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FOREWORD

Recognizing the importance of accurate dosage in radiation therapy, the
International Atomic Energy Agency initiated a programme in dosimetry of ionizing
radiations soon after its foundation. At that time neither national nor international
absorbed dose standards existed, so a transportable absorbed dose calorimeter was
designed and built in the Agency’s Laboratory as early as 1960. Being one of the
first instruments of its type, this calorimeter was used for making absolute dose
measurements and dose intercomparisons with other dose reference instruments. A
few years later, the proposal was made to organize a dose intercomparison service
by mail for radiation therapy departments. This service was initiated in 1966 for
%Co radiation using TLD. In 1968, WHO joined the programme and since then the
service has been run on a regular basis, covering some 200 hospitals per year. There
is evidence that, through this service, wide awareness of dosimetric accuracy has
been created and, consequently, accuracy has markedly increased. Results from this
dose intercomparison service, obtained by statistical evaluations, have been repeat-
edly used by scientists and national commissions.

In order to further improve the reliability and accuracy of dosimetric measure-
ments in radiation therapy, the IAEA and WHO supported the establishment of
Secondary Standard Dosimetry Laboratories (SSDLs) in developing Member States
and established a Network of SSDLs in 1976. These SSDLs bridge the gap between
the primary measurement standards and the user of ionizing radiation by providing
the latter with calibrations against the SSDLs’ secondary dose standards and by
giving technical advice and assistance. However, a properly calibrated dosimeter is
just a necessary first condition for determining a dose. Two more steps are involved,
namely the measurement of a (possibly different) quantity and the computation, via
some equation, of the absorbed dose from the measurements. The last (computa-
tional) step is not simple and experience has shown that it gives rise to most uncer-
tainties. It is not surprising, therefore, that many Codes or Protocols exist, national
and international, advising users how to obtain the absorbed dose from a measure-
ment of exposure or another appropriate quantity.

Each of these protocols has its specific merits and peculiarities; no one of them
is perfect, and the present one cannot be perfect either. But it is believed that it does
represent a step towards a universal Code that can be recommended for use at all
radiation therapy centres and SSDLs throughout the world. In fact, it was this idea
which motivated the IAEA Secretary of the SSDL Network to call together the co-
authors of some of the well received national Codes, and to ask them to write one
addressed to radiation physicists in Member States of the IAEA and WHO, where
a variety of dosimeters are being used. Such an undertaking seemed worthwhile at
a time when new data had become available for pertinent physical parameters, and
clearer procedural concepts had been obtained through critical discussions and




testing of the existing Codes. The Agency gratefully acknowledges the authors’
enthusiasm in co-operating and completing the manuscript in a short time.

The numerical result of a physical measurement must be complemented by an
assessment of its uncertainty. Until recently, different rules have been applied by
laboratories in stating the uncertainty of a measurement, often reflecting divergent
opinions about the concepts used. This unsatisfactory situation caused the Bureau
International des Poids et Mesures (BIPM) to ask a group of experts to consider the
subject and to propose a procedure which might lead to harmonization of the diverse
practices. The Agency wishes to express its gratitude to A. Allisy and J.W. Miiller
from the BIPM for writing a brief summary of the uncertainty concept recently
recommended by the BIPM. Their contribution is added to this Code as Appendix A.

The first outline of the Code was drafted by W.A. Boyd and H.H. Eisenlohr
in consultation with J.R. Cunningham, K. Hohlfeld and H. Svensson.

This outline was completed by the members of an Advisory Group who met
in Vienna in March 1985. The members of this group were: C.E. de Almeida
(Brazil), P. Andreo (Spain), J.R. Cunningham (Canada), A. Dutreix (France),
K. Hohlfeld (Federal Republic of Germany), A. Kannan (India), N. Suntharalingam
(USA), H. Svensson (Sweden) and W. Szymczyk (Poland). From this group, the
four principal authors, P. Andreo, J.R. Cunningham, K. Hohlfeld and H. Svensson,
were selected. Their final draft was reviewed by the other members of the Group.

It is hoped that the present publication will be of use to all those involved with
accurate dosimetry in radiation therapy. In particular, it is addressed to the member
laboratories of the IAEA/WHO Network of SSDLs. Every user is invited to test the
code critically and to submit comments to:

Head, Dosimetry Section, RILS,
International Atomic Energy Agency,
P.O. Box 100, A-1400 Vienna, Austria

IAEA sponsor: H.H. Eisenlohr
IAEA scientific secretary: M. Gustafsson
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1. INTRODUCTION

1.1. SCOPE

Present day practices in radiation therapy require high doses of radiation to be
delivered with increased accuracy. With the improved anatomical information
obtainable from sophisticated diagnostic imaging procedures, the data required to
achieve better accuracy in the determination of the radiation dose delivered to the
patient are available. It has been demonstrated that the success or failure of radiation
treatment depends on the absorbed dose delivered to the tumour and that this should
not vary by more than a few per cent from the prescribed values. Thus, the ICRU
[1] concludes that there is need for an accuracy of +5% in the delivery of absorbed
dose in some treatment situations. Recent investigations indicate that an even better
accuracy is needed [2]. This requires that the overall uncertainties in radiation
dosimetry be minimized and that improved accuracy be sought in the determination
of absorbed dose from the radiation beams used in cancer therapy. With the current
state of theoretical knowledge of radiation dosimetry concepts and with the improve-
ment in the accuracy of the numerical values of the physical data required it is
possible to reduce the uncertainty in the calibration of the radiation beam. This is
important since this is an essential component of the total uncertainty in the delivery
of treatment.

The calibration of a radiation beam used for the treatment of cancer in patients
is based on rather complicated measurements and the application of several conver-
sion and correction factors. It is therefore rather important that all the steps in this
procedure be unambiguously specified and be capable of execution worldwide with
minimum difficulty. The purpose of this code of practice is to outline in detail the
methods of procedure and to provide the current best values for physical interaction
coefficients (e.g. W/e, and s, 4, see Section 2.2) and correction factors (e.g. py,
kn and kg, see Section 2.2) that will allow the determination of absorbed dose from
a radiation beam to the accuracy that is expected.

During the past few years national organizations have introduced a number of
codes of practice, protocols and documents (see, for example, Refs [3-10]) that pro-
vide a systematic approach to the calibration and determination of absorbed dose
from radiation beams used in the treatment of cancer. In general, however, they are
somewhat too specific in that they serve the requirements of the facilities in the coun-
tries where the documents originated. The situation worldwide is rather different,
and the current protocols have certain limitations in meeting the needs of the broader
radiation oncology community. There is an urgent need for a unified and easily
executable code of practice to be used worldwide for the measurement and determi-
nation of absorbed dose from radiation beams. This new international code has
drawn on useful information available within the current national protocols and is




intended to provide the user with a document that is clear and understandable and
is easy to follow in rather different environments.

This new international code of practice will necessarily affect all hospitals
providing radiation treatment for cancer patients. Even though the nature of these
facilities may be widely different, this protocol will serve as a useful document to
the medical physics and radiotherapy community and help achieve an acceptable
degree of uniformity of radiation dose delivery the world over. This protocol should
also be of great value to the network of Secondary Standard Dosimetry Laboratories
(SSDLs) to facilitate the accuracy and consistency of their absorbed dose determina-
tions and thereby the standardization of radiation dosimetry in the countries they
serve.

1.2. HISTORICAL NOTE ON SSDLs AND THE SSDL NETWORK

There is a general agreement that physical measurements must be traceable to
primary standards. Such standards are developed and maintained at national
standardizing laboratories and the International Office of Weights and Measures
(Bureau International des Poids et Mesures, BIPM). In the case of the measurement
of ionizing radiation, primary standards for the quantities exposure and absorbed
dose exist only in some twenty laboratories. The lack of calibration facilities in some
countries led the JAEA and WHO to consider supporting the establishment of
‘Secondary Standard Dosimetry Laboratories (SSDLs)’ [11-13].

In a working arrangement between the IAEA and WHO it was further agreed
to set up an ‘IAEA/WHO Network of Secondary Standard Dosimetry Laboratories’
as a means of co-ordinating the work of the individual SSDLs and to facilitate their
link to the primary measurement system. Criteria for the establishment of a
Secondary Standard Dosimetry Laboratory [14] were set forth by the network
secretariat, and dose intercomparisons for SSDLs are organized by the Dosimetry
Laboratory of the IAEA. The main objectives of the SSDL Network have been
defined as follows:

— To improve dosimetric accuracy and reliability, particularly in radiation
therapy, by supporting centres and laboratories for the creation and distribu-
tion of knowledge in applied dosimetry;

— to further the exchange of experience between members and affiliated
members and to provide support to each other where necessary;

— to facilitate links between members and the international system of radiation
measurements through PSDLs (Primary Standard Dosimetry Laboratories) and
establish measurement traceability;

— to promote the compatibility of methods applied for calibration and perfor-
mance of dosimetry in order to achieve uniformity of measurements through-
out the world.



At present (1987) the IAEA/WHO Network of SSDLs comprises about
60 laboratories, 46 of which are located in the developing world. The Network is
supported by 12 national primary standardizing laboratories holding affiliated
membership, and 5 collaborating international organizations. The Network
Secretariat is shared between the IAEA and WHO.

1.3. RANGE OF RADIATION BEAM ENERGIES

The present code of practice provides the methodology necessary for the
accurate determination of the absorbed dose to water from radiation beams used for
radiation therapy. The range of radiation qualities covered by the present publication
is: low energy or soft X-rays generated at tube potentials below 100 kV, medium
energy or conventional energy X-rays generated at tube potentials above 100 kV,
high energy photon beams with mean energies =0.66 MeV and high energy electron
beams (in the energy range S MeV <E; < 50 MeV, but some data and references
are also given which can be used for energies below 5 MeV).

1.4. PRACTICAL USE OF THE PROTOCOL

Much emphasis has been given to making the dosimetry procedure as simple
as possible. It has, however, been necessary to include a large amount of information
in order to supply a variety of users with the data they may need for absorbed dose
determinations. The idea is that after the first study and use of this protocol it should
be possible for the user to merely follow the procedures in the flow charts and to
use the worksheets (see Appendix B).

2. RADIATION QUANTITIES AND UNITS

2.1. QUANTITIES AND UNITS

The ICRU [15] has provided a clear and unambiguous set of definitions for the
quantities and units to be used for radiation dose measurements, which should serve
as a useful reference. Only those quantities directly involved with dose calibrations
will be discussed in this document.

It is essential that one distinguishes between a quantity and a unit. A physical
quantity characterizes a physical phenomenon in a form that lends itself to numerical
specification. A unit is a selected reference sample of a quantity, and is a numerical
scale for the specification.




For this document, the most important quantity is absorbed dose, which is a
statement of the amount of energy absorbed per unit mass of an irradiated material.
Its formal definition is the quotient

D = de/dm

where de is the mean energy imparted by ionizing radiation to matter of mass dm.
The mass dm can be taken to be very small but not so small that the mean energy
imparted de is subject to statistical fluctuations. Absorbed dose is therefore a point
function and is continuous and differentiable and one may refer to its gradient and
its rate. Absorbed dose may be specified in any medium for any type of ionizing
radiation.

The unit by which absorbed dose is specified is J-kg ~! and the special name
for this is gray (Gy).

1Gy = 1J-kg™!

The absorbed dose rate is defined by

D = dD/dt

The unit for absorbed dose rate is J-kg!-s™!

1 Gy-st=17Jkg's!

When considering indirectly ionizing particles such as photons it is convenient
also to describe the energy released by them as they interact with matter. This quan-
tity kerma (kinetic energy released in material, sometimes per unit mass) is defined
by the quotient

K = dE,/dm
where dE,, is the sum of the kinetic energies of all the charged particles liberated
by the interactions of uncharged ionizing particles in a mass dm.

The unit of the quantity kerma is J-kg™' with the special name gray (Gy). The
quantity kerma, which may be applied to any material, is closely related to the quan-
tity exposure, which applies only to photons interacting with air and is the quotient

X = dQ/dm

where dQ is the absolute value of the total charge of the ions of one sign produced
in air when all the electrons liberated by photons in air of mass dm are completely
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stopped in air. The unit is C-kg™!. However, the special unit of exposure, rontgen
(R) is still in fairly extensive use [15]:

1R =2.58x10* C-kg™

Exposure, as defined above, is the ionization equivalent of air kerma, except
that the ionization arising from the absorption of bremsstrahlung emitted by the elec-
trons is not to be included in dQ, i.e.

X = K, (1 - g)/(Wle)

where K, is air kerma, g is the fraction of the energy released that is dissipated as
bremsstrahlung and the quotient W/e is the mean energy expended per ion pair
produced in air and per electron charge.

The use of exposure will in due course be discontinued. It is used in this
protocol for two reasons: a number of standardization laboratories continue to
calibrate dosimeters with respect to exposure and it plays an important role in many
existing reference documents.

2.2. LIST OF SYMBOLS

ag, a;, a Coefficients used to derive p,
B Backscatter factor
Dy, Mean absorbed dose to the air in the cavity of an ioniza-

tion chamber

D, Absorbed dose to material m at a point of measurement in
a phantom
Dy/Dyo Ratio of absorbed dose at 20 cm depth to that at 10 cm

using a constant source-surface distance

E,, Ey, E, Mean electron energy in an electron beam at the accelera-
tor exit window (the vacuum side), phantom surface and
at depth z

Epnax,asEmax,0:Emax.z Maximum energy in an electron beam at the accelerator
exit window, phantom surface and at depth z




Epar Epor Eps

FSD

hy

HVL

J air

J20/310

Kae

Most probable energy in an electron beam at the accelera-
tor exit window, phantom surface and at depth z

Focus-surface distance

Fraction of energy of secondary charged particles that is
lost to bremsstrahlung

Energy of photon radiation

Correction factor to be applied when measurements are
carried out at the ionization maximum in material m
instead of in water

Half value layer

Mean specific ionization inside the ionization chamber air
cavity

Ratio of ionization at 20 cm depth to that at 10 cm using
a constant source-surface distance

Factor to allow for attenuation (absorption and scattering)
in the walis of an ionization chamber irradiated for
calibration purposes

Correction factor to account for the humidity in the
chamber cavity air

Factor to take account of non-air equivalence (at the
calibration quality) of the ionization chamber wall and
buildup cap material(s)

Factor to account for variations in spectral distribution of
X-rays used for the ionization chamber calibration free in
air and that used by the user in water

Kerma to air

Kerma to material m at a point in an irradiated phantom

Reading of an ionization chamber system




Peel

Pu

Ps

Pesr

Q/Q;

To

R,

Absorbed dose to air chamber factor (this is Ng,, of
AAPM (American Association of Physicists in Medicine)
protocol)

Absorbed dose to water calibration factor

Air kerma calibration factor of an ionization chamber

Exposure calibration factor of an ionization chamber

Factor to take account of non-air equivalence of the
material in the central electrode of an ionization chamber

Factor to allow for non-water equivalence of the ioniza-
tion chamber (i.e. chamber wall material and air cavity),
when in the user’s beam. An effective point of measure-

ment is to be used when applying this correction factor.

Factor to allow for lack of saturation of charge collection
(due to ion recombination) in an ionization chamber

Factor to allow for effects of non-reference temperature
and pressure

Atmospheric pressure during measurement (P, is the
reference pressure)

The effective point of measurement of the ionization
chamber (see Fig. 11 in Section 6)

Ratio of the charges collected by an ionization chamber
using two different collecting voltages (V, and V,)

Inner radius of ionization chamber
Continuous slowing down range

Practical range for electrons

Therapeutic range, usually corresponding to the 85%
level, Rgs




R100

Sm,air

SCD

SSD

TPR¥

Wle

Iy, Iy, T,

(3]

Half-value depth for electrons

Depth of dose maximum for electrons

Ratios of averaged stopping powers for material m to air.
The averaging is by the Spencer—Attix theory over the
total electron energy spectrum at the point of measure-
ment. (The symbol s,ﬁ‘:ﬂ, is used by ICRU [16]. The
superscript is here omitted as all stopping-powers below
are of the Spencer-Attix type.)

Source to chamber distance

Source to surface distance

Temperature of the chamber cavity air during measure-
ment (T, is the reference pressure)

Ratio of absorbed dose at 20 cm depth to that at 10 cm
using a constant source-detector distance (TPR is short
for ‘tissue-phantom ratio’, see also Ref. [1]).

Polarizing or collecting voltage of an ionization chamber

The mean energy expended in air per ion pair formed and
per electron charge

Exposure

Depth in medium in beam direction

Energy spread (width at half of the maximum of the
energy spectrum) in an electron beam at the accelerator
exit window, phantom surface and at depth z

Differential distribution of fluence in energy

Standard deviation

Cut-off energy used in Spencer-Attix stopping-power
ratios




o Fraction of ionization inside an ion chamber due to elec-
trons arising in the chamber wall

P Density

Pen/ P Mass energy absorption coefficient

Myl Mass energy transfer coefficient

(;Ze,,/p)m],mz Ratios of averaged mass energy absorption coefficients for

material m; to material m,. The averaging is over the
photon spectrum at the point of measurement

In order to keep the overall consistency along the dosimetric chain, all the
numerical values for constants used in the present report follow the recommendations
of CCEMRI(I) [17]:

(a) stopping power for electrons from ICRU [18];
(®) W/e =33.97 + 0.06 J.C! [19-21};

(c) g values from Boutillon [22];

(d) energy absorption coefficients from Hubbell [23].

3. EQUIPMENT

3.1. DOSE MEASURING SYSTEM

The ionization dosimeter is the only dose measuring system discussed in this
report. It consists generally of an electrometer (often separately calibrated in charge
or current per scale division) and one or more ionization chambers each intended for
different purposes (e.g. different radiation qualities).

3.1.1. Ionization chamber

It should be possible to use the same ionization chamber for 100 kV to 300 kV
X-rays (medium energy X-rays), '*’Cs and ®Co gamma radiation, high energy
X-rays, and electron radiation with 1_30 = 10 MeV (see Table I). If the chamber is
to be used for medium energy X-rays (HVL from about 2 mm Al to 3 mm Cu) then
its response in unit scale division or unit charge (depending on the quantity measured
with the electrometer) per air kerma should not vary by more than +2% over this
range of half-value layers. This might be attained if the wall thickness of the chamber

9
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is less than 0.1 g-cm™ (=1 mm), and if the chamber wall is made of ‘air equiva-
lent’ materials. In the calibration o. such a chamber, free in air using ®Co gamma
radiation, a buildup cap has to be added. The thickness for the wall plus buildup cap
should then be between 0.4 g-cm and 0.6 g-cm™.

It is very convenient to use a cylindrical chamber (thimble type) for measure-
ments at these radiation qualities as it is robust and simple to use for measurements
in a water phantom. The chamber volume should be between about 0.1 cm® and
1 cm®. This size range is a compromise between the need for sufficient sensitivity
and the ability to measure dose at a point. These requirements are met in cylindrical
chambers with an internal diameter of preferably not greater than 7 mm and an inter-
nal length of not greater than 25 mm. In use, the chamber must be aligned in such
a way that the radiation fluence is uniform over the cross-section of the chamber.
This chamber length would therefore set a lower limit to the size of the field in which
measurements may be made.

The construction of the chamber should be as homogeneous as possible but it
is recognized that for technical purposes the central electrode will most likely have
to be of a material different from that of the walls and indeed the choice of all these
materials may play an important role in ensuring that the energy response is flat. It
is not necessary that the chamber wall and the buildup cap be made of the same
material but it is essential that the composition of both be known.

It is also necessary for the air cavity not to be sealed. It should be designed
so that it will equilibrate rapidly with the exterior pressure condition. Characteristics
of a number of ionization chambers are given in Table II.

For measurements in electron beams of energies below Ey = 10 MeV, plane
parallel chambers are recommended and must be used below E; = 5 MeV. Cylin-
drical chambers having a radius less than 2 mm may be used for
5 MeV <E, < 10 MeV instead of plane parallel chambers but the uncertainty may
then increase by 1-2%. Plane parallel chambers can, however, also be used above
Ey, = 10 MeV. The front window should be thin (preferably <1 mm) and the
material surrounding the cavity should be as ‘water-equivalent’ as possible (i.e. mass
collision stopping powers and linear scattering powers similar to those of water, see
Table 6.1 in Ref. [16]). The distance between the plates of the chamber should be
less than about 2 mm and the diameter of the collecting electrode should be less than
about 20 mm. The collecting electrode should be surrounded by a guard electrode.
It is necessary that the chamber should not exhibit a polarity effect (see Section 7.1)
and it is also desirable that the chamber be water immersible. These recommenda-
tions are compiled in Table 1.

Ionization chambers for measuring low energy X-rays usually possess an
entrance window consisting of either a thin membrane or a mesh through which the
radiation enters the measuring volume (thin-window chambers). For these chambers
the limit of variation of response will normally be within +2% in a range of half-
value layers from 0.05 mm to 2 mm Al, corresponding to X-rays generated by tube

11
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potentials ranging from 12 kV to about 70 kV. It is generally the practice to calibrate
such chambers together with a phantom as corrections for backscatter are then
avoided.

3.1.2. Electrometers

The charge (or current) induced in an ionization chamber is extremely small
and must be measured by a very sensitive charge measuring device having a high
input impedance (>10%* Q) known as an electrometer. Such instruments are deli-
cate and must be handled with care. Ideally, the electrometer should be provided
with a digital display and should be capable of four digit resolution or 0.1%. The
change in response due to lack of long term stability should not exceed +0.5% in
a year. The electrometer and the ionization chamber can be calibrated separately.
However, in some cases the electrometer is an integral part of the dosimetry system
and the ionization chamber and electrometer must be calibrated as a unit.

It should be possible (at least if the chamber is used in pulsed beams) to vary
the voltage applied to the chamber so as to determine ion collection efficiency and
to reverse the polarity so that the polarity effect of the ionization chamber may be
determined.

3.2. PHANTOMS

Water is recommended as the reference medium for absorbed dose measure-
ments both for photon and electron beams. Plastic phantoms in slab form such as
polystyrene, acrylics and ‘solid water’ may be used for solid phantoms but the dose
determination must always be referenced to water. However, great care is needed
with non-conductive plastic phantoms (in particular if these are made as solid blocks)
because several investigations have shown [24-26] that charge buildup can take
place, mainly in electron beams. This causes a very large electrical field around the
chamber that will direct the flow of electrons towards the cavity, producing an
increased signal. This effect may cause an error of several per cent; therefore, meas-
urements for absorbed dose determination should, at least for electron beams, always
be performed in water or conductive plastics.

The dimensions of the phantom should be such that, with the largest field size
to be employed, a margin of 5 cm is provided on all four sides at the depth of
measurement. There should also be a margin of 5 cm beyond the maximum depth
to be measured, see Fig. 1.

3.3. RADIATION BEAM GEOMETRY

The position of all of the components of the experimental arrangement must
be known, capable of description and reproducible. Included are the beam and its

14
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FIG. 1. Reference water phantom for absorbed dose determination. The use of a thimble ioni-
zation chamber for absorbed dose determination at the reference depth in the phantom is
shown for two positions of the beam. The effective depth of measurement of the chamber (see
Fig. 11) should be placed at the reference point in the phantom.

collimating system, the phantom and the location of the dosimeter within the phan-
tom. The relevant parameters are shown in Fig. 2.

3.3.1. Beam alignment and position

The alignment of the different beam axes must be checked before an absorbed
dose distribution is determined. There are four axes to be considered. They are:

(@) The collimator rotation axis, or the axis about which the collimator rotates
(Fig. 3). This is the basic mechanical axis to which the others are referred.

(b) The geometric beam axis. This is the line passing through the centre of the
effective source (X-ray focus or effective electron source) [16] and the centre
of the final beam limiting diaphragm.

(¢) The radiation beam axis. This is the line passing through the centre of the
source and the centre of gravity of the area in the reference plane! within
which the absorbed dose exceeds 50% of the maximum absorbed dose at this
plane. (Generally, the centre of gravity coincides with the point of intersection
P; defined by AP; = BP; and CP; = DP, for a rectangular field as in Fig. 4.)

! The reference plane is perpendicular to the radiation beam axis at the reference
depth, see Table VII in Section 7.

15




\ Effective source
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\\ Geometric field

?\ Light field and

Depth, z radiation beam
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\
\
FIG. 2. Beam geometry. The collimator rotation axis, geometric beam axis and radiation
beam axis coincide in the figure though in practice there may be small differences. Also, the

geometric field and light field may differ. The radiation beam should coincide with the light
beam. The tolerances are given in the text.

Collimator |
rotation axis l

)

FIG. 3. Definition of the collimator rotation axis.
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FIG. 4. Field symmetry and alignment of the light beam to the radiation beam. A film is
exposed perpendicularly to the central axis of the radiation beam with the edges of the light
field marked by metal or pressure. The angular rotation of the collimator should be noted for
each irradiation and related to the orientation of the film. Electron buildup material is placed
over the film if necessary. From densitometric scans across the field, the location of the edges
of the therapy beam is taken to be where the film density is 50% of that at the centre of the
field; the edges of the light field are at the markings (from Ref. [27]).

@

(@)

The light beam axis. This is defined as the line from the light source focus and
the centre of gravity of the area within which the light intensity exceeds 50%
of the maximum light intensity at the phantom surface (the centre of gravity
coincides, generally, with the point of intersection P{ defined by AP/ = BP]
and CP; = DP; for a rectangular field as in Fig. 4).

The alignment of these axes may be checked by the following procedures.

Collimator axis. Figure S shows a simple alignment device that can be clamped
in the jaws of the collimator. The centre of this device must be accurately
known and provided with a projecting pointer. When the collimator is rotated
on its axis the point should describe a circle of diameter <2 mm at the normal
SSD. The axis of this circle is the centre of the collimator. The centre of the
effective radiation source should be on the collimator axis. Its position can be
checked as part of the radiation beam check.

17
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most closed position

Alignment device

\J - ———— Pointer

FIG. 5. Alignment device used for the determination of the collimator (rotation) axis.

(b) It is not necessary to check the alignment of the geometrical beam separately
as this is included in (a).

(c) The radiation beam axis can be checked by using an ionization chamber in a
water tank or using radiographic film between slabs of a plastic phanton and
obtaining two dose profiles at right angles to each other as shown in Fig. 4.
A special investigation should be carried out to find out if the relative absorbed
dose profile measured in a water phantom can be approximated by relative film
density curves using a plastic phantom for the beam qualities in use. The pro-
files should be scanned to determine the 50% points? on each profile and then
the mid-point between them. The position of these mid-points defines the
centre of the radiation beam for a given position of the collimator. The collima-
tor should then be rotated through 180° and the process repeated. If the loca-
tions of the mid-points are within about 2 mm of each other at the normal SSD
the source can be taken to be on the axis of rotation of the collimator and so
also is the axis of the radiation beam.

(d) The coincidence of the light field with the radiation field is most easily checked
by using radiographic film. With the film in place as for (c) above, the position
of the light field may be indicated on the film by means of suitably located lead
markers; alternatively a ballpoint pen may be used to mark the light field
directly through the envelope of the film. Again, the corners of the light field

2 In some therapy units the radiation beam is defined by the 80% or 90% isodose level.
This criterion can be used but it has then to be uniformly used for all the equipment at a
department.
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may be marked by using a needle to pierce the envelope and film base. Inspec-
tion of the differences between the radiation beam image at its 50% (isodose)
level and the light beam marks will determine whether the light field and radia-
tion field are symmetrical and whether this symmetry is retained on rotation
of the collimator. The congruence between radiation and light beam should be
within 2 mm on each side at the normal SSD. This process should also be
repeated at 0°, 90°, 180° and 270° angulations of the gantry of the treatment
unit.

4. RADIATION QUALITY SPECIFICATION AND
DETERMINATION

The need for specification of radiation quality comes from the fact that several
of the parameters required for absorbed dose determination depend on the photon
or electron energy. Examples of such parameters are photon absorption coefficients,
electron stopping powers, and various perturbation factors. A complete characteriza-
tion of a radiation beam would involve specification of the type of particles and their
energy and angular distribution. This type of information is in general very difficult
to obtain but it is possible to perform accurate dosimetry with much less detail. A
number of practical schemes for specifying radiation beam quality have been
devised. Those chosen for use in this code of practice are described in the following
sections.

4.1. HIGH ENERGY ELECTRONS

The electron beam already has a certain energy spread before meeting the
accelerator exit window. This spread depends on a large number of factors such as
type of accelerating mechanism, method of injection and extraction, and beam hand-
ling system (see Ref. [16]). The energy spectrum at the accelerator exit window
(vacuum side), shown on the right side of Fig. 6 and labelled (a), may be character-
ized by a relatively small number of parameters such as those indicated: E,, , is
the maximum energy, E, is the average electron energy, E,; . is the most probable
electron energy and I, is the energy spread, i.e. the spread at half maximum of the
energy spectrum.

As the electron beam passes through the different materials between the
accelerator exit window and the phantom surface, energy losses displace the spec-
trum to lower energies and at the same time fluctuations in such energy losses widen
the spectrum. This also happens when the electrons pass into the phantom. Thus, the
energy spread at half the maximum of the spectrum I' increases so that ', < Ty
< T, where a, 0, and z indicate accelerator window (vacuum side), phantom sur-
face and a certain phantom depth respectively, see Fig. 6. Because the spectrum is
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FIG. 6. Electron energy spectra and their parameters: (a) indicates the energy distribution
of the electron beam as it exits before meeting the accelerator window; (0) indicates the distri-
bution at the phantom surface and (z) indicates the distribution at a depth z in the phantom.

somewhat skewed towards low energies, Eq and E; o do not coincide and E, will
always be less than E;,. The difference between E;, and E, increases with the
energy spread T'.

The electron beam quality can be specified in a practical way by two of these
parameters, E, and Ep 0. Procedures for determining them are given in Section
4.1.1.

The most probable energy E, o, has been found to be a convenient parameter
for characterizing isodose curves or depth dose distributions. This is because it can
be related to an experimentally accessible quantity, the practical range R,,.

Different electron beams with the same most probable energy E,, and the
same field size and SSD, however, may produce different absorbed dose distribu-
tions. This is because the energy and angular spread of the electrons incident on the
phantom surface [16] may be different. For instance, the so called therapeutic range,
R, (useful depth of treatment), which is related to a certain absorbed dose level,
usually 85%, may differ considerably for different accelerators at a certain E;,
[28].

The most probable energy at the vacuum exit window E,, is an intrinsic
property of the beam and it may be convenient to use this to characterize the beam
at the operator’s console. This parameter is often used as it is independent of flatten-
ing filters, monitor chambers, etc. Its determination, basically theoretical, can be
made from E,  [6] but a detailed knowledge of the structure and materials of the
accelerator treatment head is needed, and the method will not be considered here.
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~ As the electron spectrum at the depth of interest is not known, the mean energy
at the phantom surface E, together with the depth of measurement z are used as
input parameters for stopping power ratios. This method gives only approximate
values for these parameters as the data used below (i.e. Table X) are strictly valid
for monoenergetic and monodirectional broad electron beams perpendicularly inci-
dent on the phantom surface>.

The mean energy E, of the electrons at the depth of interest is the essential
parameter for determining some dosimetric factors (i.e. p,, see Section 6.1) that
allow for the calculation of absorbed dose. Strictly, these factors should be evaluated
by considering the whole spectrum, but their evaluation by considering only the
mean energy is a reasonable approximation.

4.1.1. Range-energy relationships

The determination of E, o and Ej is based on the use of empirical relationships
between electron energy and range parameters.

Range parameters are determined from depth absorbed dose distributions as
shown in Fig. 7. The practical range R,, and the half-value depth Ry, are of special
importance for range-energy measurements: R, is defined as the depth where the
tangent to the descendent part of the curve intersects the prolongation of the brems-
strahlung tail *; Rsq is defined as the depth where the absorbed dose is 50% of the
maximum.

The empirical energy-range relations that will be given here are strictly valid
for broad and parallel electron beams only, perpendicularly incident on a semi-
infinite water phantom. It is difficult to set a limit beyond which a clinical beam can
be considered as a broad beam, i.e. when central axis depth dose distributions
become independent of the field size, as it will depend on the energy and angular
spread of the beam. On the basis of experimental results [30] the use of field sizes
of 12 cm x 12 cm or more are recommended for energies up to Eo = 15 MeV, and
sizes of 20 cm x 20 cm or more are recommended above that energy.

This report does not consider absorbed dose determinations to a medium
different from water. Nevertheless, for electron beams with 1—50 <10 MeV, it may

® It has been suggested by Johansson and Svensson [29] that these two parameters, E,
and z, are not sufficient for the selection of stopping power ratios in beams of large spectral
width. They used the difference (E, - 1_30) as an indication of the spectral width, which is
often wider in accelerators with a flattening system composed of a single scattering foil and
applicators or cones. It was suggested that the value of (s,, ,;), (at the reference depth for
electron beams with E, between about 15 and 25 MeV) should be increased by 2-3% for a
difference of E, -E of about 2 MeV.

* Some authors consider the intersection with the depth axis. This produces practical
ranges different from those considered here.
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FIG. 7. An electron beam absorbed dose distribution in a water phantom showing the sig-
nificance of various parameters: D, is the maximum absorbed dose, D, is the absorbed dose
due to bremsstrahlung, R,y is the depth of dose maximum, Ry is the therapeutic range (it is
here assumed that R, = Rys; the depth at which the therapeutic interval intersects the depth
dose curve near the skin entrance is designated by Rjs); Ry, is the depth for 50% absorbed
dose; R, is the practical range. (From Ref. [28])

be more practical to use slabs of plastic to determine range parameters. In this case,
it is necessary to scale R, and Rsy to water equivalent ranges by using the

relationship
Rpl — (1‘0/ p)pl 1)
R, (ro/P)w

where R,, and R;; are ranges (R, Rsp, Ry, etc.) in water and plastic respectively,
ro/p is the linear continuous-slowing-down range tabulated as a function of energy
by ICRU [16]. Values of the ry/p ratios for a few materials are reported in
Table III. The mean energy at the phantom surface E, can be used as an input
parameter as the ratio in Eq. (1) is not very sensitive to the variation of the energy
and therefore also not to the energy parameter chosen.
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TABLE III. RATIOS OF THE LINEAR CONTINUOUS-SLOWING-DOWN
RANGE ry/p? AS A FUNCTION OF ELECTRON ENERGY FOR DIFFERENT
PLASTICS TO THE CORRESPONDING VALUES FOR WATER FROM
REF. [16]
The densities for A-150, polystyrene and PMMA were 1.127, 1.06, and 1.19 g-cm>,
respectively”

E, (MeV) A-150 Polystyrene PMMA
0.1 0.879 0.961 0.863
0.2 0.880 0.963 0.864
0.5 0.882 0.964 0.864
1.0 0.886 0.967 0.865
2 0.891 0.970 0.867
5 0.897 0.974 0.870
10 0.902 0.978 0.872
15 0.906 0.983 0.874
20 0.909 0.987 0.876
30 0.914 0.993 0.878
40 0.919 0.999 . 0.882
50 0.922 1.003 0.883

? Note that r, conventionally is given in units of g-cm’? while R,, Ry, and R, generally are
given in the unit cm.

® The density of plastic may vary from one sample to another. It is therefore recommended
that the density is measured and corrections are applied if necessary to the figures given in
the table.

The range-energy relationships are strictly valid only for depth absorbed dose
distributions (using broad and parallel beams, see above). However, in practical
dosimetry, depth ionization distributions are generally used instead for convenience.
This is adequate if R, is measured to determine E; o (Eq. (2)), but not for determi-
nation of Eq by Eq. (3), in particular not at high energies. A correction has then to
be performed (this is already included in the values given in Table IV).

In the measurement of depth ionization distributions it is necessary to use the
effective point of measurement of the cylindrical chamber (see Fig. 11) and to
correct the readings for the ion recombination and polarity effects (Section 7.2). For
energies E, <10 MeV, or whenever the inherent uncertainty associated with the
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TABLE IV. RELATIONSHIP BETWEEN THE MEAN ENERGY AT WATER
PHANTOM SURFACE OF AN ELECTRON BEAM (E;) AND THE HALF-
VALUE DEPTH MEASURED FROM ABSORBED DOSE AND IONIZATION
CURVES AT SSD = 1 m AND BROAD BEAMS (R}, AND R}, RESPEC-
TIVELY), FROM REF. [6]

(Equation (3) is only valid for absorbed dose curves in a broad plane parallel beam)

E, (MeV) RE, (cm) R, (cm)
1 0.3 0.3
2 0.7 0.7
3 1.2 1.2
4 1.6 1.6
5 2.1 2.1
6 2.5 2.5
7 3.0 3.0
8 3.4 34
9 3.8 3.8

10 4.3 4.3

12 5.1 5.1

14 6.0 5.9

16 6.8 6.7

18 7.8 7.6

20 8.6 8.4

22 9.4 9.2

25 10.7 10.4

30 12.8 12.3

35 14.6 14.0

40 16.3 15.4

45 18.1 16.9

50 19.7 18.2
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determination of the effective point of measurement and (or) the perturbation correc-
tion effect (Section 6.1) has to be reduced, the use of plane parallel chambers is
recommended {6, 7].

(@) Determination of E, o

The most probable energy at the surface is related to the practical range by the
following empirical relation {6]

Epo = C; + R, + C3R3 @

with C; = 0.22 MeV, C, = 1.98 MeV-cm'!, C; = 0.0025 MeV-cm™. This
equation is valid for large field sizes and for most of the existing accelerators: R,

can be determined from depth ionization or absorbed dose distributions measured at
SSD =1 m.

(b) Determination of E,

The mean energy at the phantom surface is related to the half-value depth R
by means of the expression [28]

Ey = C4 Ry 3)

where C, = 2.33 MeV-cm'.

Strictly speaking, Eq. (3) is valid only for large field sizes (following the
criterion given above), in the energy range between 5 and 35 MeV, and for R,
determined from absorbed dose distributions at a constant source-chamber distance
(i.e. plane parallel beam). However, it is also possible to determine E, if the half-
value depth has been obtained from depth dose or ionization curves at SSD = 1 m
using Table IV.

(c) Determination of b:z
The mean energy as a function of depth is normally determined by means of
approximate relations. For monoenergetic electron beams with the electron energy

E, at the phantom surface, Harder [31] suggested that the depth dependence of the
mean energy could be approximated by the simple relation

E, = Eo (1 - z/Ry) @

where z is the depth and R, is the practical range in a water phantom for an initial
energy Eq. Usually, Eq is replaced by Ej in this equation. This approximation is
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TABLE V. RATIO OF THE MEAN ENERGY AT DEPTH z (El) AND THE
MEAN ENERGY AT PHANTOM SURFACE E, FOR ELECTRON BEAMS
IN WATER.
Depths are given as a fraction of R, [32, 33]

Mean energy at surface (I—SO)

Z/R, 5 MeV 10 MeV 20 MeV 30 MeV 40 MeV 50 MeV
0.00 1.000 1.000 1.000 1.000 1.000 1.000
0.05 0.943 0.941 0.936 0.929 0.922 0.915
0.10 0.888 0.884 0.875 0.863 0.849 0.835
0.15 0.831 0.826 0.815 0.797 0.779 0.761
0.20 0.772 0.766 0.754 0.732 0.712 0.692
0.25 0.712 0.705 0.692 0.669 0.648 0.627
0.30 0.651 0.645 0.633 0.607 0.584 0.561
0.35 0.587 0.583 0.574 0.547 0.525 0.503
0.40 0.527 0.523 0.514 0.488 0.466 0.444
0.45 0.465 0.462 0.456 0.432 0.411 0.390
0.50 0.411 0.407 0.399 0.379 0.362 0.345
0.55 0.359 0.355 0.348 0.329 0.314 0.299
0.60 0.313 0.309 0.300 0.282 0.269 0.256
0.65 0.270 0.265 0.255 0.239 0.228 0.217
0.70 0.231 0.226 0.216 0.202 0.192 0.182
0.75 0.197 0.191 0.180 0.168 0.159 0.150
0.80 0.164 0.159 0.149 0.138 0.131 0.124
0.85 0.137 0.131 0.120 0.111 0.105 0.099
0.90 0.114 0.108 0.096 0.089 0.084 0.079
0.95 0.091 0.086 0.076 0.069 0.065 0.061
1.00 0.077 0.071 0.059 0.053 0.049 0.045
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recommended only for use with mean energy E, less than 10 MeV or for small
depths at higher energies.

In this report Monte Carlo calculations (Andreo and Brahme [32] and Andreo
[33]) are recommended for the evaluation of E,. Table V gives the ratio of the mean
energy E, at a depth z in water (as the fraction z/R;), to the mean energy E, at the
phantom surface, for electron beams between 5 and 50 MeV. These values are to
a first approximation valid for clinical beams independently of their energy and angu-
lar spread.

4.2. HIGH ENERGY PHOTONS
4.2.1. '¥Cs and ®Co gamma rays

The radiation from '*’Cs is monoenergetic at 0.662 MeV and that from %¥Co
is nearly monoenergetic, being made up of two photon energies, 1.17 MeV and
1.33 MeV, giving an average of 1.25 MeV. The beams from SSDL or therapy
sources, however, include a certain amount of lower energy scattered photons, thus
somewhat reducing the effective energies.

4.2.2. X-rays from accelerators

Photon beams from accelerators are produced by electrons striking a target.
The resulting bremsstrahlung spectrum depends on the electron energy, the target
material and the target thickness. It will also depend on the thickness and material
used and the design of the beam flattening filter. This, and the shape of an X-ray
(bremsstrahlung) spectrum, makes it very difficult to satisfactorily characterize the
photon beam by a single parameter (such as maximum energy, most probable energy
or mean energy) as was done for electron beams. In this sense quality specification
for high energy photon beams is more complicated than for electron beams but in
another sense it is less complicated because the photon spectrum does not change
appreciably with depth. This, and the idea that high energy photon beams are ‘some-
what like gamma rays’, has led people to believe that a photon beam energy can be
used as a practical beam quality specifier.

The parameter that has been most commonly used is a ‘nominal maximum
energy’ (or ‘nominal accelerating potential’) which approximates the energy of the
electrons striking the target. This is not good enough [34, 35] to specify either beam
parameters such as depth dose data and isodose charts or dosimetric parameters such
as stopping power ratios and perturbation corrections.

For proper specification of these parameters the absorbed dose is to be deter-
mined in the user’s beam at depths of 20 cm and 10 cm for a constant source-detector
distance and a 10 cm x 10 cm field at the plane of the chamber, see Fig. 8 [8]. The
ratio of these absorbed doses is designated as TPR}3 (TPR is short for ‘tissue-

27




//\

\
/
\
/ { / \ 1ggf:)m
/ \

l
I
/ \
[ 1 A
----- Loy I
. [T A= == ¥
cm == — [T ! 20cm
] +10‘cm _:__ :__.__ + __:}_i_ :_ /'_— :3;‘__. 'l‘__
1Y _—I—= =[zl= Y= |=\=
= = B e D e
—_- oemxaven — oo =

FIG. 8. The two experimental set-ups to determine the quality of photon beams. (a) The
source—chamber distance (SCD) is kept constant and depth is changed by varying the amount
of phantom material over the detector. TPR33 is measured (see text). (b) The source-surface
distance (SSD) is kept constant and the detector is moved to different depths. D,y/D,, is

measured.
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FIG. 9. Experimental set-up for determining half-value thickness: F is the focus of the X-ray
tube, D,...D, diaphragms to define beam cross-section or to reduce scattered radiation, S the
shutter, Fl q filter, M a monitor chamber, A an absorber of variable thickness (Al or Cu), C
an ionization chamber. Recommended dimensions: FC about 100 cm, MA about 20 cm for tube
potentials greater than 50 kV and about 30 cm for tube potentials less than 50 kV. The
diaphragm D, should reduce the beam diameter at A to at least 4 cm. The components inside
the broken line in the tube-housing are generally fixed for an X-ray therapy unit. The positions
are, however, not very critical for HVL determinations.
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phantom ratio’ [1])°. Stopping power ratios are given as a function of this
parameter in Table XIII.

4.3.LOW AND MEDIUM ENERGY X-RAYS

The radiation quality of an X-ray beam is normally characterized by tube
potential, total filtration and first half-value layer.

The half-value layer, HVL, of a radiation beam is the thickness of an absorber
which reduces the air kerma rate of a narrow unidirectional X-ray beam at a point
distant from the absorbing layer to 50% compared with the non-attenuated beam.

The dependence of calibration factors as well as correction, conversion and
backscatter factors on the radiation quality is expressed by their dependence on the
half-value layer in aluminium or copper. Aluminium is used for X-rays with tube
potentials up to 100 kV. Copper is used above 100 kV but also as an overlap down
to 50 kV.

For very accurate determinations of the half-value thickness the experimental
set-up according to the Fig. 9 is recommended. The purity of the aluminium
absorber material should be better than 99.99% for HVL (Al) <0.2 mm and 99.8%
in the case HVL (Al) =0.2 mm. The thickness of the absorber should be known to
better than +5 um or +1%, whichever is the stronger requirement.

For hospital practice a simple experimental set-up may be applied and also less
restricted purity of the absorber may be used.

The energy dependence of the response of the ionization chamber should be
within the limits given in Table I, so as not to introduce errors in measuring at differ-
ent qualities with and without an absorber in the X-ray beam.

5. MEASUREMENT CHAIN

The first step in the measurement chain, namely, the transfer of a calibration
expressed in terms of calibration factors, has been described by OIML [36]. The
same quantity (i.e. exposure, air kerma, water kerma or absorbed dose) is measured
at each stage of this first step. The irradiation conditions, such as the photon energy

5 Another and almost equivalent quantity can be obtained from depth dose data by
using the dose ratio for 20 cm and for 10 cm depth D,y/D,,, measured at SSD = 1 m for a
10 cm x 10 cm field at the phantom surface, which is approximately equal to the depth ioniza-
tion ratio J,,/J,o (see Ref. [6]). This quantity is approximately related to TPR2J by an inverse
square relationship. More accurate values obtained by fit to a large set of experimental data
are given later in this text (Tables XX and XXI).
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spectrum and the field size, must be as similar as possible at the PSDL (Primary
Standard Dosimetry Laboratory) and the SSDL (Secondary Standard Dosimetry
Laboratory) and also at the user’s beam in order to avoid errors due to quality depen-
dence of the chamber response. However, in the most usual situation at a hospital
neither the same quantity is wanted as is available for calibration nor are the same
beam qualities used. Thus, the more general aim is to determine the absorbed dose
to water at several photon and electron beam qualities using an ionization chamber
calibrated in air kerma or exposure. This protocol covers this more general situation.

It is necessary to use a consistent set of interaction coefficients at all the steps
in order not to introduce unnecessary errors. In order to stress this point the complete
measurement chain is analysed (see Svensson, Ref. [37]).

5.1. PRIMARY STANDARDS

Primary standards for absorbed dose to graphite (Dg), exposure free in
air (X), and air kerma (K,;,) have been developed by several PSDLs. Intercompari-
sons of standards of the same type generally give agreement within 0.2-0.3% (see
e.g. Refs [38-40]) at Co gamma ray quality. Absorbed dose to graphite is also
considered to be known within these limits in absolute terms because of calorimetric
measurements.

The absolute uncertainty in the exposure standard for ¥Co gamma radiation
is much larger than the proven consistency between the standards. The reason is that
exposure is measured in terms of electric charge and mass of an air ionization
chamber. Interaction coefficients must be used to convert these measurements to a
statement of absorbed energy. The coefficients, Sgr air and (fien/P)air,gr are needed if
a graphite ionization chamber is used for exposure determination, see Eq. (a) in
Fig. 10. The interaction coefficients are generally taken from the same sources by
the different PSDLs, and so consistency is observed but accuracy is not tested.
Recent computations of sy ,;; suggest that conventionally accepted values [41]
should be decreased by about 1% (see, for example, Ref. [42]). The uncertainty in
(Ben/Pair,gr» hOwever, is about 0.1% (lo) for the %Co gamma quality and is
therefore of minor importance.

The determination of air kerma, K, . at the calibration radiation quality
(usually ®Co gamma rays; index c stands for calibration) from measurements of the
mean specific ionization inside the ionization chamber air cavity (i.e. liberated
charge of one sign through the mass of air inside the sensitive part of the ionization
chamber air cavity) J;, also includes the values of (1 — g) and (W/e)..

The value of g (the fraction of the energy of the secondary charged particles
lost to bremsstrahlung in air) is close to 0.3% for “Co gamma (CCEMRI-I [20])
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and lower than this value for medium and low energy X-rays. The uncertainty in the
value of g is insignificant compared to other sources of uncertainties for the
determination of K,;,.

The mean energy expended in air per ion pair formed and per electron charge
W/e, is very often considered constant for electron radiation and electrons produced
by photons or radioactive sources [43]. A value of W/e = 33.85 J/C is recom-
mended for dry air by the ICRU [43]. However, this value is to a large part based
on experiments carried out by comparison measurements using a graphite
calorimeter and a graphite ionization chamber inside in a graphite phantom. The
Bragg-Gray equation Dy, = s, W/e fai, is applied to determine the product
Sgr.air W/€ (Dg is the absorbed dose to the graphite absorber and J;; is the specific
ionization measured at the corresponding depth in the graphite phantom in the
ionization chamber). Theoretical values of sy i are used and a value of W/e is
obtained. .

Recent recommended changes in stopping-power values [18] will thus directly
influence the value of W/e. CCEMRI(I) [20] has therefore recommended the use of
Wie = 33.97 J.C~! for dry air (from 1986-01-01), which is therefore recom-
mended here. It is seen from Eq. (a) in Fig. 10 that the air kerma includes the
product of s, ,;; and W/e, which is better known than are the separate values.
Therefore the air kerma has a much smaller uncertainty than the exposure (which
only makes use of the numerical value of s ,;).

For low energy and medium X-rays the standards are based on measurements
using free-air chambers. Intercomparisons of exposure standards generally give
an agreement within +0.5%, see, for example, Ref. [44]. The same value of W/e
(i.e. 33.97 J-C™Y) as for ¥Co gamma radiation is used.

5.2. SECONDARY STANDARDS

The main task of the SSDLs is to transfer the calibration from the PSDLs to
the user. It is assumed that calibrations either in terms of air kerma or exposure have
been carried out for the SSDLs at the PSDL (calibration factors Ny and N, respec-
tively, see Fig. 10). The beam qualities and the irradiation geometries at the PSDLs
and at the SSDLs need to be as similar as possible in order not to introduce errors
in this transfer.

Another important task for the SSDL is to advise and help the users to calculate
chamber factors to be used in the Bragg—Gray equation (Egs (f) and (g) in Fig. 10)
in order to determine absorbed dose at the user’s beam. The derived factor to be used
for this purpose is the absorbed dose to air chamber factor, Ny (Egs (d) and (e) in
Fig. 10) (see Refs [6, 16]).
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5.3. USER’S DOSIMETRY SYSTEM

The user must have an ionization chamber and a measuring assembly
(referred to as the local reference instrument) following the performance specifica-
tions given in Section 3.2.1. It is essential that this chamber be checked regularly
against a stability check source. Suitable for such checks are *Sr + *°Y sources or
®Co gamma therapy sources. Constancy checks must always be performed before
and after the calibration at the SSDL.

6. FORMALISM

A formalism based on an air kerma calibration of the user’s ionization chamber
is recommended. It is recommended that the transfer be carried out according to the
calibration chain shown in Figure 10. The values of the interaction coefficients to
be used in the different steps of the absorbed dose determination are given in
Section 7. In this Section the component steps that make up the formalism are
discussed and some explanation of each is given.

The calibration quality (subscript c) in Section 6.1 is assumed to be %°Co
gamma radiation. The user’s quality (subscript u) is assumed to be '*’Cs gamma
radiation, ®Co gamma radiation, photons or electrons from an accelerator (these
radiation qualities are for simplicity named ‘high energy photon and electron
radiation’). Electrons with energies below 10 MeV are discussed separately because
different types of ionization chambers are often used for electron beams below and
above about E, = 10 MeV as the scattering effect is fairly large and special restric-
tions are needed for the shape of the air cavity. Somewhat modified procedures will
also be discussed for the situation where the user wants to determine absorbed dose
in X-ray beams with photon energy below 300 keV (Section 6.2).

6.1. ELECTRON AND HIGH ENERGY PHOTON RADIATION

The determination of the exposure and air kerma standard for ®Co gamma
rays at PSDL has been discussed in detail elsewhere (see Refs [45-47]). The air
kerma or exposure standard at the PSDL is used in order to determine calibration
factors for the secondary standard of the SSDL in terms of air kerma per meter
reading or charge (Ng), or exposure per meter reading or charge (N,). This
standard is then used in the calibration of the user’s instrument at the SSDL to yield
a factor Ng. An alternative would be to make a calibration of the chamber at a point
of interest in a water phantom where the absorbed dose to water could be determined

34




by the PSDL (see Fig. 10). However, this procedure is not discussed in detail as
absorbed dose to water calibration is not generally offered by the PSDLs. It is
recommended that the calibration of the user’s chamber be made free in air in a
%Co gamma beam. If a therapy source is used then a source to chamber distance
of 1 m (to the centre of the chamber) and a field size of 10 cm X 10 cm is preferable
as the reference condition. The choice of source distance and field size is not critical,
however [48). The uniformity of the beam should always be investigated and an
increase of field size above 10 cm X 10 cm may prove to be necessary for some
radiation therapy units.

For a given field size, measured at the position of the chamber, the scattered
photon contribution from the source and collimator to the exposure at central axis
will decrease with an increase of the distance to the source. An SCD larger than 1 m
is, however, often impractical as the exposure rate may be too low.

The interest of the user at a hospital is how to utilize the air kerma calibration
factor of the ionization chamber, Ny (= K, ./M,), valid only at the calibration
quality (here %Co gamma rays, index c) to determine the absorbed dose at the
radiation beams used for radiation treatment. The procedure can be divided into two
steps:

(1) The air kerma K,;, . (giving a meter reading M,) corresponds to a certain mean
absorbed dose to air inside the cavity of the chamber, D,; ., which is calculated.
The relation between K, . and _Dai,,c depends on the construction of the ionization
chamber and buildup cap (Egs (6) and (7) below). The absorbed dose to air chamber
factor defined by

]_) ir
ND,c = ;dc'c (5a)

can be determined. It is assumed that this factor also is valid at the user’s beam
quality (subscript u), i.e.

D..
Np:. = Np, = ‘ﬁuu (5b)

(2) The Bragg-Gray equation (Eq. (f) in Fig. 10) is used to determine the absorbed
dose to water at the point of interest in the water phantom.

In the first step, air kerma (free in air) K, . can be related to the (mean)
absorbed dose _Daj,,c inside the air cavity of the user’s ionization chamber by

Dyire = Kaire (1 — 8) kg Ky (6)

i.e.

Npe = Nk (1 — g) Kan ky )
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The factor ki, takes into account the lack of air equivalence of the ionization
chamber material at the calibration in the ®Co gamma ray beam. The theoretical
and experimental evaluation of k,, is discussed in Section 8, and values for a large
number of chambers are given in Table XVIII (Section 8).

The factor k,, takes into account the attenuation and scatter of the photons in
the ionization chamber material (including the buildup cap [16]). The influence of
the photons absorbed and scattered in the chamber is thus included in this factor.
Most electrons crossing the cavity and producing ionization in the air are generated
upstream in the cavity wall. The correction factor, therefore, only includes attenua-
tion in the material from thie front surface of the buildup cap to the ‘centre of electron
production’. Theoretical values, based on Monte Carlo calculations, have been
computed by Nath and Schulz [49] and Rogers et al. [50). Values for a large number
of chambers are given in Table XVIII.

It is preferable that the thickness of the buildup cap together with the chamber
wall be standardized and a value of (0.45 + 0.05) g-cm ~2 has been recommended
by NACP [6] and ICRU [16] for cylindrical chambers. A value of 0.990 + 0.005
for k,, can be used for cylindrical chambers of the size and material recommended
in Section 3.1.1. Chambers constructed of only one type of material in the walls,
buildup cap and collecting electrode are preferable as the calculation of k,, and k,,
is then simplified (see Ref. [7]). A value of kyk, = 0.989 (f s, . from
Table XVII, p = 1.7 g-cm ™3 is used; see also Table XVIII for the SSI-graphite
chamber) is recommended for a cylindrical chamber of pure graphite (i.e. graphite
in the central electrode, wall and buildup cap). However, commercial chambers used
at most hospitals today are composed of several materials. Experimental values of
the product k., k,, (the separate values of k, and k,, are not needed, see Eq. (d) of
Fig. 10) are, however, available for a large number of chambers (Mattsson and
Johansson [51]). These experiments are based on the assumption that s, o is
known. In Table XVIII, calculated values of the product kp, k,, are given instead as
the agreement between the experiments and calculations are fairly good (within about
0.5% if the same s,;; , are used for the experiments and the calculations). Correc-
tions for the ‘non-air equivalence’ of the central electrode have been disregarded in
these calculations (see Section 8).

In the second step, the Bragg-Gray equation can be used to determine the
absorbed dose to water at the point of interest (i.e. at the effective point of measure-
ment of the chamber, P.g; see below):

Dy, (Pesy) = Dair,u (Sw,airhu Pu ®

where (sy 4ir)y is the stopping-power ratio water to air at the user’s quality at the
point of interest (see numerical values in Section 7.2), and p, the perturbation
correction factor (see below).
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Combining Egs (5b) and (8) will give:
Dy, (Pg) = M, Np (Sw,air)u Pu &)

It is thus assumed in Eq. (9) that the Np . determined at the calibration quality
(%Co gamma) is also valid at the user’s beam quality, i.e. Np, = Np,. This
assumption holds only if W, = W,. Recently, Svensson and Brahme [42] showed
that this may not be the case in the energy region covered in this report. More
experimental data on W, /W, are needed. However, as the energy dependence of
W./W._ is probably within 1.5% this ratio has been taken to be unity in this report.
No subscripts are therefore used for the absorbed dose to air calibration factor in
Eq (9), i.e. ND,C = ND.u = ND'

The photon and electron fluence in the uniform water phantom is perturbed in
the volume which will be occupied by the ionization chamber when the measure-
ments are performed. This effect is corrected for by:

(1) Applying a perturbation correction factor p,, that corrects: (a) for the
different properties in electron production and scattering in the chamber wall
and corresponding volume of water; and (b) for the difference in electron
scattering in the air cavity and in the water which is ‘replaced’ by the air
cavity.

(2) The use of an effective point of measurement that takes into account the spatial
extent of the air cavity by locating the point of interest P.g in front of the
chamber centre P (see Fig. 11) to correct for the gradient of fluence within the
chamber cavity.

The Bragg-Gray equation has been corrected in Eq. (8) to take these two
effects into account. Generally, it is not possible to separate them. However, the
magnitude of the perturbation correction factor p, can be obtained experimentally
from a comparison of data obtained with a cylindrical and a flat coin-shaped chamber
at or near the broad dose maximum of the depth-dose curve (see Ref. [16] for
electron radiation). In such experiments for photon beams the atomic composition
of the wall material of the plane parallel chamber must be similar to water. The
material is less critical for electron radiation (see Johansson et al. [54]). Values of
pu are given in Sections 7.2 and 8. These factors are thus valid only if the ‘effective
point of measurement’ of the ionization chamber is located at the point of interest
during the measurements.

Recommended values for the displacement of the ‘effective point of
measurement’ in relation to the chamber centre are given in Fig. 11 and in
Section 7.2.

The scattering power of electrons increases rapidly with a decrease in electron
energy. The perturbation correction factor for electron beams will therefore also
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FIG. 11. Displacement of the effective point of measurement P (depth zp, f’ Jfrom the centre
P (depth zp) of an ionization chamber. Recommended values of Zp,g — Zp are:
(a) for electron beams 0.5r (see ICRU 35 [16]);
(b) for ‘high’ energy photon beams 0.75r [52-54];
(c) for ¥Co gamma radiation 0.5r [S5];
) for **’Cs gamma radiation 0.35r [S5];
(e) for medium X-rays zero [55].

increase with a decrease in electron energy (see Table XI). The uncertainty in this
factor will increase for low energy electrons. One way to reduce this problem down
to about E, = 4 MeV (which corresponds to Ey, = 5 MeV for z = 0.5 cm, the
approximative depth of dose maximum) is to use a cylindrical chamber with a very
small cavity radius, i.e. r being less than 2 mm. However, the recommended method
is to use a plane parallel chamber. The NACP [7] describes a procedure for deter-
mining Ny, for such a chamber by experimentally comparing, in an electron beam,
the reading of the plane parallel chamber with unknown Np to the cylindrical
chamber with known Np, (the p, correction for the cylindrical chamber must be
taken into account). The effective point of measurement will be situated at the front
surface of the air cavity. The perturbation correction is very close to unity if an
adequate guard is used {7]. The purpose of the guard, besides producing a suitable
electrical field at the border of the collecting electrode, is to minimize the
in-scattering of electrons from solid material at the lateral sides of the sensitive
volume of the chamber air cavity [16].
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Wall

FIG. 12. The absorbed dose at a point P in an ‘undisturbed’ medium (water phantom) is to
be determined. An exposure or air kerma calibrated chamber is placed with its centre P' at
that point. The chamber has been calibrated free in air. Included in the calibration factor are
any disturbances due to the chamber material. In the phantom measurement, the calibrated
chamber will therefore give the exposure or air kerma value in the centre P" of an air cavity
equal to the external size of the chamber.

6.2. MEDIUM AND LOW ENERGY X-RAYS

6.2.1 Medium energy X-rays: 100 kV to 300 kV

The PSDLs generally have air kerma and exposure standards for several X-ray
energy regions. Therefore it is possible at the SSDL to transfer calibrations to the
user’s chamber in terms of exposure Ny (=X./M,) and air kerma N¢ (= Ky, /M,).
The relationship between these two calibration factors is (see Section 2.1):

w1

Ng = Ny — 10
K xe(l—g) (10

The method for determination of absorbed dose in a water phantom using an
exposure or air kerma calibrated ionization chamber will differ somewhat for
medium energy X-rays from that at high energy radiation. The main reason is that
none of the electrons generated in the water phantom will reach the air cavity.
(A 200 keV electron will have a maximum range in graphite less then 0.3 mm,
i.e. less than the thickness of most chamber walls.) Electrons producing ionization
inside the air-cavity are therefore mainly generated in the chamber walls. (A few
electrons are also generated in the air of the cavity.) The formalism below follows
mainly that described by Johns and Cunningham [56] (p. 246).

The absorbed dose is to be determined by the user in a uniform water phantom
at the point P (Fig. 12). An ionization chamber is placed with its centre P’ at that
point. A measurement is carried out giving the meter reading M,. The air kerma

Kar = My Ng ky an
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is obtained at a point P” in the centre of an air cavity inside the water phantom as
the chamber is calibrated to indicate the air kerma free in air, i.e. as if the chamber
was not present. This means that we obtain the air kerma at the centre (P”) of an
air cavity of a size defined by the outer wall surfaces. Correction factors for attenua-
tion in the chamber walls and the non-air equivalence of the walls are thus already
included in the calibration factor Ng. The radiation quality correction factor k, is
required because the ratio K,,/M, may be sensitive to the difference in spectral
distribution of the radiation field used for the calibration free in air and that in the
phantom at the position of the detector. For most practical situations k, can be taken
as unity, as it is recommended to use reference instruments for which the change in
response (i.e. meter reading to air kerma) with energy is small (less than +2% in
the range of half-value layers from 2 mm Al to 3 mm Cu, i.e. from approximately
70 kV to 250 kV X-ray tube potentials [57]).

The water kerma is then obtained from

(12)

w,air

For conventional X-rays the energy transfer to bremsstrahlung from generated
electrons is almost negligible, i.e. g = 0 and therefore (&,/p) = (fien/p), and
furthermore K,, = D,. Equations (11) and (12) give

D, = M, Nx k, (l-‘en/p)w,air Pu (13)

The perturbation correction factor p, is here introduced explicitly because the
equation without this factor would give the absorbed dose to a small mass of water
at the centre P” of the cavity. In the formalism recommended by ICRU in its
Report 23 [58] a ‘displacement correction’ is incorporated in the conversion
coefficient F but in the medium energy X-ray region no detailed information was
available at the time. The factor p, corrects for the replacement of water by air and
the chamber wall material. The values of p, given in Section 7.3 are evaluated
assuming the centre of the ionization chamber to be the effective point of measure-
ment (see Fig. 11). The values of p, were derived from measurements of absorbed
dose in a phantom by means of an extrapolation chamber [59] and by means of
thimble ionization chambers calibrated to indicate air kerma. Monte Carlo calcula-
tions by Schneider and Grosswendt [60] support the values given in Section 7.3.
Recent calorimetric work [61, 62] leads to similar results, suggesting that much
previous and present dosimetry with medium energy X-rays in phantom is in error
(see also Ref. [63]). Therefore, use of the formalism described here may produce
deviations from the results obtained by procedures neglecting perturbation correc-
tions. Absorbed dose values derived by the present formalism will therefore be a few
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per cent higher in the upper energy range with a maximum of up to about 10% at
100 kV.

6.2.2 Low energy X-rays: 10 kV to 100 kV

The main dosimetric task in this photon energy range is the determination of
the absorbed dose at the surface of a phantom. The determination, using a plane-
parallel chamber, can either be based on a calibration at the surface of a phantom,
method (a), or (when the former method is not available) on a calibration carried out
free in air, method (b).

(a) Primary standards based on extrapolation ionization chamber techniques
have been established recently [64, 65]. These allow direct calibration of the user’s
ionization chamber indicating absorbed dose to water at the surface of a water
phantom.

As the photon fluence decreases very rapidly within the first few millimetres
of depth in the phantom, only plane-parallel ionization chambers with small electrode
distances and very thin entrance foils are suitable (see Table I). These design features
" do not allow the use of the chamber inside a water phantom and therefore a solid
phantom must be used. The calibration factor Np, ,, is defined as

D, =M, ND,W (14)

where D,, is the water absorbed dose at the surface of a water phantom as measured
with a primary standard, and M, is the reading of the instrument placed at the
surface of a solid phantom, at the same distance from the source. It should be noted
that an ionization chamber calibrated free in air should not be used on the surface
of a phantom unless a correction factor which takes into account the scattering
contribution from the phantom is known and applied.

(b) The chamber may be calibrated in terms of air kerma free in air. A calibra-
tion factor Nk is then available. No extra phantom is used for the measurement but
the ionization chamber may be embedded in some material which then has to be
regarded as part of the chamber. The inner surface of the entrance foil is the effective
point of measurement. This is brought to the reference point. The absorbed dose to
water at that reference point at the surface of a phantom in the absence of the
ionization chamber is then given by

D, = M, Ny B ku(p'en/p)w,air (15)

The backscatter factor B for reference field size can be taken from Table XVI. The
term (fien/P)w air is the ratio of the averaged mass absorption coefficient of water to
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that of air averaged over the spectral energy fluence distribution at the surface of the
phantom. Values of this ratio are given in Table XIV, as a function of the beam
quality expressed as half value thickness. The factor k, corrects for the difference
in spectral distribution of the radiation field used for the calibration and that at the
surface of the phantom. For most practical situations this factor should be very close
to unity.

7. DETERMINATION OF ABSORBED DOSE TO WATER

7.1. REFERENCE CONDITIONS AND CORRECTION FACTORS

The calibration factor for an ionization chamber is the ratio of the true value
of the quantity to be measured to the indicated value under reference conditions. The
reference condition is described by a set of influence quantities for which the calibra-
tion factor is valid without further correction factors. Influence quantities are defined
as quantities not being the subject of the measurement but yet influencing the quantity
under measurement. They may be of different nature as, for example, temperature,
humidity and mains voltage; they may arise from the dosimeter (e.g. ageing,
zero drift, warm-up) or may be quantities related to the radiation field (e.g. radiation
quality, dose rate, field size, depth in a phantom). In calibrating a dosimeter as many
influence quantities as possible are kept at reference conditions. However, some
influence quantities, €.g. temperature, pressure, humidity, dose rate and polarity
effect, must generally be corrected for to yield the ‘influence’ corresponding to the
reference conditions. Reference conditions for both calibration of ionization
chambers and measurement of absorbed dose, related to the radiation field, are
recommended in Tables VI and VII.

As a general recommendation, when using therapy accelerators and X-ray
units, it is strongly recommended that an additional monitoring dosimetry system be
used during the experimental procedure to account for fluctuations in the radiation
output.

Warm-up effect. Before measurements are made with an ionization chamber
system, enough time should be allowed for the chamber to reach thermal equilibrium
and for the measuring system to warm up.

Leakage current. The leakage current should be measured and should be
insignificant compared to that current obtained for the real measurements. It should
be observed that the leakage may be much larger during an irradiation than the
leakage without irradiation [66, 67].

The polarity effect. The polarity effect of the chamber must be checked,
particularly for plane parallel ionization chambers, and found to be within the limits
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TABLE VI. REFERENCE CONDITIONS OF THE IRRADIATION
GEOMETRY FOR THE CALIBRATION OF AN IONIZATION CHAMBER
‘FREE IN AIR’

Radiation Radiation Distance from  Field size
beam quality source to the incm X cm
centre of

chamber cavity

Low energy 0.03 mm Al < HVL < 2 mm Al Usual treatment 3 X 3 or g 3 cm
X-rays® (calibration)

(10 kV to 100 kV) distance

Medium energy 2 mm Al < HVL < 3 mm Cu same 10 x 10

X-rays :

(100 kV to 300 kV)

Co-60 gamma  (hw) = 1.25 MeV 1 m 10 x 10
radiation”

2 It is generally preferred to calibrate the ionization chamber together with a phantom (see Section 6.2.2).
b A buildup cap should be used (see Section 6.1).

given in Table I. This effect may be large for electrons of low energy. The mean
value of the currents (or charges) measured at both polarities of the chamber voltage
is considered to be the best approximation of the true ionization current. However,
in practical situations, only one polarity is generally used as the correction using the
chambers discussed here should be small.

Temperature and pressure. With ionization chambers open to the ambient air
the mass of air in the ionization chamber volume during the measurement may be
different from that to which the calibration is related. The correction factor to be
applied to the measured current is

P, 2732 + T)
Prp = — (16)

P (273.2 + Typ)
where P and T are the air pressure and temperature during measurement and P, and
Ty are the reference values (generally 101.3 kPa and 20°C) as stated in the
calibration certificate.

Humidity. The humidity of the ambient air has — except when hygroscopic
wall materials are used such as A-150 plastic or nylon [68] — only a minor influence
on the charge produced in the chamber cavity. If the calibration factor is related to
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a relative humidity of 50% then in a range of 20% to 70% relative humidity no
correction is needed for temperatures ranging between 15°C and 25°C. If, on the
other hand, the calibration factor is related to dry air and measurements are taken
between 20% and 70% relative humidity and in a temperature range of 15°C to
25°C, a correction factor k, = 0.997 is adequate for ®Co gamma radiation [69].

Recombination. The incomplete efficiency in collecting charge in the cavity
volume due to ion recombination requires the use of a correction factor. The effect
depends on the geometry of the chamber, the applied collection voltage, and the rate
of charge production by the radiation. In the case of pulsed radiation, especially with
scanned beams, the correction factor for recombination becomes rather important.
On the other hand, for continuous radiation (gamma ray beams) the effect is usually
very small.

It is possible to derive a correction factor p, theoretically, using the theory of
Boag [70-73] but as the magnitude of the correction depends on the position of the
central electrode and this could accidentally be changed without an external change
in the chamber [9], it is recommended here that an experimental procedure be used
to determine the recombination factor.

The so called ‘two-voltage’* method [71] is, owing to its simplicity, the method
to be used. It is based on two measurements of the collected charge, Q; and Q,,
using different voltages V; (the normal operating bias voltage) and V, for the same
irradiation conditions. The ratio V/V, should be equal to or greater than 3. Many
of the commercially available ionization chamber instruments provide multiple bias
voltages while some others can easily be modified to do so.

The recombination correction factor p, at the normal operating bias voltage
V. can then be obtained from a quadratic equation that has been fitted to the
numerical solutions of the expressions for pulsed and pulsed scanned radiation

- Q > ( Q >2
ps = + —) + —
aH T a <Q2 a Q an

where constants a; are given in Tables VIII and IX [74]. For continuous radiation
ps is given in Fig. 13 [9].

7.2. DETERMINATION OF ABSORBED DOSE UNDER
REFERENCE CONDITIONS

The irradiation geometry is set up as shown in Fig. 1. Geometrical parameters
should be checked according to Section 3.3. Plastic phantoms are generally used for
electron radiation with Eq < 5 MeV (see Section 4.1.1) and also for low energy
X-rays (see Section 6.2.2). A water phantom is the best choice for other qualities
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TABLE VIII. QUADRATIC FIT COEFFICIENTS FOR PULSED RADIATION
AS A FUNCTION OF THE VOLTAGE RATIO V/V,

These coefficients are used to calculate p; by the two-voltage technique

using p, = ag + a;(Q)/Q;) + a,(Q,/Q2)%. (From Weinhous and Meli [74])

Voltage ratio a, a, a,
2.0 2.337 —3.636 2.299
25 1.474 —1.587 1.114
3.0 1.198 —0.8753 0.6773
35 1.080 —0.5421 0.4627
4.0 1.022 —0.3632 0.3413
5.0 0.9745 —0.1875 0.2135
6.0 0.9584 -0.1075 0.1495
8.0 0.9502 —0.03732 0.08750

10.0 0.9516 —0.01041 0.05909

TABLE IX. QUADRATIC FIT COEFFICIENTS FOR PULSED SCANNED
RADIATION AS A FUNCTION OF VOLTAGE RATIO V,/V,

These coefficients are used to calculate p; by the two-voltage technique

using p, = ag + a;(Q,/Q,) + a,(Q,/Q5)>. (From Weinhous and Meli [74])

Voltage ratio a, a; 2,
2.0 4.711 —8.242 4.533
25 2.719 -3.977 2.261
3.0 2.001 —2.402 1.404
35 1.665 —1.647 0.9841
4.0 1.468 —1.200 0.7340
5.0 1.279 —0.7500 0.4741
6.0 1.177 —0.5081 0.3342
8.0 1.089 —0.2890 0.2020

10.0 1.052 —0.1896 0.1398
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FIG. 13. The correction factor for recombination p, in continuous radiation beams (from
SEFM [9]). The ‘two-voltage’ method is used to determine the ratio of collected charges (or
electrometer readings) Q,/Q, (see text).

although for electrons with energies below 10 MeV, plastics may be used (see
Section 3.2). The ionization chamber is irradiated without a buildup cap inside the
water phantom. A thin, well fitted, PMMA tube (wall thickness about 0.5 mm) may
however be used to protect the chamber.

The chamber must have a known absorbed dose to air chamber factor Np ..
(As already pointed out, this report assumes no energy dependence for W (see
Section 6.1, Eq. (7)) and consequently no subscript will be used for Np):

Np = Nx (1-g) Kankm (18)
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FIG. 13. The correction factor for recombination p, in continuous radiation beams (from
SEFM [9]). The ‘two-voltage’ method is used to determine the ratio of collected charges (or
electrometer readings) Q,/Q, (see text).

although for electrons with energies below 10 MeV, plastics may be used (see
Section 3.2). The ionization chamber is irradiated without a buildup cap inside the
water phantom. A thin, well fitted, PMMA tube (wall thickness about 0.5 mm) may
however be used to protect the chamber.

The chamber must have a known absorbed dose to air chamber factor Np .
(As already pointed out, this report assumes no energy dependence for W (see
Section 6.1, Eq. (7)) and consequently no subscript will be used for Np):

Np = Nk (1-g) Knkiy (18)
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where g = 0.003. Values of k,, k;, can be found in Table XVIII (in Section 8) for
commercial ionization chambers. Values of k;, in this table do not include addi-
tional corrections for those chambers having the central electrode of a material
different from the wall, but the lack of data for all the commercially available
chambers makes this correction uncertain. Corrections for ‘Farmer-type’ chambers
are small (about 0.8 %), see Section 8. It is also possible to experimentally determine
Np according to the procedure given by NACP [7].

The absorbed dose should be determined using the reference conditions shown
in Table VII. Corrections to the meter reading M, should be carried out as
described in Section 7.1 (e.g. for recombination, polarity, temperature, and
pressure).

7.2.1. High energy electrons

The absorbed dose to water D,, at the effective point of measurement is
given by

Dy Per = My-Np (Sw,air)u Pu (see EQ(9))

Stopping-power ratio (Sy 4ir)y- The Spencer-Attix cavity theory [75] is used.
The cut-off energy A used for the restricted stopping powers was chosen to be
10 keV. (Strictly, the energy A should be equal to the energy of an electron whose
range in air is equal to the mean chord length across the cavity. The exact value
chosen for A is not very critical.) Stopping-power ratios are from Ref. {8], i.e.
Monte Carlo calculations of electron spectra from Berger [76]. Data to be used are
listed in Table X. Input parameters for (sy i)y are the mean energy at the phantom
surface Eq and the depth to the effective point of measurement z; Eq is to be
determined from Rsq, see Section 4.1.

The perturbation correction factor p,. Values from Johansson et al. [54] are
given in Table XI. The mean electron energy at the effective depth of measurement
E, is needed as an input parameter for p,. No correction for the central electrode
is included in p,. This correction is generally not well known but is probably small,
see Section 8. For the determination of E,, see Section 4.1 and Table V.

Effective point of measurement Py The distance between P.g and chamber
centre is equal to 0.5r (i.e. zp , — z, = 0.5r) for a cylindrical chamber where r is
the internal chamber radius (see Fig. 11); the front surface of the air cavity is to be
used for a plane parallel chamber.

When measurements are performed in plastic phantoms (alternative for
Ey =< 10 MeV) depths in plastic and water have to be related according to

Zy - (ro/0)w
Zp) (ro/p)p1

19
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TABLE XI. PERTURBATION CORRECTION FACTORS FOR

ELECTRON BEAMS

Values of p, for cylindrical thimble ionization chambers of inner radius r and
a cavity length of 15 mm for different mean energies, E, at the reference depths
inside a water phantom (Johansson et al. [54])

EZ (MeV) r=15mm r =2.5mm r =3.5mm
0.981 0.967 0.955
0.984 0.974 0.963
0.988 0.980 0.971
10 0.991 0.984 0.978
12 0.993 0.988 0.984
15 0.995 0.992 0.989
20 0.997 0.995 0.994

where r, is the continuous slowing down range of electrons having energy 1_20 (see
Table III). An additional factor is required to transfer the electron fluence between
plastic and water. The electrometer reading in plastic is then converted to an
equivalent reading in water (see Ref. {7]) by means of

M, (water) = M, (plastic) hy, (20)
where h,, is given in Table XII for some common plastic phantoms.
7.2.2. High energy photons

The absorbed dose to water, D,,, at the effective point of measurement is
given by

D, (Pes) = My Np (sw,air)u Pu (see Eq.(9))

which is the same as the equation that was used for the absorbed dose determination
for high energy electrons (see Sections 6 and 7.2.1). For the meanings of the
symbols, see Section 7.2.1.

Stopping-power ratio (S, qir)y. The Spencer-Attix cavity theory is used with
the cut-off energy for restricted stopping powers A = 10 keV. Stopping-power data
are taken from Berger and Seltzer [80]. Monte Carlo calculations by Andreo and
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TABLE XII. VALUES OF h,,

The factor h,, is defined as the ratio of the signal measured using a plane
parallel chamber at the ionization maximum on the central axis in a water phantom
to that measured (at the same source to phantom surface distance) for the same
accelerator monitor setting at the ionization maximum in other phantom
materials. It is independent of E, (between 2 and 10 MeV) within the limits of
the stated uncertainty (see Mattsson et al. [67]; NACP [7]; Bruinvis et al. [79])

Phantomn material h,,

PMMA 1.000 + 0.003
‘White’ polystyrene 1.006 + 0.004
‘Clear’ polystyrene 1.016 + 0.006
A-150 1.006 + 0.003

Brahme (81] were used for generating electron energy spectra and determining
average stopping power values. Data to be used at the reference depths are given in
Table XIII. The parameters for specifying beam quality are TPR%g and/or D,y/Dyq
(see Section 4.2.2).

The perturbation correction factor p,.” Values from Andreo et al. [82] are
given in Fig. 14. These are valid for a chamber wall thickness of about 0.5 mm. The
p, values for other wall thicknesses or composite materials have to be calculated
following Section 8 if good accuracy is to be obtained. However, it can be seen from
Fig. 14 that p, for most wall materials is very close to unity. The error introduced
by using the values from this figure also for walls of a slightly different thickness
is therefore generally small but should be estimated by the user. No correction for
the central electrode is included in p,. This correction is generally not well known
but is probably small (see Section 8).

The effective point of measurement P.;. The following values are recom-
mended for the reference depth:

137Cs gamma radiation zp,—2p = 0.35r
%Co gamma radiation zp,—2Zp = 0.5r
High energy X-rays zp,—2 = 0.75r

7 It should be observed that p, is defined in connection with the use of an effective
point of measurement. This is different from the procedure recommended in some other
protocols, e.g. in the Nordic protocol [6], AAPM protocol [8) or SEFM protocol [9].
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TABLE XIII. THE STOPPING POWER RATIO
WATER TO AIR (5, ,;) AT THE REFERENCE
DEPTHS AS A FUNCTION OF THE PHOTON
BEAM QUALITY (Andreo et al. [82]) '

Beam quality Sw air Ref. depth
TPRY) Dy/Dy¢’ (cm)
0.50 0.44 1.135 5
0.53 0.47 1.134 5
0.56 0.49 1.132 5
0.59 0.52 1.130 5
0.62 0.54 1.127 5
0.65 0.56 1.123 5
0.68 0.58 1.119 5
0.70 0.60 1.116 5
0.72 0.61 1.111 10
0.74 0.63 1.105 10
0.76 0.65 1.099 10
0.78 0.66 1.090 10
0.80 0.68 1.080 10
0.82 0.69 1.069 10
0.84 0.71 1.059 10
Cs-137 1.136 5
Co-60 1.133

* At SSD = 100 cm: obtained from TPRig by a fit to experimental
data.

7.2.3. Medium energy X-rays: 100 to 300 kV

In the X-ray energy region below 300 kV tube potential the centre of a thimble-
type ionization chamber is considered to be the effective point of measurement. This
point is placed at the reference depth in a water phantom. As derived in
Section 6.2.1, the absorbed dose to water is given by the equation
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FIG. 14. The perturbation factor p, as a function of the quality of photon beams for different

chamber wall materials. It is assumed that the chamber is of thimble type having a wall
thickness equal to 0.5 mm. (From Andreo et al. [82])

D, = M, Nx k, (ﬂ-en/p)w,air Pu (see EQ(13))

Here, Nk, the air kerma calibration factor, is to be taken for the radiation
quality (expressed in half-value thickness) of the primary beam (i.e. not influenced
by the penetration into the phantom) and is obtained for the free in air calibrations
at the SSDL; k, is a correction factor taking into account the change in response due
to the change of the spectral distribution of the beam penetrating into the phantom
to the reference depth. This factor should be close to 1 for the chambers recom-
mended in this report (see Sections 3.1.1 and 6.2.1). (The influence of different
beam qualities should be investigated by making calibrations for at least two beam
qualities.) The term (fin/p)w 4 is the ratio of the mass energy absorption coeffi-
cients of water and air averaged over the spectral energy fluence in the phantom at
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TABLE XIV. ENERGY ABSORPTION COEFFICIENT RATIOS (jicy/p)w air
FOR X-RAYS AS A FUNCTION OF THE HALF-VALUE THICKNESS

FOR A CIRCULAR FIELD WITH A DIAMETER OF 11.3 cm; FSD IS 100 cm
(Grosswendt [83])

Tube Beam quality
potential Half value thickness (Bren/P) o aic
k&V) in mm
Al Cu z =0cm" z=2cm z=5cm
50 2.24 0.072 1.013 1.012 1.012
70 2.94 0.09 1.017 1.017 1.017
100 4.28 0.17 1.027 1.027 1.028
120 0.30 1.036 1.036 1.036
140 0.49 1.047 1.045 1.044
150 0.83 1.061 1.058 1.057
200 1.60 1.080 1.075 1.073
250 2.47 1.092 1.089 1.085
280 3.37 1.100 1.097 1.094

® Depth in water.

the reference depth. Values for this conversion factor are given in Table XIV as a
function of the X-ray radiation quality. The perturbation correction factor p,
correcting the replacement of water by an air volume in the shape of the ionization
chamber (see Fig. 12, P") can be found in Table XV. Values are available only for
a typical chamber design.

7.2.4. Low energy X-rays: 10 to 100 kV

If calibration with the chamber placed in the phantom has been made directly
in terms of absorbed dose to water per meter reading (see Section 6.2.2, method (a))
then only corrections for different influence quantities (see Section 7.1) need to be
carried out. The absorbed dose to water is given by

Dy, = M, Npu (see Eq. (14))
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TABLE XV. PERTURBATION CORRECTION FACTOR p, FOR THIMBLE
IONIZATION CHAMBERS FOR X-RAYS AT 5 cmm DEPTH INSIDE

A WATER PHANTOM

The X-ray qualities are expressed as Al or Cu half-value layers (Schneider [65]). The
values are valid for ionization chambers with volumes between 0.3 cm’

and 1 cm?, outer diameters between 5 and 9 mm and wall thicknesses of

about 0.5 mm. The uncertainty of the values is estimated to be 2% (1l0)

Tube potential HVL in Perturbation
kV) mm Al mm Cu correction factor p,
100 4.28 0.17 1.10
120 6.31 0.30 1.09
140 0.49 1.08
150 0.83 1.06
200 1.70 1.04
250 2.47 1.02
280 3.37 1.01

If the calibration has been made free in air the absorbed dose is calculated from
Dy, = M, Nk B k; (ften/P)w air (see Eq. (15))

where the values for B and (fien/0)y qir should be taken from Table XVI and
Table XIV, respectively. Corrections for different influence quantities (see
Section 7.1) must be carried out.

7.3. DETERMINATION OF ABSORBED DOSE UNDER CONDITIONS
OTHER THAN REFERENCE CONDITIONS

Once the absorbed dose to water has been determined under the reference
conditions, it is possible to determine the absorbed dose for any other conditions by
means of relative distributions of absorbed dose (percentage depth doses or isodose
curves). Such distributions should be obtained for all the possible combinations of
energy, field size, SSD, etc., used for radiotherapy treatments.

Owing to the intrinsic differences in radiation generators, as a general rule, the
above mentioned distributions should be obtained experimentally for each treatment
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TABLE XVI. BACKSCATTER FACTOR B FOR LOW ENERGY X-RAYS AS
A FUNCTION OF THE HALF-VALUE LAYER FOR DIFFERENT

FIELD SIZES

The backscatter factor B is defined as the ratio of the air kerma at the

surface of a semi-infinite water phantom to the air kerma at that point

in the absence of the phantom. The values can be applied to moderately filtered
spectra. The values are derived from Grosswend: [84]

Beam quality Field diameter

Aluminium
HVL
(mm) 3 cm 5 cm 10 cm 20 cm
0.1 1.007 1.007 1.007 1.007
0.15 1.012 1.013 : 1.013 1.013
0.2 1.021 1.023 1.023 1.023
0.3 1.036 1.040 1.041 1.041
0.4 1.048 1.054 1.060 1.061
0.5 1.061 1.071 1.081 1.086
0.6 1.071 1.085 1.100 1.110
0.8 1.088 1.109 1.133 1.148
1.0 1.099 1.126 1.155 1.176
1.5 1.122 1.164 1.204 1.245
2.0 1.138 1.190 1.241 1.296
3.0 1.157 1.219 1.291 1.363
4.0 1.169 1.230 1.330 1.412

unit. A lack of adequate instrumentation could justify the use of dose distributions
published either in the open literature or by the manufacturer, provided that the
relative dose at several points on the beam axis and off-axis is experimentally
checked.

7.3.1. High energy electrons
In the case of electron beams, relative absorbed dose distributions are different
from relative ionization distributions because of the continuous decrease in energy

and increased scattering with depth of the electrons. Both the stopping power ratio
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and the perturbation factor vary significantly with energy and the ratio Dy /M,
cannot be considered to be constant with depth. Consequently, it will be necessary
to determine the absorbed dose at each point of interest (where the effective point
of measurement is located) by repeating the procedure described in Section 7.2.1.

Water/air stopping power ratios and perturbation correction factors are given
in Tables X and XI. Because the energy and angular spread at the surface are not
negligible in some accelerators, the use of Eq and the depth of interest z to select
stopping power ratios can introduce large uncertainties at depths beyond a few
centimetres. It is then possible to use Eg and a scaled depth

z' = z RSU/RY™ @1

where R;"IC is the practical range for monoenergetic electrons of energy E, given in
Table X and R“® is the experimentally determined practical range for the actual
conditions. (The value of the electron energy Eq is here equal to the value of the
mean energy Eq of the actual beam.)

The perturbation correction factor at each depth can be estimated by using data
given in Table XI after the mean energy at the location of the effective point of
measurement has been determined (see Table IX). (The data in Table XI were
experimentally determined at the depth for dose maximum. However, Johansson and
Svensson [29] showed that they can be used at least for depths corresponding to
0210 0.5R,) '

Measurements with ionization chambers using different correction factors are
rather laborious, especially when iso-absorbed dose distributions have to be
obtained. Film dosimetry in a solid plastic phantom is often preferred for the
determination of isodose distributions because it is rapid and it presents the great
advantage of a high spatial resolution. In this case, depths in plastic have to be scaled
to depths in water according to Eq. (19).

For improved accuracy, the dose distribution along the beam axis should be
measured with an jonization chamber and used to assign a depth absorbed dose value
to the points on the central axis in the film.

Other types of detectors may also be used, such as TLD or silicon diodes. All
of them require certain precautions and systematic errors can be introduced if they
are not handled in a proper way. It is therefore strongly recommended that some of
the measured distributions be checked against ionization chamber measurements;
otherwise large errors may be introduced.

7.3.2. X-rays and high energy photons
With medium energy X-rays the spectral and angular distribution of the radia-

tion changes with depth and field size [85]. The response of ionization chambers and
the factors to be applied for the determination of absorbed dose will then be different
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for conditions other than those used as reference. There are no complete sets of data
available, but (fen/p)w air and p, [60] are expected to vary within a few per cent.
Values of the (fien/p)w air Tatio with respect to depth in the phantom are given in
Table XIV. Additional information can be found in Ref. [63].

In the case of high energy photons the factors to be applied to the readings of
the measurement system can be assumed to be independent of depth for a given
quality. Only at very large depths does this assumption introduce small uncertainties
and they can be disregarded for practical dosimetry. This means that relative ioniza-
tion distributions can be used as relative absorbed dose distributions and procedures
are then simpler than for electron beams.

As was stated in the formalism (see Fig. 12), the effective point of measure-
ment of the ionization chamber has to be situated at the depth of interest within the
phantom.

Film dosimetry can introduce large uncertainties, especially in the penumbra
region, owing to the enhanced sensitivity of the film to low energy photons [29]. The
photographic method should not be used to determine absorbed dose profiles, but
only for certain relative checks or comparisons of the flatness and uniformity of
photon beams.

Similar recommendations to those given for electron beams can be considered
here regarding alternative measuring systems. It should be noticed that for
%Co gamma radiation and X-ray beams below about 10 MV large errors have been
reported with some semiconductor detectors [29). However, different types of diodes
may have different characteristics regarding quality dependence.

8. DETAILS ON CORRECTION FACTORS

The formalism has been discussed in Section 6 and values of interaction coeffi-
cients have been given in Section 7. It is the purpose in this section to give more
detailed information to enable, if required, the determination of values of k,, k,,
and p, for various types of ionization chambers.

Value of k,,

The relationship

Kn = Suirm (I"en/p)m,air (22)

can be used in those cases where the wall material and the buildup cap are made of
the same material m. Values are given in Table XVII. If instead the chamber wall
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TABLE XVII. VALUES OF THE FACTOR ky, (= Szrm (Men/P)m.air)
This factor takes into account the non-air equivalence of the chamber wall and cap
material at the calibration in ©Co gamma ray beams

Material Sair.m (Ken! P m.air K
(a) ®)

A-150 (T.E. plastic) 0.876 1.101 0.965
C-552 (A.E. plastic) 1.005 1.001 1.006
Delrin (CH,0), 0.926 1.068 0.989
Graphite (o = 1.7 g/cm®) 0.998 1.001 0.999
Graphite (0 = 2.265 g/cm®) 1.000 1.001 1.001
Nylon 66 (C¢H,,ON), 0.875 1.098 0.961
PMMA (perspex, lucite) (CsHgO,), . 0.908 1.081 0.982
Polystyrene (CgHy), 0.901 1.078 0.971
Tufnol - — 0.979°

2 From Andreo and Brahme [81].
® From Cunningham [86].
¢ From Henry [87].

(or inner part of the wall) and the buildup cap (and in some cases in addition part
of the chamber wall) are made of different materials then k, can be calculated
from:

kn = aSgirwall (Ben/Pwallair + (1—) Sair,cap (o, p)cap,air (23)

where « is the fraction of ionization inside the air cavity due to electrons from the
chamber wall, and (1 —¢) is the fraction of ionization due to electrons generated in
the buildup cap (from Almond and Svensson [88]). Values of « are given in Figs 15
and 16. Table XVIII includes k; values for a large number of commercially
available chambers [82].

Effect of the central electrode

Equation (23) only takes account of the non-air equivalence of the chamber
wall and cap materials and therefore does not include the non-air equivalence of the
central electrode material. The correction for this effect is very small for electrodes
of graphite'or plastics and can be disregarded. However, central electrodes are often
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FIG. I5. The fraction a of ionization due to electrons arising in the chamber wall as a
function of wall thickness for Co gamma rays. (From Lempert et al. [89])

made of aluminium. In a ®Co gamma beam the response of the ionization chamber
increases significantly compared to an ionization chamber with ‘air equivalent’
central electrode and k, should be corrected for this effect. For example, an
aluminium electrode with a diameter of 1 mm inside a chamber of the ‘Farmer size’
(i.e. inner length of 25 mm and inner radius of 3.15 mm) would increase the
response at “co gamma rays by 0.8% (see Refs [50, 91, 92]).

The increase in response will, however, also occur for the absorbed dose
measurement at the user’s radiation quality and a corresponding correction to p,
will be needed. The corrections to k,, and p, will cancel out at the ®Co quality. For
higher photon energies the correction to p, due to the use of an aluminium electrode
decreases when the photon energy increases and the corrections to k,, and p, will
not fully cancel out. For electron radiation the correction to p, is negligible and the
correction carried out in k;, results in a maximum deviation (see Ref. [92]).
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TABLE XVIII. VALUES OF k,, AND k,; AND THE PRODUCT ki, Ku

FOR THE IONIZATION CHAMBERS IN TABLE 1l

The values of k,, were computed by Andreo et al. [82] using Eq. (23).
Corrections for the non-air equivalence of the central electrode are not included;
k. was computed from data in Nath and Schulz [49]

km kan km ) kan

CAPINTEC 0.07 cm® PR-05P minichamber 1.002  0.988 0.990

CAPINTEC 0.14 cm® PR-05 minichamber 1.002  0.989 0.991

CAPINTEC 0.65 cm® PR-06C Farmer type (AE cap) 1.006 0.984 0.990

CAPINTEC 0.65 cm® PR-06C Farmer type 0.987  0.990 0.977
(polystyrene cap)

CAPINTEC 0.65 cm® PR-06C Farmer type 0.993  0.990 0.983
(PMMA cap)

CAPINTEC 0.60 cm® (AAPM) 0.989  0.989 0.978

EXRADIN 0.5 cm® Al (2 mm cap) 1.006  0.985 0.991

EXRADIN 0.5 cm® Al (4 mm cap) 1.006 0.976 0.981
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TABLE XVIII. (cont.)

km kau km'katt
EXRADIN 0.5 cm® T2 0.965 0.985 0.950
EXRADIN 0.05 cm?® Tl min Shonka 0.965 0.991 0.957
FAR WEST TECH 0.1 cm® IC-18 0.965 0.991 0.956
FZH, 0.4 cm® TK 01 waterproof 0.989  0.989° 0.978
NE 0.20cm’® 2515 0.980 0.988 0.968
NE 020 cm® 2515/3 0.991 0.987 0.978
NE 0.20 cm®> 2577 0.994 0.987 0.982
NE 0.60 cm® Farmer 2505 ‘54-‘59° 0.980 0.992 0.973
NE 0.60 cm® Farmer 2505 *59-‘67° 0.980 0.990 0.971
NE 0.60 cm®  Farmer 2505/A ‘67-474° 0.971  0.991 0.962
NE 0.60 cm® Farmer 2505/3, 3A ‘71-*79° 0.991  0.990 0.981
NE 0.60 cm® Farmer 2505/3, 3B ‘74-present® 0.974 0.991 0.965
NE 0.60 cm® Guarded Farmer 2571 0.994  0.990 0.985
NE 0.60 cm®> Robust Farmer 2581 (PMMA cap) 0.975 0.990 0.966
NE 0.60 cm® Robust Farmer 2581 (polystyrene cap) 0.969 0.990 0.959
NE 0.325 cm® NPL Sec Std 2561 0.995 0.984 0.979
PTW 0.6 cm® 23333 (3 mm cap) 0.982 0.993 0.975
PTW 0.6 cm® 23333 (4.6 mm cap) 0.982  0.990 0.972
PTW 0.4 cm? 233331 0.982 0.990 0.971
PTW 0.3 cm’ Normal M233332 0.982 0.993 0.975
PTW 0.1 cm® Transit M233331 0.982  0.992 0.974
PTW 0.3 cm® Waterpr M2333641 0.982 0.992 0.974
VICTOREEN 0.1 cm® Radocon II 555 0.989  0.990 0.979
VICTOREEN 0.3 cm® Radocon HI 550 0.974 0.991 0.965
VICTOREEN 0.30 cm?® 30-348 0.982 0.993 0.975
VICTOREEN 0.60 cm® 30-351 0.982 0.993 0.975
VICTOREEN 1.00 cm® 30-349 0.982 0.992 0.974
SSI GRAPHITE 0.999  0.990° 0.989
SSI A-150 0.965 0.990° 0.955

2 Year of manufacture.
b Experimental, Johansson et al. [54].
¢ Experimental, Duftschmid [90].

In order to simplify the use of the central electrode correction, the use of a
global correction factor p, is recommended to account for the non-air equivalence
both at the calibration quality and the user’s radiation quality instead of performing
corrections to both k;, and p,. For ‘Farmer type’ chambers having an aluminium
central electrode values of p,, are given in Table XIX for different radiation beams
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TABLE XIX. CORRECTION FACTOR p.

To be used if the chamber has a central electrode of aluminium (data for a
Farmer type of chamber (Rogers et al. [50], Mattson and Johansson [51]
and Mazrtson [92]))

Electrode radius Electrons Photons %®Co and photons
(mm) @)y > 25 MeV (B9, < 25 MeV

0.5 1.008 1.004 1.000

1 1.015 1.008 1.000

1.5 1.020 1.010 1.000

2.5 1.032 1.016 1.000

as a function of the radius of the central electrode. The equation to determine
absorbed dose to water will then be:

Dy, (Pes) = M, Np (Sw,air)u Pu Peel (24)
Value of kg

The values of k,, for different types of chambers have been computed using
the Monte Carlo method by Nath and Schulz [49] and Rogers et al. [50]. Values for
a large number of chambers are given in Table XVIII. It can be seen that
ke = 0.990 1 0.005 for cylindrical, thimble type, chambers with the dimensions
recommended in Section 3, having a total thickness of chamber wall together with
buildup cap (made of graphite or plastics) between 0.45 and 0.6 g-cm 2. The
product k., k., from Table XVIII can be used in Egs (5) and (6) to determine Ny, for
an ionization chamber calibrated in air kerma (see also Eq. (d) in Fig. 10).

The perturbation correction factor p,

For electron radiation the perturbation correction factor takes into account the
difference in scattering in the phantom (and also chamber wall) material and in the
air cavity. Data are given in Section 7.2.

For photon beams it must be considered that electrons are produced and
stopped differently in the chamber wall material and in water. In the computation
it is always assumed that the measurement in the water phantom is carried out
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without a buildup cap. The perturbation correction effect p, can then be approxi-
mately calculated from the equation by Almond and Svensson [88]:

O Syall air (I:‘en/p)w,wall + (1-a) Sy air

(25)

Sw,air

where « is the fraction of the total ionization produced in the air in the cavity by
electrons arising in the chamber wall. Values of o for different thicknesses of the
wall as a function of beam quality are given in Fig. 16.

Stopping power ratios Sy o for different chamber materials as a function of
the beam quality to be used in Eq. (25) are given in Table XX s,, 4, is given in
Table XIII and mass energy absorption coefficients can be found in Table XXI.

9. THE UNCERTAINTY IN ABSORBED DOSE
DETERMINATION AT THE REFERENCE POINT

9.1. GENERAL

The various steps necessary for establishing traceability in a measurement
chain from the primary standard to the user’s instrument have been discussed in
Section 5. The practical realization of each step in this chain brings in a number of
uncertainties. Frequently these are not very well known but often simple and
reasonable estimates of their magnitude can be made. In this chapter the uncertainties
in the various steps are evaluated and added according to the procedure described
in Appendix A.

9.2. DETERMINATION OF UNCERTAINTIES

In the present report the total uncertainty in the calibration chain is evaluated
from the determination of air kerma at the standards laboratory to the measurements
of absorbed dose in the reference point at the user’s beam at the hospital.

Loevinger and Loftus [93] have analysed a similar calibration chain.
Svensson [37] adjusted the different steps in the chain to be in agreement with the
calibration procedures used by NACP [6]. This procedure is very similar to that of
the present document and is therefore followed. However, it has been noted that
some of the data involved have been recently re-evaluated (s,,; and W/e). The
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TABLE XXII. COMBINED UNCERTAINTIES IN THE DIFFERENT
PHYSICAL QUANTITIES OR PROCEDURES

The values of the uncertainties correspond to one standard deviation.
Step 1 in the calibration procedure (see text)

Type of physical quantity or procedure Uncertainty (%)
Interaction coefficients (W/e-s, g (Ben/Pair,c) 0.4
Measurement of air kerma rate with the standard chamber 0.3
(belonging to PSDL)

Calibration of secondary instrument 0.3
(belonging to SSDL)

Calibration of local reference instrument 0.3

(belonging to the hospital)

Transfer of air kerma rate calibration to a reference point 0.5
in the ®Co gamma beam (at the hospital)

Calibration of the field instrument 0.5
(at the hospital)

Combined uncertainty 1.0

figures below are to be considered as guidelines. They will, however, give an indica-
tion of the accuracy that might be achieved by using a careful measurement technique
and applying this protocol.

Step 1 in the measurement chain starts with the realization of air kerma at the
standards laboratory in the %%Co gamma beam and ends with the air kerma calibra-
tion of the field instrument to be used by the hospital (see Table XXII). In the
example it is assumed that absorbed dose determinations are to be carried out in a
%Co gamma beam, high energy photon beam, or electron beam at the hospital.

Step 2 is the absorbed dose determination at the reference point in a water
phantom using the air kerma calibrated ionization chamber (see Table XXIII).

Combining the uncertainties in Steps 1 and 2 will give the overall uncertainty
for the determination of the absorbed dose at the reference points. This will
give 2.7% (i.e. V1.07 + 2.5%) for ®Co gamma radiation, 3.4% for high energy
X-rays, and 3.8% for electron radiation.
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TABLE XXIII. COMBINED UNCERTAINTIES IN THE DIFFERENT
PHYSICAL QUANTITIES OR PROCEDURES

The values of the uncertainties correspond to one standard deviation.
Step 2 in the calibration procedure

Uncertainty (%)

Type of physical quantity or procedure 9Co gamma High energy Electrons
rays X-rays
Interaction coefficients (kp, Kuy, Sy airr Pus 2.4 2.6 32

also uncertainties due to input parameters
are included, i.e. E, TPng)

Field instrument measurements in 0.5 1 1
the therapy beam

Dose monitor of the therapy unit 0.5 1.5 1.5
Combined uncertainty 2.5 32 37

10. EVALUATION OF PERFORMANCE

10.1. QUALITY CONTROL

The traditional way to test the actual performance of radiotherapy procedures
is by inspection. In its most formal form this has been by analysis of results of treat-
ment. Now the procedure is more sophisticated and the term ‘quality control’ is used.
Quality control is the process by which the actual performance is measured and
compared with performance standards, and the actions necessary to maintain or
regain conformance with the standard are identified.

10.2. QUALITY ASSURANCE

Quality assurance for radiation dosimetry consists of the formalization of those
procedures that must be taken in order to enable accurate and consistent dose
measurements to be carried out. Some examples only can be given.®

8 They will be discussed in an ICRU report (in preparation) on accuracy requirements
and quality assurance of external beam therapy with photons and electrons.
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(1) A ‘local’ reference dosimeter must be available. This dosimeter must have
a calibration that is traceable to a Primary Standards Laboratory by no more than
one exchange or have been calibrated by a Secondary Standard Dosimetry
Laboratory (SSDL). It should be accompanied by a calibration certificate which is
dated and includes calibration factors for one or more beam qualities. This should
include a specification of linearity of response, electrical leakage, stem effects if any
and presence of openings to the atmosphere.

(2) This ‘local’ reference dosimeter should, ideally, be reserved for this role.
Under certain circumstances, particularly if an isotopic source is available for
constancy check, it may be used for the relatively infrequent initial primary reference
calibration of a machine, but another dosimeter, similar to the local reference, should
be available. This second, or ‘field dosimeter’ may be less restrictive in design than
the local standard and should be used for on-going calibration and checking of
equipment.

(3) The local reference dosimeter should be calibrated against a standard at
certain intervals. In some countries these are given by regulations. As an example
two-year periods have often been chosen [6]. The field dosimeter should be checked
more frequently against the local reference standard.

(4) It is necessary that the response of the local reference be checked before
shipment to a standardization laboratory (SSDL, for example) and after its return to
ensure that no change has occurred in its sensitivity as a result of handling and
shipment.

(5) A record must be kept of all dosimeter tests and calibrations carried out.

(6) Certain general procedures should be followed for the care and
maintenance of the dosimeters. These may include:

(@) Instructions given in the manufacturer’s handbook should be followed.

(b) 'When not in use, the dosimeter should be kept in a protective and sealed carry-
ing case. In moist environments this should include an active dessicant (except when
chambers are used having hygroscopic wall materials, see Section 7.1 under
‘humidity’).

(c) The linearity of response between the instrument reading and a %Co gamma
ray exposure should be within +1%. This linearity should be checked from time to
time.

(d) The collection efficiency of the chamber should be assessed for all the condi-
tions under which the chamber will be used. Stem effects and charge leakage should
be assessed and be known and taken into account as needed. All ionization readings
must be corrected for deviation of ambient temperature and pressure from those
pertaining to the calibration. The rate of attaining pressure and temperature
equilibrium should be known.

(7) In calibration measurements all parameters such as distances, depths and
field sizes should be checked repeatedly and several readings should always be taken
to confirm precision.
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(8) When and where possible, calibrations of new equipment should be done
independently by at least two different persons and preferably by different dosimeter
instruments. The results should be compared only after the completion of both meas-
urements. If they differ by more than 2% they should be repeated and the reasons
for the difference should be investigated.

10.3. QUALITY AUDIT

Quality audit (assessment) is defined as an independent review of the quality
assurance programme and the results achieved by it. The essential point is that it be
performed by an independent person who is not responsible for the results achieved.
In calibration procedures this can take the form of intercomparisons of the results
of dose measurements e.g. through the TLD postal service of the IAEA.

When differences are found the reasons for them must be investigated as part
of the general quality control programme.
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Appendix A

EVALUATION OF UNCERTAINTIES

According to a widespread procedure, uncertainties in measurements are sub-
divided into two classes — denoted as random and systematic. This traditional view,
however, has no objective basis [94]. Thus, since by ‘systematic’ uncertainty one
usually means a contribution which cannot be reduced by taking more measurements
in which this component is involved, this is a concept which depends on the way a
certain result (with its uncertainty) is subsequently used. As a consequence, the type
of an uncertainty can change (from random to systematic, or vice versa), depending
on the ensuing data handling. This shows that the classification, although it may
sometimes be practical, is not a very profound one.

It may be noted in passing that the concepts correction and uncertainty should
not be confused; whenever there exists a bias and its sign and magnitude are known,
it should be corrected for by the introduction of an appropriate correction. Once
applied, the known bias is eliminated, but any insufficient knowledge of this shift
will have to be included in the uncertainty of the corrected value. Modern usage is
to distinguish between ‘error’ and ‘uncertainty’ in such a way that an error can (and
therefore should) be corrected, whereas for an uncertainty this cannot be done since
its sign is unknown. In practice, however, one should not rely too heavily on the
exact use of the vocabulary as this is still somewhat fluctuating.

A.l. CLASSIFICATION OF DIFFERENT UNCERTAINTIES

A simple and stable classification of the various uncertainty components should
be based on the way the numerical values have been obtained. Then it is normally
possible to decide whether the value results from some statistical procedure
(no matter how simple or elaborate), or whether it relies essentially on personal
opinon. This does not automatically imply that ‘educated’ guesses made by an
experienced researcher are necessarily less reliable than values which result from
some kind of statistical estimation, but they are inevitably subjective.

In the BIPM recommendation on the statement of uncertainties (Giacomo [95],
Kaarls [96]) this has led to the subdivision of uncertainties into two groups, called
class A (statistical estimates, objective) and class B (guesses, subjective).

In fact, this classification is often not very important in practical applications,
as both types are subsequently treated in a completely similar manner. The distinc-
tion may, however, have some pedagogical justification as it compels the
experimenter to give some thought to the origin of his estimates. In addition, it may
be useful as a warning, for whenever uncertainties of class B play an important role
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among the various contributions, one should refrain from a precise evaluation of
confidence intervals, because no density function can be attributed with any
reliability to a class B value, which would be a prerequisite for such a calculation.

Uncertainties of class A. Since the numerical values of these uncertainties are
based on some statistical reasoning, they are in most cases already expressed in terms
of their standard deviation. As an example we may consider a dose determination
made with an ionization chamber. This involves a factor which allows for the fact
that the temperature of the chamber during the measurements may be different from
that for which it was calibrated. In addition, the temperature may be fluctuating. The
factor is known to be inversely proportional to the absolute temperature and its
uncertainty is proportional to the uncertainty in the temperature. One way to assess
this would be to make several measurements of temperature and to determine the
standard deviation of their average. This would yield

T ! ; T, -T2
S()—{mig(i— )} (A.1)

where T; is the result of an individual determination and T is the average of the
N measurements performed.

The standard deviations of other relevant quantities may be determined in an
analogous manner; their combination and effect on the final result will be discussed
later. For some specific applications (e.g. in time and frequency measurements) it
may be necessary to use a somewhat modified form of variance, called Allan
variance.

Uncertainties of class B. It is not always possible to assess the uncertainty of
a quantity by repeated measurements. Thus, it may be necessary to use values from
the literature. If uncertainties are stated, possibly in the form of estimated standard
deviations, they may be considered as components of class A and treated as such.
Examples are listed in Table XXII. However, such information may be lacking. It
then is the duty of the experimenter to assign to them, to the best of his knowledge,
uncertainties which may be considered as estimated standard deviations. This cannot
be done in a completely objective way as it involves personal experience and judge-
ment; in spite of the difficulties, such uncertainties should be estimated in the form
of standard deviations (or variances) because these are the quantities which are
actually needed for further propagation, and the assignment should be made by the
experimentalist since he alone has a comprehensive knowledge of the method and
the experimental procedures.

Some people prefer to state in these cases uncertainties in the form of
‘maximum limits’, in the sense that it is very unlikely that the ‘true’ value will be
outside this interval. While it cannot be denied that such values are easy to estimate,
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one has also to admit that they are ill defined and of limited practical usefulness. In
particular, they do not lend themselves to the formulation of a suitable propagation
law. Since in most practical cases various components will contribute to the total
uncertainty, it is of prime importance to have at one’s disposal a general expression
for doing this. By maintaining this requirement, however, one is inevitably led to
use variances (or their positive square root, called standard deviation) as the relevant
quantities. All other ‘measures’ will usually have to be ‘translated’ to variances
before being applicable.

Covariances. Practical measurements often involve quantities which are not
independent of each other, either because one of them directly influences another
one, or also because they are functions of another quantity (for instance temperature
or humidity). In this case they are said to be correlated and the degree of correlation
can formally be expressed by a quantity called covariance. Experimenters sometimes
think that covariances are quantities which are rather enigmatic and difficult to
handle, but happily of so little practical impact that they can nearly always be
neglected. Unfortunately, this is not quite a realistic view. For a clear account of the
basic concepts see, for instance, Allisy [97].

A close formal similarity exists between the quantities variance and
covariance. If for two quantities x and y there are N measurements available, we are
not only in a position to form the variance, which, for the measurements x;, is given
by

1

Var(x) = N-1

N

Y (5 - 02 (A.2)
j=1

with x the arithmetical mean value, and similarly for y, but also the covariance
between the quantities, defined as

1
N-1

N
Cov(x,y) = Y x=-00-y (A3)
j=1

From this it is obvious that Cov(x,x) = Var(x). If x and y are independent of each
other, we expect their covariance to vanish. Note that the concept of covariance
always involves a specific pair of variables (here x and y).

A.2. PROPAGATION LAW FOR UNCERTAINTIES

The quantity we want to determine by means of an experiment can rarely be
obtained by a direct measurement. In most cases the desired result is obtained in an
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indirect way, namely by the measurement of several quantities from which, by the
application of some mathematical relation, it is then possible to arrive at the quantity
actually looked for. Hence, if y is the final result and if the measured quantities are
denoted by x;, X3, ..., we can describe the situation by writing y = F(x;, X, ...),
which means that y is a (known) function of the n quantities x,, X, ..., X,, which
are supposed to be directly accessible to measurement. (Note that the x; now stand
for different variables in what follows.)

A basic result of mathematical statistics ensures us that the variance of y is
always given to a good approximation by the equation

oF
s§ B E <6xj

j=1

2 oF oF
2 2
st +2 — ) si (A4
) ! E < an axk) ik )
i<k
where sj2 = Var(x;) and sy = Cov(xj,x,) are in practice the sample estimates of
these quantities. This is the general propagation law for uncertainties. Note that no
distinction is made between the uncertainty components of class A or class B.

Two important special cases of simple functional relations may be distin-
guished. Thus, if

n
y = F(x, X3, ..., Xp) = o + E CiX; (A.S)
j=1

where the coefficients c; are constants, one readily obtains for the variance of x the
expression

n

2 _ 2.2

Sy = E G s +2 E Cj* Ci " Sik (A.6)
j=1 j<k

The other special case occurs if the variables are factors of a product (multiplications
or divisions, thus for

n
y = F(xy, X3, ..., Xp) = CQHI X{i (A.7)
e

In this case it is convenient to use the concept of relative uncertainty which is defined
for a quantity x; by
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S . . §j
r; = =L, and likewise ry = ik (A.8)
X; XXy

for the relative covariance.
Some simple algebra then leads to

2 2,2
rP= Y i +2 Y e (A.9)
j=1 j<k

These two special cases already cover a large fraction of the practical situations.

The proper use of the notion of correlation thus allows one to arrive at a real
unification of uncertainty statements. A possible general bias in a set of measure-
ments is now seen to correspond to a common positive covariance, and the effect
this has on the resulting variance is given by the propagation law mentioned above.
As a consequence, the previous and often somewhat arbitrary subdivision of uncer-
tainties into systematic and random components, with separate rules applicable to
their propagation, is now recognized as an unnecessary complication. The consistent
application of the propagation law in its general form not only allows one to simplify
the practical evaluations, but also clarifies the concepts used. Further details can be
found in Miiller [98} or DIN [99].
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Appendix B

INTRODUCTION TO WORKSHEETS AND FLOW DIAGRAMS

The following worksheet examples show the different steps to be followed in
the present Code of Practice.

First, the absorbed dose to air chamber factor Np, of a cylindrical chamber is
determined. It has been assumed that the SSDL has provided an air kerma calibration
factor N (or exposure calibration factor Ny) for a given dosimetry assembly, i.e.
electrometer plus ionization chamber. The calculation of the factor k; has been
considered in detail, although it will most often not be needed as many chambers
have been included in Table XVIII.

Second, the absorbed dose to water is calculated for the reference conditions
in electron and photon beams covering the whole range of application of the present
publication. For high energy photon beams calculation for ®Co has been chosen
since this is the most widely used radiation therapy unit.

Blank worksheets can be obtained free of charge from the

International Atomic Energy Agency
Dosimetry Section

Division of Life Sciences

P.O. Box 100

A-1400 Vienna

Austria

who can also supply copies of the flow diagrams.

The entries in italics in the worksheets are those assumed to have been filled
in by the user.
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Worksheets for Absorbed Dose Determination

WORKSHEET 1 FOR CALCULATING THE ABSORBED DOSE
TO AIR CHAMBER FACTOR Nj

Name: User Date:

1. Ionization chamber

Chamber model and serial number: NE 2505/3A, No. 4075
Cavity inner radius: 3./4 mm
Wall material: Graphite (p = 1.82 g/cm3), thickness: 0.0655 g/cm2

Buildup cap material: PMMA (p = 1.18 g/cm>), thickness: 0.543 g/cm?
total thickness: 0.6085 g/cm?

2. Calibration laboratory data

Calibration laboratory and date: SSDL, 860808

Calibration factor (kerma in a.ir)l, N = 9.08 X 1073 Gy/scale div
given at Py = 101.3 kPa, To = 20 °Cand 50 % R.H.
Polarizing voltage: ~250 V, field size: 10 X 10 cm?

Source chamber distance: /100 cm

3. Constants

W/e = 33.97 J/C, and g = 0.003 (for ®Co gamma radiation).

4. Determination of k,, kp?

Fraction of ionization due to electrons from chamber wall

(Fig. 15), a= 053

Stopping power ratio air/wall (Table XVII), Sair,wan = 0.998
Energy absorption coefficient ratio wall/air

(Table XVII), (B/Pen)watt,air = 1.001
Fraction of ionization due to electrons from

buildup cap, (l-a) = 0.47
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Stopping power ratio air/cap (Table XVII),

Energy absorption coefficient ratio cap/air
(Table XVII),

ky = @ Sair,wall (fien/ p)wa]l,air + (1-a) Sajr,cap (iten/ P)cap,air

5. Absorbed dose to air calibration factor

Np = Ng (1—g) kpy kny = 0.888 x 1072 Gy/div,
obtained at 101.3 kPa, 20 °C, 50% R.H.

' If N, instead of N is known, Ny is given by
w 1

NK = Nx -
e 1—g

Ny should be in C/kg per division. If Ny is in R/div:
Ny (C/kg div) = Ny (R/div) 2.58 x 10™* (C/kg-R)

Sair,cap
(fen/ p)cap,air

Ko
Kot K

0.908

1.081

0.991
0.990
0.981

% If the chamber is included in Table XVIII it is recommended to use the product

k. k, given there.
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WORKSHEET 2 FOR CALCULATING THE ABSORBED DOSE TO WATER
UNDER REFERENCE CONDITIONS USING ELECTRON BEAMS

Name: User Date:

1. Radiation treatment unit: Sagittaire

Nominal energy: 19 MeV

Depth of the effective point of measurement: 3 cm, (zp, — Zp = 0.51)!
Field size: 10 x 10 cm? at SSD = 100 cm

Nominal dose rate of the accelerator: 200 monitor units/min
2. Ionization chamber

Model and serial number: NE 2505/34, No. 4075

Inner radius': 3.74 mm, wall material and thickness: Graphite, 0.0655 g/cm?
Absorbed dose to air chamber factor:

Np = 0.888 x 10~? Gy/div given at Py = 101.3 kPa, T, = 20 °C, 50 % R.H.
Polarizing voltage: —250 V

Response change as compared to calibration date derived from checking against a
radioactive source: O.K. within 0.2%

3. Electrometer reading correction

Reading?, M0 = 0.9976 div/m.u., monitor setting: 200 m.u.
Pressure, P = 100.3 kPa
_ Py @732+

Temperature, T = 24.3 °C — = 1.025
P PP = 5 2732 + Ty

Humidity correction, k, = 1.000

Recombination correction (Table VIII or IX)

I

V, = 250 V,V, = 8333 V, M)/M, = 1.095 , p, = 1.054

M, = MC prp kp ps = 1.078 div/m.u.
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Electron fluence correction plastic to water (Table XII),3 h,, = 1.0

Myw = M, hy, = 1.078 div/m.u.

4. Absorbed dose to water

Ranges obtained by measurement at SSD = 1 m with absorbed dose curves
Rsg= 7.4 cm, R, = 9.0 cm

Phantom material (plastics can only be used if Eg < 10 MeV)
a) water b) plastic

Ranges converted to ranges in water (Eq. (1), Table III)
Ro= om R, = om

Most probable energy at the surface

Epo = 0.22 + 1.98 R, + 0.0025 R;‘;, Epo = 1824 MeV
Mean energy at the surface (Table IV), Ey= 17.56 MeV
z/R, = 0.333 , E/E, (Table V) = 0.596
Mean energy at depth (z = 3 cm), I_Ez = 10.47 MeV
Stopping power ratio water/air (Table X), Swair = 0.999
Perturbation factor (Table XV)*, p. = 0.981

Dy, (Pes) = M, Np sy i Py = 0.938 X 1072 Gy/m.u.

! For plane parallel chambers, P, is situated in the front surface. Data regarding
radius are therefore not needed.

2 Averaged value of readings corrected for leakage and polarity.

? Equal to 1 if a water phantom is used.

* Equal to 1 for plane parallel chambers.
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WORKSHEET 3 FOR CALCULATING THE ABSORBED DOSE

TO WATER UNDER REFERENCE CONDITIONS USING

HIGH ENERGY PHOTON BEAMS
Name: User Date:

1. Radiation treatment unit: Theratron 80, ®Co
Nominal accelerating potential: MV

Depth in water of the effective point of measurement: 5 cm,
(zp,; — zp = 0.5 1, Fig. 11)

Field size: 10 X 10 cm? at SSD = 80 cm

Nominal dose rate of the accelerator: monitor units/min

2. Ionization chamber

Model and serial number: NE 2505/34, No. 4075

Inner radius: 3./4 mm, wall material and thickness: Graphite, 0.0655 g/cm2
Absorbed dose to air chamber factor:

Np = 0.888 x 1072 Gy/div given at Py = 101.3 kPa, T, = 20 °C, 50 % R.H.
Polarizing voltage: —250 V

Response change as compared to calibration date derived from checking against a
radioactive source: O.K. within 0.1%

3. Electrometer reading correction

min?
Reading!, MY = 76.43 div/min?, monitor setting: — m.u.
Pressure, P = 100.7 kPa _B B2+

Ptp = 1.019

P (273.2 + Typ)

— o
Temperature, T = 23.8 *C Humidity correction, ky = 1.000

Recombination correction (Table VII or IX, or Fig. 13)
V,= 250 V,V, = 833 V,M\//M; = 1.001 , ps = 1.000
M, =Mprpkyp, = 77.88 div/min?




4. Absorbed dose to water

Quality of the beam, TPR3) (or Dyy/Dyg) = — for 10 X 10 cm?

at SCD = 1 m (SSD = 1 m)
Stopping power ratio water/air (Table XIII), Swair = 1.133
Perturbation factor (Fig. 14)3, p. = 0.991

D,, (Py) = My Np sy uir Py = 77.65 X 10~% Gy/min?

! Average value of readings corrected for leakage and polarity.

2 Corrections for the effective irradiation time in gamma therapy beams should be
accounted for.

* The perturbation factor can also be obtained from Eq. (23). Fraction of ionization

due to electrons from chamber wall (Figs 15 and 16), a= 053
Stopping power ratio wall/air (Table XX), Swanair = 1.002
Energy absorption coefficient ratio water/wall (Table XXI), (Ben/ 0o wan = 1.113
Fraction of ionization due to electrons from water, (l1—a) = 0.47
Stopping power ratio water/air (Table XIII), Swair = 1.133

P, = Q Syall air (p'en/p)w,wnll + (1—a) Sw air = 0.992
S,

w,air
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WORKSHEET 4 FOR CALCULATING THE ABSORBED DOSE TO WATER
UNDER REFERENCE CONDITIONS USING X-RAYS

Name: User Date:

1. Radiation treatment unit:

Nominal tube potential 200 kV, filtration: I mm Cu, 3.8 mm Al
Nominal tube current: 10 mA

Applicator/field size: 10cm X 10 cm at FSD = 80 cm

Quality of the beam to be used, HVL = 1.6 mm of Cu

2. Ionization chamber

2a. Plane parallel (low energy X-rays, 10-100 kV)
Model and serial number:

Calibration factor at HVL = mm of
(Nominal kV = , filtration: )

Nk = Gy/div, Np ,, = Gy/div

given at Py, = kPa, T =  °C, % R.H.

Polarizing potential: V, field size: cm?

Source-chamber distance: cm

Response change as compared to calibration date derived from checking against a
radioactive source:

2b. Cylindrical (medium energy X-rays, 100~300 kV)
Model and serial number: PTW M23331 No. 307
Calibration factor at HVL = 1.6 mm of Cu
(Nominal kV = 200 , Filtration: 3.8 mm Al 1 mm Cu )
Ng = 28.78 x 10° Gy/C,
given at Py, = 101.325 kPa, To = 20 °C, 60 % R.H.
Polarizing potential: +500 V, Field size: 10 cm X 10 cm
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Source-chamber distance /00 cm

Response change as compared to calibration date derived from checking against a
radioactive source: O.K. within %

3. Electrometer reading correction

Reading, M% = 6.072 x 107! C/min

Pressure, P = 101.84 kPa _ Py 2732 + T

P @B2+Ty OO

Temperature, T = 21.3 °C
1.000

Humidity correction, k

Recombination correction (Fig. 13):
V., = V,V, = vV, M/M, = |, ps = 1.000
M, =Mprpk,p, = 6068 x 107! C/min

4. Absorbed dose to water

4a. Low energy X-rays (surface)
(i) Np, available

D, = My Np,, = Gy/min
(ii) Nk available

(a) Energy absorption coefficient ratio water/air

(Table XIV), (Bten/ P ais =
(b) Backscatter factor (Table XVI), B =
(c) Correction for spectral dependence!, k, =

D, = M, Ng Bk, (few/P)ur =  Gy/min

4b. Medium energy X-rays (5 cm depth)

(a) Energy absorption coefficient ratio water/air

(Table XIV), (el P gir = 1.074
(b) Perturbation factor (Table XV), p. = 1.04
(c) Correction for spectral dependencel, k, = 1.000

D,, = M, Nk (fen/O)wpis Pu Ky = 1.95 X 10~ Gy/min

! Equal to 1 for most practical situations.
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FLOW DIAGRAMS

Choose measuring system

[

)\ Check stability
of the system

Compatible
with calibration
data?

(a)

known?

Determine N
following Yes
scheme B L

L

A 4

Therapy unit

No

Beam
geometry
checked?

Follow
procedures
Section 3.3

-

A 4

Photons Elactrons

Photon
or electron

beam?

Scheme A1

{a} For X-raysonly N.< {or ND w for low ensrgy X-rays — sea Section 6.2.2) is needed.

Diagram A. Determination of absorbed dose to water under reference conditions: general.
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No

A 4

Determine Ry, and Rgg (a)
Yes Eg — Table IV
! Epo = 022+ 1.98 Ry + 0.0025 R2
< ]

Reference conditions
Pag¢ (b), depth, etc.
(Table Vi)

[

Select parameters
— Table X

Sw,air

Py (c) — Table X}

Eg < 10 Mev

Plastic

Chamber situated at 2 (Eq.(19))
phantom?

Mu = Mu(pl) ‘B hyy, from Table Xil

Water
phantom

Y
1

'

Dy, (Pags) = M, Npsw,airPu (d)

Notes:

(a) Broad beams always have to be used. |f ranges are obtained in plastics, scale Rp and RSO
according to Eq.(1).

{b} If a plane chamber is used, Pyy is situated in the front surface.

{c) For a plane chamber, Py = 1.0. For cylindrical chambers, compute z/R_ and obtain E. z/EO
from Table V. Using E, and the inner radius of the chamber, obtain p,, from Table XI.

{d) M, should be corrected for temperature, pressure, recombination, etc. (see Section 7.1).

Diagram A2. Absorbed dose to water in electron beams.
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