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PREFACE

The success or failure of radiation therapy can depend upon
the accuracy with which a dose prescription is fulfilled. For
many diseases the required accuracy is not known; for oth-
ers, the outcome of treatment depends upon tumor doses
that do not vary by more than + 5% about the optimum.!
The establishment of tumor-cure probabilities, optimized
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time-dose schedules, and radiobiological efficiencies re-
quires that the systematic uncertainties in dosimetry be
made considerably smaller than the uncertainties in measur-
ing tumor volume and response. This necessitates that im-
proved accuracy be sought in the dosimetry of high-energy
photon and electron beams, which is the subject of this Pro-
tocol. Also, the comparative clinical assessment of therapeu-
tic radiations other than x rays and electrons, such as neu-
trons, protons, pions, and heavy ions, emphasizes further the
necessity for improving the accuracy of photon and electron
dosimetry. The ICRU? estimates the uncertainty in high-
energy x-ray dosimetry, performed with a calibrated ioniza-
tion chamber, tobe + 3.3%, however, recent reports on this
subject’™™ suggest that the uncertainty is higher than this.
There are no comparable data for electron beams, but the
uncertainties are likely to be even greater because of the pro-
nounced dependence of electron spectra, and consequently
stopping-power ratios, on depth. As the conceptual aspects
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of radiation dosimetry are advanced, and physical data and
measuring instruments are improved, it is incumbent upon
the radiological physics community to adopt these improve-
ments in order to reduce the uncertainty in the dose calibra-
tions of radiation therapy machines. The purpose of this Pro-
tocol is to describe methods and provide data that will
permit radiological physicists to determine absorbed dose
more accurately than has heretofore been possible.

Prior to 1980, there were a number of codes, protocols,
and reports by national and international organizations
which provided physicists with a systematic approach to the
dosimetry of high-energy photons and electrons.”'®5* Al-
though a variety of dosimetric methods are discussed in
these documents, a common characteristic of all of them is
the use of an ionization chamber having an exposure-calibra-
tion factor for ®®Co gamma rays or 2-MV x rays traceable to
a national standards laboratory. By application of the expo-
sure-calibration and appropriate dose-conversion factors,
generally known as C, and Cy, in-phantom ionization mea-
surements for high-energy radiations may be translated to
absorbed dose. The method of the calibrated cavity'® has
provided medical physics and radiotherapy for almost two
decades with a relatively simple and accurate means of dosi-
metry, and one that provided an acceptable degree of unifor-
mity in dose delivery the world over.

It is inevitable that concepts change, and data and instru-
mentation are refined. The method of the calibrated cavity is
totally dependent upon the *°Co exposure calibration to spe-
cify what in the last analysis is the dose to the air in the
chamber, and ignores how this parameter is affected by the
composition and dimensions of the chamber. When C; is
used for x-ray dosimetry, the tacit assumptions are made
that the chamber is of a water-equivalent composition, and
that the same replacement factor applies to all chambers
regardless of the x-ray energy or the depth at which the mea-
surement is made. When C;; is used for electron dosimetry,
the assumption is made that the chamber is of an air-equiva-
lent composition, and that an electron perturbation correc-
tion is the only depth-dependent correction that need be ap-
plied. Task Group 21 of the Radiation Therapy Committee,
AAPM, was formed for the purpose of reviewing both the
concepts and data employed for high-energy dosimetry, and
to make revisions as required. It was recognized early that
certain pitfalls could be avoided if both photon and electron
dosimetry were treated as parts of the same overall problem.
It was also recognized that the physical characteristics of the
ionization chambers employed for clinical dosimetry, as well
as mismatches between the chamber wall and phantom,
must be taken into account if the accuracy of dosimetry were
to be improved. The revised Protocol for high-energy dosi-
metry, which is presented below, departs most markedly
from the earlier protocols in these respects.

Those aspects of existing protocols that the Task Group
found inconsistent with the requirements of logical develop-
ment and accurate dose determination are the following:

First, the concept of in-phantom measurement of expo-
sure at the calibration energy, a concept that provides the
logical basis for several derivations of dose-conversion fac-
tors,”'? is subject to question because in-phantom measure-
ment of exposure requires that the in-air exposure calibra-
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tion factor of the ionization chamber (with buildup cap)
remain constant regardless of the depth and field size em-
ployed for the in-phantom measurement. For °Co gamma
rays, about 20% of the dose to water at a depth of 5 cm and a
field size of 10X 10 cm? is contributed by scattered, energy-
degraded photons. Therefore, it is necessary for the ioniza-
tion chamber (with buildup cap) to have a constant exposure-
calibration factor down to photon energies of approximately
200 keV.

Second, the generally accepted values of the dose-conver-
sion factors for photons (C, ) and electrons (C) do not agree
for comparable in-phantom electron spectra produced by
photon and electron beams.?

Third, the replacement factor, which is a function of
chamber dimensions and the gradient of the depth-dose
curve (Sec. IV D), is incorrectly treated as a constant which
is independent of these parameters.

Fourth, differences in the composition of the chamber
wall and dosimetry phantom, which affect the dose from x
rays, are not taken into account (Sec. IV A).

These criticisms are addressed in the Protocol, and new
methods and data are provided to circumvent or satisfy each
one.

I. LIST OF SYMBOLS AND UNITS

a Fraction of ionization due to electrons from the

chamber wall

Ton-collection efficiency in the user’s chamber at

the time of ®°Co exposure calibration at NBS or an

ADCL

A correction for replacement of water by the user’s

chamber at the time of *°Co absorbed-dose calibra-

tion at NBS or an ADCL

Correction for attenuation and scatter in the wall

and buildup cap of the user’s chamber when ex-

posed in air to *°Co gamma rays

B Quotient of absorbed dose by the collision part of

kerma

A Cutoff energy in Spencer—Attix formulation of the

Bragg—Gray equation (keV)

Depth on the central axis at which an ionization

chamber gives the maximum reading, for electron

and photon beams (cm or g/cm?)

dsy Depth on the central axis at which an ionization

chamber reads 50% of maximum, for electron

beams (cm or g/cm?)

Absorbed dose to the gas (air) in the chamber (Gy)

nea  Absorbed dose to the phantom medium at the posi-
tion of the chamber center, with the chamber re-
placed by the medium (Gy)

A

ion

repl

wall

D,.. Absorbed dose to water at the position of the
chamber center, with the chamber replaced by wa-
ter (Gy)

E, Mean electron energy at depth of measurement
(MeV)

E, Mean incident energy of an electron beam (MeV)

war A factor that relates electron fluence in water to
that at a comparable point in a different medium
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(S/p)
SDD
SSD

Heo/p

W/e

z/R

P

AAPM Protocol: Task Group 21: A Protocol for absorbed dose from high-energy beams 743

Specific charge in the gas (air) of the chamber (C/
kg)

Charge produced in air per unit mass per unit expo-
sure (2.58x 1074 Ckg™'R™)

Mean restricted collision mass stopping power
Electrometer reading normalized to 22 °C and one
standard atmosphere (C or scale division)
Exposure calibration factor (R/C or R/scale divi-
sion) uncorrected for ion recombination
Absorbed-dose calibration factor (Gy/C or Gy/
scale division) uncorrected for ion recombination
Cavity-gas calibration factor (Gy/C or Gy/scale di-
vision)

Ion-recombination correction factor applicable to
the calibration of the user’s beam

A factor that corrects for replacement of phantom
material by an ionization chamber

Mass density of cavity gas (air) at time of measure-
ment (kg/m?)

Practical range of an electron beam; the depth of
intersection of a line drawn tangent to the depth-
dose curve at the point of maximum slope and a line
extrapolated from the bremsstrahlung tail (Fig. 6)
Mean unrestricted collision mass stopping power
Source—detector distance (cm)

Source—surface distance (cm)

Mean mass energy-absorption coefficient
Chamber collecting volume (m?)

Mean energy expended per unit charge in air at usu-
al humidity (~33.7 J/C)

Exposure at position of chamber center, with
chamber replaced by air (R)

Depth of penetration of an electron beam, ex-
pressed as a dimensionless fraction of the practical
range

Physical quantity Unit name Unit symbol
Length meter m
Mass kilogram kg
Time second s
Time minute min
Thermodynamic .
temperature Kelvin K
Celsius degree .
temperature Celsius C
Pressure pascal Pa

millimeters
Pressure of mercury mmHg
Energy joule J

lect

Energy 3061(; ron eV
Electric
potential volt v
Electri
Che:;gr;c coulomb C
Absorbed
dose gray Gy (= J/kg)
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Exposure roentgen R
Electron electrons per s
concentration cubic centimeter € /cm
Mass per grams per o/om?
unit area square centimeter

Conversion factors

Thermodynamic temperature (K)= Celsius temperature
(°C)+ 273.16

Pressure (Pa) = Pressure (mmHg) < 133.3
Energy (J) = Energy (V)< 1.602Xx 10~ *°
Electric charge (C) = Electric charge (esu)x 3.336 X 10~ '°

Air collision kerma (kinetic energy released per unit mass)
(Gy)=
Exposure (R} X W /e(J/C) X 2.58x10~*
(1—g
where g is the fraction of the initial electron kinetic energy
expended in radiative interactions.

y

II. INTRODUCTION
A. General considerations

The purpose of this Protocol is to provide radiological
physicists with an accurate method for determining the dose
to water from the high-energy photon and electron beams
used for radiation therapy, i.e., ®*Co gamma rays, x rays with
maximum energies in the range of 2-50 MeV, and electron
beams with mean incident energies in the range of 5-50
MeV. The approach of this protocol is markedly different
from earlier protocols that have been widely followed in the
United States, such as SCRAD'® and ICRU Report No. 21,8
in that (a) the response of an ionization chamber is character-
ized by a new parameter N,,, that is a function of a variety of
chamber-dependent parameters in addition to the ®°Co ex-
posure-calibration factor; (b} polystyrene and acrylic plastics
as well as water are recommended for primary dosimetry
phantoms; (c) all chamber-dependent and radiation-depen-
dent parameters remain explicit in the dose calculations.

The flow diagram, Protocol Procedures and Section Re-
ferences, shown on the following page, was prepared to show
the sequence of, and thereby place into perspective, each
component of the Protocol. The major components are listed
in the left-hand column, and the physical parameters and
other dosimetric data that relate to each of the components,
and section references for these data, are listed in the right-
hand column.

(A) A ®Co calibration factor for the user’s ionization
chamber is a prerequisite for application of the Protocol.
Although the %°Co factor is not a major component of the
Protocol, it is given a position of prominence in the flow
diagram so as to assure the reader that this national reference
standard, which in no small part is responsible for the high
level of uniformity in radiation-therapy dosimetry, contin-
ues to play an essential but less explicit role.

(B) The cavity-gas calibration factor ¥, is the dose to the
gas (air) in the chamber per unit electrometer reading. Itis a
constant for all radiation qualities for which the average en-
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Protocol Procedures and Section References

A 80¢o calibration < NBS or ADCL
B Cavity-gas calibration factor, Definition and Equations (ll})
Ngas Stopping-power ratios (lll C)
Ratios of mass energy-absorption coefficients (lll C)

Fraction of electrons from chamber wall (Il G)
Ionization collection efficiency (lli D)

Wall correction factor (lll E)

Absorbed dose-to-kerma ratio (Il F)

Physical constants: K, W/e (lll A)

Typical values (Table XVII)

Worksheet (1)

Y
c Phantom materials and calibration General description (V)
depths : Physical properties of phantom materials (V A)
Calibration depths (VB)
Scaling factors for photon beams (V C)
Scaling factors for electron beams (VD)
y

D Dose-to-phantom (water or |e—o— Definitions and Equations (IV)
plastic), Dpeg Stopping-power ratios (IVB)
Ionization recombination correction (IVC)

Electrons «&——— | Electron replacement factors (IVD)
Worksheet (3)

Photons |«& - Photon replacement factors (IV D)

Fraction of electrons from chamber wall (IVF)
Ratios of mass energy-absorption coefficients (IVE)
Worksheet (2)

\ \

E Transfer of dose from plastic
to water

Dose-transfer factors, photons (VC)
Dose-transfer factors, electrons (VD)

A

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983



745 AAPM Protocol: Task Group 21: A Protocol for absorbed dose from high-energy beams 745

ergy expended in the production of one ion pair (W) is the
same as that for ®®Co gamma rays (33.7 eV). This is the case
for the radiations covered in this Protocol as well as for x
rays with energies as low as 10 keV. The cavity-gas calibra-
tion factor can be obtained from the National Bureau of
Standards (NBS) or an Accredited Dosimetry Calibration
Laboratory (ADCL) at the time of the ®*Co exposure calibra-
tion, or it may be calculated according to the theory and
equations of Sec. III using the N, Worksheet of Sec. VIIL
The calculation of N, need be made only once, and subse-
quently only if the **Co exposure calibration were to change.

(C) The user may choose any of three materials for a dosi-
metry phantom: water, polystyrene, or acrylic plastic. Rec-
ommended calibration depths for water phantoms are given
in Sec. V. When polystyrene or acrylic phantoms are used for
x-ray dosimetry, the calibration geometry must be adjusted
so that the photon fluence at the dosimeter is the same as that
at the calibration depth in a water phantom. When plastic
phantoms are used for electron dosimetry, the geometry is
the same as for a water phantom, however, corrections for
differences in the electron fluence in plastic compared with
water will be required. There are advantages and disadvan-
tages to each of these materials. As water is the reference
material for dose calibrations, the additional step of transfer-
ring dose to plastic to dose to water is avoided by the use of a
water phantom. On the other hand, water phantoms take
more time to make ready, are inconvenient by comparison
with plastic phantoms, require a waterproof chamber, pres-
ent difficulties in accurate repositioning of the chamber, and
hydrostatic pressure may cause volume or pressure changes
in some types of chambers. It is recommended that the user
choose a dosimetry phantom that, based upon the data pro-
vided in the Protocol and his own unique requirements, will
yield the most accurate and reproducible dosimetry for his
radiation beam.

(D) When ionization-chamber measurements are made in
phantom, the product of N,,,, and the electrometer reading is
the dose to gas in the chamber due to the radiation fluence at
the measurement point. The dose to the phantom material
that replaces the chamber when it is removed from the phan-
tom is given by the product of the dose to gas, the ratio of
stopping powers of the phantom material to air, and factors
that account for phantom replacement and ionization re-
combination. The theory and data for calculating dose to
phantom are given in Sec. IV and Worksheets for x-ray and
electron beam dosimetry are in Sec. VIII,

(E) When plastic dosimetry phantoms are used, the theory
and data of Sec. IV enable the user to determine the dose to
plastic. Having followed the irradiation procedures recom-
mended in Sec. V, the photon fluence at the measurement
point in the plastic phantom is the same as would be obtained
at the calibration depth in a water phantom. When photon
fluences are equal, the dose to water is related to the dose to
plastic by the ratio of their average mass energy-absorption
coefficients. After correcting the dosimeter response for the
lower electron fluence in polystyrene and acrylic plastics, the
dose to water is given by the product of the dose to plastic
and the ratio of their unrestricted mass collisional stopping
powers. These ratios, referred to as dose transfer factors, for
x rays and electrons are given in Sec. V.
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B. Specification of beam quality

The ratio of average stopping powers, which is required
for the calculation of dose to the phantom material, is a func-
tion of the spectrum of electrons at the point of measure-
ment, and this spectrum, in turn, is a function of the energies
of the incident x rays or electrons. As the x-ray or electron
spectra produced by accelerators operating at the same ener-
gy may differ significantly, the selection of stopping-power
ratios based upon the console reading of beam energy can
result in a systematic error in dosimetry. The Protocol re-
commends that indices of beam quality be determined from
in-phantom depth-ionization measurements.

For x rays, it is assumed that the secondary electron spec-
trum is constant at depths greater than the depth of the dose
maximum d,,,, . lonization measurements are made with a
fixed source—detector distance at depths of 10 and 20 cm.
The ratio of the 20-cm reading to the 10-cm reading is relat-
ed to water/air, polystyrene/air, and acrylic/air stopping-
power ratios in Fig. 2. In the figure, the ionization ratio is
also related to the “nominal accelerating potential” of the x-
ray source. This new parameter, the nominal accelerating
potential, is introduced mainly as a matter of convenience
and to retain a commonly used nomenclature. Few physi-
cists or radiotherapists would want to describe their accel-
erators in terms of the ionization ratio, and it is reasonable to
describe x-ray quality in units of megavolts. It should be kept
in mind that the ionization ratio and nominal accelerating
potential are similar to the half-value layer concept; they
afford the best means presently available for selecting the
appropriate stopping-power ratio but they do not uniquely
define the photon spectrum or the true accelerating poten-
tial.

For electron beams, the incident spectrum is constantly
degraded with depth of penetration. The stopping-power ra-
tios given in Sec. IV B were calculated for broad beams of
monoenergetic electrons incident upon a semi-infinite phan-
tom. The depth of the 50% dose level for these monoenerget-
ic electrons is related to their incident energy by the factor
2.33 MeV/cm. To be consistent with the calculated depth-
dose and stopping-power data, it is recommended that the
mean incident energy of the user’s beam be determined by
multiplying the depth of the 50% dose on the central axis by
2.33 MeV/cm. The appropriate stopping-power ratio is ob-
tained from Tables V-VII by matching the user’s phantom
material, calibration depth, and mean incident energy with
the corresponding parameters in the tables.

C. Dosimeters

The primary method of dosimetry recommended by the
Protocol requires an ionization chamber having a calibra-
tion factor for ®°Co gamma rays directly traceable’ to NBS.
The use of a national standard to characterize the response of
an ionization chamber assures both accurate and consistent
therapy machine calibrations. For ionization chambers in-
tended for use with a specific electrometer, the exposure-
calibration factor will have the units of roentgens per scale

T“Directly traceable” means that the instrument has either been calibrated
at NBS, or has been calibrated at an ADCL against a secondary standard
that has itself been calibrated at NBS (Ref. 51).
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division; for chambers having electrical connectors that per-
mit their connection to a variety of calibrated electrometers,
the comparable units will be roentgens per coulomb. As the
accuracy of most charge-measuring electrometers depends
upon the stability of a capacitor in the feedback loop of an
amplifier, it is as important to routinely calibrate the elec-
trometer (coulombs/scale division) as it is to calibrate the
ionization chamber to which it is connected. Exposure-cali-
bration factors, and therefore N, also, are referenced to the
chamber response at 22 °C and one standard atmosphere
pressure (760 mmHg), and care must be exercised in the ap-
plication of the appropriate temperature and pressure cor-
rections.

Although instruments of any reasonable dimensions can
be calibrated in terms of exposure, this Protocol sets upper
limits on the dimensions of the air cavity. For a cylindrical
chamber placed with its axis perpendicular to the beam di-
rection, the internal diameter should be no greater than 1
cm. Its internal height should be such that the radiation
fluence is uniform from end to end for the smallest field size.

The uncertainty in the determination of dose to the dosi-
metry phantom will be less when the chamber composition is
the same as the phantom, e.g., a polystyrene chamber in a
polystyrene phantom. This is noticeably important for the
dosimetry of electrons in the range of 5-15 MeV when using
a plane-parallel chamber that has its collecting volume sup-
ported by a centimeter or more of solid plastic. Electrons
that are backscattered from this plastic support make a sig-
nificant contribution to the total ionization. As electron
backscatter is a direct function of atomic number,>® differ-
ences in the composition of the plastic support and the dosi-
metry phantom can cause the ionization to be higher or low-
er than would be obtained if the compositions were the same.
For example, the response of a plane-parallel chamber that
has a 1-cm-thick acrylic support, to 7-MeV electrons atd,,,
in water is about 1.5% less than would be obtained from the
same chamber backed by only water.*®

As for chamber geometry, chambers of the guarded field,
plane-parallel design, typically having electrode spacings
and diameters on the order of 2 mm and 2 cm, respectively,
require smaller replacement corrections than cylindrical
chambers, and their depths are accurately defined at the in-
ner surface of the proximal collecting plate. Replacement
corrections for cylindrical chambers in photon beams do not
exceed 1.5%, and are less than 0.8% for Farmer-type cham-
bers, however, for low-energy electron beams they can be as
large as 4% for Farmer-type chambers and can exceed 5%
for chambers with internal diameters greater than 7 mm.
Available data indicate that the effective point of measure-
ment for cylindrical chambers in electron beams is between
two-thirds and three-quarters the inner radius in front of the
chamber’s axis. For the cylindrical chambers that meet the
requirements of this Protocol, the uncertainty in the mea-
surement depth at d,,, for electron beams is less than 0.5
mm. Because the uncertainty in the determination of any
physical parameter is reduced as the magnitudes of correc-
tion factors are reduced, plane-parallel chambers are prefer-
able to cylindrical chambers when used in the same dosi-
metry phantom. This preference will be diminished when,
for example, a plane-parallel chamber in a polystyrene phan-
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tom is compared with a cylindrical chamber in a water phan-
tom, both irradiated with low-energy electrons. The uncer-
tainties are minimized when a plane-parallel chamber is used
in water, and are greatest when a cylindrical chamber is used
in plastic. In accord with a supplement to the NACP proto-
col’” plane-parallel chambers are preferred for electron-
beam dosimetry in the range of 5-10 MeV.

Exposure calibration factors N, for ®®Co gamma rays are
at present provided in the United States by NBS, and by the
AAPM ADCLs. The ADCLs are referenced to NBS by ref-
erence-class ionization chambers, and intercomparisons
between the ADCLs and NBS take place at approximately
yearly intervals. For the purposes of this Protocol, the cali-
brations provided by ADCLs are equivalent to those pro-
vided by NBS.

D. Buildup caps

For an ionization chamber to be suitable for in-air calibra-
tion in terms of exposure, the chamber wall must be thick
enough to provide electron equilibrium at the sensitive vol-
ume. For orthovoltage x rays, wall thicknesses of 0.5 mm are
more than adequate to satisfy this requirement, however, for
%Co gamma rays, wall thicknesses of about 5 mm are re-
quired, and many chambers must be fitted with buildup
caps. If such a chamber is used to measure exposure in a
phantom, the buildup cap must be in place, and the exposure
so determined is at the center of the cavity left in the phan-
tom after the chamber with buildup cap is removed. For
®Co gamma rays, it is questionable whether the in-air expo-
sure-calibration factor is applicable to in-phantom measure-
ments of exposure because of the presence of lower energy
scattered photons that were not present in the calibration
beam. In-phantom measurement of exposure plays norole in
the dosimetric methods developed in this Protocol.

In the present Protocol, the ionization chamber approxi-
mates a gas-filled Bragg—Gray cavity in a solid or liquid ex-
tended medium. Under ideal conditions all of the ionization
of the gas in the cavity is due to electrons that arise in the
phantom material, and the dose to phantom is related to the
dose to gas by the ratio of their average stopping powers.
Experimental conditions come closer to the ideal when the
chamber wall is of the same composition as the phantom,
e.g., an acrylic chamber in an acrylic phantom. If the
chamber wall and phantom are of different compositions,
then some of the ionization will be due to electrons that arise
in a material different from the phantom, and corrections
will be required. Except when the buildup cap and phantom
are of the same composition, the buildup cap should be re-
moved so as to reduce the magnitude of the corrections.
When water phantoms are used, and the chamber must be
made waterproof, a thin, low-atomic-number sheath should
be used, the electrons from which contribute less than 25%
of the ionization in the chamber (see Sec. IV F).

E. Dosimetry phantoms

For uniformity in the calibration reports for radiation-
therapy machines, the Protocol recommends that the dose
per unit time or monitor unit be expressed in terms of the
dose to water. The ionization measurements upon which the
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calibration is based may, however, be made in polystyrene or
acrylic* plastics as well as in water. When plastic phantoms
are employed, the irradiation geometry must be altered so
that the dosimeter is exposed to the same photon fluence as
that in a water phantom. The extent to which the irradiation
geometry is altered depends upon the density of the plastic,
and it is the responsibility of the medical physicist to deter-
mine the density of plastic dosimetry phantoms, or to select a
responsible manufacturer who calibrates the thickness of
each plastic slab and calibration depth in terms of mass per
unit area. When plastic phantoms are used, the first step in
the dosimetric calculations is to determine the dose to the
plastic, and the second step is to transfer that dose to the dose
to water.

F. Absorbed-dose calibrations

NBS also provides absorbed-dose calibrations for *°Co
gamma rays. A graphite calorimeter'' positioned in a graph-
ite phantom is used to establish the dose to graphite. Next, a
thick-walled graphite ionization chamber is placed in a simi-
lar graphite phantom at the same depth as the core of the
calorimeter. Under these conditions, the chamber is exposed
to the same photon fluence as the calorimeter, and it may be
calibrated in terms of dose to graphite. The ion chamber is
then transferred to a water phantom where the source-
chamber distance and the depth are scaled from those used
with the graphite phantom so that the photon spectrum at
the measurement point in the water is the same as the spec-
trum in graphite.>® The response of the graphite chamber in
water, when multiplied by the ratio of mass energy-absorp-
tion coefficients of water to graphite and a chamber replace-
ment factor, yields the dose to water. The user’s chamber is
placed at the same depth in the water phantom as the graph-
ite chamber, and an absorbed-dose calibration obtained
from its response. Similar to exposure calibration factors,
absorbed-dose calibration factors are expressed in terms of
dose to water per scale division or dose per unit charge at the
position of the center of the chamber in the absence of the
chamber, i.e., when the chamber no longer perturbs the radi-
ation field in water. The use of ®Co absorbed-dose-calibrat-
ed chambers in the Protocol is described in Sec. III H.

G. Alternate methods

The user is urged to compare whenever possible the re-
sults obtained with this Protocol to those obtained by other,
independent methods. Of specific interest are calorimeters
and the Fricke ferrous-sulfate dosimeter because stopping-
power ratios of the phantom material to a solid or liquid
dosimeter are less sensitive to changes in electron spectra
than are the stopping-power ratios of phantom materials to
air, replacement corrections for a solid or liquid dosimeter
are smaller than for an air-filled dosimeter, and the response
of both of these dosimeters is independent of dose rate.

lll. THE CAVITY-GAS CALIBRATION FACTOR N,

The mathematical conversion from ionization in a small,
gas-filled cavity to energy absorbed in the material sur-
rounding the cavity is based upon the well-known Bragg—
Gray theory.!? As applied to ionization chambers, the

* Acrylic, as used in this protocol, means polymethylmethacrylate, which is
commercially produced as Lucite, Plexiglas, and Perspex.

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983

Bragg-Gray theory is essentially a two-step process: the first
step requires that the dose to the gas in the cavity be deter-
mined, and the second step transfers the dose to gas to the
dose to medium. Direct application of this theory requires
that the volume of the ionization chamber be known with an
uncertainty considerably smaller than the maximum accep-
table uncertainty in dose to the absorbing medium. As the
volume of the gas-filled cavity is difficult to determine for
most ionization chambers in general use, a stratagem that
relates the dose to the air in the chamber to the chamber
exposure calibration factor has been developed, which is ba-
sically the same as that of the Nordic Association of Clinical
Physicists (NACP).?* This stratagem requires the use of var-
ious physical parameters, such as stopping-power ratios,
which are subject to periodic revision as theory and calcula-
tional techniques are improved. In addition, perturbation of
the radiation field by the ionization chamber, and its subse-
quent replacement by phantom material, present problems
that require more thorough analysis by the medical physics
community. These problems notwithstanding, the recom-
mended approach to high-energy dosimetry is to regard ex-
posure-calibrated ionization chambers in dosimetry phan-
toms as Bragg-Gray cavities. The various equations,
physical data, and correction factors to convert the ioniza-
tion chamber response to dose to the phantom material are
presented below.

A. Relationship of the dose to the gas (air)ina
chamber and the exposure calibration factor

Absorbed dose to the gas (air) in the cavity of an ionization
chamber is related to the dose to the wall through the Bragg--
Gray equation. Dose to the wall material can be related to
dose to air in the absence of the chamber, which, in turn, is
related to exposure, assuming electron equilibrium. Thus,
dose to the gas in the cavity is related to the exposure calibra-
tion factor of an ionization chamber.

At NBS, exposure for ®Co gamma rays was established
from measurements made with a series of spherical, graphite
ionization chambers of variable wall thickness.'* Exposure is
calculated from

1 - — i _
X:';Jgas(l‘/p);;ll(/‘en/p)?vall(ﬁwall) ! I;IKH (1)

where X is exposure (R); & is the charge produced in air per
unit mass per unit exposure (2.58 X 107* Ckg~! R™!); wall
refers to the material of the ionization chamber, graphite;
Jgas 18 the charge per unit mass of the gas (air) in the chamber
(Crkg); (L /p):;”,j‘sll is the ratio of the mean, restricted, collision
mass stopping power of the graphite wall material to that of
the gas (air) in the chamber for the secondary electrons re-
leased by %°Co gamma rays; (&., /p)is, is the ratio of the
mean mass energy-absorption coefficient for air to that of the
wall (graphite) for ®°Co gamma rays; .., is the quotient of
absorbed dose by the collision fraction of kerma in the
chamber wall, 1.005; II X, is a product of factors that ac-
count for water vapor ‘content of the air, ionization recom-
bination losses, stem scatter, correction to zero wall thick-
ness, and some other small corrections.

The exposure calculated at NBS from Eq. (1) is that which
is obtained at the position of the center of the graphite
chamber when the chamber is removed and replaced by air.
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A calibration factor for the user’s chamber is obtained by
placing it at the same location as the NBS graphite chamber
and giving it a known exposure. The exposure calibration
factor for the user’s chamber is given by

Ny=XM"", (2)

where M is the electrometer reading for the dosimeter (C or
scale division) normalized to 22 °C, a pressure of one stan-
dard atmosphere, and uncorrected for ionization recombin-
ation; N, is the ®Co exposure calibration factor (R/C or R/
scale division).

For the range of x-ray and electron energies covered by
this Protocol, the dose to the gas in the ionization chamber is
directly related to the charge per unit mass in the gas by

Dyos = Jyus (W /e), ' (3)

where D, is the dose to the gas (Gy) and W /e is the quotient
of the average energy expended to produce an ion pair by the
electronic charge. For room air, W /e = 33.7J/C. For x-ray
and electron beams in the energy range under consideration,
W /e appears to be constant. ' J . is assumed to be corrected
for ion recombination.

As the response of the electrometer is also directly related
to J,,, the quotient of D,,; by the electrometer reading M is
a constant which depends upon the dimensions and compo-
sition of the ionization chamber. Henceforth in this Protocol
the ratio of D,,, /M will be referred to as the cavity-gas cali-
bration factor N, i.e.,

Ngas =Dgas Aion M_l’ (4)

where N, is the dose to the gas in the chamber per electrom-
eter reading (Gy/C or Gy/scale division); 4, is the ioniza-
tion collection efficiency at the time of calibration at NBS or
an ADCL.

By combining Egs. (1){4) an expression for N,,, for the
user’s chamber is obtained. When the chamber wall and
buildup cap are of the same material,

k ( W/e)Aion Awall wall
(L /p):aasu(/_‘ten /p)fvi;ll

where 4., is a factor that corrects for attenuation and scat-
ter in the wall and buildup cap.

These factors are discussed in greater detail below. There
are other chamber-specific phenomena, such as scatter from
the supporting stem and radiation-induced electrical leak-
age, that affect N,,, but for which neither specific correc-
tions nor correction rules are known. It is recommended that
until appropriate data become available, these types of cor-
rections be assigned a value of unity.

When the chamber wall and buildup cap are of different
materials, NV, is given by a semiempirical expression similar
to the one given by Almond and Svensson®:

Ngas =NX

(3)

gas X

« k(W /e, Awan Boan
oL /)N, /PNy + (1 — @)L /P (Fen/P)im
(6)
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where a is the fraction of ionization due to electrons from the
chamber wall, and (1 — ) is the fraction of ionization due to
electrons from the buildup cap.

The product 4;,, 4,,.; in Egs. (5) and (6) is essentially the
inverse of II K; in Eq. (1). The reason for this change in no-
menclature is to separate clearly the functions of Egs. (1) and
(5). Whereas Eq. (1) is used by NBS to standardize a °°Co
source in terms of exposure using graphite ionization cham-
bers, and I1 K is generally greater than unity, Egs. (5) and (6)
are used to determine the cavity-gas calibration factor for the
user’s ionization chamber, and 4, 4,,; will generally be
less than unity.

There are several facets of NV,,; which the reader should
appreciate. N, is unique to each ionization chamber, is un-
affected by the environment of the chamber, i.e., does not
depend on the composition of the dosimetry phantom, and is
applicable to all ionizing radiations for which # /e has the
value quoted above. N, can be obtained from Egs. (5) and
(6) using any photon beam for which an exposure calibration
factor can be obtained, and for which the other parameters
are known with adequate accuracy. Because of the present
widespread use of the *®Co exposure calibration, and the
accuracy with which the parameters of Egs. (5) and (6) are
known, it is recommended that N,,, be determined from N,
for ®Co gamma rays.

It is planned that the ADCLs and NBS will provide both
N,,, and Ny. When only Ny is provided, the user must know
more about the construction and performance of the
chamber than was previously required in order to calculate
N, and as far as possible the Protocol will provide infor-
mation about commonly employed ionization chambers. In
general, these will be cylindrical chambers having internal
diameters of less than 1 cm, however, IV, for plane-parallel
chambers with plate separations of 2 mm or less may also be
calculated from either Eqgs. (5) or (6).

The user needs to calculate N,,, for the chamber only
once, or whenever there is a change in the ®Co exposure
calibration factor Ny. In order to reduce the possibilities for
errors in this calculation, it is recommended that Worksheet
(1) in Sec. VIII be employed. The following sections deal
with the individual parameters of Egs. (5) and {6).

B. The exposure-calibration factor, V/,

The exposure-calibration factor Ny should be obtained
from NBS or an ADCL. [Note that N, applies to the same
temperature and pressure as Ny, and that corrections in the
electrometer reading will have to be made when the chamber
is used at temperatures or pressures that differ from 22 °C
(295 K) and 760 mmHg.)

C. Ratios of stopping powers and mass energy-
absorption coefficients for 8¢Co gamma rays

Ratios of restricted, collision mass stopping powers, mass
energy-absorption coefficients, and their products for some
commonly employed chamber wall and buildup cap materi-
als are listed in Table I.

D. lon collection efficiency

The correction for ion collection efficiency 4,,,, applies to
the in-air exposure calibration. As the exposure rates em-
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TABLE L. Ratios of stopping powers (Ref. 15) and mass energy-absorption
coefficients (Ref. 15) for Co gamma rays.*

TABLE II. Wall correction factors A, for common ionization chambers
(Ref. 18).

Chamber wall Inner Inner Wall plus
or _ _ Chamber diameter  height  cap thickness
buildup cap (L /p)4 = 10 keV) Een/plaan Product type (cm) (cm) {g/cm?) Ayan
Polystyrene 1.112 0.928 1.032 Capintec—
Acrylic 1.103 0.925 1.020 Farmer 0.6 cm® 0.75 2.38 0.67 0.990
Graphite 1.010 0.999 1.009 Capintec 0.1 cm® 0.40 0.55 0.55 0.991
Tufnol 1.021° PTW normal 0.50 1.80 0.42 0.994
Water 1.133 0.899 1.019 PTW transit 0.90 2.30 0.45 0.994
A-150 1.145 0.906 1.037 PTW micro 0.35 1.20 0.57 0.988
Nylon 1.141 0.910 1.038 Shonka 0.1 cm® 0.45 1.15 0.60 0.989
C-552 1.000 1.000 1.000 Exradin T.E. 0.90 0.85 0.59 0.983
Bakelite 1.080 0.945 1.021 (A-150)
Exradin A.E. 0.90 0.85 1.07 0.973
*These data apply to ionization chambers exposed in air. (C-552)
b Reference 16. Far West IC-18 0.46 1.15 0.64 0.989
Capintec plane 1.60 0.24 0.573 0.995
parallel
ployed for exposure calibrations are usually less than 100 R/ Me’;‘;‘ﬁ: Hl'::z'm 2.54 0.20 0.500 1.008
min, the ion collection efficiencies for most of the commonly gl odel 38_404
employed chambers, operating with collection potentials in  Shonka 3 cm® (spherical)  1.84 e 1.18 0.962

therange of 180-360V, will be greater than 0.995. There are,
however, exceptions to this rule, and the reader is advised to
consult with the laboratory at which his chamber was cali-
brated for guidance in the determination of the ion collection
efficiency. For ionization chamber/electrometer systems
that permit adjustment of the collecting potential, the reader
is referred to Sec. IV C for a method for determining 4, .
The reader is cautioned that the exposure calibration factor
N, has not been corrected for ion collection efficiency by
NBS or the ADCL. The direct application of the ion collec-
tion efficiency, which is a number less than unity, to Egs. (5)
and (6) is required in order to obtain a value of N,,, that is
applicable to the chamber when all of the charge is collected.
Subsequent application of the chamber to the determination
of dose in the user’s beam requires a correction for the ion
collection efficiency that is appropriate to that situation.

E. Wall correction factor

The wall correction factor 4,,,, takes account of attenu-
ation and scattering of the primary *°Co beam in the wall and
buildup cap of the ionization chamber. This correction re-
lates the actual charge per unit mass of air in the chamber to
that which would be produced if there were neither attenu-
ation nor scatter in the wall and cap. Extensive calculations
have been made by Nath and Schulz'® to determine 4., for
a range of commonly used ionization chambers, and also to
determine the effect of chamber volume and geometry as
well as composition on 4, . In general, the compositions of
the chamber wall and buildup cap do not affect 4, if the
thickness is expressed in terms of mass per unit area, and the
average atomic number is close to those of water or soft tis-
sue. For example, A4, for a graphite chamber with a graph-
ite buildup cap will be the same as for the graphite chamber
with an acrylic buildup cap if the radial thicknesses of each
are the same in terms of mass per unit area. Table II lists
some commonly used ionization chambers and their respec-
tive wall-correction factors. For ionization chamber designs
different from those listed in Table II, the data in Table IIT
may be used to calculate 4

wall *
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F. Quotient of absorbed dose by collision fraction of
kerma

The conceptual aspects of this parameter as well as its
derivation and methods for determination have been pre-
sented by Loevinger.'® It arises from the fact that the photon
energy released at a point in the form of charged particles
(kerma) is transported distally and on the average imparted
to the medium at some distal point. Thus the absorbed dose
is equal to the collision fraction of kerma at some proximal
point, and at any given point the absorbed dose is greater
than the collision fraction of kerma. In the calculation of
N, the parameter B is the quotient of the absorbed dose by
the collision fraction of kerma in the wall of the ionization
chamber.

TaABLE III. Attenuation and scattering as a function of the internal dimen-
sions of a cylindrical ionization chamber (Ref. 18). The tabulated data are
the percentage attenuation and scattering ( ) per unit wall thickness {cm?/
g)- The wall correction factor 4,,,, is calculated as shown in footnote a.

Inner

axial Inner diameter (cm)

length

(cm) 0.4 0.6 0.8 1.0
0.4 1.56 2.10 2.70 3.22
0.6 1.53 2.05 2.60 3.10
0.8 1.51 2.00 2.50 2.96
1.0 1.49 1.95 2.40 2.84
1.5 1.44 1.80 2.15 2.52
2.0 1.42 1.65 1.90 2.22
25 1.40 1.52 1.70 1.90

*Away =1 — (ty/100) where the wall thickness f(g/cm?) includes the
chamber wall and buildup cap.
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G. Fraction of ionization due to electrons from
chamber wall

In order to calculate N,,, for a chamber having a buildup
cap of composition different from the chamber wall, Eq. (6)
requires the fraction of ionization due to electrons arising in
the chamber wall a. Lempert et al.*® have determined that
is independent of the compositions of the wall and buildup
cap, as long as they are of low-atomic-number materials, and
that a depends upon wall thickness specified in mass per unit
area. A graph of @ versus wall thickness for ®*Co gamma rays

is shown in Fig. 1.

H. Absorbed-dose calibrated ionization chambers,
Np

As discussed in Sec. II, NBS can provide absorbed-dose
calibrations for ®®Co gamma rays in water. Specifically, the
absorbed-dose calibration factor N, is defined by

ND = Dwater M_l’ (7)

where D_,,.. is the absorbed dose to water at the position of
the chamber center with the chamber replaced by water
(Gy), and M is the electrometer reading (C or scale divisions)
uncorrected for ion recombination. The absorbed-dose cali-
bration factor is related to the cavity-gas calibration factor
by

Aion Arepl (8)

=N, — ,
P T o G S )i

gas

where 4, is a correction for replacement of water by the
user’s chamber at the time of the %°Co absorbed dose calibra-
tion. Note that 4, and 4,,,, are the reciprocals of P, and
P, defined in Sec. IV A for the chamber in the user’s beam.

As is the case for in-air exposure calibration, this expres-
sion is valid only when the chamber wall and buildup cap
have a thickness equal to or greater than the range of the
most energetic secondary electrons released by ®°Co gamma
rays, and the wall and buildup cap are of the same composi-
tion. When the compositions of the chamber wall and build-
up cap are different, an expression having the form of Eq. (6)
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must be employed. Since an absorbed-dose calibration is per-
formed in phantom, the buildup cap may be just the phan-
tom material.

IV. DOSE TO THE MEDIUM
A. Spencer-Attix formulation of the Bragg-Gray
relationship

Consider a gas-filled cavity in a medium that is irradiated
by either a photon or an electron beam. Primary and secon-
dary electrons® will enter and some will stop in the cavity,
creating ionization there by inelastic collisions with the cav-
ity gas. The well-known Bragg—Gray theory, in its simplest
form, equates the ratio of the absorbed doses in the medium
and the gas to the ratio of the mean unrestricted mass colli-
sion stopping powers' :

Dmed/Dgas = (S/p)’gl;id
There are several assumptions in this equation, the most im-
portant for present purposes being that the electron spec-
trum in the medium is not changed by the presence of the
cavity, and the energy of a secondary electron is deposited at
the position at which the electron is generated. The first as-
sumption implies a cavity small in comparison with the
ranges in the gas of the primary and secondary electrons,
which is inconsistent with the second assumption, since an
appreciable fraction of the secondary electrons generated in
the cavity will have ranges in the gas that are large compared
with the cavity size, and will dissipate some of their energy in
the medium. Thus, some modification of the theory is re-
quired, and this modification must depend on the cavity size,
in contrast to the original Bragg—Gray formulation, which is
independent of cavity size.

While there is no fully rigorous theory of cavity ioniza-
tion, the Spencer—Attix theory is widely used. In this theory,
the secondary electrons are separated into two groups, divid-
ed at a cutoff energy 4 that corresponds approximately to
the energy of an electron that can just cross the cavity. A
“slow” secondary electron, with energy less than 4, is con-
sidered to dissipate its energy at the point at which it is gener-
ated; a “fast” secondary electron, with energy greater than
4, is counted as part of the electron slowing-down spectrum,
and its energy is not considered to have been dissipated until

1.0~ it has dropped below A. Since the fast secondary electrons
are accounted for in the slowing-down spectrum, their ener-
08l gies should not be included in the stopping power, which is
now restricted to energy losses less than A. It is assumed that
slow electrons released into the cavity from the chamber wall
06 are in equilibrium with other slow electrons released from
a the gas that impinge upon the chamber wall, and there is no
04 net energy transfer.
The Spencer—Attix formulation'? can be expressed in the
general form
o2 Dipes /Dy = (L /pJ,
o (; 0 Ol' 2 ol 3 Ol_ 4 Ol' 5 OIAG $ Primary electrons include the electrons generated by photons in the case of

a photon beam, and the incident electrons in the case of an electron beam.
Secondary electrons are those generated by the primary electrons in the
slowing down process, and include all subsequent generations of electrons.

CHAMBER WALL THICKNESS (g/cm?)

T Unrestricted stopping powers include all energy losses up to one-half the
energy of the electron under consideration.

FI1G. 1. The fraction of the ionization (z) due to electrons from the chamber
wall irradiated by °Co gamma rays.

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983
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where L /p represents the restricted mean mass collision
stopping power, averaged over the electron slowing-down
spectrum in the wall material. In this equation, the electron
slowing-down spectrum includes primary and secondary
electrons with energies greater than 4, and the restricted
stopping powers include only energy losses less than 4.
These calculations include in the numerator and denomina-
tor of the ratio track-end corrections that account for secon-
dary electrons that undergo inelastic collisions in which both
electrons fall below A in energy.

Whereas the Bragg-Gray formulation of cavity theory
uses unrestricted stopping powers averaged over the slow-
ing-down spectrum of only the primary electrons, the
Spencer—Attix formulation uses restricted stopping powers
averaged over the slowing-down spectrum of all generations
of electrons. Whereas the Bragg—Gray formulation is inde-
pendent of cavity size, the Spencer—Attix formulation takes
account of the finite size of practical ionization chambers by
choosing a suitable value of the cutoff energy 4. It has been
shown that the restricted stopping-power ratio changes only
slowly with the value of A. Practical ionization chambers,
however, perturb the photon and electron fluence in various
ways that must be accounted for by certain correction fac-
tors. Thus, a general relationship between dose to gas in the
chamber and dose to medium that replaces the chamber
when it is removed is given by

Dmed = MNgas (Z/p):lCd ion Prepl Pwall’ (9)

as

where M is the electrometer reading (C or scale divisions).
When the chamber bias potential can be reversed, M should
be the average of readings obtained with positive and nega-
tive potentials. med refers to the phantom material. (L /p)at
is the ratio of the mean, restricted collision mass stopping
power of the phantom material to that of the chamber gas
(air). P, is a factor that corrects for ionization recombina-
tion losses that occur at the time of calibration of the user’s
radiation therapy beam; P, , is the inverse of the ionization
collection efficiency, and has a value equal to or greater than
unity. P, is a replacement correction which depends upon
the type and energy of the radiation, the gradient of the
depth-dose curve at the point at which the measurement is
made, and the radius of the chamber’s air cavity. P, is
unity when the chamber wall and the dosimetry phantom
are of the same composition, is unity for electron beams, or is

equal to

(2L /plaficn /et + (1 — @)L /p)p

(L /p)e’

for photon beams when the chamber wall is of a composition
different from the dosimetry phantom. « is the fraction of
the total ionization produced by electrons arising in the
chamber wall; (1 — a) is the fraction of the total ionization
produced by electrons arising in the dosimetry phantom;
(Ben /p)usy is the ratio of the mean mass energy-absorption
coefficient for the dosimetry phantom (med) to that of the
chamber wall, for the user’s photon beam.

The rationale for P, equal to unity for electron beams is
based upon the work of Johansson ez a/.2! which shows that

the response of relatively thin-walled ionization chambers
composed of low-atomic-number materials is not affected by

(10)
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the wall composition. At this time, there are no data avail-
able which show how the response to electron beams of
thick-walled chambers, or chambers having large central
electrodes, is affected by differences in their composition and
that of the dosimetry phantom, and an equation analogous
to Eq. (10) for electron dosimetry has not been formulated.

For x-ray dosimetry, the buildup cap should not be used
for in-phantom measurements unless it is of the same com-
position as the phantom, or is of the same composition as the
chamber wall. In either case, Eq. (10) must be evaluated,
however, when the buildup cap is the same as the chamber
wall, & will be larger and the uncertainty in the dose calibra-
tion somewhat reduced. If the chamber wall, buildup cap,
and phantom are of different compositions, e.g., a graphite
chamber with an acrylic cap in a water phantom, an equa-
tion similar to Eq. (10), which includes a term for the fraction
of ionization produced by electrons arising in the cap, would
be necessary for the dose calculation. This protocol does not
address the last-named situation.

For electron-beam dosimetry, it is recommended that the
buildup cap be removed so that the electron spectrum tra-
versing the air-filled cavity of the chamber is minimally
changed from that in the surrounding medium.

Waterproofing of ionization chambers may be accom-
plished with thin rubber sheaths, stretched to the extent that
they have a negligible effect upon the chamber response.

B. Stopping-power ratios

The doses calculated from Eq. (9) are critically dependent
upon the choice of the correct stopping-power ratio, and
stopping-power ratios are, in turn, dependent upon the spec-
trum of photons or electrons incident upon the dosimetry
phantom. It is common for manufacturers to specify beam
energy at the vacuum window of the beam line, however,
because of subsequent energy degradation in the vacuum
window, flattening filter or scattering foil, and beam-defin-
ing device, the x-ray or electron spectrum from one accelera-
tor may be considerably different from that of another oper-
ating at the same nominal energy. Because a change in
spectral quality is reflected by a change in the depth-dose
curve, it is convenient to relate in-phantom ionization mea-
surements to the nominal accelerating potential of x-ray
beams or the mean incident energy E, of electron beams.
Subsequently, these parameters are used to select the stop-
ping-power ratio appropriate to the x-ray or electron beam
under consideration.

1. X-ray beams

For x-ray beams, the nominal accelerating potential is re-
lated to the ratio of ionization measurements made with a
constant source—detector distance and two different phan-
tom thicknesses. Water, polystyrene, or acrylic phantoms
may be used for this determination, and the following pa-
rameters should be used.

Source~detector distance—1 m or the source—axis distance
Field size at detector—10X 10 cm?

Depth in phantom— Water Polystyrene Acrylic
First measurement 10cm  99cm 8.8cm
Second measurement 20cm 19.8 cm 17.6 cm
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FIG. 2. Ratios of mean, restricted collision mass stopping powers of phan-
tom materials to air (L /p)Tc* as a function of the ionization ratio and no-

air

minal accelerating potential.

The thicknesses of plastic are adjusted for differences in the
electron concentration (e ~/cm?) of the plastics relative to
water (see Table X).

Experimentally determined ionization ratios, nominal ac-
celerating potentials, and ratios of average stopping powers
for water/air, polystyrene/air, and acrylic/air are related in
the graphs shown in Figs. 2 and 3, which were obtained by an
analysis made by Cunningham and Schulz.?* Table IV lists
average stopping-power ratios for a variety of chamber-wall
materials versus nominal accelerating potential. These data
are applicable only at or beyond d,,,, . In the buildup region,
the mean energy of secondary electrons is higher, and
(L /p)med is lower than atd,.,, .

2. Electron beams

For electron beams, the mean incident energy is obtained
by multiplying the depth in water at which an ionization-
chamber reading is reduced to one-half of its maximum read-
ing ds, by a numerical constant, 2.33 MeV/cm. This con-
stant was obtained from an analysis of depth-dose curves
calculated by Berger and Seltzer*® for plane-parallel, infi-
nitely wide beams of monoenergetic electrons incident upon
a semi-infinite water phantom. In practice, ds, should be
determined with a field size larger than that for which there
is no increase in the depth of ds,. The mean incident energy
thus established is applicable to field sizes smaller than that
used for the dy, determination. A typical depth-ionization
curve is shown in Fig. 6.

When polystyrene or acrylic phantoms are used for the
determination of E,, ds, must be scaled so as to take account
of the differences between these plastics and water. Loe-
vinger, Karzmark, and Weissbluth** have determined scal-
ing factors for polystyrene and acrylic relative to water that
permit dose measurements made in plastic to be converted to
corresponding depths in water. These scaling factors for
polystyrene and acrylic are 0.965 and 1.11, respectively.
When ds, in plastic is expressed in centimeters,

E,=2.33XdsoX f, (11)
where fis the scaling factor. If ds, in plastic is expressed in g/
cm?,
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E,=233XdsoX f/p, (12)
where p is the density of the plastic in g/cm® (Sec. V A).

Ratios relative to air of average restricted collision mass
stopping powers (L /p) for monoenergetic electron beams
with incident energies in the range of 1-60 MeV are listed in
Tables V-VII for water, polystyrene, and acrylic. Because
the incident, monoenergetic spectrum is degraded as it pene-
trates into the phantom, (L /p)™* increases significantly
with depth, and it is important to measure the depth accura-
tely even for measurements made in the region of d,,,.
These ratios were calculated by Berger for an infinitely
wide, plane-parallel beam of electrons incident upon a semi-
infinite phantom, however, they may be used for the range of
field sizes commonly employed in radiation therapy. As for
the photon-beam stopping powers, a cutoff energy of 10 keV
was employed. The stopping-power ratio appropriate to the
user’s beam is selected by using the mean incident energy E,
as the electron beam energy in the Berger tables.

C. lonization recombination correction

If all of the charge in the ionization chamber is not collect-
ed, the dose calculated from Eq. (9) will be too small. There-
fore, a correction is required for ions that recombine, and
this correction is the inverse of the ionization collection effi-
ciency. The collection efficiency of an ionization chamber is
the ratio of the ionization current obtained under a specific
set of measuring conditions, e.g., bias potential and dose
rate, to the ionization current that would result from the
collection of all ions formed in the sensitive volume of the
chamber. The theory of ionization chamber collection effi-
ciency for both pulsed and continuous radiation fields has
been described by Boag.?* Because of differences between
the idealized geometries dealt with in theory and the more
complex geometries of practical ionization chambers, it is

50
40

30

20
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FIG. 3. Nominal accelerating potential (MV) as a function of the ionization
ratio.
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TABLE IV. Ratios of average, restricted stopping powers for photon spectra, 4 = 10 keV (Ref. 25).

Nominal (L /pymed
accelerating

potential

(MYV) Water Polystyrene Acrylic Graphite A-150 C-552 Bakelite Nylon

2 1.135 1.114 1.104 1.015 1.154 1.003 1.084 1.146

“Co 1.134 1.113 1.103 1.012 1.151 1.000 1.081 1.142

4 1.131 1.108 1.099 1.007 1.146 0.996 1.075 1.136

6 1.127 1.103 1.093 1.002 1.141 0.992 1.070 1.129

8 1.121 1.097 1.088 0.995 1.135 0.987 1.063 1.120

10 1.117 1.094 1.085 0.992 1.130 0.983 1.060 1.114

15 1.106 1.083 1.074 0.982 1.119 0.972 1.051 1.097

20 1.096 1.074 1.065 0.977 1.109 0.963 1.042 1.087

25 1.093 1.071 1.062 0.968 1.106 0.960 1.038 1.084

35 1.084 1.062 1.053 0.958 1.098 0.952 1.027 1.074

45 1.071 1.048 1.041 0.93% 1.087 0.942 1.006 1.061

recommended that the user of this Protocol experimentally
determine the ionization collection efficiency of his chamber
under the conditions that exist at the time of calibration of
the therapy beam.

A convenient method for determining the ionization re-
combination correction P, , is to make two sets of measure-
ments, one with the normal bias potential applied to the
chamber, and the other with the bias potential reduced by
one-half. For this case, Boag®’ and Almond® have shown
that the ratio of the charges collected can be related to P, .
In Fig. 4, the three curves apply to continuous radiation as
produced by *°Co, pulsed radiation as produced by accelera-
tors that use flattening filters or scattering foils to obtain
large field sizes, and scanning, pulsed beams as produced by
some accelerators as an alternate method for obtaining large
fields. It is recommended that the normal bias potential be
increased when the collection efficiency is less than 0.95.

D. Replacement correction

In the process of determining the dose to a solid or liquid
medium from the ionization in a gas-filled cavity inserted
into that medium, various phenomena occur which cause
the electron fluence in the cavity to differ from the fluence in
the medium which replaces the cavity after it is removed.
Unless corrections are applied, this difference in electron
fluence will generally result in an overestimation of the dose
to the medium. There are two major components to what are
referred to in this Protocol as replacement corrections: gra-
dient corrections and electron fluence corrections.

1. Gradlient corrections

Gradient corrections are required whenever the ioniza-
tion chamber is at a location where the dose gradient has a
nonzero slope, e.g., on the descending portion of the depth-
dose curve, and the magnitude of the correction increases
with the slope as well as with the inner radius of the chamber.
Gradient corrections are required in general for both x-ray
and electron dosimetry, however, it is recommended that
electron-beam dose calibrations be done only with the
chamber at d,,, where gradient corrections are not re-
quired.
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Gradient corrections arise because, in this Protocol, the
central axis of a cylindrical ionization chamber positioned
perpendicular to the radiation beam is taken as the measure-
ment depth. It is at this depth that the dose to the phantom is
to be determined. On the descending portion of a depth-dose
curve, the fluence of secondary electrons is decreasing, and
the proximal surface of a cylindrical cavity intercepts an
electron fluence that is more intense than that at the mea-
surement depth when the chamber is removed. Gradient
corrections for cylindrical chambers as a function of x-ray
beam energy and internal diameter are given in Fig. S. These
data were derived from those published by Cunningham and
Sontag,?® and are applicable to measurements made on the
descending, approximately exponential, portion of the cen-
tral-axis depth-dose curve. Gradient corrections are not re-
quired for plane-parallel chambers where the depth of mea-
surement is taken at the inner surface of the proximal
electrode.

An alternative to gradient corrections has been suggested
by several investigators,?’° which is to regard the effective
location of the ionization chamber to be at some point proxi-
mal to its central axis, e.g., at three-quarters of its internal
radius for electron beams. This protocol does not use this
approach because it does not take into account changes of
the dose gradient, and because of the likelihood of errors
being made in the specification of the calibration depth.

The gradient correction is unrelated to the factor Aeys
which accounts for attenuation and scatter in a small mass of
tissue exposed in free air to x rays or gamma rays, and it
bears only a tenuous relationship to what has been called a
displacement factor, 4., which is restricted to ®*Co gamma
rays. For a detailed discussion of 4., and 4, the reader is
referred to Johns and Cunningham.*

2. Electron fluence corrections

It is generally accepted that corrections for perturbation
of the electron fluence are required whenever the ionization
chamber is at a location where charged-particle equilibrium
has not been established, i.e., in the dose-buildup region of
high-energy x-ray beams and at all points in electron-beam
dose distributions. Electron fluence corrections are not re-
quired for x-ray dose determinations made at or beyond d_,,
because so-called transient electron equilibrium can be as-
sumed to exist at these locations.
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F1G. 4. Tonization recombination correction factors (P, ) for continuous
radiation (**Co, Van de Graaff), pulsed radiation (accelerator-produced x
rays and electron beams broadened by scattering foils), and pulsed scanning
beams (magnetically scanned electron beams). These data are only applica-
ble when ¥V, =2V,

Fluence corrections for electron beams were originally de-
scribed by Harder,>' and subsequently by Svensson and
Brahme.*” The number of electrons and the overall track
length of electrons in the gas-filled cavity of an ionization
chamber are, in general, different from those in a compara-
ble volume of phantom material. The number of electrons
entering the cavity is enhanced because more electrons are
scattered in from adjacent phantom material than are scat-
tered out by the gas. This results in a dose to the gas that is
greater than that which would be produced by the unper-
turbed electron fluence in the phantom material. At the

1.00

Nominal Accelerating
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(MV}

35-45

26
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Prepl
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0.98 L 1
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FiG. 5. Gradient corrections (P, ) for photon beams as a function of the
inner diameter of a cylindrical chamber and the nominal accelerating poten-
tial of the accelerator. Gradient corrections are not required for measure-
ments made at d,

max *
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IONIZATION and RELATIVE DOSE

J
o | 2 3 4 5 6 7 8

DEPTH (H,0)-cm  'Rp=625cm

F1G. 6. Depth-ionization (dashed) and depth-dose (solid) curves for an elec-
tron beam. The mean incident energy (E,) is obtained from d;, of the depth
ionization curve. The mean energy at ..., (E,) is obtained from E, and R,.
When cylindrical chambers are used to determine dy, and R, the point of

measurement should be taken as proximal to the chamber axis by 0.75 of the
chamber’s internal radius.

same time, the overall track length of electrons traversing
the cavity is less than in a comparable volume of phantom
material because electrons undergo fewer scattering interac-
tions and their tracks in the gas are straighter. This results in
a dose to the gas that is less than that produced by the same
electron fluence in the phantom material. These two effects,
generally referred to as in-scattering and obliquity, depend
upon the dimensions and geometry of the ionization
chamber.

Plane-parallel chambers, of the type described by Holt ez
al.,'” having guarded fields and internal heights and diame-
ters on the order of 2 mm and 2 c¢m, respectively, have the
smallest corrections for in-scattering and obliquity, and the
electron fluence correction for this type of chamber is taken
as unity in this Protocol.

Cylindrical chambers that have internal diameters greater
than a few millimeters exhibit the effects of in-scattering to a
greater extent than obliquity, so that their readings must, in
general, be reduced so as to obtain the correct dose to the
phantom material. Johansson et al.?' have compared the re-
sponses of a series of cylindrical ionization chambers with
the response of a plane-parallel chamber exposed in acrylic
plastic to electron beams. The electron fluence correction
was found to increase as the inner diameter of the chamber
was increased, and the mean energy of the electrons at the
point of measurement decreased. Electron fluence correc-
tions obtained from the Johansson paper are presented in
Table VIII. Although these data are strictly applicable only
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TaBLE VIII. Electron fluence corrections for cylindrical chambers (Ref.
21).

E- Inner diameter (mm)
(MeV) 3 5 6 7
2 0.977 0.962 0.956 0.949
3 0.978 0.966 0.959 0.952
5 0.982 0.971 0.965 0.960
7 0.986 0.977 0.972 0.967
10 0.990 0.985 0.981 0.978
15 0.995 0.992 0.991 0.990
20 0.997 0.996 0.995 0.995

*E, is the mean electron energy at depth of measurement, and is given
approximately by
E, =E(1-2/R,),

where z is the depth of measurement and R, is the practical range (see Fig.
6).

to acrylic phantoms, it is recommended that they be used for
water and polystyrene until comparable data become avail-
able for these materials.

E. Ratios relative to air of mean mass energy-
absorption coefficients

Ratios relative to air of mean mass energy-absorption co-
efficients for %°Co and x-ray beams in the range of 2 to 50
MeV are listed in Table IX for a variety of materials perti-
nent to high-energy dosimetry. These ratios were calculated
by Cunningham* for the photon spectra that correspond to
the nominal accelerating potentials listed in Fig. 2 and Table
IV. The ratio of the mean mass energy-absorption coefficient
for the phantom material (med) to that of the chamber wall
(wall) is required by Eq. (10) for the calculation of the dose to
the phantom material when the wall of the ionization
chamber has a composition different from the phantom. The
required ratio can be obtained by dividing the phantom/air
ratio by the chamber-wall/air ratio which yields the phan-
tom/chamber-wall ratio.

F. Fraction of ionization due to electrons from the
chamber wall

When the wall of the iQnization chamber, without buildup
cap, has a composition different from that of the dosimetry

TaBLE IX. Ratios of mean mass energy-absorption coefficients (Ref. 25).2

phantom, it is necessary [for use in Eq. (10)] to determine the
fraction a of the ionization that is due to secondary electrons
released from the chamber wall by the incident x-ray beam.
For the range of chamber-wall and dosimetry phantom ma-
terials normally employed, it can be shown that large uncer-
tainties in @ have only a very small effect on the dose calcu-
lated from Eq. (9). Also, « is relatively insensitive to the
composition of the chamber wall so that, for example, graph-
ite and acrylic chambers, having the same wall thickness in
mass per unit area, will have nearly the same a. Lempert et
al.*® have measured « for a range of wall thicknesses and x-
ray energies, and recommended values are given in Fig. 7.

G. The %°Co buildup cap and in-phantom
measurements

With the exception of the “°Co exposure calibration and
the in-air calibration of ®°Co units, the %°Co buildup cap
plays no role in this Protocol, and it is recommended that the
cap be removed from the chamber for in-phantom measure-
ments except when the composition of the cap and the dosi-
metry phantom are the same. The practice of using the build-
up cap to waterproof the chamber complicates the dose
calculation by introducing a third component that, in addi-
tion to the chamber wall and medium, releases electrons that
contribute to the ionization of the gas. Ionization chambers,
which are not inherently waterproof, should be protected by
athin sheath having a composition and density close to those
of water. Under these conditions, a 0.5-mm sheath will con-
tribute less than 25% of the ionization, and its effect on the
dose calculation will be negligible.

V. DOSIMETRY PHANTOMS
A. Materials and dimensions

As the purpose in calibrating a radiation-therapy accel-
erator is to permit the accurate delivery of prescribed doses
of radiation to various body tissues, it can be argued a priori
that the transfer of dose will be accomplished with the least
uncertainty if the dosimetry phantom has an atomic compo-
sition and mass density similar to the tissues that are most
commonly treated. In all dosimetry protocols, water is the
recommended material for dosimetry phantoms, and the
material to which the dose calibration is referenced. The

Nominal
accelera.ting (e, /p)med

potential
(MV) Water Polystyrene Acrylic Graphite A-150 C-552 Bakelite Nylon
2 1.111 1.072 1.078 0.992 1.100 1.000 1.051 1.090
Co-6 1.111 1.072 1.078 0.997 1.099 1.000 1.055 1.092
8 1.109 1.068 1.075 0.997 1.092 0.998 1.052 1.090
10 1.108 1.066 1.072 0.995 1.089 0.997 1.049 1.087
15 1.105 1.053 1.063 0.986 1.078 0.995 1.039 1.075
20 1.094 1.038 1.051 0.975 1.065 0.992 1.027 1.061
25 1.092 1.032 1.047 0.971 1.060 0.991 1.022 1.055
35 1.085 1.016 1.034 0.960 1.044 0.989 1.009 1.039
45 1.074 0.980 1.009 0.937 1.010 0.983 0.982 1.000

* These data are applicable to ionization measurements made in phantom.
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F1G. 7. Fraction of ionization (a} due to electrons from the chamber wall
irradiated by x rays with nominal accelerating potentials of 2-50 MV. The
dashed portions of the curves are extrapolations of experimental data (Ref.
20).

present protocol recommends that polystyrene and acrylic
plastics, in addition to water, may be used for dosimetry
phantoms, but, in agreement with other protocols, requires

that the dose calibration be referenced to water.
Although many practical advantages are realized by the

use of plastic dosimetry phantoms, these are partially offset
by the need to modify the normally employed source—sur-
face distance (SSD) for x-ray dosimetry, and to transfer the
dose to plastic to the dose to water. The SSD modification is
made (while the source—detector distance remains the same)
s0 as to obtain the same attenuation of the incident x-ray
beam in plastic as would be obtained if a water phantom were
employed. Because the electron concentration in polysty-
rene is almost the same as in water, the same SSDs may be
used with these phantoms with negligible error, however, as
the electron concentration in acrylic is higher than that in
water, small but significant SSD modifications are required
when acrylic phantoms are used for x-ray dosimetry. The
transfer of dose to plastic to dose to water for x rays is accom-
plished by application of the ratio of the average mass ener-
gy-absorption coeflicient of water to that of plastic. As this
parameter is accurately established and changes very slowly
with beam energy, the dose transfer can be made with very
little uncertainty. The transfer of dose to plastic to dose to
water for electrons is accomplished by application of the
ratio of the average unrestricted collision mass stopping
power for water to that for plastic, and a correction factor
that accounts for the difference in electron fluence at d,,, in
plastic compared with that at d,,,, in water. The ratios of
unrestricted stopping powers for water to polystyrene or wa-
ter to acrylic are essentially independent of electron energy
so that this aspect of the dose transfer introduces very little
uncertainty into the dose calibration. Corrections for differ-
ences in electron fluence at d,,,,, in water and plastic are not
well established at the time of writing, and the data provided
in Sec. V D are uncertain to the extent of about 1%.

The question of constancy in the composition of the plas-
tics has been addressed by Schulz and Nath,*® and they con-
cluded that the composition of the plastics is sufficiently
constant so as to introduce negligible error when they are
employed as high-energy dosimetry phantoms. Small varia-
tions in the mass density of acrylic and polystyrene plastics
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were noted, so that it is important that this parameter be
experimentally determined. Some physical properties of wa-
ter, polystyrene, and acrylic are listed in Table X, and, for
comparison, the ICRU formulation for muscle.?*

The dimensions of a dosimetry phantom should provide a
5-cm margin on all four sides of the largest field size to be
employed, and a depth sufficient to provide maximum back-
scatter at the point at which the dose determination is made.
For the x-ray and electron energies included in this Protocol,
10 cm of phantom material beyond the dosimeter are ade-
quate.

B. Depth of calibration

For x rays, the calibration depth depends upon the inner
diameter of the ionization chamber and the energy of the
beam; specific recommendations are given in Table XI.
When the depth of the dose maximum d,,,, varies with field
size, a phenomenon observed for linear accelerators operat-
ing at 20-30 MeV, it is recommended that the calibration
depth be on the exponentially decreasing portion of the
depth-dose curve. Calibrations should not be made at depths
where the gradient of the depth-dose curve is changing fronr
zero (at d,,,,) to its maximum value because the gradient
corrections, P, ;, have not been evaluated for this region (see
Sec. IV D).

For electron beams, the calibration depth is restricted to
d,.. in both plastic and water phantoms. For cylindrical
chambers held perpendicular to the incident beam, the cen-
ter of the chamber should be positioned so that the proximal
180° segment of the inner surface of the chamber wall inter-
cepts not less than the 99% level on the ascending portion of
the depth-ionization curve. Plane-parallel chambers are po-
sitioned with the inner surface of the proximal electrode at
d,...,» and the dose so determined is at this depth. As the
energy of an electron beam is reduced, the replacement fac-
tor P, for a cylindrical chamber increases as does the elec-
tron fluence correction ¢ Y2 that is required for the transfer
of dose to plastic to dose to water. Thus, for electrons in the
range of 5-10 MeV, particular care should be taken in the
choice of dosimetry phantom and chamber to minimize the
magnitude of these corrections, and thereby reduce the level
of uncertainty in the dose determination. Plane-parallel
chambers with a minimum amount of plastic construction to
reduce electron backscatter, and water phantoms are nearly
optimum in terms of this Protocol because neither gradient
nor electron fluence corrections are required. Plane-parallel
chambers in plastic phantoms require electron fluence cor-
rections to obtain the dose to water, and cylindrical cham-
bers in water require replacement corrections. Cylindrical
chambers in plastic phantoms require both types of correc-
tions, and this system should be avoided for electron-beam
energies below 10 MeV.

C. Scaling factors and dose transfer, plastic to water
(photons)

When the spectral distribution and fluence of primary and
scattered photons at the measurement point in a plastic
phantom are the same as at a comparable point in a water
phantom, the dose to water is given by
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TaBLE X. Physical properties of water, acrylic, and polystyrene plastics, and muscle.

Water Acrylic Polystyrene ICRU muscle
Composition H,O0 C;H;0, C;Hg
Density (g/cm’) 1.00 L17* 1.04* 1.00
Average atomic number Z° 7.22 6.24 5.62 7.10
Z relative to water 1.000 0.86 0.78 0.98
Electron density (e~ /g) 3.346 X 10% 3.253x10% 3.243x10% 3.32x10%
Electron concentration (e ~/cm?) 3.346 < 107 3.806x 107 3.373x10% 3.32% 10%
Electron concentration relative to water 1.000 1.137# 1.008* 0.992

* Nominal values; the mass density of each dosimetry phantom should be individually determined.
®The average atomic number Z is calculated by weighting the component atomic numbers by parts by weight.

Dwater = Llmed Wen /P :f:tiﬂ’ (13)
where D_, is given by Eq. (9) and (Z.,, /p)ies” is the ratio of

the average mass energy-absorption coefficient for water to
that for plastic (Table XII).

Under ideal conditions (a point source of primary pho-
tons, only Compton interactions in the phantom, and a com-
plete absence of photons scattered from the collimator or
other components of the treatment head), the same spectral
distribution is obtained in water and plastic when the
source-surface distance (SSD) and dosimeter depths are
scaled by the relative electron concentrations of plastic to
water, and the collimator field size is not changed.*%°3
Under these conditions, the dose to water is related to the
dose to plastic by

Diyoier = Dinea[fien /Ploves (SDD?)0c (14)

'water ?
where (SDD?)™¢_ is the ratio of the square of the source-
detector distance for the plastic phantom to that for the wa-
ter phantom.

Under practical conditions, collimators and other compo-
nents of the treatment head contribute a significant number
of scattered photons to the primary beam, and the inverse
square law no longer provides an accurate description of
fluence as a function of distance from the source. In addition,

water

TaBLE XI. Calibration depths for x-ray beams.

Photon
energy
Dosemeter 1.D. or range Calibration depth
plane air gap (mm) (MeV) in water®
Less than 2 Co-2 plane parallel: d,,,, or 5 cm
cylindrical: 5 cm
4-15 dax OF SCm
16-25 d ey OT 7cm
26-50 d, . Oor 10cm
2-6.0 %Co-15 5cm
16-25 dpax O 7cm
26-50 d . or 10cm
6.1-10 %Co-15 S5em
16-30 7 cm
31-50 dax 0r 10 cm

®Measured from the surface of the phantom to the center of cylindrical or
spherical chambers, or to the proximal inner electrode surface for a plane-
parallel chamber. When plastic phantoms are employed, these depths are
scaled in accordance with Sec. V C.
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at photon energies greater than 25 MeV, the cross section for
pair production exceeds that for the Compton interaction,
and scaling based upon electron concentration is no longer
applicable. For these reasons, it is recommended that the
SDD and collimator field size for a plastic phantom be the
same as for a water phantom, and that the overlying thick-
ness of plastic be scaled so that the attenuation of the inci-
dent beam in plastic is equal to that in water.

Equal attenuation of the incident beam is obtained when
the thickness of the plastic is related to the thickness of water
by a scaling factor SF given by

SF = dplastic /dwater = ﬁwater /.E’plastic ’ (15)

where d is depth, and jz is the mean linear attenuation coeffi-
cient, calculated for the incident photon spectrum.

Scaling factors for polystyrene and acrylic plastics for
%Co gamma rays and x rays with nominal accelerating po-
tentials in the range of 2 to 50 MV are listed in Table XIII.
These factors are the ratios of linear plastic thickness to lin-
ear water thickness that result in equal x-ray attenuation.

When the SDD and collimator field size are the same for
measurements made in water and plastic, approximately the
same volume of phantom is irradiated in each case. Depend-
ing upon density and composition, the number of photons
scattered by a plastic phantom will be different from the
number scattered by a water phantom. Casson*® has shown
that the fractional increase in scattered photons, which oc-
curs in polystyrene and acrylic phantoms, is equal to the
ratio of the TAR for the unscaled field size to the TAR for
the scaled field size:

TAR(F,d)
TAR(Fe,d)’

where F is the field size at depth d in water, and c is the
relative electron concentration of plastic to water (Table X).

Table XIV lists excess scatter corrections for Co and 2-,
4-, and 6-MV x rays. Data are provided only for acrylic
phantoms because the electron concentration of polystyrene
is nearly the same as that for water, and excess-scatter cor-
rections are negligible.

A comparison of the calibration geometry of acrylic and
water dosimetry phantoms is shown in Fig. 8. When the
recommended geometry is employed, the dose to water is
related to the dose to plastic by

Doyaier = Dinea (fhen /Plmea (ESC). (17)

Excess scatter correction (ESC) =

(16)
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TABLE XII. Ratios of the mean mass energy-absorption coefficient for wa-
ter to that for plastic (Ref. 15).

TaBLE XIV. Corrections for excess scatter from an acrylic phantom.

Field size at depth (cm?)

Nominal accelerating (feen/Phras Energy Depth
potential (MV) Water/polystyrene® Water/acrylic* (MV) (cm) 5%5 10x10 2020 3030

2-6, (**Co) 1.036 1.031 ©Co 0.5 0.997 0.996 0.995 0.996
g 1.038 1.032 5.0 0.986 0.987 0.989 0.991

10 1.039 1.033 2 0.4 0.998 0.994 0.997

15 1.049 1.040 5.0 0.984 0.982 0.989

1.054 1.041

3(5) 1.058 1043 4 1.0 0.998 0.997 0.998

35 1068 1.049 5.0 0.994 0.993 0.993

45 1.096 1.064 6 15 0.999 0.998 0.998

5.0 0.994 0.994 0.996

®Derived from the data in Table IX.

D. Scaling factors and dose transfer, plastic to water
(electrons)

Methods and data for the determination of dose to plastic
from electrons are given in Sec. IV, and in Sec. V B the rec-
ommendation is made that the calibration depth for elec-
trons be restricted to d,,, . If the spectral distribution and
electron fluence at d_,,, in water and plastic are the same, the
dose to water is related to the dose to plastic by

Dwater = Dmed (E/p)x:::fr’ ( 18)

where (:S"/p);:;" is the ratio of the average unrestricted mass
stopping power of water to that of plastic.

If the spectral distributions are the same but the electron
fluences are different, the dose to water is related to the dose
to plastic by

Dwater = Dmed (§ /p):‘l:;:r ::;::fr’ (19]

water

where ¢ 1of" is the ratio of the electron fluence at d,,,, in
water to that at d,,, in plastic.

As for the spectral distributions in water and plastic, cal-
culations of E, at d,,, for depth-dose curves measured in
water, polystyrene, and acrylic (Sec. IV D) yield values that
are the same within the range of experimental uncertainty.
As E, may be taken as an index of beam quality, it is reasona-
ble to assume that the spectral distributions are also the
same. An examination of stopping-power data lends further
support to this argument. Small differences between E,, and
presumably between the spectral distributions, in water and
plastic have a negligible effect upon (§/p water. an 18%
change in E, is required to cause a 1% change in the stop-
ping-power ratio.

The ratios of mean unrestricted collision mass stopping
powers for water to polystyrene and water to acrylic are very
nearly constant for electrons in the range 0.1-50 MeV, and
recommended values are given in Table XV.

TABLE XIII. Scaling factors for photon beams (Ref. 38).

Nominal
accelerating
potential (MV) Polystyrene/water Acrylic/water
%Co, 2-8 0.99 0.88
10-35 1.00 0.88
40-50 1.01 0.89

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983

As for electron fluence, published reports*”*>*> and data
made available to Task Group 21 show that the response of
an ionization chamber atd,,,, in water is greater thanatd,,,
in polystyrene, and that the magnitude of the difference in-
creases as the electron energy is decreased. A theoretical
analysis by Hogstrom and Almond*® suggests that the elec-
tron fluence at 4, is a function of the mass angular scatter-
ing power of the phantom material. As angular scattering
power increases with mean atomic number and decreasing
electron energy, the theory is consistent with the limited ex-
perimental data that is available.

At the time of writing, the argument for making fluence
corrections when transferring the dose to polystyrene to the
dose to water is sufficiently documented to warrant the in-
clusion of specific recommendations in this Protocol. When
using a polystyrene phantom for the dosimetry of electrons
having mean incident energies E,, in the range of 5-16 MeV,

SOURCE SOURCE
L i)
Coliimator Collimator
tiwdsize: JY G p ] field size =
10 x 10 ¢cm? 10x 10 cm2
$.8.0 S.5.0D
=100 cm = 1006 cm
S.0.0.
=105 em
1 §s0 Y
@ cm cm f @
DETECTOR DETECTOR
WATER ACRYLIC

Excess Scotter Correction = 0.993

F1G. 8. Comparison of the irradiation geometries for a water phantom and
an acrylic phantom irradiated with 4-MV x rays. The source~detector dis-
tance (SDD) and the collimator field size are the same for each phantom.
The source-surface distance (SSD) is greater for the denser acrylic phan-
tom, and a correction for excess scatter is also required.
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TABLE XV. Ratios of unrestricted collision mass stopping powers (Ref. 36).

Water/polystyrene Water/acrylic

(S /p)rater 1.030 1.033

the fluence corrections ¢ naq” in Table X VI should be applied
in the process of transferring the dose to water.

Although similar corrections should be made when acry-
lic phantoms are used, acrylic is for this purpose more nearly
like water than polystyrene, and experiments have failed to
show any significant differences of electron fluence in these
two materials. Until data to the contrary are provided, it is
recommended that a fluence correction of unity be applied in
the transfer of dose to acrylic to the dose to water.

Because the pattern of dose buildup and 4_,,,, are affected
by the spectrum of electrons incident upon the phantom, the
scaling factors given in Sec. IV B, which are applicable to
ds,, may not be applicable in the plateau region. The dose to
water calculated from Eq. (19} is at d,,,, in water, but the
exact depth of this d,,,, should be determined from depth-
dose measurements made in water.

The SSD and collimator field size for electron dosimetry
in a plastic phantom should be the same as for a water phan-
tom.

V1. CALIBRATION OF ¢°Co TELETHERAPY UNITS
A. In-air calibration

The absorbed dose at a point in a water phantom may be
determined from the in-air exposure produced by a ®°Co
teletherapy unit. Starting with an exposure-calibrated ioni-
zation chamber (Sec. II), this is essentially a three-step pro-
cess:

(1) Measurement of the exposure at the SSD plus 0.5 cm,
or at the isocenter of the ®°Co unit:

XzMNX Aion Pion’ (20)

where M is the electrometer reading for the calibration field
size (C or scale divisions) normalized to 22 °C and a pressure
of one standard atmosphere, and N, is the ®Co exposure
calibration factor (R/C or R/scale division).

(2) Calculation of the dose to a small mass of water of 0.5
cm radius at the reference distance:
D w,)vater

=XfA (21)

eq?

where f'is the dose to water per roentgen of exposure, 0.967

TaBLE XVI. Ratios of electron fluences at d,,,,,, water/polystyrene.

Ey (MeV) water
5 1.039

7 1.033

10 1.025

13 1.017

16 1.009

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983

cGy/R," and 4., is a factor that accounts for attenuation
and scattering in the small mass of water, 0.989.%°

(3) Application of the field-size-dependent backscatter
factor (BSF), or 0.5-cm-depth tissue-air ratio (TAR, ;) to
obtain the dose to water at d,,,, in a full phantom:

Dwater = D;vater (BSF or TAROS )' (22)
These steps are combined in the following equation:

Dwater =MNXfAeq (BSF or TAROS ) (23)35

B. Water-phantom calibration using NV,

The dose at a point in a water phantom may be measured
with an ionization chamber having an absorbed-dose cali-
bration factor for ®®°Co gamma rays (Sec. II F). In this case,
the chamber with appropriate waterproofing (which is not
required for the NBS absorbed-dose calibration) is located at
a depth of 5.0 cm in a water phantom. The center of the
chamber should be at the treatment SSD plus 5.0 cm, or at
the isocenter. The dose to water at d,,,, with the chamber
removed is given by

MN TA
2 or MND( RO'S),

P /100 TAR,,

where N, is the absorbed-dose calibration factor at a depth
of 5 cm for ®*°Co gamma rays incident upon water {cGy/C or
cGy/scale division); P is the percent depth dose at 5-cm
depth for the SSD and field size employed; TAR,, is the
tissue—air ratio at 0.5-cm depth and the field size employed;
TAR,, is the tissue-air ratio at 5.0-cm depth and the field
size employed.

(24}

water

Vii. GENERAL CONSIDERATIONS
A. Choice of ionization chamber

The uncertainty in the determination of absorbed dose to
the dosimetry phantom is affected by the composition and
geometry of the ionization chamber. The radiation field in
the gas-filled cavity will be more like that in the phantom
after the chamber is removed if the chamber is constructed
from the same material as the phantom, or from a material
whose radiation-absorption properties are very nearly the
same. When the chamber composition is different from that
of the phantom, e.g., an acrylic chamber in a water phantom,
the wall thickness of the chamber should be as thin as possi-
ble, consistent with mechanical integrity. A buildup cap
should not be used unless it is of the same composition as the
phantom.

Most ionization chambers used in radiological physics
have cylindrical or plane-parallel geometries. There are ad-
vantages and disadvantages of each type depending upon the
application. Either type may be used for radiation dosimetry
within the restrictions listed in Secs. IT and V. Chambers of
the plane-parallel design have replacement factors P, that
are essentially unity, and the depth of measurement is well

*The product 4,,,, P, is omitted from these expressions because the expo-
sure rates [Eq. (23)] and dose rates [Eq. (24)] of cobalt teletherapy units are
comparable to those produced by the calibration units, and 4,,, P,,, will be

very close to unity.
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defined at the inner surface of the proximal electrode. There
are far fewer plane-parallel chambers in general use than
cylindrical chambers, and their ®Co exposure calibration,
although achievable in principle, is not as yet a routine pro-
cedure at the calibration laboratories. Cylindrical chambers
require gradient corrections on the order of 0.99 when used
on the descending portion of photon-beam depth-dose
curves, and electron fluence corrections on the order of 0.98
when used atd,,, for electron beams. These corrections not-
withstanding, cylindrical chambers are widely used, have a
long history of reproducible exposure calibrations, and have
been instrumental in establishing the traceability of clinical
dosimetry to a national standard.

B. Ny, for plane-parallel chambers

It is recognized that cylindrical ionization chambers are
widely used, and that the procedures for their in-air expo-
sure calibration are firmly established. The same cannot yet
be said for chambers of the plane-parallel design. Plane-par-
allel chambers that do not have NBS or ADCL calibrations
may be used to verify the calibration of the lower range of
electron energies from an accelerator when the higher ener-
gies can be calibrated with a cylindrical chamber whose P,
is no smaller than 0.99. N, for a plane-parallel chamber
may be determined as follows.

Using the highest electron-beam energy available and the
cylindrical chamber for which N, is known, determine the
response per monitor unit at 4,,,,. Next, place the plane-
parallel chamber into the same dosimetry phantom taking
care to position the inner surface of its proximal electrode at
the depth of the central axis of the cylindrical chamber, and
determine its response per monitor unit. The cavity-gas cali-
bration factor for the plane-parallel chamber is given by

M N, Py Py}
(Ngas )p—p - ( gas © ion repl) , (25)
(M P ion )p—p

where the terms in the numerator apply to the cylindrical
chamber, and those in the denominator apply to the plane-
parallel chamber.

C. Dose to tissues

Computerized tomography has revealed that there are
subtle variations from patient to patient in density and atom-
ic composition of supposedly similar tissues. As the means to
take account of these variations and include them into the
treatment-planning process are now at hand, there is scant
justification for assuming that tumors and intervening tis-
sues all have the composition and density of ICRU muscle.>*
For this reason, the Protocol recommends that the calibra-
tion of radiation-therapy machines be expressed in terms of
absorbed dose to water, and that the doses to various tissues
be determined as part of the treatment-planning process.

D. Alternate dosimetric methods

It is recommended that, whenever possible, the beam cal-
ibration obtained by the method of the calibrated cavity (this
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Protocol) be confirmed by alternate, independent methods.
At the present time, alternate methods are limited to calori-
metry, the Fricke ferrous-sulfate dosimeter, and ionization
measurements made with a chamber having an accurately
known collecting volume.

1. Calorimeters

Calorimeters, which are generally regarded as giving the
most accurate results, are made of graphite,*>*! have an in-
tricate construction with vacuum insulation, must be tem-
perature stabilized prior to use, and are not suitable for rou-
tine beam calibration. Water calorimeters*>? are
considerably easier to construct and operate, and offer the
possibility of becoming a general-purpose dosimeter; at the
time of this writing, the accuracy has not been established to
the extent that water calorimeters can be regarded as accep-
table for clinical dosimetry.

2. The Fricke ferrous-sulfate dosimeter

The Fricke ferrous-sulfate dosimeter offers many advan-
tages over ionization chambers for high-energy radiation do-
simetry: its composition is very close to that of water so that
the dose to the dosimeter solution may be taken to be the
dose to water; if thin-walled, low-density irradiation vessels
are used, replacement corrections are not required; the re-
sponse of the Fricke dosimeter is dose-rate independent; it
does not require calibration at a national or regional labora-
tory. Some of the disadvantages of the Fricke dosimeter are
an ultraviolet spectrophotometer is required for readout; ex-
ceptional care and cleanliness are required for consistent,
accurate results; there are uncertainties in the ferric-ion
yields (G values) on the order of + 3%; more time is re-
quired for a dose determination; it cannot be regarded as a
field instrument; doses of about 1000 cGy are required for
accurate results even when 5-cm cuvettes are used for read-
out. The theory and application of chemical dosimeters has
been described by Fricke and Hart.*?

3. Independent ionization chambers

An uncalibrated ionization chamber may be used to con-
firm absorbed dose if its collecting volume is known with an
uncertainty comparable to that of N, for the same
chamber. Collecting volumes for cylindrical chambers are
difficult to determine because of the complex shape of the
electric field where the central electrode emerges from the
insulator, and the difficulty of measuring internal dimen-
sions. The collecting volumes of guarded field, plane-parallel
chambers can be accurately controlled during fabrication,
and the plate spacing subsequently checked by capacitance
measurements if the collecting-plate area is known. The de-
sign, construction, and testing of independent plane-parallel
chambers has been described by Holt ef al.!’

The cavity-gas calibration factor N,,,(Gy/C) for an inde-
pendent ionization chamber is given by

_ W/e
VX P ’
where Vis the collecting volume (m?) and p is the density of
the gas at 22 °C and 760 mmHg (kg/m?3).

Equation (9) is then used to determine the dose to the dosi-
metry phantom from high-energy x rays or electrons.

(26)

gas
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Viii. APPLICATION OF THE PROTOCOL
A. Summary

(a) This Protocol covers the calibration of the following
radiation beams: cobalt-60 gamma rays, x rays with nominal
accelerating potentials in the range of 2-50 MV, and elec-
trons with mean incident energies in the range of 5-50 MeV.

(b) The primary dosimeter shall be an ionization chamber
having a calibration factor for ®*Co gamma rays directly
traceable to NBS. The recommended ionization chambers
are of the (i) plane-parallel design with electrode spacing and
collecting electrode diameter not to exceed 2 mm and 2.6 cm,
respectively; (ii) cylindrical design with internal diameters
less than 1 cm. Whenever possible, ionization chambers
should be constructed of the same material as the phantom.

(c) The Protocol recommends that beam calibrations be
expressed in terms of dose to water. Water, polystyrene, or
acrylic phantoms may be used. When plastic phantoms are
used, various scaling and dose-transfer factors must be em-
ployed to obtain the dose to water. The dimensions of the
phantom should be such that a 5-cm margin is present with
the largest field size. Also, at least 10 cm of material beyond
the dosimeter is necessary to assure maximum scatter.

(d) The measurement depths for beam calibration shall be
(i) depth of dose maximum or on the exponentially decreas-
ing portion of the depth-dose curve for photons, and (ii)
depth of dose maximum for electrons. The depth chosen for
photons is dependent on the internal dimensions of the ioni-
zation chamber.

B. Application

The application of the Protocol for calibration of high-
energy radiation beams is essentially a two-step process.
First, the dose to gas (air} in the chamber is determined; this
is the product of the cavity-gas calibration factor N,,, and

the electrometer reading corrected for ion recombination.
(V.s may be calculated using the *°Co calibration factor and
other data given in Sec. III, or it may be provided by the
calibration laboratory.) Second, the dose to water from pho-
ton or electron beams is calculated using the methods and
data of Secs. IVand V.

1. Calculation of the cavity-gas calibration factor Ny,

The *Co exposure calibration factor and N, will nor-
mally be provided by the calibration laboratory. Occasions
may arise when the user is required to calculate N, . Work-
sheet (1), which can aid the user in making these calculations,
has entry spaces for each of the required physical param-
eters, and references to where these data can be found in the
Protocol. In addition, there is an Example Worksheet (1)
with sample data for the calculation of N,,, for a typical
ionization chamber, and Table XVII lists physical param-
eters and the ratios of N,,, /Ny for a group of commonly
employed chambers.

2. Calculation of dose to watler from photon beams

Worksheet (2) is used for ®°Co and x-ray dosimetry, and a
new sheet should be used each time a dose calibration is
made. Fractional depth dose may be replaced by tissue-max-
imum ratio (TMR) in the calibration of machines used for
isocentric treatments. An example is given of the application
of Worksheet (2) to the calibration of an x-ray beam with a
stated energy of 4 MeV.

3. Calculation of dose to water from electron beams

Worksheet (3) is used for electron-beam dosimetry, and a
new sheet should be used each time a dose calibration is
made. An example is given of the application of Worksheet
(3) to the calibration of an electron beam with a stated energy
of 13 MeV.

TABLE XVII. Calculated ratios of N, /Ny for commonly employed ionization chambers (N is the exposure calibration factor for **Co gamma rays).

Chamber Avan a L/l Besplim L/ (Eea/oy Noos/Nx(Gy/RJ"
Capintec-Farmer 0.6 cm”’, 0.990 0.42 1.010 0.999 1.103 0.925 8.52x 1073
graphite wall,
acrylic cap
Capintec 0.1 cm®, 0.991 0.90 1.010 0.999 1.103 0.925 8.57x107°
graphite wall,
acrylic cap
PTW normal, acrylic 0.994 1 1.103 0.925 8.51x107*
PTW transit, 0.994 1 1.103 0.925 8.51x107°
acrylic
PTW micro, acrylic 0.988 1 1.103 0.925 8.46x 107
Shonka 0.1 cm?, 0.989 1 1.103 0.925 8.47x107°
acrylic
Exradin T.E. (A-150) 0.983 1 1.145 0.906 8.28%107*
Exradin A.E. (C-552) 0.973 1 1.000 1.000 8.50x10"*
Far West IC-18 0.989 1 1.145 0.906 8.33x107*
{A-150)

Capintec parallel 0.995 0 1.112 0.928 8.43x107*

plate, polystyrene

* For these calculated values of N, /N, the ionization collection efficiency 4,,, was assumed to be 1.00, and the quotient of absorbed dose by the collision

fraction of kerma was taken to be 1.005.
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Worksheet (1) for calculating the cavity-gas calibration factor A,

Name: Date:

The cavity gas calibration factor is obtained from Eq. {6):

k (W/e)Aion Awall

N — NX wall

= (L /p)atien /s + (1 — AN /)3 Ben /PNty

When chamber wall and buildup cap are of the same material, « = 1.00.
When chamber wall and buildup cap are of different materials, ¢ is obtained from Fig. 1.

1. {a) Chamber model and serial number:

(b) Cavity inside diameter: mm

(c) Wall material and thickness: g/cm?

{(d) Buildup cap material and total wall plus cap thickness: g/cm?
(e)  Polarizing potential: v

2. (a) Calibration laboratory and date:

(b)  Cobalt-60 exposure calibration factor at 22 °C and 1 atmosphere:

765

or Ny = R/scale division
3. (a) Charge per unit mass of air per unit exposure: : k=2.58x10"*C/kgR
(b)  Average energy per unit charge: W/e=337J/C
(c)  Absorbed dose/collision fraction of kerma; Bwan = 1.005

4. (a) Ion-collection efficiency (obtained from NBS or ADCL, Sec. III D): A4

ion —

{b) Wall-correction factor (Tables II or III): At =
(c)  Fraction of ionization due to electrons from chamber wall (Fig. 1): a=
(d) Stopping-power ratio, wall/air (Table I): (L /p)et =
(e}  Energy-absorption coefficient ratio, air/wall (Table I): en /Py =
()  Fraction of ionization due to electrons from buildup cap: (1—a)=
(8)  Stopping-power ratio, cap/air (Table I): (L /p)ad =
(h)  Energy-absorption coefficient ratio, air/cap (Table 1): (fen /Py =

5. Cavity-gas calibration factor at 22 °C and 1 atmosphere:

or N, =

Medical Physics, Vol. 10, No. 6, Nov/Dec 1983
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Example Worksheet (1) for calculating the cavity-gas calibration factor A/,,,
Name: John Doe Date: 10 January 1984
The cavity gas calibration factor is obtained from Eq. (6):
=N k(W /e, Ay Buan
as - CTX T wall = air T cap(s air
* a(L /p)ai:n(lu‘cn /P wall + (1 - a)(L /p)mrp(auen /P cap
When chamber wall and buildup cap are of the same material, & = 1.00.
When chamber wall and buildup cap are of different materials, « is obtained from Fig,. 1.
1. (a) Chamber model and serial number: _PTW Normal, SN 123
(b) Cavity inside diameter: 3.0 mm
(c) Wall material and thickness: Acrylic, 042 g/cm?
(d) Buildup cap material and total wall plus cap thickness: none g/cm?
(¢}  Polarizing potential: F350 V
2. (a) Calibration laboratory and date: NBS 7 April 1982
(b)  Cobalt-60 exposure calibration factor at 22 °C and 1 atmosphere:
Ny= __630x10° R/C
or Ny = R/scale division
3. (a) Charge per unit mass of air per unit exposure: k=2.58x10"*Cs/kgR
(b)  Average energy per unit charge: W/e=133.7J/C
{c)  Absorbed dose/collision fraction of kerma: Buan = 1.005
4. {(a) Ion-collection efficiency (obtained from NBS or ADCL, Sec. III D): 4, = 0.993
(b) Wall-correction factor (Tables II or III): A = 0.994
()  Fraction of ionization due to electrons from chamber wall (Fig. 1): a= 1.00
{d) Stopping-power ratio, wall/air (Table I): (L /p)rat = 1103
(¢)  Energy-absorption coefficient ratio, air/wall (Table I): e/ PV = 0.925
(f)  Fraction of ionization due to electrons from buildup cap: (1—a)= 0
(g8) Stopping-power ratio, cap/air (Table I): (L /PP =
(h) Energy-absorption coefficient ratio, air/cap (Table I): (Ben /PN, =
5. Cavity-gas calibration factor at 22 °C and 1 atmosphere:
N, = 533x107 Gy/C
or N, = Gy/ scale division
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Worksheet (2) for calculating the dose to water at d,,,, from photon beams

Name: Date:
1. Radiation source: ; Stated energy: MeV
Ionization ratio: Nominal accelerating potential: MV
(Sec. IV B) (Fig. 3)
2. Phantom material (med): SSD: cm
Collimator field size: cm?; Depth of measurement: cm

3.1. Dose to phantom material per monitor unit [Eq. (9)]:

Dmed/U=(M/U)Ngas(z/p)medp P

air wall < ion £ repl?

where U refers to accelerator monitor units, or time for a °°Co unit.

3.2.  The chamber temperature 7 = °C and pressure P = mmHg
at the time of measurement. The chamber signal M is normalized to 22 °C and 1 atmosphere using the factor:
T +273°C < 760 mmHg

295°C P
3.3.  Mean chamber signal per monitor unit (at the higher collecting potential, and normalized to 22 °C and 760 mmHg)
(M/U)= C/monitor unit
or (M/U)= scale division/

‘ monitor unit
3.4. Cavity-gas calibration factor:

Chamber model: Wall material:
Inner diameter: mm Wall thickness: g/cm’
Ngos = Gy/C or Gy/scale divi-
sion.
3.5.  Stopping-power ratio (Fig. 2, Table IV): (T /p)mes =

3.6.  Wall correction factor [Eq. (10)]:
[aL /p)a en /P)es + (1 — @)L /p)e

wall — -

(L /p)
Fraction of ionization from chamber wall (Fig. 7): a=
If @>0.25, enter a and (1 — a). (1—a)=
If @ <0.25, enter ¢ = 0 and proceed to 4.
Stopping-power ratio (Fig. 2, Table IV): T/ o) =

Energy-absorption coefficient ratio (Table IX):

Een Vi = Ben/Pl =B PN
4. Ionization recombination correction (Sec. IV C and Fig. 4): P, =
5. Replacement (gradient) correction (Fig. 5): P.,=
6. Dose to phantom material per monitor unit or per unit time,!
at point of measurement: D, /U= Gy/monitor unit

7.1. Dose to water per monitor unit, at d,.,, [Eq. (17)]:

(Dinea/ U)X ESCX (flen /Plmed
P /100
7.2.  Correction for excess scatter from acrylic phantoms (Table XIV): ESC =

D,..lat d,,,)/U=

7.3.  Energy-absorption coefficient ratio (Table XII): (fen/plos™ =
7.4.  Percent depth dose at depth of measurement: P=____ ¢
7.5. Dose to water per monitor unit, at d,,,: D,lat do VU= Gy/monitor unit

| Cobalt-60 units may have a nonlinear relationship between dose per unit time and time, especially for short exposure times. Corrections should be made
using the method of Orton and Siebert (Ref. 58).
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Example Worksheet (2) for calculating the dose to water at d,,,, from photon beams
Name: John Doe Date: 7 May 1954

1. Radiation source: Clinac 4 ; Stated energy: 4 MeV
Ionization ratio: 0.630 Nominal accelerating potential: 3.6 MV
(Sec. IV B) (Fig. 3)
2. Phantom material {med): Polystyrene SSD: 80 cm
Collimator field size: 10x10 cm?; Depth of measurement: 3.0 cm

3.1  Dose to phantom material per monitor unit [Eq. (9)]:
Dmed/U= ( M/U) Ngas(z/p)zfd Pwal] Pion Pre

where U refers to accelerator monitor units, or time for a **Co unit.

pl >

3.2.  The chamber temperature T = 25.0 °C and pressure P = 758 mmHg
at the time of measurement. The chamber signal M is normalized to 22 °C and 1 atmosphere using the factor:

T +273°C , 760 mmHg 1013
295°C P —

3.3. Mean chamber signal per monitor unit (at the higher collecting potential, and normalized to 22 °C and 760 mmHg)
(M/U)= __138x10"" C/monitor unit

or (M/U)= scale division/
monitor unit

3.4.  Cavity-gas calibration factor:

Chamber model: PTW Normal  Wall material: _ Acrylic
Inner diameter: 5.0 mm Wall thickness: __ 0.42 g/cm®

N, = 5.33x10° Gy/C or Gy/scale
) division.
3.5. Stopping-power ratio (Fig. 2, Table IV): (L /p)red = 1.110

3.6.  Wall correction factor [Eq. (10)):
_ (o /ppi fen /pVacit + (1 — @)L /p)3"]

P .= — 0.990
! (L /p)ee —
Fraction of ionization from chamber wall (Fig. 7): a= 0.93
If @>0.25, enter @ and (1 — ). (1—a)= 0.07
If @ < 0.25, enter @ = 0 and proceed to 4.
Stopping-power ratio (Fig. 2, Table IV): (L /p)rt = 1.101
Energy-absorption coefficient ratio (Table IX):
Ben /Pl 1072 = (Hen /N2 1077 = (fen/Plust 0997
4, Tonization recombination correction (Sec. IV C and Fig. 4): P, = 1.011
5. Replacement (gradient) correction (Fig. 5): P.y= 0.994
6. Dose to phantom material per monitor unit or per unit time, "
at point of measurement: D,../U= _812x10~° Gy/monitor unit

7.1.  Dose to water per monitor unit, at d_,, [Eq. {17)]:
(Drmea/ U)X ESCX (fer /Plmed”
P /100
7.2.  Correction for excess scatter from acrylic phantoms (Table XIV): ESC =

Dwater (at dmax )/U =

7.3.  Energy-absorption coefficient ratio (Table XII): (Ben/placs™ = 1.036
7.4.  Percent depth dose at depth of measurement: P= 82.4 %
7.5. Dose to water per monitor unit, at d,,,,, : D,...(at d..,)/U= _ 1.02x10~2  Gy/monitor unit

**Cobalt-60 units may have a nonlinear relationship between dose per unit time and time, especially for short exposure times. Corrections should be made
using the method of Orton and Siebert (Ref. 58).
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Worksheet (3) for calculating the dose to water at d,,,, from electron beams

Name:

1.

31

3.2,

3.3.

34,

7.1.

7.2.

7.3.

74.

Date:
Radiation source: ; Stated energy: MeV
ds, cm water Mean incident energy (E,): MeV
(Sec. IV B) (Sec. IV B)
Phantom material (med): SSD: cm
Collimator fieldsize: __ cm? Depth of measurement: cm Practical range R, cm

Mean energy at measurement depth E, (Table VIII): MeV
Dose to phantom material per monitor unit [Eq. (9)):

Dmed/U= ( M/U )Ngns(z/p):ilfdpion Prepl’
where U refers to accelerator monitor units.
The chamber temperature 7= ______ °C and pressure P=________ mmHg at the time of measurement. The

chamber signal M is normalized to 22 °C and 1 atmosphere, using the factor
T +273°C % 760 mmHg

295°C P
Mean chamber signal per monitor unit (at the higher collecting potential, and normalized to 22 °C and 760 mmHg).
(M/U)= C/monitor unit
or (M/U)= scale division/monitor unit
Cavity-gas calibration factor:
Chamber model: Innerdiameter: ____~ mm
Ny = Gy/C or Gy/scale di-
vision
Stopping power ratio for E, at depth (Tables V-VII): (L /p)med =
Ionization recombination correction (Sec. IV C and Fig. 4): P, =
Replacement (electron fluence) correction (Table VIII): P, =
Dose to phantom material per monitor unit,
at point of measurement: D_ /U= Gy/monitor unit
Dose to water per monitor unit, at d,,,,, [Eq. (19)]:
Dysier (88 A}/ U= (Dpnea /U NS /s i
Unrestricted stopping-power ratio (Table XV): s /p)rater
Electron fluence correction (Table XVI): water
Dose to water per monitor unit, atd,_,_: D, (at d,.. /U = Gy/monitor unit
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Example Worksheet (3) for calculating the dose to water at d,,,,, from electron beams

Name:

L

3.1.

3.2,

3.3.

34.

7.1

7.2.

7.3.

7.4.

John Doe Date: 6 June 1984

Radiation source: Sagittaire ; Stated energy: 13 MeV

ds, 5.25 cm water Mean incident energy (E,): 12.2 MeV
(Sec. IV B) (Sec. IV B)

Phantom material (med): Polystyrene SSD: 105 cm

Collimator field size:_ 10X 10 _cm* Depth of measurement: _2.75 cm Practical range R, 612 cm

Mean energy at measurement depth E, (Table VIII): 6.72 MeV
Dose to phantom material per monitor unit [Eq. (9)]:

770

Dmed/U= (M/U )Ngas(z/p):;:dpion Prepl’
where U refers to accelerator monitor units.
The chamber temperature 7= _ 23.5 °C and pressure P= _ 765 mmHg at the time of measurement. The

chamber signal M is normalized to 22 °C and 1 atmosphere, using the factor
T +273°C v 760 mmHg _
295°C P

1.00

Mean chamber signal per monitor unit (at the higher collecting potential, and normalized to 22 °C and 760 mmHg).

(M/U)= 116x10~'° C/monitor unit
7U)

!

]

scale division/
monitor unit

or (

Cavity-gas calibration factor:

Chamber model:  Farmer Graphite  Inner diameter: 6.0 mm

Ny = __5.42x107  Gy/Cor Gy/scale di-
vision
Stopping power ratio for E, at depth (Tables V-VII): (L /p)med = 1.003
Ionization recombination correction (Sec. IV C and Fig. 4): P, = 1.020
Replacement (electron fluence) correction (Table VIII): P = 0.971
Dose to phantom material per monitor unit,
at point of measurement: D,./U= __625x10"° Gy/monitor unit
Dose to water per monitor unit, at d_,, [Eq. (19)].
Dwater (at dmax )/U = (Dmed /U )(E /p)r‘:,laedter ngﬂ
Unrestricted stopping-power ratio (Table XV): (S /p)ater 1.030
Electron fluence correction (Table XVI): water 1.020
Dose to water per monitor unit, atd_, : D,... (at d,.,)/U = 6.56x10~° Gy/monitor unit
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