLD types). Although
this influence is certainly very low, this work presents the
first systematic investigation into this issue. Furthermore, we
discuss whether a correction of conventionally determined
absorbed dose to water for the neutrons’ influence might be
meaningful or not.

2. METHODS AND MATERIALS
2.A. The neutrons’ impact on absorbed dose to water

The photoneutron spectrum from a Linac head consists
of fast neutrons up to ∼10 MeV and goes down to thermal
energies.15 Therefore the energy deposition via high energy

recoil protons as well as the energy deposition from gamma
photons generated by slow neutron capture on hydrogen (Eγ

∼ 2.1 MeV) contributes to the absorbed dose distribution in-
side a water phantom.16 Both dose deposition mechanisms
are covered by  and the two dose components can be
observed separately.

The depth-dependent impact of the neutrons on the ab-
sorbed dose relative to the photon absorbed dose can be calcu-
lated by

inW(z)= Dn,sum
W (z)

DPh
W (z) =

Dn,γ
W (z)+Dn,p

W (z)
DPh

W (z) , (1)

with the photon absorbed dose to water DPh
W and the

neutron absorbed dose to water Dn,sum
W , which are both depth-

dependent. The neutron absorbed dose to water Dn,sum
W consists

of the two components Dn,γ
W (absorbed dose to water caused

by gamma photons from neutron capture) and Dn,p
W (absorbed

dose to water caused by recoil protons from elastic nuclear
collisions).

2.B. The neutrons’ impact on detector response

Analog to Eq. (1), the depth-dependent impact of the neu-
trons on a detector’s response relative to the response to pho-
tons can be calculated by

inDet(z)=
Dn,sum

Det (z)
DPh

Det(z)
, (2)

with the absorbed dose in the sensitive volume from photons
DPh

Det and from neutrons Dn,sum
Det .

Concerning the neutrons’ impact on the response of an ioni-
zation chamber, some 10 µm of graphite electrode material is
sufficient to shield the sensitive volume from the recoil protons
(according to CSDA range data from the NIST PSTAR data-
base). Thus the impact on an ionization chamber’s response
should be reduced compared to that on the absorbed dose to
water in low depths where recoil protons dominate the dose
profile because they are stopped before reaching the sensitive
volume.

The impact on the response of a LiF-TLD depends on its
6Li fraction relative to the 7Li fraction.17 6Li has a large cross
section for the nuclear reaction 6Li(n,α)3H at low neutron
energies, releasing a nuclear binding energy of ∼4.8 MeV.18

Due to the low range of the resulting alpha and triton, the total
energy is deposited locally inside the LiF crystal; therefore,
the response of LiF containing 6Li to slow neutrons should be
enhanced compared to the absorbed dose to water. 7Li responds
to fast neutrons (above ∼4 MeV) via a nuclear breakup reac-
tion. This can, however, be neglected with respect to the very
large 6Li neutron capture cross section for the photoneutron
spectra expected from a Linac.

2.C. Neutron perturbation correction

Due to the mentioned primary or secondary fluence
perturbation in neutron radiation fields, the neutrons’ impact
on the detector response deviates from their impact on
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absorbed dose to water. The beam quality correction factors
kQ for 60Co-calibrated ionization chambers are determined
in the radiation fields of the individual Linacs by means of
water calorimetry and therefore the neutron absorbed dose
component is included in kQ for the reference depth [usually
10 cm (Ref. 19)], which is generally assumed to be valid
for all water depths. When TLDs are used in beam qualities
different from 60Co, they are usually calibrated by comparing
the TLD signal with the reading of a 60Co-calibrated ionization
chamber also in a water depth of 10 cm applying the
chamber’s kQ (according to the German thermoluminescence
dosimetry protocol20). If the neutrons’ impact on the response
of the used TLD material as a function of depth deviates
notably from that on the response of the reference ionization
chamber, a perturbation occurs in water depths different
from the calibration depth. The same perturbation occurs
when the neutrons’ impact on the response of an ionization
chamber in the measurement depth differs from that in the
calibration depth due to the different neutron spectrum. This
perturbation might be corrected by application of a depth-
dependent correction factor kn. This correction factor can be
calculated by

kn(z)=
Dsum

W (z)/DPh
W (z)

Dsum
Det (z)/DPh

Det(z)
·

Dsum
Det (10 cm)/DPh

Det(10 cm)
Dsum

W (10 cm)/DPh
W (10 cm) , (3)

with the integral absorbed dose to water Dsum
W =DPh

W +Dn,sum
W

and the integral detector response Dsum
Det = DPh

Det+Dn,sum
Det . The

normalization to 10 cm is done due to the calibration depth as
described above.

2.D. Monte Carlo simulations

The absorbed dose to water caused by photons in various
depths was determined by simulation of a typical Linac head
(Varian Clinac in 18 MV-X mode according to technical draw-
ings from the manufacturer) and a water phantom (30× 30
×30 cm3) at a distance of 100 cm from the source with the elec-
trons striking the bremsstrahlung target as primary particles
(monoenergetic: 18 MeV) in  (user code: 21).
In Monte Carlo codes, particle specific energy thresholds for
the transport and the production of secondary particles have to
be set. When the energy of a particle falls below this threshold,
the particle is stopped and its energy is deposited locally. In
the  simulation, the transport and production thresh-
olds (ECUT=AE, PCUT=AP) were set to 10 keV for pho-
tons and 521 keV, including rest mass for electrons over the
entire geometry. These thresholds are reasonable concerning
the dimensions of the structures of interest. A further possi-
bility to reduce the CPU time required for accurate results from
Monte Carlo simulations is the application of so-called vari-
ance reduction techniques, where physical models are biased
in such a way that the convergence of the quantity of inter-
est is accelerated. To increase the efficiency of bremsstrah-
lung production within the target of the Linac, the variance
reduction method of directional bremsstrahlung splitting was
applied,22 i.e., every bremstrahlung event within the target pro-
duced n photons. For energy conservation, the weight of each

photon is multiplied by 1/n. In our calculation the splitting
factor n was set to 1000. The egs_chamber code of 
was used to determine the doses DPh

W and DPh
Det in a water

phantom. The ionization chamber and the TLD chips were
modeled using the egs++ geometry package.23 All simulations
described here were carried out representatively for the typical
reference field size of 10×10 cm2 at the water surface.

For the investigation of the absorbed dose to water caused
by photoneutrons, the same Linac head and water phantom
setup were additionally modeled and simulated within the
Monte Carlo code . A schematic view of the model
is shown in Fig. 1. The surrounding head shielding was not
taken into account for the simulation of the photon output in
 but plays a crucial role for the neutron output because
it acts as an additional neutron production target and as a
neutron reflector so that the neutron fluence in the isocen-
ter increases notably with its implementation to the simula-
tion geometry. Its effective thickness (5 cm pure tungsten)
could only be estimated but is in accordance with photon
leakage specifications.24,25 The typical concrete bunker around
the Linac which also might reflect and thermalize some neu-
trons was not included in the simulation geometry, with the
result that these backscatter effects were neglected for the
simulations.

Concerning the neutron production only the high energy
photons were of interest. Therefore the transport and produc-
tion thresholds for photons and electrons (EMFCUT card)
were set to 7 MeV inside the accelerator head within the 
model. The photons and electrons were stopped before reach-
ing the water phantom inside a region consisting of air where
these thresholds were set to 18 MeV so that only the neutrons
could enter the water phantom and deposit energy there. By
this procedure the depth dose curve caused by the photoneu-
trons from the Linac head was obtained. It does not contain
dose contributions from neutrons which would have been pro-
duced by the high energy photons inside the water phantom

F. 1. Schematic view of the simulation geometry of the Varian Clinac head
and the water phantom realized in  and . The energy of the
primary electrons striking the target is 18.0 MeV. Most of the neutrons are
produced inside the flattening filter (made of steel with a tantalum core) and
the surrounding shielding and collimators made of tungsten. The neutrons are
able to pass the air region between MLC and water phantom, while electrons
and photons are stopped inside there. By this procedure, the absorbed dose
coming from neutrons can be separated from the much higher dose caused by
the photons. In the  simulation this air region is not present. Moreover
the surrounding shielding has no impact on the photon transport and is
therefore not modeled in the  simulation.
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(neutron production threshold for oxygen: 15.7 MeV). In this
work these dose amounts were assumed to be negligible. This
approximation is reasonable due to the smaller photoneutron
production cross sections (by roughly two orders of magni-
tude) and much higher reaction thresholds of light elements
such as oxygen compared to heavy elements inside the Linac
head such as tungsten, lead, or tantalum.4,26 Inside the water
phantom, the transport and production thresholds for photons
and electrons were set to 100 keV. For variance reduction
of the neutron production, the inelastic nuclear interaction
lengths of photons in all materials of the Linac head were
reduced by a factor of 104 (LAM-BIAS card). For variance
reduction of the neutron capture inside the water phantom, the
inelastic nuclear interaction length of neutrons in water was
reduced by the same factor.

In addition to the water depth dose profiles, the photon and
neutron response of a typical cylindrical ionization chamber
(detailed model of a Farmer chamber PTW 30013 based on
the information given by the manufacturer) and LiF-TLDs of
three different types (TLD-100, TLD-600H, and TLD-700H)
in five representative water depths was determined using the
two Monte Carlo codes. The water depth dose profiles were
scored inside 0.1 × 0.1 × 0.1 cm3 voxels. The TLDs were
modeled as cylindrical chips with 0.5 cm diameter and 0.1 cm
thickness. Their density was set to 2.64 g/cm3 for TLD-100, to
2.40 g/cm3 for TLD-600H, and to 2.49 g/cm3 for TLD-700H
(according to data from a manufacturer). TLD-100 contains
92.6% 7Li and 7.4% 6Li, which is the natural isotope compo-
sition, while the 6Li fraction in TLD-600H is enriched to
95.6% and in TLD-700H depleted to <0.03%. The photon and
electron production and transport thresholds were set down
to 10 keV inside the detector and the surrounding water to
avoid range artifacts in small structures. For variance reduction
of the neutron capture inside the TLDs, the inelastic nuclear

interaction length of neutrons in LiF was also reduced by the
factor of 104.

Photon and neutron spectra were obtained by tracklength-
scoring inside a 1 cm3 slab with a thickness of 1 cm free-in-air
at the isocenter.

3. RESULTS AND DISCUSSION

For a correct prediction of the neutron radiation field an
accurate simulation of the high energy bremsstrahlung produc-
tion is required. Figure 2 shows a comparison between the
photon spectrum at the isocenter obtained by  which
serves as the gold standard here and its high energy part
(7 MeV and above) predicted by . For further confir-
mation a spectrum published by Sheikh-Bagheri and Rogers27

from a Varian Clinac 18 MV-X model is overlayed. This refer-
ence spectrum is not absolutely identical with the spectra from
the Monte Carlo models used within this work. This might
be due to some slight differences in the models: for example
in this work the electrons were assumed to be monoenergetic
(18 MeV) while Sheikh-Bagheri and Rogers used a Gaussian
distribution (18.3 MeV electrons with 3% FWHM). However,
for the investigations presented in this work the accordance is
adequate.

This comparison shows that  predicts the high energy
part of the Varian Clinac’s photon spectrum in accordance
to . According to a publication by Fassò et al.,12 the
photoneutron production is treated accurately by , thus
it should be suited for the simulation of the photoneutron
radiation field around the Varian Clinac.

Figure 3 shows the neutron spectrum at the isocenter as
predicted by . As expected, it contains neutrons from
∼10 MeV down to thermal energies. Its shape is in accor-
dance with published neutron spectra measured with a Bonner

F. 2.  and  predictions of the 18 MV-X Varian Clinac’s spectral photon fluence distribution free-in-air at the isocenter are compared with a
reference spectrum published by Sheikh-Bagheri and Rogers (Ref. 27). The fluence is normalized per primary electron striking the target (PP). For the 
simulation the transport and production thresholds for electrons and photons were set to 7 MeV because only the high energy processes were of interest. The
error bars cover only the statistical uncertainty from the Monte Carlo simulation (one standard deviation) and do not include systematical uncertainties from
inexact modeling or similar.
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F. 3. Spectral neutron fluence distribution free-in-air without a water phantom as moderator and reflector at the isocenter of the 18 MV-X Varian Clinac for a
field size of 10×10 cm2 simulated with . The fluence is normalized per primary electron striking the target (PP). The error bars cover only the statistical
uncertainty from the Monte Carlo simulation (one standard deviation) and do not include systematical uncertainties from inexact modeling or similar.

sphere spectrometer and neutron spectra from  simula-
tions.15,26,28

Figure 4 shows the typically shaped photon depth dose
profile within a water phantom obtained by  and the
integral photoneutron depth dose Dsum

W profile from 
as well as the two components of which it consists (dose
Dn,p

W from recoil protons and dose Dn,γ
W from neutron capture

gamma photons). The neutron caused dose is at least three
orders of magnitude below the photon caused dose. As can be
seen, the recoil protons dominate the depth dose profile up to a
water depth of ∼9 cm while the gamma photons from neutron
capture penetrate deeper into the water phantom.

Figure 5 shows the photoneutrons’ impact calculated ac-
cording to Eq. (1) from the photon and neutron depth dose
profiles shown in Fig. 4. Additionally the impact on different

detectors was determined by simulation of a Farmer 30013
ionization chamber as well as a TLD-100, a TLD-600H, and a
TLD-700H chip in five representative water depths according
to Eq. (2). The impact on the absorbed dose to water is below
1 permille for all depths in the water phantom. The pho-
toneutrons’ impact on the Farmer 30013 chamber’s response
is smallest near the surface due to the shielding from recoil
protons and also below 1 permille for all depths. Their impact
on the response of the TLDs with high 6Li content is enhanced
up to 0.3% and 0.7% for TLD-100 and TLD-600H, respec-
tively, while the TLD-700H responds even less to the neutrons
than does the Farmer chamber. The response of TLD-600H to
the photoneutrons is only about twice as high as the response
of TLD-100, although it contains around 13 times more 6Li.
For a high 6Li content a kind of saturation effect seems to be

F. 4. Depth dose profiles caused by photons and by photoneutrons from a Varian Clinac in 18 MV-X mode in a water phantom (water surface at the isocenter
with 10×10 cm2 field size) simulated with  and  for photons and neutrons, respectively. For neutrons the integral absorbed dose as well as the
two components of which it consists (dose from recoil protons and dose from neutron capture gamma photons) is shown. The absorbed dose is normalized per
primary electron striking the target (PP). The error bars cover only the statistical uncertainty from the Monte Carlo simulation (one standard deviation) and do
not include systematical uncertainties from inexact modeling or similar.
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F. 5. The photoneutrons’ impact on absorbed dose to water inW as calculated by Eq. (1) and on the response of a Farmer 30013 ionization chamber as well
as on a TLD-100, a TLD-600H, and a TLD-700H chip inDet as calculated by Eq. (2). The error bars cover only the statistical uncertainty from the Monte Carlo
simulation (one standard deviation) and do not include systematical uncertainties from inexact modeling or similar.

present concerning the simulated photoneutron spectrum and
the simulated geometrical dimensions of the TLD chips.

Figure 6 shows the neutron perturbation correction factors
as calculated by Eq. (3) for the Farmer 30013 chamber as well
as for the TLD-100, TLD-600H, and TLD-700H chips.

Due to the assumed calibration at a depth of 10 cm, the
neutron caused perturbation is lower than their impact as
shown in Fig. 5. For TLD-700H and the Farmer Chamber
it is below 1 permille, while for TLD-100 and TLD-600H
a maximum neutron perturbation (1 − kn) of ∼0.15% and
∼0.35%, respectively, in 5 cm water depth was observed.

A correction for the neutron caused absorbed dose is surely
not meaningful regarding the current accuracy in dosimetry
(∼0.3% in calorimetry) and Monte Carlo simulations (∼0.85%
referring to Andreo et al.29); but the additional systematic
uncertainty due to the 6Li response to neutrons, can, however,
be avoided by the use of TLD-700H instead of the commonly

used TLD-100 (which is the least expensive of the three mate-
rials due to its natural isotope composition) or even the extra
neutron sensitive TLD-600H for most precise thermolumines-
cence dosimetry measurements in high energy photon fields
(above 7 MeV).

As shown by Andreo et al.,29 there is a difference between
Monte Carlo calculated and experimentally determined kQ
values. The experimentally determined values are underes-
timated by the Monte Carlo simulations and that difference
increases with the TPR20,10 up to∼1%. The Monte Carlo codes
used within that work do not simulate photoneutron production
and transport. An inclusion of the neutrons into the simulation
would enhance the Monte Carlo calculated kQ due to the
higher (DW/DDet)Q-ratio and therefore reduce that discrep-
ancy. According to our calculations, however, this increase
would be far below 0.1% and can therefore not explain the
problem discussed by Andreo.

F. 6. Neutron correction factor kn as calculated by Eq. (3) for TLD-100, TLD-600H, and TLD-700H detectors as well as for a Farmer 30013 ionization
chamber. The error bars cover only the statistical uncertainty from the Monte Carlo simulation (one standard deviation) and do not include systematical
uncertainties from inexact modeling or similar.
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4. CONCLUSION

This paper presents the results of a detailed Monte Carlo
based study into the influence of photoneutron contamination
on dosimetry in photon radiotherapy. The  and 
simulations carried out within this work delivered detailed
information about the neutron radiation field of a Varian Clinac
18 MV-X accelerator as well as its effect on absorbed dose
distributions and the response of a Farmer chamber PTW
30013 and three types of TLD detectors (TLD-100, TLD-
600H, and TLD-700H) inside a water phantom. It could be
shown that  predicts the high energy part of the Varian
Clinac’s photon spectrum in accordance with . There-
fore  is suitable for simulating the photoneutron distribu-
tion around a high energy electron Linac under the assumption
that the photonuclear cross sections are implemented accu-
rately. The agreement of the photonuclear cross section in
 with experimental values is shown and discussed by
Fassò et al.12 The  prediction of the neutron spectrum
at the isocenter of this Linac has presented and was found to
be in agreement with measured and otherwise simulated data.
The absorbed dose to water caused by these photoneutrons
was determined to be smaller than a thousandth of the primary
photon dose over all water depths. The neutrons’ impact on
ionization chambers is even less due to their reduced response
to the recoil protons generated in the surrounding water (see
Farmer 30013 data in Fig. 5).

In our investigations, the TLD-700H detector did not show
a notable neutron response relative to the photon response
in the 18 MV-X radiation field of the Varian Clinac (on the
central axis), while for the TLD-100 and TLD-600H detectors
a neutron caused depth-dependent perturbation of up to 0.15%
and 0.35%, respectively, could be observed with respect to the
typical calibration procedure in 10 cm water depth.

The international thermoluminescence dosimetry protocol
from 2014 (Ref. 30) recommends the use of LiF with a low
6Li fraction (such as TLD-700H) for measurements in the pe-
riphery of high energy photon beams (out-of-field dosimetry)
because experiments by Kry et al.31 and Wiezorek et al.32

have shown that, in the case of out-of-field measurements with
TLD-100, the detector signal due to the nuclear reaction of 6Li
with neutrons may not be negligible. The upcoming updated
version of the German thermoluminescence dosimetry proto-
col20 will also contain this information. The result of our study
has been that, in the case of in-field on-axis dosimetry of high
energy photon beams, the neutron influence on the total TLD-
100 signal will be relatively small and may thus be neglected
for most practical purposes.

The impact of photoneutrons on the signal of an ioniza-
tion chamber is still low compared to the current accuracy
in dosimetry, meaning that a correction for their effects is
not reasonable. Their nonconsideration in the Monte Carlo
calculation of kQ values can also not explain the reported
difference between calculated and measured kQ of up to ∼1%
as discussed by Andreo et al.29

This work gives for the first time quantitative predictions
on the photoneutrons’ influence on ionization chamber and
TLD based water phantom dosimetry in high energy photon

fields and justifies the view that the neutrons’ contribution to
correction factors can be neglected.
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2.4 The absorbed doses to water and the TLD-100 signal
contributions associated with the neutron contamination of
a clinical 18 MV photon beam

The results were published in the following publication, which is reprinted in this section:

Horst, F., Czarnecki, D., Harder, D. and Zink, K. (2017), ’The absorbed doses
to water and the TLD-100 signal contributions associated with the neutron contam-
ination of a clinical 18 MV photon beam’, Radiation Measurements 106, 331-335.
doi:10.1016/j.radmeas.2017.02.007

c© 2017 Elsevier Ltd. Reproduced with permission. All rights reserved.
[https://doi.org/10.1016/j.radmeas.2017.02.007]
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� The total absorbed dose to water profile is negligibly neutron-affected up to 10 cm off-axis distance.
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a b s t r a c t

Neutrons produced by the photonuclear effect have to be considered as unwanted concomitants of
radiotherapy photon beams. Therefore the response of TLD-100 to thermal neutrons via the 6Liðn;aÞ3H
reaction may disturb TLD-100 measurements of the absorbed dose to water DW in water (a) on the beam
axis as part of the external quality control system by mailed TLD probes, and (b) at out-of-field positions
utilizing their time-integrating properties. The present study aims at quantitatively estimating the
possible disturbances and identifying the situations where TLD-100 has to be replaced by the TLD-600/
TLD-700 system to get rid of the unwanted neutron induced TL signal. This work fills the gap of
knowledge between on-axis and far out-of-field data. The absorbed doses to water and to a TLD-100 chip,
caused by neutrons and photons at several positions in a water phantom, were determined using the
EGSnrc and the FLUKA Monte Carlo codes, and for the 4He and 3H ions released in the 6Liðn;aÞ3H re-
action a relative TL efficiency of 0.3, compared with high-energy secondary electrons, has been adopted.
It was found that (1) the total DW profile is negligibly neutron-affected up to 10 cm off-axis distance, (2)
the perturbation of the DW reading of a TLD-100 detector due to its neutron response can be neglected
within the borders of the photon field, but becomes significant beyond the field edge, (3) the non-
reference condition correction factor kNR for TLD-100-based DW measurements in water is accordingly
affected at off-axis positions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The contamination of clinical high-energy photon beams by
neutrons released in photonuclear processes, e.g. within the
bremsstrahlung target, the primary collimator, the flattening filter

and other high Z materials such as physical wedges, is known as a
challenge for clinical dosimetry. Monte Carlo and experimental
studies of the photon and neutron fields constituted at linear ac-
celerators with photon energies exceeding the photonuclear reac-
tion thresholds of iron, copper, tungsten and other constructional
materials (photon energies >7 MeV) have shown that within the
clinically applied photon field the fraction of the absorbed dose to
water attributable to neutrons is negligibly small, but this fraction
may achieve significant values in the far periphery outside the
treatment field (Horst et al., 2015; Kry et al., 2007; Wiezorek et al.,
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2008; Kry et al). The neutron contamination of clinical photon
beams has become a subject of thermoluminescence dosimetry
(TLD) because TLD probes (TLD chips in PMMA casings) are regu-
larly distributed by mail and centrally evaluated in the framework
of clinical dosimetry quality control. TLD also offers a method to
assess the small out-of-field dose values by means of temporal
integration. The problem involved with these applications is that
LiF-TLD's show an oversensitivity to thermal neutrons owed to the
nuclear reaction 6Liðn;aÞ3H, since the particles emitted in this
neutron reaction - a 4He and a 3H ion - generate additional ther-
moluminescence light. The familiar way to deal with this compli-
cation is to replace the usual TLD-100 detector, entailing the 7:5%
6Li abundance of natural lithium, by a pair of TLD-600 (95:6% 6Li)
and TLD-700 (<0:03% 6Li) detectors and separating the photon and
neutron signals by means of linear mixture equations (La Tessa
et al., 2014). However, the enhanced methodical effort involved
with this procedure suggests to restrict the application of the TLD-
600/TLD-700 method to locations where it is necessary from the
viewpoint of quality control or radiation protection. Therefore the
standards ISO 28057 (ISO/TC 85) and DIN 6800-5
(Normenausschuss Radiologie) recommend the use of the TLD-
600/TLD-700 pair for out-of-field dose measurements, but
declare it as sufficient and reliable to use the conventional TLD-100
for dose measurements on points of the photon beam axis in a
water phantom.

In our previous EGSnrc and FLUKA simulations of high-energy
photon beams in a water phantom, the photon and neutron frac-
tions of the absorbed dose to water and of the TLD-100 signal have
been simulated for an 18 MV Varian Clinac accelerator (Horst et al.,
2015). The resulting negligibly small dose and TL signal fractions
associated with neutrons obtained for points on the photon beam
axis, but accompanied by non-negligible neutron-associated TL
signal fractions in the out-of field region, have already been
accounted for in the above-mentioned standard DIN 6800-5. In
order to fill a gap of knowledge, these results will now be com-
plemented by a study focused on the beam edge, where neutron-
generated fractions of the absorbed dose to water and of the TLD-
100 signal intermediate between the results for the beam axis
and the out-of-field-region are expected.

The estimation of the TLD-100 signals will be based (a) on the
Monte Carlo simulation of the absorbed doses to water or to the LiF
chips either by the secondary electrons associated with the photon
component or by the 4He and 3H ions originating from the neutron
component, and (b) on a model-based assumption for the magni-
tude of the factor converting the absorbed dose to LiF into the TL
signal, which differs between the photon-generated secondary
electrons and the 4He and 3H ions. As will be explained in detail in
the Methods section, the large track structure differences between
these particles will be accounted for by a relative TL signal yield
reduction factor of 0.3 for the 4He and 3H ions.

2. Methods

2.1. Monte Carlo simulations

The lateral profiles of the absorbed dose to water DW in a water
phantom exposed to a clinical 18MV photon beam, delivered either
by the photons from the beam-generating system or by the neu-
trons generated in the accompanying photonuclear processes, as
well as the absorbed doses DTLD�100 generated within a TLD-100
chip of 0.5 cm diameter and 0.1 cm thickness due to either the
photons or the concomitant neutrons were determined by Monte
Carlo simulations for three different water depths z (0.5, 5.0 and
10:0 cm) and for central axis distances x up to 15 cm.

As in our previous study (Horst et al., 2015), radiation transport

was simulated through a Varian Clinac 18 MV-X head (modelled
according to blueprints from Varian; the accordance with pub-
lished beam data has already been shown in the previous work
(Horst et al., 2015)) and across a water phantom
ð100� 100� 30cm3Þ placed at a source-surface distance of 90 cm,
starting from the primary 18 MeV electron striking the brems-
strahlung target. The photon dose contributions DPh were calcu-
lated using the EGSnrc code (version V4-r2-4-0) (Kawrakow and
Rogers) - the gold standard in photon therapy Monte Carlo simu-
lations - while the neutron contributions Dn were calculated with
FLUKA (version 2c.0) (Ferrari et al., 2005; B€ohlen et al., 2014; Fass�o
et al., 2005) which comprises photonuclear reaction and neutron
interaction models together with electron-photon transport.

2.2. Reduced TL efficiency for neutrons

The dense track structure of the 4He and 3H ions involves LET
values of up to 1600 keV=mm, unlike the value of about
� 0:2 keV=mm for the secondary electrons generated by the 60Co
photons used for calibration of the TLD detectors. The dense track
structure causes “local effects” that may enhance or reduce the TL
efficiency, i.e. the amount of TL light emitted per unit of absorbed
dose imparted to the TL material. The nature of these “intrinsic
effects”, possibly involving the generation of additional lumines-
cent and trap centers, is not well-known.

Therefore semi-empirical models of the TL efficiency have been
designed, for instance, by Horowitz and Olko (2004) and by Boscolo
et al. (2015) where use is made of the non-linear behaviour of the
dose-response relationship observed with “low-LET” radiation
(Horowitz and Olko, 2004; Boscolo et al., 2015; Horowitz et al.,
1979; Barber and Ahmed; Suntharalingam and Cameron, 1969;
Mobit et al., 1996): A linear dose response relationship of TLD-
100 to 137Cs photons exists at absorbed doses up to about 1 Gy,
but is followed by a supra-linear regionwith a maximum efficiency
increase of 3� 4 at 300� 400 Gy before reaching a saturation
plateau at some 1000 Gy. Based on this empirical regularity, the
semi-empirical models consider the track structure of the 4He and
3H ions as consisting of regions with low, intermediate and high
“local doses”. These regions of the track structure are then associ-
ated with the mentioned dose-dependent TL efficiencies known
from low-LET radiation. According to Suntharalingam and Cameron
(1969) an average LET of � 400 keV=mm can be attributed to the
2:0 MeV 4He ion and a value of� 65 keV=mm to the 2:8 MeV 3H ion.
Considering the TL efficiency versus LET relationship predicted by
Horowitz and Olko in their Fig. 9 (b) (Horowitz and Olko, 2004), an
efficiency reduction factor of 0.3 compared with 137Cs photons or -
according to a study by Mobit et al. (1996) - with high-energy
bremsstrahlung, has therefore been adopted in the present study
for the photoneutron field from a 18 MV linac. This estimate is in
accordance with the measured TL efficiency value 0:34±0:007 for
thermal neutrons published by Horowitz et al. (1979).

2.3. Non-reference condition correction

The absorbed dose to water is the quantity measured in clinical
dosimetry. To determine it precisely, detector specific corrections
have to be applied to the detector reading. When a detector is used
at a radiation quality Q different from the calibration quality 60Co,
the correction factor kQ is used (see ISO 28057 (ISO/TC 85)). Factor
kQ is only valid for the reference conditions, where the measure-
ment position lies at a water depth of z ¼ 10 cm on the beam axis
(off-axis distance x ¼ 0 cm) at a field size of 10� 10 cm2. When the
detector is used at positions where the radiation field deviates from
the field at this reference point, the use of the additional “non-
reference condition correction factor” kNR is recommended (ISO/TC
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85; Normenausschuss Radiologie; Chofor et al., 2012). In this work,
kNRðx; zÞwas calculated by Equation (1), which can be derived from
the basic dosimetric equations.

kNRðx; zÞ ¼
DW ðx; zÞ
DW ðref Þ

�
MTLD�100ðx; zÞ
MTLD�100ðref Þ

(1)

HereDW is the absorbed dose to water, andMTLD�100 is the TLD-100
signal. For the latter it was assumed thatMTLD�100 is proportional toPðDi

TLD�100,hi;PhÞ with hPh;Ph ¼ 1 for MV photons and hn;Ph ¼ 0:3
for neutrons. Index ref indicates the reference point at
x ¼ 0 cm and z ¼ 10 cm. Actually, the photon TL conversion effi-
ciency hPh;Ph might also deviate slightly from 1 for measurement
positions far out-of-field, where the mean photon energy is rela-
tively low. However, this deviation is of the order of only 10% (see
Fig. 10 by Horowitz and Olko, (2004)) and will therefore be
neglected in this work.

3. Results and discussion

3.1. Calculation of the absorbed dose to water profile

Fig. 1 shows the lateral profiles of the absorbed dose to water in
the radiation field of the 18 MV Varian Clinac. The DPh

W profiles at
three representative depths (left) are generated solely by the 18MV
photons as predicted by EGSnrc, and the Dn

W profiles (right) are
generated solely by the concomitant neutrons as predicted by
FLUKA. The isocentric field size is 10� 10 cm2, and the multi leaf
collimator (MLC)matches the jaw setting. As evident from Fig.1, the
photon field is well collimated while the neutron absorbed dose is
only reduced by a factor of 2� 3 for x ¼ 15 cm compared with the
central axis x ¼ 0 cm. This indicates a relatively weak influence of
the collimating system on the field of the moderated and scattered
neutrons, which were originally released as photoneutrons in the
linac head. The moderation and scattering of the neutrons inside
the water phantom is causing a further flattening of the lateral
neutron dose profile with increasing depth. In accordance with the
previous on-axis results (Horst et al., 2015), the neutron dose
component continuously falls with increasing depth in water. The

photon dose component is subject to the well-known build-up at
shallow depths, as evident from the comparison between
z ¼ 0:5 cm and z ¼ 5:0 cm or 10:0 cm.

Fig. 1, focusing on the absorbed doses imparted to water and not
related with TL dosimetry, shows that the neutron-to-photon dose
ratio Dn

W=DPh
W is of the order 10�4 on the beam axis and does not

exceed 10�2 up to off-axis distances of about 10 cm. Thus the
conclusion from the previous study, that for a 18MV clinical photon
beam the influence of the neutron contamination on the absorbed
dose to water is negligible on the beam axis (Horst et al., 2015), is
also valid for lateral positions up to 10 cm off-axis distance.

3.2. Calculation of the TLD-100 signal profile

Subsequently, the absorbed doses imparted to TLD-100 by the
photons and neutrons contained in the 18 MV photon beam,
DPh
TLD�100 (calculated by EGSnrc) and Dn

TLD�100 (calculated by
FLUKA), were assessed for the same field configuration and the
same depths and off-axis distances in the water phantom. The
values of Dn

TLD�100 were then weighted by the TL efficiency 0.3 for
neutrons in order to obtain the neutron-to-photon ratio of the TL
signal M:

Mn
TLD�100

MPh
TLD�100

¼ 0:3$
Dn
TLD�100

DPh
TLD�100

(2)

Fig. 2 shows the calculated values of the neutron-to-photon TL
signal ratio for different water depths as a function of the off-axis
distance. Owed to the TLD-100 response to thermal neutrons via
the 6Liðn;aÞ3H reaction, but also influenced by the TL efficiency of
0.3 for neutrons, the neutron-to-photon TL signal ratio on the beam
axis (Fig. 2) is now confined to the region below 10�3, whereas the
neutron-to-photon ratio between the absorbed doses to water is of
the order of 10�4 as shown in Fig. 1. Yet for TL dosimetry mea-
surements on the beam axis, the value 10�3 still means that the
TLD-100 signal contribution owed to the neutron contamination of
the 18 MV photon beam is negligible in clinical practice, including
the quality control of clinical photon dosimetry.

As shown in Fig. 2, the situation however changes with changing

Fig. 1. Lateral absorbed dose to water profiles, either generated solely by the photons, the main component of an 18 MV radiotherapy photon beam (left panel) or by the
concomitant photoneutrons from the linac head (right panel) for a field size of 10� 10 cm2. The absorbed dose is normalized to one primary electron striking the bremsstrahlung
target (PP). Statistical error bars of the photon-generated dose profiles are not plotted because they do not exceed the line thickness.
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off-axis distance, because the numerator of Equation (2) undergoes
only a moderate distance-dependent change (compare Fig. 1, right
panel), while the denominator steeply decreases at the field border
(compare Fig. 1, left panel). Thereby the values of the neutron-to-
photon TLD-100 signal ratio are ranging up to about 1 for off-axis
distances of about 15 cm, see Fig. 2. In addition, there is a close
fit with experimental data of the neutron-to-photonTLD-100 signal
ratio, measured by Kry et al. (2007) at the same linac model for the
same field size of 10� 10 cm2 as simulated in this work, and also
with the MLC matched to the jaw setting. Kry et al. separated the
neutron dose fraction from the photon dose fraction experimen-
tally by application of the neutron insensitive TLD-700 additionally
to TLD-100 and by using cadmium foils as thermal neutron ab-
sorbers. Notably, Kry et al. measured at slightly different depths
than assumed in the present work (3:75 cm instead of 5:00 cm and
11:25 cm instead of 10:00 cm) and they used a tissue equivalent
plastic phantom instead of a water phantom. Furthermore, the
present Monte Carlo modelling was confined to the linac head
geometry data available in the Varian blueprints. Therefore the
Monte Carlo data from this work and the measured data are not
expected to fit perfectly, but the obtained close agreement confirms
the properness of the Monte Carlo results and the estimated TL
efficiency of 0.3 attributed to the neutron component.

In summary of Fig. 2 with regard to the out-of-field TLD
dosimetry of 18 MV photon beams, the conclusion is that the TLD-
100 signal contribution due to contamination neutrons is by no
means negligible, and it is necessary to apply the TLD-600/TLD-700
system in order to separate the photon signal contributions from
the overall TL signal. This has been done in the studies of Kry et al.
(2007), Wiezorek et al. (2008) and La Tessa et al. (2014) and is
proposed in ISO 28057 (ISO/TC 85), DIN 6800-5 (Normenausschuss
Radiologie) as well as in the upcoming AAPM TG 158 report (Kry
et al). However, for the in-field region up to the geometrical field
border ðx ¼ 5 cmÞ, the contribution by the contamination neutrons
to the TLD-100 signal throughout remains below 10�2 and does not
exceed 10�3 directly on the beam axis.

For the results presented in this study, the field was collimated
using the upper and lower jaw collimators, effective in the y- and x-
direction, as well as the MLC set “conformal” to the jaws. However,
depending on the linac head construction, there is a different
collimator setting which is also frequently used. In this setting, the

10� 10 cm2 photon field is merely formed by a jaw collimator in the
y-direction and the MLC in x-direction. In this setting the inner
surface of theMLC is exposed to the photon slit beam formed by the
y-direction jaw collimator, so that the MLC acts as an additional
source of photoneutrons. An additional simulation of this scenario
showed that the total neutron fluence at a point on the beam axis at
10 cm depth in a water phantom at SSD 90 cm would be increased
by a factor 1.7 compared to the “conformal” setting consisting of
upper jaw, lower jaw and MLC. This effect can be explained
geometrically, because the neutron source would be located nearer
to the measurement point. As a result the TL signal ratio at the
reference point (z ¼ 10 cm, x ¼ 0 cm in Fig. 2) would increase from
about 5 � 10�4 to roughly 10�3.

3.3. Calculation of kNR for TLD-100

Finally, Fig. 3 shows the non-reference correction factor kNR for
TLD-100 measurements of the absorbed dose to water at several
positions within a water phantom calculated according to Equation
(1). The left panel only holds for the dose and signal components
associated with the photons, and these correction factor values are
already well understood on the basis of the local changes of the
photon spectrum (Chofor et al., 2012): At the larger depths z ¼ 5 cm
and z ¼ 10 cm kNR remains near 1 in-field, because the local photon
spectrum at points in-field is similar to the spectrum valid for the
reference conditions. For out-of-field positions kNR decreases as a
result of the decrease of the mean photon energy due to Compton
scattering, leading to a 15% over-response of the TLD-100 and thus
to values of kNR smaller than 1. For in-field positions at z ¼ 0:5 cm
kNR is also slightly decreased, but here because the primary photon
spectrum still contains a low-energy photon fraction and is
contaminated by electrons. Behind the collimators the primary
photon spectrum is hardened, letting kNR increase somewhat
beyond 1 for out-of-field positions at z ¼ 0:5 cm.

In the right panel the neutron dose and TL signal components
Dn
W and Mn

TLD�100 have been included in the evaluation of kNR by
Equation (1). The values of correction factor kNR obtained for pho-
tons and neutrons within the field are not differing significantly
from the values for merely the photons (left panel) while they are
smaller for all measurement positions out-of-field. This is due to
the over-response of TLD-100 to neutrons, causing kNR to fall
considerably below 1. This effect is strongly enhanced with
increasing lateral position of the TLD-100 measurement.

4. Conclusion

The present work complements existing data on the influence of
the neutron contamination on dosimetry in 18 MV photon beams
with TLD-100, regarding positions of measurement in-field, out-of-
field and at the field edge. It is demonstrated that the decrease of
the photon doses to water towards the out-of-field region is much
steeper than that of the neutron doses to water. Whereas the
neutron contribution to the TLD-100 signal at points on the beam
axis is negligible, it rises up to non-negligible values directly
beyond the field edge defined by the collimators and reaches the
order of 1 in the far out-of-field region. Therefore in high energy
photon beam dosimetry, the dose measurement by TLD-100 at
points on the field axis is only negligibly affected by the neutron
contamination. For measurement positions located near the field
edge or even out-of-field the use of TLD-100 should be avoided and
the TLD-600/TLD-700method should be used, bywhich the photon
and neutron TL signals can be separated from each other, so that the
out-of-field photon doses to water can be determined. Notably,
these are the aspects of clinical high energy photon beam dosim-
etry, while determinations of neutron absorbed doses to water by

Fig. 2. Monte Carlo calculated neutron-to-photon TL signal ratio for TLD-100 in
comparison to TL signal ratios measured by Kry et al. (2007) under comparable con-
ditions (Varian 18 MV-X, 10� 10 cm2 field size, matched MLC).
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means of the TLD-600/TLD-700 system are facing the strong energy
dependence of the 6Liðn;aÞ3H reaction together with the need to
know the neutron spectrum at the position of measurement.
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2.5 Impact of new ICRU Report 90 recommendations on
calculated correction factors for reference dosimetry

The results were published in the following publication, which is reprinted in this section:

Czarnecki, D., Poppe, B. and Zink, K. (2018), ’Impact of new ICRU Report 90 recommen-
dations on calculated correction factors for reference dosimetry’, Physics in Medicine and

Biology 63(15), 155015 (12pp). doi:10.1088/1361-6560/aad148

c© Institute of Physics and Engineering in Medicine. Reproduced with permission. All rights
reserved [http://iopscience.iop.org/article/10.1088/1361-6560/aad148]

http://iopscience.iop.org/article/10.1088/1361-6560/aad148
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1. Introduction

Monte Carlo simulations are widely used in the reference dosimetry of ionizing radiation to calculate correction 
factors. Recent years have seen numerous studies using Monte Carlo calculations to determine beam quality 
correction factors kQ for measurements in high energy photon (Wulff et al 2008a, González-Castaño et al 2009, 
Muir et al 2011, Erazo and Lallena 2013), electron (Sempau et al 2004, Verhaegen et al 2006, Zink and Wulff 2008) 
and proton (Palmans et al 2001, Gomà et al 2016) radiation fields. With high computational effort, Monte Carlo 
calculations can be done with an indefinitely low statistical uncertainty (type A uncertainty), but apart from that, 
the calculated values are limited to type B uncertainties. These include errors in the particle transport algorithm, 
inaccurate data of the geometry in which the radiation transport is simulated and uncertainties of cross 
section data. The consistence of electron boundary crossing algorithms should be determined by the Fano cavity 
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Abstract
In 2016 the ICRU published a new report dealing with key data for ionizing radiation dosimetry 
(ICRU Report 90). New recommendations have been made for the mean excitation energies I for air, 
graphite and liquid water as well as for the graphite density to use when evaluating the density effect. 
In addition, the ICRU Report 90 discusses renormalized photoelectric cross sections, but refuses to 
give a recommendation on the use of renormalization factors. However, the Consultative Committee 
for Ionizing Radiation recommends to use renormalized photoeffect cross sections. Goal of the 
present work is to evaluate the impact of these new recommendations on clinical reference dosimetry 
for high energy photon and electron beams.

The beam quality correction factor kQ was calculated by Monte Carlo simulations for compact 
and parallel plate ionization chambers. In case of photons seven phase space files from clinical 
accelerators and twelve spectra taken from literature from 4 MV to 24 MV and additionally a 60Co 
source were applied. As electron source thirteen electron spectra available in literature were used in 
the range of 4 MeV–21 MeV.

The new ICRU recommendations have a small impact on Monte Carlo calculated kQ values for the 
chosen ionization chambers in the range of 0.1%–0.35% only—the difference increases for higher 
photon energies.

The impact of the ICRU Report 90 recommendations on Monte Carlo calculated stopping 
power ratios sw,a, perturbation factors p and beam quality correction factors kQ was investigated 
and confirmed a decrese of sw,a by a fraction of a percent for photon and electron beams. This study 
indicates that the impact of the new ICRU recommendation is within 0.35%. The determined 
deviations should be taken into account, when widely published Monte Carlo calculated values are 
examined.
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test. The accuracy of the geometry model depends on the quality of the available data of the ionization chamber. 
However the cross-section data also have a significant influence on the results of a Monte Carlo simulation.

In this respect, the ICRU Report 37 (Berger et al 1984) recommends values for the mean excitation energy I 
and the density of elements and compounds. Based on newer measurements, recommendations for the I values 
for graphite Ig and water Iw have been revised in the recent published ICRU Report 90 (Seltzer et al 2014), i.e. 
Ig  =  81 eV and Iw  =  78 eV. Moreover, the ICRU Report 90 recommends using the grain density of graphite in the 
evaluation of the density effect. A recent study (Andreo et al 2013) investigated the impact of the increase of the 
Iw value from 75 eV (ICRU 37) to 78 eV (ICRU 90) on stopping-power ratios water to air for photon, electron and 
proton beams by Monte Carlo simulations. Moreover, potential changes in dosimetric quantities for the Farmer-
type ionization chamber NE2571 in a 60Co radiation source due to the new I values for water and graphite were 
discussed. A recent publication (Gomà et al 2016) investigated the impact of the new I values for water and 
graphite on the beam quality correction factor for a wide range of ionization chambers in monoenergetic proton 
beams.

Apart from the recommendations on the I value and density, the ICRU Report 90 discusses the use of renor-
malized photoelectric cross sections. Based on a review of this discussion in the ICRU Report 90, the Consulta-
tive Committee for Ionizing Radiation (CCRI) recommends the use of renormalized photoelectric cross sec-
tions (McEwen et al 2017).

According to the investigations published by Andreo et al (2013), the impact of these new key data for clinical 
reference dosimetry was evaluated. Following the results of Andreo et al (2013), stopping-power ratios water to 
air for high energy photon and electron beams were calculated according to the recommendations of the ICRU 
Report 37 (Berger et al 1984) and 90 (Seltzer et al 2014). Extending the investigation of Andreo et al (2013), the 
impact on the beam quality correction factor kQ according to the IAEA dosimetry protocol TRS-398 (Andreo 
et al 2001) due to adoption of the new I values and using the grain density of graphite to evaluate density cor-
rection, was investigated by Monte Carlo simulations for high energy photon and electron beams. In addition to 
that, the impact on the perturbation factor p for the ionization chamber NE2571 was investigated for high energy 
photon fields. Thereby the present work expanded the study of Andreo et al (2013) to high energy photon beams 
and also includes the impact of the new recommendations on the kQ values of two widely used parallel-plate 
ioniz ation chambers in high energy electron beams.

2. Material and methods

2.1. Calculation of the beam quality correction factor
The ratio between absorbed dose to water Dw and absorbed dose to air of the sensitive volume Ddet of an ionization 
chamber is related to the Spencer–Attix stopping power ratio water to air sw,a and a perturbation factor p, which 
takes the fluence perturbation of non-ideal Spencer–Attix cavities occurring in real ionization chambers into 
account.

Dw

Ddet
= sw,a p. (1)

Based on equation (1) the beam quality correction factor kQ can by calculated theoretically as shown by Andreo 
(1992)

kQ =
(sw,a p)Q

(sw,a p)60Co

Wair,Q

Wair,60Co
=

(
Dw

Ddet

)

Q(
Dw

Ddet

)

60Co

Wair,Q

Wair,60Co
 (2)

where the indices Q and 60Co represent the considered beam quality and the reference radiation field of a 60Co 
γ-ray beam, respectively. Wair is the mean energy to create an ion pair in air at the beam qualities Q and 60Co. For 
electron and photon radiation fields Wair can be assumed to be independent from energy (Burns et al 2014).

The aim of this work was to compare Monte Carlo calculated kQ values according to the recommendations 
of the new ICRU Report 90 (Seltzer et al 2014) and the ICRU Report 37 (Berger et al 1984). For this purpose the 
ratio of Monte Carlo calculated kQ values according to the ICRU Report 90 and 37 were determined. For shorter 
notation this ratio is symbolized by a Δ throughout this work, as can be seen in equation (3) for the restricted 
water-to-air mass collision stopping power ratio sw,a.

∆sw,a =
(sw,a)ICRU−90

(sw,a)ICRU−37

. (3)

The applied reference conditions to determine the absorbed dose in 60Co and high-energy photon and electron 

beams were chosen according to the recommendations of the TRS-398 dosimetry report (see table 1).
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It should be noted that the water density ρ in the ICRU Report 90 is provided with more decimals, so that the 
influence of the temperature under atmospheric pressure on the density of water is noticeable. Therefore, the cal-
culated values according to ICRU Report 37 and 90 refer to the same water depth d but not to the same radiologi-
cal depth dρ. However, the difference in radiological depth between the simulations according to ICRU-90 and 
ICRU-37 is only 0.018 g cm−2 and should therefore not influence the results calculated according to the ICRU 
Report 90 for photon beams. For this reason, the reference depth of 10 cm was used also for calculations accord-
ing to ICRU Report 90. The beam quality correction factor TPR20

10 for calculations according to ICRU Report 90 
was also calculated from the dose ratio in 20 cm and 10 cm water depth. The depth R50 for electron beams was 
determined from calculated depth-dose curves according to ICRU Report 37 and 90.

2.2. Monte Carlo simulation
This Monte Carlo study is documented according to the recommendations of the report No. 268 of the AAPM 
T 268 (Sechopoulos et al 2017). Monte Carlo simulations of photon and electron radiation fields have been 
performed with the EGSnrc code system (Version 2017) (Kawrakow et al 2010).

2.2.1. Radiation source and geometry definition
The radiation fields of photon and electron beams were generated by a collimated isotropic radiation source. 
The spectral energy distributions of the electron beams are taken from Ding et al (1995). The published 
spectral energy distributions from Sheikh-Bagheri and Rogers (2002) and Mohan et al (1985) were used for the 
simulations of the megavoltage photon beams. The spectrum of the 60Co beam was taken from Han et al (1987). 
Moreover, seven linear accelerator (linac) head models generated with the BEAMnrc user code have been used to 
simulate a radiation field as comprehensive as possible. The BEAMnrc linac head models have already been used 
in several publications (Czarnecki et al 2012, Czarnecki and Zink 2013, Horst et al 2015, 2017, Czarnecki et al 
2017) to calculate dosimetric quantities.

The absorbed dose to water Dw and absorbed dose to air of the sensitive volume Ddet of the ionization cham-
ber NE2571, NACP-02 and Roos were calculated in a 30 × 30 × 30 cm3 water phantom with the egs_chamber 
user code (Wulff et al 2008b). The absorbed dose to water Dw was calculated in a small cylindrical water voxel of 
0.25 cm radius and 0.1 cm height. The cylinder was positioned symmetrical around the point of measurement. 
The dose Ddet was calculated in detailed models of the investigated ionization chambers using the egs++ class 
library (Kawrakow et al 2009). The detailed geometry of the NE2571 Farmer-type chamber was adopted from 
Andreo et al (2013). All chambers did pass the Fano cavity test (see appendix A). The geometry of the NACP-02 
and Roos chamber was taken from a previous work (Zink and Wulff 2012).

The variance reduction techniques implemented in the user code egs_chamber were used to improve the 
efficiency of the Monte Carlo simulations (Wulff et al 2008b). The following variance reduction techniques have 
been used: intermediate phase space storage; photon cross-section enhancement (XCSE) volume with an XCSE 
factor of 256 (only for photon beams) and the Russian Roulette range rejection technique with a survival prob-
ability of 1/512.

In addition to the kQ calculations, the restricted water-to-air mass collision stopping-power ratio sw,a was 
calculated with the user code SPRRZnrc in a small cylindrical volume of 0.25 cm radius and 0.1 cm height for 
reference conditions. The perturbation factor p was determined from the calculated dose ratio Ddet/Dw  and the 
stopping power ratio sw,a according to equation (1).

2.2.2. Radiation transport parameters
A transport and particle production threshold energy of ECUT  =  AE  =  512 keV for electrons and 
PCUT  =  AP  =  1 keV for photons was used to calculate Dw and Ddet. To calculate sw,a the ECUT and PCUT values 
were set to 521 keV and 10 keV, respectively.

All Monte Carlo calculations were performed with two different sets of the materials, water and graphite, fol-
lowing the recommendations of the ICRU Report 37 and 90. Table 2 shows the different material properties of 
the two sets. The I value of air has remained at 85.7 eV but the uncertainty has been reduced to 1.2 eV in the new 

ICRU Report 90.
The ICRU Report 37 notes that the available density effect theory provides no indication as to which assumed 

density value would provide the best approximation. However, the ICRU Report 37 prefers to use a value equal 

Table 1. Reference conditions for the investigated radiation sources.

Radiation source 60Co beam MV photon beam MV electron beam

Measurement depth 5 cm 10 cm 0.6 R50  −0.1 g cm−1

Source to surface distance 100 cm 100 cm 100 cm

Field size at surface 10 × 10 cm2 10 × 10 cm2 10 × 10 cm2

Phys. Med. Biol. 63 (2018) 155015 (12pp)
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to or close to the bulk density of graphite (1.7 g cm−3) to calculate the density correction factor. For this reason 
the density of 1.7 g cm−3 was chosen for evaluating the density effect correction according to ICRU Report 37, 
although the density of the graphite used in the chamber was 1.8 g cm−3. Beside the new I values, the ICRU Report 
90 recommends to use the grain density of graphite (2.265 g cm−3) to evaluate the density effect correction.

Further transport parameter settings used in all Monte Carlo simulations with the EGSnrc code system are 

summarized in table 3.

3. Results

In the recent published ICRU Report 90, new recommendations were made on I values and density of water (see 
table 2). The impact of these recommendations on the calculation of the beam quality specifier TPR20

10 and R50 is 
presented in figure 1.

The difference between TPR20
10 values calculated according to the ICRU Report 37 and 90 is below 0.24%. 

This difference is within the statistical uncertainty (2 σ) of the calculated data. However, a change of 0.24% has a 
negligible effect on the kQ value. A change in TPR20

10 of 0.25% would cause a change in kQ value of approximately 
0.015% and 0.05% for lower photon energies (TPR20

10 ≈ 0.65) and high photon energies (TPR20
10 ≈ 0.75), respec-

tively. The difference between the water depths R50 as well as zref according to ICRU Report 37 and 90 increases 
with the energy of the electron radiation field, but is still in the submillimeter range.

In the following figures all determined ratios between values calculated according to ICRU Report 37 and 90 
are presented as a function of beam quality specifiers calculated according to ICRU Report 37. The ratio between 
sw,a with density-effect correction and I value according to the recommendations of the ICRU Report 37 and 90 
(see table 1) are shown in figure 2 for electron and photon beams. The filled symbols show the ratio of sw,a using 
collimated spectra as particle source, whereby the open symbols represent the ratio of sw,a using a full linac treat-
ment head simulation as particle source.

The ratio of the Monte Carlo calculated perturbation factors p between the ICRU Report 90 and 37 recom-
mendations is given in figure 3 for the cylindrical ionization chamber NE2571 in photon fields and the two par-
allel plate ionization chambers NACP-02 and Roos in electron fields. The ratio ∆p is shown as a function of the 
beam quality specifier TPR20

10 and R50 for photon and electron beams, respectively. In the 60Co radiation field the 

Table 2. Summary of the key data of the two investigated material data sets biased on the ICRU Report 37 and ICRU Report 90.

ICRU Report 37 ICRU Report 90

Water Graphite Water Graphite

Mean excitation energy I (75 ± 2) eV (78 ± 4) eV (78 ± 2) eV (81 ± 1.8) eV

Density ρ 1.00 g cm−3 1.8 g cm−3 0.9982 g cm−3 1.8 g cm−3

Density for evaluation of 1.00 g cm−3 1.7 g cm−3 0.9982 g cm−3 2.265 g cm−3

Density effect correction

Table 3. Summary of used transport parameters for Monte Carlo simulations with the EGSnrc code system in this work.

Transport parameter Setting

Photon cross sections xcom

Brems cross sections NIST

Brems angular sampling KM

Electron impact ionization Ik

Rayleigh scattering On

Spin effects On

Bound Compton scattering On

Radiative Compton corrections On

Atomic relaxations On

Pair angular sampling KM

Triplet production On

PE angular sampling On

Photonuclear attenuation On

Photonuclear cross sections default

Boundary crossing algorithm Exact

Skin depth for BCA 3

Electron-step algorithm EGSnrc
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ratio ∆p for the NACP-02 and Roos ionization chamber was ∆p = 1.0011 ± 0.0006 and ∆p = 1.0028 ± 0.0005, 
respectively.

The impact of the new ICRU Report 90 on the dose ratio Dw/Ddet  or rather on the quantity (sw,ap) (see 
equation (1)) for the used ion chambers is given in figure 4. In the 60Co radiation field the ratio ∆(sw,ap) for the 
NACP-02 and Roos ionization chamber was ∆(sw,ap) = 0.9955 ± 0.0006 and ∆(sw,ap) = 0.9972 ± 0.0005 , 
respectively.

The resulting kQ factors according to ICRU Report 37 and 90 for the NE2571 thimble chamber are given in 
figure 5. The left panel of figure 5 presents Monte Carlo calculated kQ values with clinical spectra (circles) and 
Monte Carlo simulations through the linac treatment head as a radiation source. A closer look on the data in the 
left panel of figures 5 and B1 reveals, that the kQ values differ systematically for the two different source models. 
This difference is caused by the different radial dose distributions of the source models as shown in appendix 
B. The kQ values are compared to the data given by the IAEA dosimetry protocol TRS-398 and polynomial fits 
through experimental data and Monte Carlo calculated data determined by Andreo et al (2013). The ratios ∆kQ 
are shown in the right panel of figure 5.
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4. Discussion

4.1. Stopping power ratios and perturbation factors
The sw,a values for photon beams vary between −0.6% (60Co beam) and −0.3% (high energy photon beams) 
between the ICRU 37 and the new ICRU 90 recommendation—the sw,a values for electron beams vary −0.3% 
and −0.2%. The calculated ∆sw,a  values are in good agreement with the results published by Andreo et al (2013) 
which are also given in the ICRU Report 90 (Seltzer et al 2014).

The perturbation factor of the NE2571 increased between 0.1% and 0.3% when the new ICRU Report 90 
(Seltzer et al 2014) recommendations were applied. For the 60Co beam an increase of 0.2% was observed. This 
results are in good agreement with Monte Carlo calculated data shown in table 3 in the work of Andreo et al 
(2013).
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The new recommendations had a small impact on the parallel plate ionization chambers in an electron field. 
The impact on the perturbation factor p of the NACP-02 chamber was smaller than −0.2%. The p values of the 
Roos chamber vary between 0% and −0.1%. The small impact on the p value of the Roos chamber may be due to 
the small amount of graphite in the ionization chamber.

4.2. Beam quality correction factor
For all chambers the factor (sw,ap) decreased when the new recommendations were applied. For the NE2571 
chamber in photon fields a difference between −0.15% and −0.4% was observed, primarily due to the change 
in mass-stopping power ratio sw,a. Looking at the results for 60Co beam, Andreo et al (2013) published a Monte 
Carlo calculated ratio of 0.996 between Fch,Co60 = sw,ap using present I values (referring to the recommendations 
of ICRU Report 37) and updated I values (as recommended in ICRU Report 90). This ratio is in good agreement 
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with the findings presented in this publication. Using the new recommendations to calculate (sw,ap) for the 
parallel plate ionization chambers NACP-02 and Roos in clinical electron beams would change the values by 
around −0.3% compared to the recommendations in the ICRU Report 37. In contrast to photon fields, (sw,ap) 
was energy independent for electron fields. As a result, kQ was also energy independent. Using the data from 
figure 4 and applying the change of the 60Co value of ∆(sw,ap) = 0.9955 and ∆(sw,ap) = 0.9972 for the NACP-
02 and Roos chamber a change of the kQ values for these chambers due to the new ICRU recommendation is in 
the range of 0.16%.

The kQ values for the NE2571 calculated in this work are in good agreement with the fit through Monte Carlo 
calculated data given by Andreo et al (2013)–the root-mean-square deviation is 0.0014. However, as can be seen 
in figure 5 there is a discrepancy between Monte Carlo calculated and experimentally determined kQ values. Even 
with recently renewed I values, the discrepancy cannot be explained. However, Monte Carlo calculated kQ values 
according to the new recommendations of the ICRU Report 90 resulted in an increase of the kQ values of up to 
0.35% for high photon energies.

Figure 5. Monte Carlo calculated kQ for the NE2571 ionization chamber using the recommendations of the ICRU Report 90 
(full symbols) and ICRU Report 37 (open symbols). As radiation source clinical spectra (circles) and simulations through the full 
treatment head (triangles) were used. The ratio ∆kQ as a function of TPR20

10 is shown in the right panel. The linear regression line 
calculated from all data in the right panel is provided just for a better visualization of the ∆kQ values as a function of TPR20

10. The 
error bars are partly within symbols size in the left panel. All error bars represent the Monte Carlo statistical uncertainty (1 σ).

Table 4. Contribution of the uncertainty of I values according to ICRU Report 37 and 90 to the type-B uncertainty of the Monte Carlo 
based kQ value of the NE2571 chamber in a high energy photon beam (24 MV, TPR20

10 = 0.806). The sensitivity coefficient ∂ (∆kQ/kQ) /∂xi 
was taken from the work of Wulff et al (2010).

ICRU Report 37

Medium I in eV ∆I  in eV ∆I  in % ∂(∆kQ/kQ)
∂xi

∆kQ

kQ
 in %

H2O 75 2 2.7 0.022 0.06

C 78 4 5.1 0.061 0.31

Air 85.7 1.7 2.0 0.024 0.05

Sum: 0.32

ICRU Report 90

Medium I in eV ∆I  in eV ∆I  in % ∂(∆kQ/kQ)
∂xi

∆kQ

kQ
 in %

H2O 78 2 2.6 0.022 0.06

C 81 1.8 2.2 0.061 0.14

Air 85.7 1.2 1.4 0.024 0.03

Sum: 0.15
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4.3. Renormalized photoelectric cross sections
Furthermore, within the framework of this study the developer version of EGSnrc was used to investigate the 
impact of using multiconfiguration Dirac-Fock (MCDF) renormalization factors for photoelectric cross 
sections to calculate kQ values. As expected, renormalized photoelectric cross sections did not effect the kQ 
values since the photonelectric effect in the used materials is only dominant at very low photon energies  
(<100 keV). It has to be mentioned that applying MCDF renormalization factors to cross sections for the 
photoelectric effect was only discussed, but not recommended in the ICRU Report 90.

4.4. Uncertainties of I values
Besides new I values for the materials water and graphite, the ICRU Report 90 also includes new data on the 
uncertainties of the I values for these materials and also for air. The impact of these new type-B-uncertainties on 
resulting kQ values can be estimated by the method applied in one of our previous publications (Wulff et al 2010). 
In this paper the I value of different materials was varied, i.e. new cross section data were calculated and the kQ 
value for the NE2571 chamber was recalculated with the new cross section data. This was done for the highest 
available photon energy (24 MV, TPR20

10 = 0.806) as the impact of changed I values is largest for high energy 
photon beams. From these calculations a sensitivity coefficient ∂ (∆kQ/kQ) /∂xi for every material or I value 
xi was calculated. Applying these coefficients to the type-B-uncertainties given in ICRU Report 37 and ICRU 
Report 90, respectively, the standard uncertainties given in table 4 are resulting. The data show that the standard 
uncertainty of the Monte Carlo based kQ factor of the NE2571 chamber is halved, especially due to the strong 
decrease of ∆I  for the material graphite. According to Wulff et al (2010), the uncertainty of the I values is by far 
the largest contribution to the total uncertainty of Monte Carlo based kQ values. Beyond this background the 
new ICRU recommendation regarding the ∆I  values is of great importance for the direct comparison of future 

Monte Carlo based and experimental based kQ determinations.

5. Conclusion

The impact of the new ICRU Report 90 recommendations on Monte Carlo calculated dosimetric quantities 
was investigated, confirming the decrease of sw,a by a fraction of a percent for photon and electron beams. The 
study showed good agreements with the work published by Andreo et al (2013) and extended the investigation 
to clinical linear accelerators. However, in this work only three ionization chambers were investigated; the results 
may vary for other ionization chamber types, but the results should be comparable. According to the results, 
the impact of the new recommendations of the ICRU Report 90 on kQ values is within 0.35%. This deviation 
should be taken into account when widely published Monte Carlo calculated values are examined. In addition, 
data based on Monte Carlo simulations in the current dosimetry protocols should be revised with regard to the 

recommendations of the ICRU Report 90.
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Appendix A. Fano cavity test

The cavity Fano test was performed using egs_chamber with the egs_fano_source using monoenergetic electrons 
with an energy of 1.25 MeV. All materials in the chamber were replaced by water with the density of the replaced 
material. The source distributes electrons in the whole geometry proportional to the density of the material, and 
as a result a charged particle equilibrium occurs in all regions of the chamber. When photon transport is disabled 
by setting the PCUT value to 1.25 MeV, the dose in each geometry per particle history must be 1.25 MeV/mgeom, 
where mgeom is the mass of the considered geometry. Figure A1 shows the ratio between calculated and expected 
values for all regions of the build ionization chambers: Farmer-type NE2571 (top panel), NACP-02 (middle 
panel) and Roos (bottom panel).

The Monte Carlo calculated values agreed to the theoretical values within an accuracy of 0.05%. This indi-
cates that the consistency of the Monte Carlo simulations was preserved throughout the geometry model of the 
ionization chamber.
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Appendix B. Volume perturbation

Monte Carlo calculated kQ values for the NE2571 chamber using a full linac treatment head simulation as particle 
source differ systematically from kQ values calculated using collimated isotropic radiation source with spectral 
energy distributions of the respective linac, as can be seen in figure 5 and left panel of figure B1. The kQ values 
calculated using a full treatment head are systematically below the kQ values when using collimated isotropic 
spectra as a particle sources. These are caused primarily by the different radial dose distributions of the two 
particle sources. Using only spectra as particle source results in concave radial dose distributions with a volume 
perturbation factor pvol � 1. On the other hand, full treatment head simulations of conventional linac with 
flattening filter generate radial dose distributions with a tendency to be convex, resulting in a volume perturbation 
pvol � 1. Dividing kQ values by pvol eliminated the deviation between kQ values from different source models (see 
figure B1).
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Figure A1. Relative deviation of dose in the cavity regions of the three investigated ionization chamber (NE2571, NACP-02 and 
Roos) from the expected value as a function of the geometry region. The error bars represent the Monte Carlo statistical uncertainty 
(1 σ).
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3 Discussion

As described in the introduction, the aim of this work was to reduce uncertainties in photon
beam dosimetry. In the following sections, the main results of this thesis are discussed.

3.1 Monte Carlo calculated correction factors for diodes and ion
chambers in small photon fields

The investigations on relative dosimetry in small radiation fields by Monte Carlo simulations
led to the results discussed in this section. The output factor Ωfclin,fmsr

Qclin,Qmsr
as defined in Eq. (16)

decreases with increasing electron beam spot size for very small field sizes (≤ 1 × 1 cm2).
This dependency may be attributed to the source occlusion effect which was described in the
work of Das et al. (2008). However, the results showed that the variation of the correction
factor kfclin,fmsr

Qclin,Qmsr
with the electron beam spot size is smaller and strongly depends on the

detector volume for vary small field size. The variations of kfclin,fmsr
Qclin,Qmsr

were within 1% and
0.8% down to the field size of 1 × 1 cm2 for all investigated ionization chambers and diode
detectors, respectively. For the largest ionization chamber the value of kfclin,fmsr

Qclin,Qmsr
decreased

more than 20% when the electron spot size was increased from 1.4 mm to 2.6 mm. This
findings are in consistent with the results published by Francescon et al. (2011).

Moreover, it was possible to determine the true electron beam spot size of the investigated
linac from the measurements of the detector reading ratio M fclin

Qclin

/
M fmsr

Qmsr
according to the

procedure presented by Francescon et al. (2008).

In order to understand the detector response in small radiation fields, the interaction coeffi-
cients used in the Burlin as well as Spencer-Attix cavity theory were calculated as function
of field size by Monte Carlo simulation. The results have shown that the mean photon energy
increases linearly with the decreasing field size. This led to a increase of the mean photon
energy by 0.7 MeV while reducing the field size from 10 × 10 cm2 down to 0.5 × 0.5 cm2.
The influence of the changed photon fluence on the stopping power ratio water-to-air sw

a and
water-to-silicon sw

Si was within 0.5%. These results confirm the findings published by Das
et al. (2008) and Andreo and Brahme (1986). In case of silicon diodes, the detector response
also depends on the water-to-silicon mean mass energy-absorption coefficient ratio

(
µ̄en
ρ

)w

Si

according to Burlin cavity theory. The value of
(
µ̄en
ρ

)w

Si
varies within 10% with the investi-

gated variation of the field size. This may explain the under-response of diode detectors in
small radiation fields between 2 × 2 cm2 and 9 × 9 cm2 field size. The under-response of
diode detectors was also observed in measurements published in the study the form Sauer
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and Wilbert (2007). On the other hand this investigation showed a clear over-responses of the
diode detectors for field sizes smaller than 1.4 × 1.4 cm2. According to the study published
by Scott et al. (2012), the high-density of the silicon diode relative to the density of water
may cause the over-response. However, the calculated correction factors kfclin,fmsr

Qclin,Qmsr
for diode

detectors in small photon fields are in good agreement with the data published by Bassinet
et al. (2013) and Francescon et al. (2011). From the data calculated in this thesis, it can be
concluded that unshielded diode detectors are to be preferred in small field dosimetry. This
supports previous research preferring unshielded diodes for dose measurements in small pho-
ton fields (Eklund and Ahnesjö, 2010). However, the IPEM dosimetry protocol (Aspradakis
et al., 2010) points out that diamond detectors may be marginally more suitable for measur-
ing output factors Ωfclin,fmsr

Qclin,Qmsr
of small photon fields due to better water equivalence compared

to silicon. Several studies support this assumption (Bucciolini et al., 2003; Lárraga-Gutiérrez
et al., 2015; de Coste et al., 2017).

In addition to that, the correction factor kfclin,fmsr
Qclin,Qmsr

for ionization chambers in small fields was
calculated. It could be seen from the results that, the volume effect is one of the largest
perturbation in small field dosimetry with ionization chambers. Ionization chambers under-
estimate the dose mainly due to their large sensitive volume. According to the results, small
volume PinPoint ionization chambers are recommended for dose measurements in photon
fields smaller than 3 × 3 cm2. In addition, the PTW 31016 PinPoint ionization chamber
is preferable to the PTW 31014 chamber for measurements in small photon fields due to its
more compact design of the sensitive volume, which results in a lower value of the correction
factor kfclin,fmsr

Qclin,Qmsr
. This findings are in good agreement with the date published by Crop et al.

(2009).

3.2 Monte Carlo-based investigations on the impact of removing
the flattening filter on beam quality specifiers for photon
beam dosimetry

The impact of removing the flattening filter of a conventional linac on the accuracy of ab-
solute dose measurements in high energy photon field was investigated using Monte Carlo
simulations. The results of this investigation are discussed below.

As can be seen from the results, removing the flattening filter led to changes in the relation-
ship between sw

a and the beam quality specifier TPR20
10 used in the IAEA dosimetry protocol

(Andreo et al., 2001). Using TPR to predict sw
a , a difference between WFF and FFF linacs

was observed which increased with the beam energy. A difference between sw
a values of up
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to 0.8% was observed. These results are in agreement with those obtained by Dalaryd et al.
(2014). However, Xiong and Rogers (2008) reported a much higher change in the relation-
ship between TPR20

10 and sw
a . In addition, the relationship between sw

a and the beam quality
specifier %dd(10)x used in the AAPM dosimetry protocol (Almond et al., 1999) was investi-
gated. The calculated values of sw

a as a function of %dd(10)x for FFF linacs were on average
0.21% lower than sw

a values for WFF linacs. These results are in good agreement with the
data published by Xiong and Rogers (2008) and Dalaryd et al. (2014).

Using Monte Carlo simulations, it could be shown that FFF linacs have a lower mean electron
energy at the point of measurement than WFF linacs with the same value for %dd(10)x

or TPR20
10. The difference between the mean electron energy may be caused by the beam

hardening effect of the flattening filter. Another important finding was that a FFF beam
had a smaller mean photon energy in air and at the point of measurement, but a higher
electron energy at the point of measurement compared to a WFF beam with the same value of
%dd(10)x. Further investigations have to be made to understand this effect in more detail.

Moreover, spectrum based beam quality specifier such as the mean photon energy below the
linac head and at the point of measurement were used to predict sw

a . As can be seen from the
results, the stopping power ratio sw

a as a function of the mean photon energy do not follow
the same functional relationship for WFF and FFF beams. On the other hand, a single linear
relationship between sw

a and the mean electron energy at the point of measurement could
be determined from the calculated data for WFF and FFF beams with a root-mean-square
deviation of 0.0010.

Furthermore, beam quality correction factors kQ for ionization chambers of various sizes
were calculated as a function of conventional beam quality specifiers (TPR20

10 and %dd(10)x)
and spectrum-based beam quality specifiers for WFF and FFF linac. All beam quality speci-
fiers showed a bias between WFF and FFF linac. The bias was dependent on the geometry of
the ionization chambers. Moreover, the data show that for FFF linacs the volume-averaging
effect is not negligible for large-volume ionization chambers such as the NE2561 secondary
standard chamber and the NE2571 Farmer-type chamber, due to the inhomogeneous lateral
dose profile of FFF beams.

3.3 The influence of neutron contamination on dosimetry in
external photon beam radiotherapy

As reported in the publication by Andreo et al. (2013), there is a discrepancy between pub-
lished kQ values calculated by Monte Carlo simulation and experimentally determined val-
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ues. In literature, reported kQ values for photon beams obtained experimentally are consis-
tently higher than those calculated by Monte Carlo simulations. This difference increases
with the energy of the beam. Virtually all Monte Carlo calculated data do not include neu-
tron transport and neutron energy deposition. Since the neutron dose contribution increases
with the beam energy, the impact of neutrons could reduce the difference between Monte
Carlo calculated values and experimentally determined values.

This study showed for the first time Monte Carlo based quantitative predictions of the neu-
tron influence on the dose distribution of a radiation field produced by a clinical high-energy
linac. Monte Carlo calculations of the photon and neutron transport within a radiation field
of a 18 MV linac showed, that the depth dose profile due to neutrons is at least three orders
of magnitude smaller than the photon depth dose profile. As can be seen from the results
of this study, the impact of neutrons on the beam quality correction factor kQ for the inves-
tigated representative ionization chamber PTW30013 is far below 0.1% and thus does not
explain the discrepancy discussed by Andreo et al. (2013). In addition, the perturbation of
the thermoluminescence dosimeters (TLD) response caused by neutrons as a function of wa-
ter depth was investigated. In comparison to TLD-700H, TLD-100 and TLD-600H showed a
significantly larger water depth dependent neutron disturbance with respect to the reference
depth of 10 cm.

3.4 The absorbed doses to water and the TLD-100 signal
contributions associated with the neutron contamination of
a clinical 18 MV photon beam

The investigations on the influence of neutrons on dose measurements in high-energy radio-
therapy photon beams were extended in the publication discussed in this section. The dose
contribution of neutrons in lateral dose profiles of high-energy photon fields was investigated
by Monte Carlo simulations. Since the perturbation by neutrons to ionization chamber mea-
surements was negligible (< 0.1%) as shown in the previous publication, only the impact of
neutrons on TLD was investigated.

This paper examines the influence of neutrons on the TLD signal between on-axis and far
out-of-field measurements. As can be seen from the calculated dose to water profiles caused
by neutrons and photons in the linac radiation field, the neutron dose can be neglected within
the photon field boarders but their relative contribution to the total absorbed dose to wa-
ter increases with increasing distance from the field edge. The reason for this is the sharp
collimation of the photon dose at the edge of the field compared to the much flatter dose
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gradient of the neutron dose. The results agree well with the measurements performed by
Kry et al. (2007) and close the knowledge gap between the TLD signal ratio of neutron to
photon on the axis and far outside the radiation field. Our results confirmed that TLD 100
measurements are accurate within the treatment field of high energy photon beams, but in-
accurate for out-of-field dosimetry due to its over response to neurons. These findings are in
agreement with the recommendations of national and international dosimetry protocols for
thermoluminescence dosimetry (Kry et al., 2017; ISO/TC 85, 2014; DIN 6800-5, 2005), and
are consistent with the experimental studies by Kry et al. (2007); Wiezorek et al. (2008); La
Tessa et al. (2014).

3.5 Impact of new ICRU Report 90 recommendations on
calculated correction factors for reference dosimetry

The impact of the new ICRU Report 90 (Seltzer et al., 2014) recommendations on Monte
Carlo calculated dosimetric quantities such as the Spencer-Attix stopping power ratio sw

a ,
the perturbation factor p and the beam quality correction factor kQ for photon and electron
beams was investigated in the publication discussed in the following. The ICRU Report
90 (Seltzer et al., 2014) updated the values of the mean excitation energy I for air, water
and graphite based on new available measurements. Moreover, it was recommended to use
the crystalline density of graphite to evaluate the density effect correction. Monte Carlo
calculations based on the ICRU Report 90 recommendations reduced sw

a by 0.6% for 60Co
and by 0.3% for high energy photon beams in comparison to calculations according to the
recommendations of the ICRU Report 37 (Berger et al., 1984). The impact of the ICRU
Report 90 recommendations on sw

a for electron beams was within 0.3% and decreased with
increasing electron energy to a value of 0.2%. These results are in good agreement with the
publication from Andreo et al. (2013). The recommendations of the ICRU Report 90 had
an impact between 0.1% and 0.3% on the Monte Carlo calculated perturbation factor p of
the NE2571 Farmer-type ionization chamber in a photon field. The impact on the calculated
perturbation factor p for the NACP-02 and Roos parallel plate ionization chamber was within
0.2% for electron beams. The Monte Carlo calculated kQ values for the NE2571 Farmer-
type ionization chamber are in good agreement with the fit through Monte-Carlo calculated
values given by Andreo et al. (2013). As previously mentioned, there is a discrepancy in the
literature between Monte Carlo calculated kQ values and experimentally determined values
(Andreo et al., 2013). According to the findings, the renewed key data could not explain
the discrepancy. Only an increase of upto 0.35% of the kQ value was observed when Monte
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Carlo calculations were performed using the new recommendations of the ICRU Report
90.

Apart from the new I values for water and graphite, the ICRU Report also reduced the uncer-
tainties of I values for water, graphite and air. The impact of the reduced uncertainties on the
type-B uncertainty of Monte Carlo calculated kQ values for the NE2571 ionization chamber
was investigated using the method presented in the publication of Wulff et al. (2010). This
leads to a reduced type-B-uncertainty of kQ values by almost 50%. The uncertainty of I val-
ues has the greatest impact on the type-B-uncertainties of kQ values. Therefore, the accuracy
of I values is of great importance for the direct comparison between Monte Carlo-based and
experimentally based kQ determination.
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4 Conclusion

In this thesis different influences on dose measurement in photon radiation fields of clinical
linacs were investigated using Monte Carlo simulations and could be quantified. As this
work has shown, components of the clinical linac, such as the flattening filter, the electron
beam spot size and the collimation system causing neutron radiation, as well as the dosimeter
itself, may influence the accuracy of the dose measurement.

In small field dosimetry the electron beam spot size has a decisive influence on the output
factor Ωfclin,fmsr

Qclin,Qmsr
. So that it was possible to determine the electron beam spot size from output

factor measurements. Moreover, the results have shown that the correction factor kfclin,fmsr
Qclin,Qmsr

for small field dosimetry depends strongly on the size and density of the sensitive volume.
From the results presented in this thesis, it can be concluded that unshielded silicon diode
detectors among all the detectors investigated are the most suitable for small field dosimetry,
because their kfclin,fmsr

Qclin,Qmsr
value are closest to unity. In addition, the study quantized the impact

of the flattening filter on the relationships between the important dosimetric quantities sw
a and

kQ and the well known beam quality specifiers (TPR20
10 and %dd(10)x) as well as the mean

photon and electron energy of the radiation field. Moreover, it was shown that removing
the flattening filter led to inhomogeneous lateral dose profile at the reference water depth.
Therefore, the volume averaging effect in large volume ionization chambers is not negligible
in FFF beams and has a large impact on the value of kQ. It may be useful to provide beam
quality correction factors kQ that do not take into account the effects of an nonuniform pro-
file, because the inhomogeneity of the dose cross profiles of FFF linac with the same nominal
energy but different design may change significantly. Thus, a unambiguous assignment of
a kQ value to the measured beam quality specifier may not be possible. Furthermore, the
influence of neutrons in high-energy photon fields was investigated. As part of the type-B
uncertainty analysis, the dose fraction of neutrons in photon fields, which is not included in
EGSnrc Monte Carlo simulations, was calculated. It could be shown that the neutron dose
only had a significant influence far outside the radiation field.

Furthermore, this work has shown that widly published data based on Monte Carlo simu-
lations should be revised in regard to the recommendations of the recently published ICRU
Report 90. This work confirmed that sw

a decreases by a fraction of a percent for photon and
electron beams when the recommendations of the ICRU Report 90 are used instead of the
recommendations of the ICRU Report 37. According to the results presented in this thesis,
the impact of the recommendations of the ICRU Report 90 on the beam quality correction
factor was within 0.35%.
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