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Abstract

Eight parallel-plate (pancake} and spherical ionization chambers of various volumes
have been designed and fabricated at the Primary Standard Dosimetry Laboralory
(PSDL), National Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba, Japan. These chambers are made of Poco graphite of density 1.82 g cm’
and can be used for the absolute air kerma rate measurement in Co and '¥’Cs y-ray
ficlds. The air kerma rate in the y-ray ficlds is oblained by measuring the signal

current from the ionization chamber.

lonization valume of each of the fabricated ionizatien chambers is determined using
the dimensions of various parts of the chamber, the signal current measured from the
chamber and that from the stem part of the chamber. Values of recombination
parameters 4 and m’g arc oblained using a method proposed by De Almeida and
Niatel and adopted by Boutillon. From the measurement it is observed that the values
of recombination parameters for pancake jonization chamber are smaller than
spherical ionization chambcers. Using the values of 4 and m’g for each of (he
ionization chamber, ion losses within the ionization chamber are abtained. The
comrection factors for the contribulion of y-rays scaticred by the wohization chamber
stem is determined using a dummy stem of identical size and composition placed on
the side opposite to the original chamber stem. The stem scattering elfect is found to
be larger for smaller volume ionization chambers. Wall correction factor, &, of

each of the fabricated ionization chamber is determined by Monte Carlo calculation
using the EGSS program. £, is relatively small for pancake chambers and it is

close to unity. The mean mass collision stopping powcr ratios of graphite and air for
the fabricaled ionization chambers at 1375 and ®Co y-ray beam energies is also

calculated using the EGS5 program. The value of 5, /5, is found to depend on the
cutoff energy of electrons in the calculation and also on the incident photon cnergy.
The value of 5, /5, obtained in electronic equilibrium condition for spherical

chambers is used for all types of ionization chambers. Angle dependence sensitivity
of each of (he fabricated ionization chambers is also measured at varigus sourcc-
chamber distances {SCDs) in 3705 and *°Co y-ray ficlds. The sensitivity of these
fabricated spherical icnization chambers in the present study is almost isotropic but
that for parallel plate ionization chambers depends upon the angular position of the
chamber with respect to the beam direction.

Two difTerent sizc cylindrical ionization chambers of AIST are being used as the
national standard devices for air kerma measurement, i.e. they are using for
calibralion of sccondary standard ionization chambers and field type iomzation
chambers using for different radiotherapy machine output calibration and radiation
protection purposes in Japan. In the present study, the air kerma rates at varous
$CDs in the “Co and *'Cs y-ray ficlds are determined by the fabricated ionization
chambers. For a given SCD, the air kerma ratc value measured by a fabricated
ionization chamber is compared with that obtained by the cylindrical ionization
chambers. 1t is noticed from the measurcment thal all the air kerma rate values
obtained by the spherical ionization chambers STA, S60A, S60B and 3900A are



slightly smaller than those obtained by P9A, P9B, P6OA and PSOB and the relative
expanded unceriainties (in % and the coverage factor i=2) in the air kerma rate
measurcment oblained by all of the fabricated ionization chambers are smaller than
those by the cylindrical ionization chambers.

The E, number which is usually used for comparison and the proficicncy testing of
calibration abilities of each of the fabricated ionization chambers and is obtained by
choosing the air kerma rate measuted by cylindrical chambers are used as the
reference values. [n the present study, the value of E, number is smaller than 1 at all
positions of the fabricated ionization chambers except for the air kerma rate at
SCD=4 m in 'Cs y-ray field measured by S60A and P60A lonization Chambers.

In this work a suggestion has also been given in favour of a new correction facter for
the charge of photoelectrons, Compton electrons, and Auger electrons, which are
included in the signal charge from an ionization chamber and are more significant for
lower cnergy photons, Besides this, it is indicaled thal the definition ol exposure
should be made clear whether exposure includes or does not inciude the charge of

these ¢lectrons.
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General Introduction



Chapter I

General Introduction

1.1 Introduction to lonizing Radiation

The use of ionizing radiation started with the discovery of x-ra'};fs by Wilhelm
Roenigen, of radioactivity by llenri Becquercl and of radium by the Curies in the
1890s, Within a very short time, both a-rays and radium became useful tools in the
practice of medicine. lonizing radiations are those, which can ionize matter. lonizing
radiations are generally characterized by thelr ability to excite and ionize atoms of
matier with which they interact. Since the encrgy required 1o cause a valence clectron
to escape from an atom is of the order of 4-25 ¢¥: radiation musl camy kinetic or

quantum energy in excess of this magnitude.

According to ICRU 1971 [1] (International Commission on Radiation Units and

Measurements), ionizing radiation is classified as

(i} Dir ectly fonizing Rudiation
Fast charged particles, which deliver their energy to matler directly through
many small Coulomb-force interactions along the particle’s track and
preduce ionization; and

(ii) frcdirectly fonizing Rudiation
x- or y-ray photons or neutrons {i.e., uncharged particles), which first
iransfer their energy 1o charged particles in the marter through which they
pass. The resulting fast charged particles then in turh deliver their energy to
the matter by Coulomb-force interaction. Thus, deposition of encrgy in

matter by indirectly tonizing radiation is two-step process.

When an x- OF 7~ ry beamn passes through a medium, interaction between pholons
and matler take place; and the energy is transferred to the medimm. lonizing photons

interact with the atoms of a material or absorber and produce high-speed elcctrons by
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three major processes: photoelectric effect, Compton effect and pair production. The
relative impomance of photoclectric effect, Compton effect and pair production
depend on both the photon quantum energy and the atomic number Z of the
absorbing medium. The photoclectric effect is dominant at the lower photon
encrgies; the Compton effect takes over at medium energics and pair production at
the higher energies. For low Z media (¢.g. carbon, air, water, and human tissue) the
region of Compten effect dominance is very broad, extending from 20 ke¥ to 30

MeV. This gradually narrows with increasing Z.

Three non-stochastic quantities are useful to describe the interactions of the radiation

with matter. These quantitics are:

(i} the kerma K, which describes the first siep of energy dissipalion by
indirectly ionizing radiation, i.c. energy transferred Lo charged particles;

(i) the ubserbed dose D, thal describes the energy imparted (o matter by all
kinds of ionizing radiation but delivered by the charged particles; and

(ii) the exposure X, which describes the ability to ionize air by x- and y- ray.

The detennination of the cnergy deposition in matter by the radiation is referred Lo as
“radiation dosimetry”. Radiation dosimetry deals with the measurement of absorbed
dose or dose rate resulting from the interaction of ionizing radiation with matier, It
refers to the determination (j.e., by measurement or calculation) of these guantities,
as well as any of the other radiological relevant quantities such as eaposure, kerma,
fluence, dose equivalent, energy imparted and so on. One often measures one
quantity (usually the absorbed dose) and derives another from it through calculations

based on the standard relationships.

Dosimetry {including the figld of medical dosimetry) can be classified into two
categorics — "in-air measurements” {or measurcments under receptor free conditions}
and "in-phamom measurements”. Kerma is a suitable quantity for in-air
measurements while for in-phantom measurements absorbed dose is the appropriate
quantily. Kerma is relevant only for fields of indirectly ionizing radiations (photons

or neutrons). For indirectly ionizing radiation, the first step of energy deposition in
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matter is concerned with the energy dissipation by the indirect ionizing radiation .
{c.g. photons), that is, energy transferred to the charged particies (i.e, electrons). The
released energy by photons is called kerma (kinetic encrgy released in the medium).
This is also referred as the "first collision dose". According to [CRU 1980 {2] the
quantity kenma (K} at a point of inferest in volume ¥ is defined as the sum of the
initial kinctic energies of all the sccondary electrons emitted by photons per unit

mass of a material at a puint of interest,

Where, dE, is the sum of the initial kinetic cnergy of all the charged ionizing
paricles (electrons and posilrons) liberated by the indirectly ionizing particles
(photon) in a material of massdm . The subscript “t” denotes the energy transferred
from the photons to the charged panicles. The statemment of kerma is incomplele
without & reference of the material concemed. The S1 unit for kerma is the same as
dose, i.c., J/kg. The unit has a specific name gray and its symbol is Gy. The
relationship between kerma and absorbed dose is more subtle. The energy transfer of
kerma takes place at a point, but the subsequent imparting ol energy 0 matler which
gives rise 1o the absorbed dosc is spread over distances determined by the range of
the charged pani‘clcs. The mechanism of transfer of energy from a photon to the

medium is shown in Fig. !.1.

v/
a
AT A AN AN AN b
LY ARV ARV VEY
delta ray
Hremssiralilung
K.E.

l_N.".l'

Fig. 1.1 schematic diagram of the transfer of energy from a photon 1o the medium
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According to Fig. 1.1 photon of energy hiv interacts at *a’, transferring some of the
energy Lo an eleciron giving it kinctic energy (K.E.) This clectron in turn gives up ils
encrgy mostly in small collisions along its track ‘5’ The transfer of cnergy at "a’ is
called kerma, and along *B° is called absorbed dose. The photon #iv'is scattered from
‘2> by Compton ¢ffect. The photon Av” is Bremsstrahlung resulting from a collision
berween he clectron and a nucleus. The delta ray is another electron track resulting
from a relatively violent clectron-electron collision, The energy absorbed, which
corresponds to absorbed dose, equals the kerma less the enecrgy carried away by
Bremsstrahlung. Kerma occurs at a point, while absorbed dose occurs further down
stream over a range equal to the range of the electron.

So, when a photon interacts with the electrons in the material, a pan or all 6f iLs
encrgy is converled into kinetic chergy of clectrons. If only a part of the photon
energy is given to eleetrons, the photon itself is scattered with reduced energy. The
scatiered photon may interact again with a panial or complete transfer of energy to
the electrons. Thus, a photon may experience one or multiple interactions in which

the energy lost by the photon is converied into kinelic cnergy of electrons.

In the Mrst step of photon interaction, when a photon traverses a material the fraction
of photen energy is transferred into kinetic energy of electrons per unit thickness of

absorber is given by the energy fransfer coefficient (s ). This coefficient is related 1o

attenruation coc{Ticient (g

= - 1.1
Hir ;w# (1.1)

where, £

_is the average cnergy transferred into kinetic energy of clectrons per

interaction. Unit of energy transfer coefTicient is em™, (u, /p) is the mass energy

transfer coefiicient.

In the second step of photon interaction, the kinetic enetgy of last electrons may be

spent in bwo ways:
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i} Coulomb-force interaction with atomic electrons of the absorbing matcrial,
resulting in the local dissipation of the encrgy as {onization and excilation
in or near the eleciron track. These arc catled collision interaction.

ii) Radiative intcraction with the Coulomb force ficld of atomic nuclei, in
which x-rav photons {Bremsstrahlung or “braking radiation™) arc emitied as
the electron decelerates. These x-ray photons are relatively penetrating
comnpared to clectrons and they camy their quantum energy far away from

the charged particle track.

Most of the clectrons set in motion by the photons will lose their encrgy by inelastic
collisions (ionization and excitation} with atom ic electrons of the material. A few,
depending on the atomic number of the material, wil!l ose encrgy by Bremsstrahhung

interactions with the nuelei.

Since the kerma (K} includes kinetic energy received by the electrons whether it is
destined to be spent by the collision with the electrons or radiative-type intcractions,
<o K can be subdivided into two pans according to whether the energy is spent in

creating excilation and ionization (K or is carried away by photons {£.):
K=K +X, (1.2}

where the subscripts ¢ and » refer to rcollision’ and ‘radiative’ interactions
respectively. Therefore, all the photon encrgy transferred to Kinetic energy of
electrons will not be absorbed by (he irradiated material, A fraction g of the electron
energy is converied (o photon energy (Bremsstrahlung}. The Bremsstrahlung energy
is radiated oul of the local volume as x-rays and is not included in the calculation of
locally absorbed energy. The coclicient used to derive the cnergy actually absorbed

per unit mass in an irradiated material is the mass encrgy absorption coelTicient

{ g,/ 2)and is given by
Ha _ He (1) (1.3)
pp



Chaprer £ Ereneral Iriruchec et

For most interactions invelving soft tissues or other low Z material, glectrons lose

energy almost entirely by ionization collisions with the Bremsstrahlung component

negligible. So under these conditions, 4, = g, . These 1wo coelMicients differ

appreciably when the kinetic energics of the secondary parlicles are high and

material traversed has a high atomic number.

Exposure is the ionization equivalent to the collision kerma in-air. The cxposure, X,
according to ICRU 199§ [3] is defined as the quotient of dQ by dm, where dQ is he
absclute value of the total charge of the ions of one sign produced in air by the

seeondary clectrons when all electrons liberated by photons in air of mass dm are

completely stopped in air, Thus,

_d2
A= dm (14)

In Bangladesh, ionizing radiations are being widely used in the field of medicine,
industry, research and education and guiding an important role in bringing significant
social and economical benefits to mankind. When ionizing radiations arc used in
medicine, it is imporant to measure the amount of radiation delivered and to keep it
within the limit. [n diagnestic procedures {x-ray examinations, nuclear medicing, CT
scan, PET etc) the measurement is both for the oplimization of image quality and for
radiation protection purposes. However, the need of accurate dosimetry is greatest in
radiation therapy for cancer treatment. In radiotherapy, a large amount of radiation
dose (typically 10 times the dose that would kill a person receiving this dose to his
entire body} is delivered to the tumour. Modern radiotherapy relies on an accurate
dose delivery to the prescribed target volume. The International Commission on
Radiation Units and Measurements (ICRU} has recommended an overall accuracy in
turmour dose delivery of £5% based on an analysis of dos¢ response data and on the
evaluation of errors in dose delivery in a clinical setting. Concerning all uncertaintics
involved in the dose delivery to the patient, 3% accuracy recommendation is by no
means easy to atlain. Practical clinical dosimetry today is based on the absorbed dose
quantity, and accurate measurement of absorbed dose represents onc of the major

responsibilities of clinical medical physicist. In order to measure the absorbed dose
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in a medium, it is necessary to introduce a radiation sensitive device {dosimeter) into
that medium. Generally, the sensitive medium of the dosimeter is not the same
material as the medium in which it is embedded. Although there are a variety of
solid-siate and chemical methods for measuring radiation dose, but ionication
dosimetry is the most widely used, most convenicnt and most accurale method for
measuring either exposure or abserbed dosc. This method is employed mere ofien
than any other dosimetric system because of ils sensitivity and the ease of

quantitative measurement compared Lo other methods of dosimetry.

Jonization chambers are employed as absotule or as relative dosimeters. A dosimeter
that produces signal, from which the dose in its sensitive volume can be determined
without requiring calibration in a known radiation field is referred to as an absolute

dosimeter. Three types of ionization chambers are used as absolute dosimeters:

{i) Standard free air ionization chamber;
(ii) Phantom-cmbedded extrapolation chamber; and

(iii} Cavity ionization chamber

Siandard free air ionization chamber measures the air-kerma in air according (0 its
definition by collecting all ions produced by the radiation beam that results from the
direct transfer of cnergy from photon to primary electrons in a defined volume of air.
It is used as the air-kerma primary standard for pholon with cnergy up 10 about 300
keV [4] and cannot function as a primary slandard for o or *F'Cs beams, since the
air column surrounding the sensitive volume (for establishing the electronic
equilibrium condition in air) would become very Jong. This would make the chamber
very bulky and the various required corrections and their uncerainties would become

probiematic.

Phantom-embedded extrapolation chamber is a variable air-volume gxtrapolation
chamber, which is an integral part of a water-cquivalent phantom in which the dose
is measured. It can serve as radiation dosimeter in the measurement of absorbed dose
for megavoltage photon and clectron beams. Standard dosimetry protocols provide a

simple lingar relationship between the dose at a given point in the medium and the
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ratio @/m ; where {2 is the ionizalion charge collected in the mass of air m in the

measuring cavity insidc the medium. The conversion of cavity dose to the dose in the

medium is based on the cavity theory.

Cavity ionization chamber measures air-kerma in the cnergy range from 300 keV 1o
3 MeV. The primary standard laboratories use the cavity ionization chamber of
accurately known volume for calibration of their standard “Co and “'Cs y-ray
beams. A cavity ionization chamber consists of a sensitive volume ¥, of radius »
comammg medium g, which is usually the ambient air surrounded by a walf of
another medium w having a thickness ¢, as shown in Fig. 1.2, Therefore, a cavity
ionization chamber has a cavity and its surroundings. For point-by-point
measurement of the absorbed dose due to x or y-radiation. the small-cavity ionization
chamber is the chosen instrument and its reading is interpreted by Bragg-Gray cavity
theory or its later refinements. This theory imposes iimit on the dimension of the
cavity and on the matcrials used in constructing the chamber wall. The cavity
ionization chambers are constructed from highly pure graphite and require good
:nsulator materials in order to minimize the leakage and polarization elfects and lo

provide an acceplable long-term stability.

< i—>

Fig. 1.2 Schematic representation o a cavuly tonization chamber

The air kerma in ®°Co and '¥’Cs y-ray lields are usually measured using thick walled

praphite cavity ionization chambers. Graphitc walls are used at these cnergies to
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approximate air equivalence, so that calibration can be expressed in terms of
eaposure rate or air kerma rate. Apalogously to the free air chamber ions are
collected in air, but this time inside a cavity with a known cavity volume surrounded
by a graphite wall thick cnough to provide full build-up of sccondary electrons
(charge particle equilibrium). The Bragg-Gray cavity theory retates the dose-lo-air in
the cavity of known volume to the dose-to-medium in which the secondary eleclron
spectrum is being built up, i.g., in the chamber wall. The absorbed dose to the wall is
relaled to the collision air-kerma in air through the mass energy absorption
coelTicient ratio of wall and air. The collision air kerma in air is related Lo the total
air-kerma in air by comecting for the fractional cnergy expended in radiative
interactions. In addition to the need for accurate knowledge of the sensitive air
volume, knowledge on wall correction factor is required to account for the effect of
photon atienuation and scattering in the chamber wall. So, in order 1o deierming the

air-kerma in air an accurate knowledge of (' /e} as well as the cavily volume and

Bremsstrahlung fraction is required; wherc #¥ is the average energy spent by an
electron to produce an ion pair in dry air. Finally, Standard Laboratorics implement
additional correction factors, such as point source non-uniformity correction factor
and factors that account for deviations from the Dragg-Gray cavity theory. Absolute
ion chamber is, however, nol usually practicable outside the National Primary

Siandard Laboratories.

Dosimeters requiring calibration in a known radialion field arc called relative
dosimeters. [onization chambers are commercially available in a variety of designs
for differcnt applications and may be constructed in a machine shop when special
designs are required. These ionization chambers are not constructed with exactly
known effective volume. Hence, they require calibration and calibration of the
chamber must be traceable to a standard laboratory. Since the range ol application of
the ionization chamber in the field of medical physics is so widespread and the
requirements are so varied that a single ionization chamber would nol be able to
covet the whole range of application. Therefore, a chamber cannot be made energy
independent over the full range of interest in medical dosimetry. Moreovet, using
ionization chambers of different types and sizes, the full range of application in

medical field (from radiation protection survey measurcments to radiotherapy
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dosimetric measurements) can be covered by ionization dosimetry {3]. The highest
dosimetric accuracy can be obtained in medical dosimetry using calibrated ionization
chambers of good stabilily and a sensitive electrometer. The ionization chambers
used in medical dosimetry have been carefully designed to make the various
perturbations quite negligible. However, these chambers have been consirucied
empitically with composite wall materials (and sometimes with dilTerent materials
for the wall and the central electrode) to have an energy independent response over a
cenain energy range. The choice of chamber materials, its dimensions and the form
of cavity depend on the purpose the chamber has 10 serve, for example- whether it is
intended Lo measure exposure or absorbed dose as well as the type of radiation to be

measured, its intensity and its rate of change in space and time.

The success of radiation therapy depends upon the accuracy with which a dose
prescription is fulfilled. Information for treatment planning, including data on depth
doses and dose distribution, as supplied by the equipment manufacturer should not be
used clinically without independent conlirmation of the actual values [6]. Before
clinical use, the output of photon and electron beams produced by external beam
radiotherapy machines must be calibrated. For practical rcasons, outputs of clinical
photon and electron beams are usually measured with ionization chambers that have
calibration coeMicients (factors) either determined in air or in water traceable 10 a
standard laboratory and are thus used as relative dosimeters, Accuracy and reliability
in radiation dosimetry depends on the proper calibration and standardization of the
dosimetry system and the calibration and standardization play a key role in the
ultimate evaluation of radiation doses fur the treatment ol cancer patients. The
traceability of a calibration factor 10 a national Primary Standard Dosimetry

Laboratory (PSDL) implies that:

(i} The chamber is calihrateld directly at the PSDL in terms of the air-kerma in
air or absorbed dose to water;, of

(ii} The chamber is calibrated directly at Secondary Standards Dosimetry
Laboratory (SSDL) that traces their calibration to a PSDL; or
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(iii) The chamber calibration coelTicient is obtained through a cross-calibration
wilh another ionization chamber (user's secondary standard), the

calibration coefficient of which is measured dircctly at a PSDL or S5DL.

Defore a relative dosimeter is used in radiotherapy machine output calibration, the
user must identify a dosimetry protocol (code of practice) appropriate for the given
radiation beam. The choice of which protocol 10 use is largely left to individual
radiotherapy depariments. A dosimetry protocol provides the formalism and the data
to relate a calibration of a chamber at a standard laboratory to the measuremert of
absorbed dose to watet under reference conditions in the clinical beam. Dosimetry
protocols are issued by national or repional organizations, such as AAPM {Norh
America), IPEMB (UK}, DIN (Germany), NCS (The Netherlands and Belgium} and
NACP (Scandinavia) or by intemational bodies such as the IAEA. This procedure
ensures a high level of consistency in dose determinalion among difTerent
radiotherapy clinics in a given couniry; also between onc country and another. Two

types of dosimetry protocois are available:

i) Protocols based on air-kerma in air calibration coelficients and

i} Protocols based on absorbed dose-to-water calibration coefficients.

Mosl current megavolage dosimetry protocols rely on chamber calibration
coelTicients determined in the 00 beams at standard laboratories. Conceplually,
both types of protocols are similar and based on several steps in the process of
determining abscrbed dose or dose rate from the charge or current measurement
respectively, by an ienization chamber. The air kerma based protocol use the air-
kerma in air calibration factor obtained for a local reference ionization chamber ina
g beam at a standard laboralory. Routine ionization chambers are then cross-

calibrated with the reference ionization chamber in a local %0Co beam.

Generalty, the air kerma in Mo or YCs y-ray Meld is obtained by measuring the
jonization charge producc in the graphite-walled cavily ionization chamber.

According to the Bragg Gray cavity theery, eaposure
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where Q is the signal charge from the cavity ionization chamber, is the mass of air
in the cavity of the jonization chamber. The ionization chambers are unsealed and
thus allowed to communicate with the outside atmosphere. The density or mass of air
in the chamber volume will depend on the atmospherie conditions. The density or
mass of ait in the chamber volume will increase as the temperature decreases or

pressure increases and s is obtained from the relation

27305 P
e ol 16
P A 54 7) 101,325 (1.6)

Here, p, is the density of dry air at 0°C {273.15 K) and 1 atmosphere {101.325 kPa),

V. is the sensitive volume of the chamber in which ionization charpe is produced, T

and P are the temperature and pressure respectively at the lime of measurement.

?u—“”;-‘mi is ratic of mass energy absorption coefficient for the y-rays in air and
Fﬂl p ?Jﬂ

graphite.

el

2&% e the ratio of the averape mass collision stopping power of graphite and air for

arr

fox

secondary electrons which pass through the cavity.
1_1 k, is the product of several correction [actors for various phenomiena [7), which is

required for experimental perturbations such as—

k.., : Comection factor for wall induced aticnuation and scatter of y-rays.

k... : Correction factor for the electric charge loss duc to recombination and
diffusion.
& - Comection factor for the contribution of y-rays scattcred by the ionization

mear -

chamber stem.

k, : Correction factor for change of the amount of ionization charge {or current) due

to humidity.

12
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k,,: Correction factar for the non-uniformity of the y-ray ficld.

Finally, the air kerma rate X is oblained from the exposure rate, X measurement

using the following rclation

., (wie)
B

S50,

1) S (1,0 10).
il Jgnr 1 - k 1.7
m{l=g) 5o (Henf Pl [ o

where W is the average energy spent by an electron 10 produce an ion pair in dry air,
7 is the signal current from the caviry ionization chamber and g is the fraction of

secondary electron energy loss dug Lo Bremsstrahlung in air.
1.2 Scope and Objectives of the Present Study

Two dillerent size cylindrical ienization chambers are being used as the national
standard devices for air kerma measurement at the Primary Standard Dosimetry
Laboratory {PSDL), National Instilute of Advanced [ndustrial Science and
Technology (AIST), Tsukuba, Japan. Tﬁese ionization chambers are used for
calibration of the secondary standard ionization chambers and the field type
ionization chambers used for different radiotherapy machine output calibration and
radiation protection purposes in Japan. The main disadvantage of these lonization
chambers is that the air kerma rate in y-ray ficld is measured by setting these
chambers at 45° angular position against the y-ray beam direction so that y-ray
attenuation does not increase at the end or side walls of the chamber, But it is

diMicult to set the chamber at 45° angular position at a correct reference position.

In the present study eight parallel-plate {pancake) and spherical ionization chambers
of various volumes have been designed and fabricated at the Primary Standard

Dosimetry Laboratory (PSDL}), AIST, Tsukuba, Japan. Performance of each of the
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fabricated ionization chambers would be compared with the cylindrical ionization
chambers. The absolute value of the air kerma rate at a given reference position of
the **Co and '7'Cs y-ray field would be delermined using the fabricaled ionization
chambers and is compared with the air kerma rate value obtained by the cylindrical
ionization chambers. When (he response of the fabricated ionization chamnbers is
comparable with that of the eylindrical ionization chambers, it is possible to usc the
fabricated ionization chambers for air kerma ratc measurement instead of cylindrical
ionization chambers. In order to achieve this goal the present study has been

undertaken,

Since the photon interaction, wall altcruation ete. are energy and material dependent,
50 & chamber response depends on the chamber design. It is necessary to correct lor
various factors to obtain absolute values of the air kerma in y-ray field using these
fabricated ionization chambers. A few corrections which are usually applied to
obtain absolute value of air kerma include: correction for wall attenuation and scarter
of y-rays; correction for recombination of jons within the chamber; correction for the
effects of lemperature, pressure and humidity; correction for the contribution of y-
rays scattered by the ionization chamber stem etc. Data on these correction faclors

are not available for these ionization chambers. To achieve such objectives it is

plannsd to:

_ derive the ionization volume of the fabricaled ionization chambers;

_ measure the correction factor for volume recombination loss and correction
factor for initial recombination loss and diffusion loss within the fabricated
iontization chambers;

_ measure the correction factor of each of the fabricated ionization chamber for
the comtribution of y-rays scartered by the ionization chamber stem;

- calculate the correction factor for wall-induced attenuation and scatter of  y-
rays;

_ caleulate the mean mass collision stopping power ratios of graphite and air
for the fabricated fonization chambers at '*'Cs and *Co y-ray beam energies;

— investigate the angle dependence sensitivities of the fabricated ionization

chambers.
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Using the measured values of these correction factors and physical parameters of the
fabricated jonization chambers the absolute value of the air kerma rate in *Co and
(s y-ray fields at the Primary Standard Dosimetry Laboratory (PSDL) of AIST
could be determined. Based on the experimental data it would be possible to develop
a method for the measurement of different correction factors and physical parametcrs
for the parallel plate (pancake) and spherical jonization chambers. It weuld also be
possible to proposc a method for the measurement of air kerma raie accuratcly. In
addition, it could be possible to investigate the advantages and disadvantages of

difTerent types of ionization chambers,

15
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Review of the Previous Works

2.1 Introduction

In erder to measure the absolute air kerma rate in the y-ray field using the fabricated
‘onization chamber it is necessary to determine the various correction factors and
physical parameters for these chambers. Scientists all over the world measured and
calculated the varipus correction factors by different methods for different type of
ionization ¢hambers, Some of the previous works, which are largely relevant to the

present sludy, are reviewed in the subsequent pages.
2.2 Studied on lon Recombination Loss

Boutillon |8] has measured velume recombination parameter m® in ionization
chambers which gives information aboul the recombination coe(ficient @ Two

parallcl-plate free air ionization chambers were used for the determination of m?,
one of them in a low-enctgy x-ray beam and the other in a medium-energy x-ray
bearn under conditions, which allows strict application of the basic theory. The

nethod consists of measuring the ratio of ionization currents 7, and /, obtained at
two given voltages ¥, and ¥, respectively and then ploming f, //, as a function

off, . The value of m® was derived from the lincar extrapolation to zero cwirent,

Several pairs of voltages (¥, ¥2) were used in the measuremert, The value of m’

obtained was 3.97 x 10" sm'C'V% with a relative unceriainty of 1.7%. The

dependence of m’ on atmospheric conditions was also investigated.

Das and Akber [9] investigated the ion recombination (2.} and polarity (k.. )

offect of ionization chambers in kilovoltage x-ray exposure measurements. Six

16
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different parallel plate ionization chambers wilh differant volume, commonly used in

diagnostic radiology, were investigated for the £, and k&, cffects at various

exposurc rates by changing the tube voltage, beam current, exposure time and
distance. At a time, one parameter was changed while keeping the others constant. A
mammography unit (24-35 kV peak tube voltage) and a diagnostic x-ray unit (60—
125 kV peak tubc voltage) were used for the measurement. The valume ion

recombination comrection £, was measured for each chamber using two-voltage
method. Results indicate Lhat the magnitude of £, is linearly dependent on peak

tube voltage for large volume (>150 c¢m’) chambers and independent for smail {150

cm’} ones. [n general, £ is higher at higher exposurc rate {increasing peak tube

dren

voltage, filament current and decreasing distance}, however, &, i5 indepcndent of

exposure rate and tube voltage but strongly depends on the sensitive volume of the

ion chamber. £, and k,, vary between 1-48% and 1-16% respectively, among
various chambers and exposure conditions. Chambers with larger volume have

higher valuesof £, and & ,.

Takata [10} measured the ion loss due to initial recombination and back difTusion at
several humidity conditions in a parallel-piate caviry ionization chamber irradiated
by ®Co y-rays. [t was shown from the measurements that in the range of inverse
electric field strengths from 0.05 to 14 mmY™, the initial recombination took place
both in clusters and columns of jons produced along the path of the secondary
electrons cjected by the y-rays. The ion loss due te recombination in clusters was
found to increase with humidity, but that in columns did not. Effects of ion clustering
reactions on recombination may be reduced after longer periods of ion drifi, when
recombination in columns takes place. lon loss due to back dilfusion was also found

to have no dependence on humidity.

Takata and Matiullah [11] investigated the dependence of the value of m on the life
time of ions in a parallel-plaie ionization chamber which has a variable space
berween the polarizing electrode and collector. To do so, the chamber was exposed in

0o y-rays at several dilTerent exposurs rates. The vaiue of m was deduced from the

17
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collection efficiencies which were determined at various applied voltages. m was
found to depend upon the liletime of ions in the chamber (i.¢. it increases from 17.1
1o 18.5 MYA?m'? wilh a decrease in the ratio of the voltage to the square of the

chamber space from 0.6 to 20 k\’m'z}

Takata [12] determined the efiects of humidity on velume recombinaticn in
ionization chambers. Saturation curves were measured with a parallel-plate
ionization chamber for air with humidity in the range 0%-81%. I'rom the curves,
values of m were oblained. It was confirmed that humidity is Lhe cause for the
increase of the value of s with the lifetime of ions in the ionization chamber.
Additionally it was also found that the value of m increases sharply in a range of
small values of the product of the ion. lifetime and the parial pressurc of waler

vapour and increases more slowly at higher values of this parameter.

Takata et al. [13] determined the loss of ions in cavity ionization chambers. lon
Josses due to initial recombination, volume recombination and back dilMusion are
obtained by measurcment and calculations for twe dilferent-size cylindrical
ionization chambers and two spherical jonization chambers. Initial recombination
and volume recombination were measured using a method proposed by De Almeida
and Niatel and adopted by Boutillon. The diffusion loss was obtained separately by
computing electric field distributions in the ionization chambers. DilTusicn loss was
found to be larger than initial recombination loss for the cylindrical ionization

chambers and vice versa for the spherical ionization chambers.

Takata and Sakihara [14] investigated the dependence of the m value on applied
vollage of ionization chamber, Values of m were measured using a free-air
ionization chamber, which has two siits for double x-ray beams. By this method, one
value for m is obtained from a set of data on currents al each polarization voltage.
Values obtained are for a recombination region 2.65 cm wide. It was found that these
values decrease from 1.93x10° o 1.72x10° Vs""C"em™ with an increase in

electric ficld strength from 4.8 to 48 Vem'!. This means that the value of m increases

with the ion age.

15
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Piermatiei et al. [15] measured the ion recombination correction factor &, for

spherical ion chambers irradiated by continuous photon beams. Three spherical on

1

chambers with volumes ranging from 30 to 10° cm” were irradiated by photons of

M source to determing the &, factors. The ionization currents of the ionization

chambers as a function of the applied voltage and the air kerma rate have been
analyzed to determine the contribution of the initial and generat ion recombination.

The &, values for large volume ionization chambers obtained by considering the

gencral ion recombination as predominant (Almond’s approach) are in disagreement
with the resulls obtained using methods that consider both initial and vencral ion-
recombination contributions (Niatel’s approach). Such disagreement can reach 0.7%
when high currents are measured for a high activity source calibration in terms of
reference air-kerma rate. In this study, 2 new ‘two-voltage’ method, indepcndent of
the vollage ratio given by a dosimetry system, is proposed for practical dosimetry of
continuous x- ané y-ray beams. In the case where the Almond approach is utilized,

(he vollage ratio ¥, /¥, should be less than 2 instead of Almond’s limit of ¥, JV, <5,

Takata et al. [16] investigated the decrease in output currents due to back difTusion of
ions in jonization chambers. Exact and approximatc equations are derived for
decreases in oulput current due to back diffusion of ions in parallel plate, cylindrical
and spherical jonization chambers. Approximale cquations arc oblained under the
assumnption that fons arc lost by back difTusion if they are produced in the electrode
vicinity where the electric potential ditference from the electrode is less than kTje,
wherc & is the Bollzmann constant, T the gas temperature and ¢ the clementary
charge. Values obtained by the corresponding exact and approximate cquations
agreed well except at low applicd voltages. [t was shown that the decrease in ion
current does nat depend on the electrode separation of a parallel plate ionization
chamber and is independent of the size of a cylindrical or spherical ionization

chamber if the ratio of the inner to outer electrodes defining the ion collection

volume is conslant.

Niatel [17] presented an experimental study of ion recombination in parallel plate

free-air ionization chambers. Two chambers of dilfercnt sizes were uscd for this
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measurement. The resulls may be explained by assuming that two diiTerent types of
ion recombination (initial and volume recombination) take place simullancously.
Their relative values were calculated from the resulis and are found to agree with
theories of ion recombination. It was found that for the saturation curreat o be
determined by extrapolation method the collection field strength should be high
enough. The extrapolation is the reciprocal of ionization current against the
reciprocal of collecting field strength. The results are similar for both the chambers;
however, as their sizes are not the same, the space charge elTects might be expected

1o be dilfercnt.
2.3 Studied on Angular Dependence and Wall Correction Factors

Takala ct al. [I8] investigated the angle dependence of signal currents [rom
cylindrical ionization chambers. Two different size graphite walted ionizalion
chambers of volume 6.02 cm® and 62.7 cm’® were used in the investigation. The
signal current from the larger ionization chamber peaked when it was fixed at 0° and
at 90° in '¥'Cs and *°Co y-ray (ields for source-chamber distances 1 m and 2 m. The
smaller ionization chamber showed a small peak at 0° in both [ields but not at 90°.
However, calculations indicated that the signal currenl from the smaller chamber
would also show a peak at 90° in a '*'Cs point-source y-ray ficld. Peaks oceur
hecause y-rays attenvate along the cylindrical side wall or along the end walls when a
chamber is tilted slightly from 0° and 90° and the direction of the y-ray beam agrees
with the plane of one of these walls. These facts suggest the nced for care in the
common practice of measuring and caleulating responses of cylindrical ionization

chambers fixed perpendicular to y-ray beams.

Piermartei et al. [19] measured the wall correction facler for a spherical ionization
chamber used in brachytherapy source calibration. For spherical ionization chambers,
the corresponding wall correction factors A, have to be determined by a non-linear
trend of the response as a function of the wall thickness. The Monte Carlo and

experimental data reported here showed that the A_factors obtained for an Exradin

IiE
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Ad chamber in terms of reference air kerma rate, are up te 1.2% greater than the
values obtained by Lhe linear extrapolation method for the 250 kV peak lube vollage

%-ray, "I and %Co y-ray. Using the 4, factors derived from the EGSnre Monte

Carlo code system calculations, the accuracy of the calibration factor Ny for the
Exradin A4 chamber, oblained by the inlerpolation between two calibration factor,
improves about 0.6%. The discrepancy berween the new calculated factor and that
abtained using the complete calibration curve of the ion chamber and the '"Ir

spectrurn is only 9.1%.

Kurosawa et al. [20] investigated the angular dependence of wall correction factor
for cylindrical cavity chamber, Atienuation correction factor was measured atseveral
irradiation angles by extrapolation technique for cavity chamber and wall correction
factor was calculated for each angle by Monte Carlo caleulation using EGS4 code.
From the results, it has been scen that the air kerma rate obtained by extrapolation
technique is dependent on angular position but the air kerma rate obtained from wall

correction factors calculated by EGS4 code has a constant valug for any angle.

McCafTrey et al. [21] investigated the cvidence for using Monte Cario (MC)
calculated wall auenuation and scalter correction faclors of graphite-walled
ionization chamber. Using the linear extrapolation method with experimental dala
k.., was determined in this study for three different styles primary-standard-grade
graphite ionization chambers: cylindrical, spherical and plane-parallel. The air kerma
rates by these three chambers determined using cxtrapolaled k., values differed by
maximum 2% for measurements taken with the same “Co source. The Mante Carlo

code EGSnre was used to calculate the values of &, for these three chambers. The

Mante Carlo calculated values of &_, are shown to be more accurate as they provide

more consistent values of air-kerma rate (within 0.3%) measurcd with these Lhree
chambers. Further, MC calculations were sufficiently accurate to predict the subtle
structure in the response curve of a rotated plane-paralle] chamber. These resulls add

confidence to the assessment of MC as the preferred method of determining k,,, for

ionization chambers used in *°Co beams.
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Biermann et al. [22] determined the wall correction factor of ionization chambers for
different irradiation conditions using both linear extrapolation method and EGSnre
Monte Carlo system. A ‘series of graphite cavity ionization chambers of different
shapes and sizes was chosen for the investigation: two of cylindrical types {PTB-2
and ASMW-100) and two of the pancake types (ND-1002 and HRK-3). The
chambers werc irradiated in Y’Cs and "“Co reference radiation figlds of the PTB
from 1 m distance from the source except the ASMW-100 chamber that was
irradiated from a distance of 2 m. The ionization currenis of the chambers were
measured as a function of wall thickness at dilferent incident angles of radiation.
This report presents both experimental and theorstical results, which strongly support
the validity of calculated wall correction factors. Morcover, it is demonstrated that, in
selected cases the application of a linear extrapolation method leads to crrors in the

determination of the air kerma reaching up to 13%.

Takata el al. [23] determined the wall correction factors of two dillerent size graphite
eylindrical ionization chambers, which were being used at AIST for air kerma
measurement in ®°Co and '¥Cs y-ray ficlds. Chambers were placed at a 43 angle to
y-ray beams, so (hat y-ray atienuation does nol increase at end or side walls of the
chamber. Correction factors for wall induced attenuation and scatier were determined
by measuring the variation in chamber response as a function of wall thickness in the
full build-up region, extrapolating to infer the response at zero wall thickness and
applying a comrection factor to account for Lhe center of electron production. Wall
correction factor was also calculated by Monte Carto caleulation using EGS4 code.
DifTerences between values of wall correction factor oblained experimentally and by
calculation for AIST ionization chambers werc small, compared to the rclatively
large differences obtained for almost all ionization chambers at other NIMs. It is
possibly because only AIST ionization chambers were placed at a 45° angle to y-ray

beams and other cylindrical jonization chambers used at many NIMS are fixed

perpendicularly to y-ray beams, i.c., at 90°.

Biclajew [24] demonstrated that wall correction factors can diller by as much as

1.0% for spherical chambers depending on whether they are obtained experimentally
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by extrapolation measurements or by Monte Carlo simulation. This difTcrence was
not explained by experimental or calculational statistics, which lie in the range
0.05%-0.2%. The paper alsc demonstrated that, lincar extrapolation of experimental
data for spherical chambers are inappropriale owing to the curvature of the chamber
walls. A simple nonlincar theory was constructed, that resolves the differcnce. The
Monte Carlo calculations and the nonlinear theory were compared with extrapolation
measurements for the NIST spherical chambers in *Co and '*'Cs y-ray fields, [t was
concluded that wall correction factors should be obtained by Monte Carlo calculation
for spherical chambers and that linear extrapolation techniques should be regarded

with suspicion for all chambers.

Rogers and Bielajew [25] compared the measured and calculated values of wall

attenuation and scatier correction factors for various ion chambers. Using the EG34

system it has been seen that Monte Carlo calculated A, (k,, in IAEA terminology,

X' in standard laboratory terminology) factors predict relative variations in detector

response with wall thickness, which agrees with all available experimental data
within a statistical uncertainty of less than 0.1%. However, the calculated correction
factors for use in exposure and air kerma standards are dilferenl by up to 1% from
those obtained by ewtrapolating these same measurcments. Using calculated
correction factors would imply increase of 0.7-1.0% in the exposure and air kerma
standards based on spherical and large diameter, large length cylindrical chambers

and decreases by 0.3-0.5% for standards based on large diameter pancake chambers.

Ferreira ct al. [26] made Monte Carlo calculations for the ionization chamber wall
correction factors for *#1r and ®°Co y-rays and 250 k¥ x-rays uscd in calibration of
1921 HDR brachytherapy sources. Monte Carlo calculations were performed using
EGS4 code system with the PRESTA algorithm, to calculate the wall comeetion
fuctor for 51 coramercial ionization chambers. The calculated A, correction factors
for "r and *°Co and 250 kV x-rays agree very !.:.'f:ll to within 0.1% with published
experimental data, For the '™Ir sources 4, varied 0.973-0.993 and for the 230 kV x-

mays the minimum valve of A, forall chambers studied was 8.983.
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Shortt et al. [27] measured the elfect of wall thickaess on the response of a spherical
ionization chamber, They have constructed a thin-walled spherical praphite chamber
along with a scries of spherical shells in order to increase the wall thickness. The
change in the chamber response with wall thickness has been measured ina'YCs -
ray beam and the data show that the change in response is not lincar with wall
thickness. A linear versus non-linear extrapolation of the measured data to zero wall
thickness teads to a difference of almost 1% in the estimation of the wall correction
factor K_. The value of K, obtained using the non-linear extrapolation for the
spherical chamber is in good agreement with the result obtained using Monte Carlo
techniques. This rcsult adds support to the perspective that the Monte Carlo
technique is the best approach for determining the wall correction factor for an

arbitrary ionization chamber.

Laitano ct al. [28] determined the &, correction factor for a cylindrical ionization

chamber to measure air-kerma in *Co y-ray beams. An cxperimental method other
than the iraditional extrapolation procedure was used 10 delermine the £,

comection factor. In this method, the dependence of the ionization cusrent in a
ayiindrical chamber was analyzed as a function of the effective wall thickness in
place of the physical {radial) wall thickness wraditionally considered in this type of
measurement. The wall of a cylindrical chamber consists of different regions:
substantiaily they are the front and posterior regions and the two chamber bascs.
Even if having an equal physical thickness, each of these regions has a specific shape
and specific position in the chamber wall with respect to beam direction. Therefore,
each wall region conlributes 1o the attenuation and scatter elfects {in terms of
variation of the ionization in the chamber cavily) by an amount that varies according
to the wall region. A Monte Catle calculation of atlenuation and scatler effects in the

dilferent repions of the chamber wall was also made to compare calculated and
measured results. The &, values cxperimentally determined in this work agree
within 0.2% with the independent Monte Carlo calculation. The agreement of the
results obtained by two totally independent methods and the appreciable deviation
fup to about 1%} between Lhe resulls of both these methods and these obtained by the

traditional extrapolation procedure reasonably suppor the conclusion that the two
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methods providing comparable results are comect and traditional extrapolation
procedure is likely to be wrong. The method used in this study applies, however, to

any other chamber of the same type.

From the literature survey, it is evident that some discrepancics exist in the value of
dilTerent correction factors of ionization chambers obiained by various methods. The
values of correction factors such as the wall correction factor, recombination loss,
slem comection factor etc. of the ionization chamber is required 10 determine the
absolute air kerma rate using the fabricated jonization chamber. These correction
factors depend ol the chamber composition, chamber material and the bcam energy.

Thc}cfore, the present study has been undertaken.
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Chapter 111

Theoretical Aspects of Ionizing Radiation
Dosimetry

3.1 Introduction

In comparison with other radiation sensitive systems for dosimetry, the ionization
chamber dosimetry system is the simplest, direct and least claborate one for high
accuracy measurcment in photon or electron figlds. Dosimetry by ionization chamber
is employed for the detection and measurement of jonizing radiation. The quantities
of interest in medical dosimetry are kerma, exposure and in-phantom absorbed dose.
These dosimetric quantities are well-defined point quantities, i.c. they can be defined
for every point of an infinitesimal mass &m about the point. The tonization chamber

usually oceupies a finite volume about the point,
3.2 Ionization Chamber

An ionization chamber as shown in Fig. 3.1 generally consists of a sensitive volume
filled with a given medium, surrounded by a walt of another medium. {n the context
of cavity theory, the sensitive volume of the dosimeter is identified as the “cavity™,
which may contain a gascous, liquid or solid medium. Gas is often used as the
sensitive medium, since it allows a relatively simple electrical means for collection
of charges released in the sensitive medium by radiation. Ionization chamber zlso
consists of a collecting electrode to collect the ionization curmrent (charge), a high
voltage electrode to apply the chamber voltage, an insulator to separate the collecting

electrode from the high vollage electrode and a guard system 1o reduce the chamber

leakage currents.

In order to avoid the periurbations caused by the various chamber components to an

ideal Bragg-Gray cavity, the non-chamber matenials (e.g. insulators) in the chamber
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must be minimum and the central electrode must be of minimum practicable
diameter. [n addition, the chamber construction must be such that the chamber

collection volume is well defined and the chamber polarity effect is negligible.

Dimensions and Form af Cavity

For point-by-point measurement of absorbed dose in a medium, an icnization
chamber must satisfy certain conditions that are basic to caviry theory. These
conditions impose an upper limit on the chamber dimension and parlicularly on the
dimension of the gas cavity but do not impose a lower limit. The lower limit of the
chamber dimension is set by the practical considerations of mechanicai design in
order to obtain adequate ionization current. To minimize the disturbance of the

radiation field due to the insertion of the chamber, the chamber is made as small as is

practically possible.

On the other hand, if the jonization chamber is intended for measuring low-intensity
radiation, current measurement can be ased using larger volume ionization chamber.
Hut the loss of ions by recombination is then the criterion that will set the upper limit

of its size or least to the spacing of Lhe electrodes.

Tiwsulator

N 7 // Lo o,
Y

Swem

£ fﬁ?“f‘"f

Aur Cavity

Fig. 3.1 DifTerent pars of an ionization chamber

r

Bragg-Gray theery imposes no explicit restrictions an the geometrical form of the

cavity: it can be sphetical, cylindrical, pancake shaped or needle shaped.
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Chamber Wall and the Central Electrode

For chambers {which are not parallel plate type), the outer wall usually forms the
high voltage ele ctrode and a voltage V' is applied 1o this wall. If the wall is not
conducting, a thin conductive coating is applied to the inside of the wall and the high
voltage wire is connected to the inner wall. The ion-collecting rod in the cavity
ionization chamber should be made of the same material as the wall if possible, as
cavity theories do not deal with inhomogencous wall media. However, the surface
area of the rod is usually so much less than that of the wall that it will not have much
influence uniess the interaction cross-sections in the rod are much larger than in the
wall. The ion-collecting rod is held at the central position of the chamber but is

electrically insulated from the chamber wall.

The choice of chamber material depends primarily on the quantity to be measured. [f
the chamber is used to measure the exposure, it must be made by air-equivalent
material (hat is, it must have an efTective atomic number £ closely matching to that
of air. [f it is used to measure absorbed dose in a particular medium, both wall and
gas should be matched to the medium. Two materials should be maiched for a
particular type of radiation so that the absorption of the radiation leads 1o the same
flux density and energy distribution of secondary ionizing parlicles in one medium as
in the other. This would be achieved only if the two materials have the same
absorption coelficient for the primary radiation and the same atomic stopping power
for the secondary particles, The thickness of the chamber wali also depends on the
intended use. On one hand, adequate wall thickness is needed for electronic
cquilibrium. On the other hand, the wall attenuatcs the radiation. If the wall is 100
thin, enough electrons will not be gencrated and the chamber response will be low. If
wall is loo thick, chamber response is reduced due to increased atlenuation. Thick
walled graphite cavity ionization chambers arc used by the primary standard
laboratorics as primary air kerma standards in “Co and '*'Cs y-rays. The graphite
wall should be thick enough to provide full buiid-up for secondary electrons. For
measurements in the build-up region or for the measurcment ol low energy X-rays,
the wall must be very thin. For the in-phanitom dosimetry of *’Co beams, the wall

must be of equilibrium thickness, so that the chamber does not respond to the
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phantom clectron. The chamber matcrial must be rigid, durable, of adequate
clectrical conductivity, impervious to {and free from chemical attack by) the gas; Lhe
gas must be stable in the presence of radiation. Special plastic materials closely
matching with air, soft tissue or bone have been developed and appropriate mixture
of stable gases have been used to match with these plastics. It is also necessary to
know the W-value, which is the average energy expended in the gas by ionizing
particles per ion pair formed for the particular gas mixture chosen. If air is chosen as
the gas, bakelite-graphite is used as the wall material. In the calibrated ionization
chambers used in radiotherapy dosimetry, the chamber wall is usually made by air-
equivalent material or ils composition is empirically adjusted to give a flat response
over a cerlain energy range. In order for the chamber to be air cquivalent, the
eflective atomic number of the wall material and the central electrode must be such
that the system as a whole behaves like a free-air chamber. Commonly wall materials
are made of graphite (carbon} or bakelite, or a plastic coated on the inside by a
conducting layer of graphile or of a conducting mixture of bakelite and graphite. The
efTective atomic number of the wall is generally less than that of air becausc it is
closer to (hat of carbon (Z=6). Consequently, such a wall should give rise to less
ionization in the air cavity than in a free-air wall. Usually the greater atomic number
of the central clectrode, its dimensions and its placement geometry within the
chamber can provide compensation for the lower atomic number of the wall. The

chamber wall can serve a number of functions simultaneousty:

— being the source of secondary charged particles that contribule to the dosc in
the air volume of the chamber and provide charged-particle equilibrium (CPE);
— protecting the air volume of the chamber [rom ‘hostile’ influences such as

mechanical damage, dirl, humidity, light, electrostatic or RF fields, etc.; which
may alter the chamber reading,
— serving as a container for gas medium g; and

- containing radiation filters to modify the energy dependence of the dosimeter.

Guard Elecirodes

Guard electrodes serve two different purposes. The first purpose is Lo prevent leakage

current flow from the high voltage electrode to the collector. To intercept the leakage
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current, the guard electrode must surround the collector and must be mainlained at
the same potential in onder that it may not itself become a source of leakage current.
The second purpose of the guard electrodes is to define the volume within the

ionization chamber from which ions can reach the collector electrode.

Jnsulator

The outer wall of the chamber is separated from the central glectrode by an insulator.
The naturally occurring substances amber, quariz and many synthetic  plaslics
especially methyl methacrylate (Lucite), polystyrene, polyethylene, nylon, Teflon,
Mylar film and polyiriflucromono-chloroethylene (Kel-F) arc moslt suilable material
for insulation in icnization chamber. Practical considerations usually govern the
choice. Since the insulator has finite resistance, however large it may be, the ceniral
electrode registers a [inite leakage current. For high precision measuremcents, the

chamber leakage current must be very small.

Although the chambers differ in size and shape but the underlying principle of
operation is similar for all chambers. The peneral succession of events, from photorn

to meter, 5 as follows:

— The photon is incident on the chamber,

— The photon interacts with the chamber wall material and emits sccondary
electrons, 1.e. photoelectrons, Compten clectrons. [F the photon energy is
large, positrons and electrons are also produced by pair production;

_  Some of the electrons which enter into or pass through the chamber cavity
interact with the gas in the cavity and produce ion pairs in proportion to the

absorbed photon energy;
— The ion pairs are drawn to the collecting electrode by means of the high

voltape placed across the electrodcs;

- Upon reaching the collecting electrode the jon pairs are converied to
current; and

-~ The current is then amplified and liltered to produce exposute {or exposure

rale}, which is measured by the electrometer.
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3.3 The Bragg-Gray Cavity Theory

An ionization chamber actually measures dose according to the Bragg-Gray cavity
theory. The Bragg-Gray cavity theory relates the absorbed dosc in the sensitive
medium of the dosimeter (cavity) to the absorbed dose in the surrounding medium
containing the cavity; i.c. il provides a relationship between the dose in the gas and
that in the wall of the ionization chamber The conditions for application of the

Bragg-Gray caviry theory are:

(i) the cavity must be small compared to the range of charged particles
incident on it 50 that its presence does not perturb the Muence (number of
particles per unit area) of charged particles in the medium;

(i) the absorbed dose in the caviry is deposited solely by charged particies
crossing it; i.¢.; photon interactions in Lhe cavity are assumed negligible and

thus ignored.
If a flunce @ of identical charged particles with kinetic energy 7 passcs through an

interface between two media g and w (assuming d? is continuous across the boundary}

then the absorbed dose on the g side of the boundary

o) ]

And the absorbed dose on the w side of the boundary,

)]

where, [{dT/ i) ], and ({27 k), ], are the mass collision stepping power of

D =

L

the two media evaluated at energy T. So, the dose ratio D, fDx is equal to the

corresponding ratio of mass collision stopping powers.
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Supposc that a homogencous medium w contain a thin layer of “cavity”™ filled with
another medium g is uniformly iradiated by photons, as in Fig. 3.2(b). According to
the first Bragg-Gray condition, the thickness of the g-lajer is so small compared 10
the range of the charged particles striking it that its presence does not perturb the

charged-particles ficld i.e., @ is continuous across layer g and both interfaces.

(2) (b

Fig. 3.2 (a} A flucnce @ of idenical charged pariicies of kinelic encrgy T is wrossing
the interface between media w and g, {(b) A Muence @ of identical charged
particles of kinglic enerpy T passes through a thin layer of medium g
sandwiched between regions containing medivim w

Again according to the second Bragg-Gray condition, the field of charged particles
enter into the cavity from outside the vicinity of the caviry Le., in the case of
indirectly ionizing radiation a beam of high-energy charged particles is generated in
mediumn w through interactions. It is also assumed that no interactions cccur in
medium g. Al charged particles in the Bragg-Gray theery must originate elsewherne

than in the cavity. Moreover, charged paticles that enter the cavity are assumed not

to stop in it.

Under the terms of the two Brage-Gray conditions, the ratio of absorbed doses in the

adjacent medium w to that in the cavily g for cach monoenergetic component of Lthe
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spectrum of charged particles crossing g is again the same as thc mass collision

stopping power ratio in the two media.

D, (dl lpde}

D, (dT /pdr),,

(3.1

For a differential energy distribution @ (particles per cm’ MeV), the average mass
gy r\p g

collision stopping power in the cavity medium g is

To[2) o

[

&y =

B T
jo.dT
50,
Tirax . .D
5, -1 (o, [d—f] dT = —% (3.2)
D ; fadx cx O

Similarly, for the thin layer of wall material w,

L=

N (T D,
V=g J(I)T[—J I = (3.3)
L3 o

Combining eqns. (3.2) and (3.3) gives the ratio of absorbed dose in w to that in g,

which is the B-G relation in terms of absorbed dose in the cavity:

La|
z

(3.4)

=lis
fl
'
.|
tr}

o
Gy
=

If the cavity medium g conlains a gas in which a charge (O {of either sign) is

produced by the radiation D, which can be expressed (in grays) in terms of that

charge as
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D =Q[EJ (3.5)

where, (0 is the charge expressed in coulombs, mt is the mass (kg) of gas in which

charge { is produced and (¥ ,r‘e}x is the mean energy required to produce an ion pair

in the gas.

By substituting cqn. (3.5} into eqn. {3.4), the absorbed dose in the medium
immediately surrounding a Bragg-Gray cavity ie., in the chamber wall can be

calculated on the basis of the charge produced in the cavity gas, provided the

appropriate values of m, (W/e), and 5 are known. So,

D, EQ[%) o (3.6)

m

Eqn. (3.6) is the Bragg-Gray relation cxpressed in terms ol cavity ionization.
Therefore, the Bragg-Gray cavity equation relates the fonization per unit mass in the

small gas cavily to the engrgy absorbed in the wall of the chamber.

Although the cavity size is not explicitly taken into account in the Bragg-Gray caviry
theory but the fulfilment of the two Bragg-Gray conditions depend on the cavily size
that is based on the range of the electrons in the cavity medium, the cavity medium
itself and elcctron energy. A cavity that qualifies as a Bragp-Gray cavity for high-
cnergy photon beams may not behave as a Bragg-Gray caviry tn a medium or low
energy beams. The Bragg-Gray cavity theory does not take account of the creation of
secondary {della) electrons generated due to the slowing down of the primary

electrons in the sensitive volume of the dosimeter.

3.4 Active Volume of the Ionization Chamber

In the ionization chamber the active volume, that is, the volume from which ions are

drawn 10 the collecting electrode is the whole gas volume of the chamber. if the
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chamber is tolally enclosed and contains only two ciectrodes, the active volume is
the whole valume of the gas enclosed. Whenever a puard ring is projected into the
chamber to intcreept any leakage cuerent [lowing from the high-potential electrode 10
the collector, this wifl afTect the electric fickd in the chamber and some of the ions
produced in the gas are drawn t the guard ring, not to the collector. The active
volume is then bounded by the limiting lines of force of electric ficld along which
ions are drifted towards the guard ring. Any change in the potential of the guard ring
relative to that of the collecting electrode will cause a change in the active volume of

the chamber.

3.5 [on Chamber Saturation and Ionic Recombination

As the voltage ditTerence between the electrodes of an ionization chamber exposed 1o
radiation is increased from zero 1o a high value, the current at first increases almost
linearly with voitage and then increases more slowly, until it finally approaches
asymptoticaily the saturation current for a given radiation intensity. The curve of
applied voltage ¥ versus current for a constant dose ratc or dose is called the
saturation curve as shown in Fig. 3.3. The increase of ionization current is causad by
incomplete ion collection at low vollages; unless the positive and negative ions are
separated quickly by the clectric field, they tend to recombine before they reach the
collector. The recombination can be reduced by sweeping out the ions of 1he
chamber more rapidly by increasing the field strength (V/em} or by reducing the
distance between the electrodes or by both of these measures. But il is not possible 1o
increase the applisd voltage indefinitely to eliminale recombination altogether,
because of the onset of cither (i) electrical breakdown of insulators, or fii) gas
multiplication, in which the free clectrons pain enough kinetic energy from the
clectrical ficld within their mean free path in the gas to ionize the next atom they
encounter. Thus extra ionization, not due to the ionizing radiation field, is produced.
As soon as this begins to cccur, a rapid multiplication of ions in the chamber takes
place and the current is no longer a unique measure of the radiation intensity, but is

strongly dependent on the applied vohage.
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Fig. 3.3 Typical saturation curve of an ionizatien chamber

The collection efficiency f of an icnization chamber operating under specified
conditions is the ratio of the measured current (f) to the ideal saturation current (i)
i.e., the ratio of number of ions collected to the number of ions produced. The oculput
cucrent of an ionization chamber is reduced from the saturation value J, by initial
recombination, back diffusion Lo clectrodes and volume recombination. TF the losses
due to these phenomena are small and do not intertupt cach other, the charpe

collection efficiency f(=vi,), can be expressed as
=41 JJrv (3.7)

where f,, fz and £, are collection elTiciencies corresponding to initial recombination,
hack diffusion and volume rccombination respectively, In most irradiation
canditions, volume recombination loss is dominant compared to the losses duc to the
other two processes which are usually negligible {ic.. fi=f+=1). lonization chambers
are commonly used in the near-saturalion region or even in the saturation region

where f=1, 5o that small changes in the voltage don’t change the current.

Depending on the chamber design and ionization intensity, a certain amount of xon

loss through ion recombination is to be expected. Especially at very high ionization
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inlensities, even al maximum possible chamber voltage there may be significant

amount of recombination losses.

3.5.1 Mechanisms of Recombination

v

Recombination is usually classilied as:

i) initia] recombination and

i) volume or general recombination.

Initial recombination occurs when the positive and negative ions formed in the track
of & single ionizing particle meet and recombine. Initial recombination is an
intratrack process and independent of the number of tracks formed per second, i.e., of
the dose rate. Initial recombination takes place both in clusters and columns of ions
produced along the path of the secondary electrons gjected by the y-rays [29]. It
oceurs before ions can escape from their initial neighbors to mix with ions [rom other
tracks in the process of general recombination, Initial recombination depends only on
the initial ion density in each track and the field strength normal to the tracks which
tends to pull the positive and negative ion columns apar. Although some initial
recombination must always oceur, it is only of importance when the ion density in
the track is high such as a-particle tracks cven at atmospheric pressurc or in the

tracks of any type of charged particle at high-pressure gas.

Volume or general recombination occurs when positive and negative ions formed by
differcnt ionizing particles meet and recombine as they drift towards the oppositely
charged electrodes. Thus, the amount of volume recombination increases with the
dose rate. The volume recombination sets the upper limit of the dosc rate that can be

measured accurately by a particular ionization chamber operating at normal

atmospheric pressure,

The initial and volume recombination in a continuously irradiated chamber is
distinguished by plotting the reciprocal of the observed output current {f) from an

ionization chamber, against an appropriate function of the collecting fcld strength £,
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in the chamber. [f initia] fecombination is dominant th en there will be a linear

relationship between () 'and (E)" in the near-saturation region:
1/i =11, +const{E

where i, is the saturation current of the ionization chamber. But if volume

recombination is dominant the relationship becomes
/i = 1ji, +constf E?

To achieve a clear difference berween (hese two elfects, currents must be measured
very accurately. The degree of ionic recombination depends on the geometry of the
ion chamber, the applied voltage and the rate of charge production by the radiation.
In the theoretical model of volume recombination, it is assumed that the current in

the pas is carried entirely by positive and negative ions having fixed mobility &, and
k, (cm*/(s¥}). It also assumed that the ions are produced uniformly throughout the

gas volume in small cavity chambers and they drifi along the lines of force of the
electric field toward the oppositely charged electrodes. The ions formed in any part
of the air volume will then remain confined to the “tube of force™ within which they
are formed and terminale on the two electrodes as shown in Fig. 3.4. As they drifl
along this tube of force, any small group of ions retains the same spatial
concentration it had when formed, since any change in the cross section of the tube
of force implies an inversely proportional change in the field strength and
consequently in the velocity of the ions. That is, if the group of ions 1s compressed in
an area latcrally, it is extended along the length of the tube by the same factor. The
volume occupied by the ions, therefore, remains conslant and their concentration
changes only through the foss of jons by recombination. Recombination in more
complex field configuration can be cvaluated by dividing the whole volume of the

ionization chamber into appropriate tube of force and then assessing them separately.
The rate of recombination at any instant depends on the number of collisions

between positive and negative jons per unit velume and unit time. Therefore, it is

proportional to the product of their concentrations. The constant of proportionality is
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(he recombination coelficient, @ {cm*/sec), which is the characteristic of 2 particular
gas. If the charge density per unit volume is considered instead of number density of

the ions, then the constant of proportionality in the recombination equation

becomesa/e , where e is the electronic charge.

Fig. 3.4 Diggrammalic view of jons formed uniformly throughout the tube of force,
within which they remain confined as they drfl wowards the elecirodes

In a gas at atmospheric pressure, the drifl velocity of an ion in an applied electric
field is constant and proportiona! to the field strength. The constant of proporrionality
is called the mobility & (cmzf{s"\?}} and its value for positive ions k,is not the same, as
for negative ions &, . The field strength d¥/ds is taken to be positive along the tube
of force. In the absence of recombination, the charge on the negative ions crossing

the section of the lube at position  in the positive dircction per sccond must be equal

to the charge on all the ions of that sign liberated in the tube per second between @

and 5, which is,

q]ﬁ, s

Here g is the charge of ions of either sign produced by radiation per unit volume per

second, and 4, is the cross-sectional arca of the tube of force at position s.
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The field strength at s is inversely proportional 1o the area of the tube of force

i.e., K/, , where the constant X is determined by the relation
)
V= [K(AY ' ds

V is the potential difTerence between the electrodes of the ionizatlon chamber.

Therelore,

K=V / ?{A,}"ds

The velocity of negative ions with mobility &, , at point 5 is thercfore kKA, , thatis,

o
k¥ /A, feayds

S0, the concentration of negative jons at position s is

q ‘_[Ajdx

CJ= )
A (kKA
o r
q -1
=t [(A,) s } A, ds 3.8
V[ ) uj,a (3.8)

Similarly, the concentration of positive ions that crossing the plane at 5 in the

opposite dircction is

J

JF’I A,y ds A, ds (3.9)

¥

The amount of charge recombination per second in the volume element A ds is then

(e /)CICT A, ds
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and the total recombination per second throughout the tube of force is
il @
[=cicrads
- [+
The total charge liberated per second in the (ubc is
J
IqAF ds

o

The fractional amount of recombination (1- f) that eccurs throughout the wbe of

force is
o
flafexciC; A,ds
j—f=2 - (3.10)
Iqud.'r
]

where [ is the collection efliciency {ratio of the measured current to the ideal

saturation current) of an ionization chamber under specified conditions.

This is the general formula of the fractional amount of recombination for any tube of
force: the three usual cases are pancake, cylindrical and spherical geometry

ionization chamber.
a. Volume Recomhbination in a Parallcl Plate (Pancake) lonization Chamber

When the chamber is operated at near saturatiorn, the space-charge field due to the
ions can be neglected in comparison with the collecting field strength ¥/d. In a
parallel plate ionization chamber, the arca of the tube of force is constant along its

length and is denoled by 4,. 1lence eqns. (3.8) and (3.9) become
I

and - gid(d =5}
! iV

[

o

Il
K l-?
-
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Mow the fractional recombination becomes

W ) _
1= foun = 1 JE gsd gd(d — 5) A ds
gd,dje iV &V
__a [d4 (3.11)
bekk, | V? ‘

By substituting

4:2 = ol ﬁ
ek, NV

The facters in the [irst parenthescs arc the properties of the gascous ions and are

independent of the experimental varizbles. 1t is denoted by m’ and is related to the

volume recombination process. In the second parentheses, the experimental variables

are grouped 1opether. So,

Thus for parallel plate ionization chamber conlaining air

1,2

1= f e :Es’:mm

MNeglecting the terms of higher order

e

pane
or,

|
S =

I+E§‘i’”

(3.12)

This is the expression of the collection efficiency for parallel plate tonization

chamber,
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b. Volume Recombination in a Cylindrical Ionization Chamber

Since the cylindrical ionization chamber is symmetrical around the axis (Fig. 3.5), so

the whole electric field or any par of it bounded by radiat surfaces is considered as a

single tube of force and the expression for A, per unil axial length as

A =2m= 2xfa—5)

Fig. 1.5 Definition of parumeters for charabers with cylindrical or spherical goomelry

Therefore, eqn (3.8) and (3.9) become

and

where & and b are the outer and inner electrode radii of the chamber respectively.

Naw, the tolal recombination per second throughout the whole volume is

_{EC:C': 2rrdr
e
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This is equal to
g’ [Infa/6)]’ = {a’ 3 bl)]
dekk V6

and the charge of either sign liberated per unit time within the volume comresponding

to unit axial length of the cylinder is qﬂ'(ﬂl ~ bt ]

So, the fractional recombination becomes

P D G

dek kv 6
ar,
PR (a-5Yg [ (a+b) n(a/ty|
of ek k,| V' Jla-b) 2

This equation has exactly the same form as that fur parallel plate jonization chamber

but in this case i.e., for cylindrical geometry chambers

;2 — & [{ﬂﬂb}rm].q
| ek k, y?
:mz [{a_b;}::-nl] g
where,
. - (a+ ) In(aib) v
* T @-b 2

So for eylindrical ionization chamber containing air the collection efficiency
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¢. Volume Recombination in a Spherical Ionization Chamber

In the case of spherical ionization chamber, the expression for A, is

A, =4 =4xfa—s)

a

and the fractional recombination is

L= fp == l(ﬂ—b]“qlu“ﬂhb”}l

bek k,| ¥* 3ab
For spherical geometry ionization chamber

o -letat

The cquivalent gap length'in spherical geometry chamber is therefore

{a - b}"‘f ph

where,

Ko = [-;: (afb+1+ bfa]} |

and finally the expression of the collection clTiciency for spherical shaped ionization

chamber is

|
Jr.pk :—]2_
1+E§"F"'

So, the general equation for the charpe-collection efficiency f of an ionization

chamber containing air exposed to a continuous radiation ficld is

[+=¢&F
>
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3.5.2 Loas of Ions by Dilffasion

[f the applied voltage of the ionization chamber is low, some of the posilive ions
produced close to the positive plate may diffuse back and reach it and similarly for
negative ions produced close to (he negative plate. On this assumplion, cach ion
reaching a plate loses its charge on the first collision. Measurements of this loss have
been made by Scott and quoted by Greening [30] and found that diffusion Josses will

rarely need to be taken into account in practical ionization chambers.

3.6 Chamber.Signal Correction for Influence Quantities

lonization chamber reference conditions are described by a set of influence quantities
which are not the subject of the measurement, but they influence the quantity being
measured. The infuence quantities of ionization chamber dosimeuy system are
chamber wall; ambient air temperature, pressurc and humidity; applicd voltage and
polarity of the chamber; chamber leakage currents, chamber stem effect ete. If the
chamber is used under conditions that dilfer from the reference conditions, then the
measured signal of an ionization chamber must be corrected for the effect of

infiuence quantities in order 1o obtain the correct signal value.

3.46.1 Chamber Wall ElTect

The air kerma in "'Cs and ¥Co y-ray fizlds is usually measured by thick walled
graphite cavity ionization chambers. The walls of the chamber perturb the incident
beam by atienuating it and gencrating scattered photons. The wall correction factor
k., is intended to remove the eflects of attenvation of the incident primary photons
in the chamber wall {and cavity air) and to remove the contribution of the recorded
ionization from any photon interaction other than the first interaction in the chamber
wall. S the wall correction factor corrects for attenuation and scatter in the chamber
wall. The application of £, renders the measurement, that corresponds to a point in

air in the absence of the chamber. In practice, wall correction factor is usually the

largest and most significant comection factor applicd in calculating a cavity
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ionization chamber response; it can vary from 1% to 3%, depending on the design of

the chamber and its wall thickness [31].
3.6.2 Air Temperature, Pressure and Humidity Elfeers

‘The mass of air contained in the sensitive volume of the chamber is equal 10 g, ¥,

with p, being the air density and ¥, is the ionization volume of the chamber. Since

most ionization chambers are open to the ambient atmosphere, g, is @ function of

the atmospheric pressure, temperature and humidity and so is the charge collected by
the chamber, as both are correlaled. Most standard laboratorics use the value dry air

density p, at standard conditions of 0°C and 101.325 kPa is 1.2930 kg/m’.
Considering air as an ideal gas, the density g, (7. F)at an arbitrary temperature T(in

°C) and pressurc P {in kPa} is given by

27315 P
273.15+T 101.325

p,(T,P) = p,(0°C,101.325kPa)

Sinee the charge measured by an ionization chamber depends on air temperature,
pressure and humidity, therefore, the absolute value of the air kerma rate must be
given for slated reference values of these parameters.

The correction factor for air temperature and pressure &, . s given as:

_@QN5+T) B,

kpo = 13
TP RIS HT Y P 3.13)

and it is applied to convert the measured signal to the reference conditions. Here T
(in °C) and P (in kPa) are respectively the temperature and pressure of air within the

chamber at the time of mcasurement, while 7, {in °C) and F,(in kPa} are the

reference conditions used in the standard laboratory.

Since the usual laboratory conditions contain a quantity of water vapour and air

kerma is defined for dry air, a correction factor for the influence of humid air &, is
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required for absolute measurement of air kerma in the y-ray field. The dependence of
the inverse of the correction factor for humidity on rclative humidity at 20°C and
101.325 kPa according to the data of ICRU 1979 [32] is shown in Fig. 3.6. The
following polynomial is determined by fitting the data of ICRU 1979 [32] wouid be

used for the correction factor and for the change of ionization duc to humidity &, .

Ifk, =1.0+4.0499x 10~ H - 2485x 107 H* + 84819107 H’
14299107 HY + 24244 %107 /1 + 322210 H® (3.14)
—5.4071x 107 7 +3.6796 %107 H* —0.4258x 107" H°

Here A is the relative humidity (36} at 20°C.

Relative humidity (%)
[H 10 20 30 40 50 60 70 B0 @0 100

0.0 0.5 1.0 1.5 2.0

Partial pressurc of water vapour (%)

Fig. 3.5 Dependence of the inverse ol the correction factar bor bumidity on refative
humidity at 20°C and 101,325 kPa according 10 the dala of ICRET L974# [32]

Assuming the difference between the correction factors k, at 20°C and at 22°C
negligible, it is possible to use egn. (3.14) without any modification as the correction

factor for humidity at 22°C.
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3.6.3 Chamber Siem EfTect

Irradiating the chamber stem ofien cannot be avoided. Stem efTect arises from the
elect of scatterzd v-rays from the stem, which reaches the chamber volume. [n some
case, irradiation of the chamber siem resulls a leakage current of extra current

induced in a cavity which is formed near the cable terminal of the stem

unintenticnally.
3.6.4 Chamber Leakage Currents

No matter how well an ionization chamber dosimetric system is designed there will
always be a small chamber Jeakage current. Their etfccts on the true radiation-
induced currenls are minimized by guard electrodes, low noise triaxtal cables and

sophisticated electrometers. The leakage currents fall into three categories:

i) Intrinsic leakage currents,
ii) Radiation-induced leakage currents, and
i) Mechanicat stress induced current and friction-induced spuripus cable

current.

There will always be a small, non-radiation related signal present when the syslem is
in a ready mode to respond to radiation. This intrinsic current results from surface
and volume leakage currents flowing berween the polarizing and measuring
electrodes of the ionization chamber. In a well designed ionization chamber
dosimetry system the intrinsic leakage current are at least two orders of magnitude
lgwer than the measured radiation induced signals and thus either negligible or can

be suppressed from the actual radiation signal.

Clectric leakage in the ionization chamber and electromeler may also occur because
of the irradiation of insulators and chamber parts, cables and electronics of the
measuring equipment. This is termed post-irradiation leakage; an effect that
continues alter the irradiation has ceased and decreases exponentially wilh time.
Mechanical stress on cable insulators also causcs a leakage current for which

bending and twisting of the cables should be avoided.
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Chapter IV
Experimental Methods

4.1 Introduction

lonization chanbers used in hospitats for calibration of the radiation therapy beams
must have a traceable calibration (directly or indirectly) in a standard laboratory.
Absolute jonization chambers are not used for routine calibrations. The Primary
Standard Desimetry Laboratories {PSDLs) calibrate secondary standard dosimeters
for Secondary Standard Dosimetry Laboratories (SSDLs) that are used for calibration
of the reference instruments of users, such as therapy level ionization chambers used
at hospilals. Graphite cavity ionization chambers with accurately known yolume are
used at primary metrology institutes for absolute measurement of air kerma in “Co
and '¥’Cs v-ray fields. For the absclute ionization chamber, the sensitive air volume
or mass is determined dircctly by measurement of the inner radius and the length of
the volume. In addition to the need of accurate knowledge of the sensitive air
volume, wall correction factors are required to account for the efMect of photon
atlenuation and scattering in the chamber wall. An accurale knowledge of W fe value
and Bremsstrahlung fraction is alse required to determine the air-kerma (rate) In air.
Finally, standard laborateries implement additional correction factors, which account

for the deviations from (he Bragg-Gray cavity thcory.

For absolute air kerma measurcment, cylindrical ionization chambers are being used
at National Metrology Institute of Japan (NMIJFAIST); recently eight spherical and
parallel-plate (pancake) ionization chambers of various volumes have been
constructed at the Primary Standard Dosimetry Laboratory {(PSDL), AIST, Tsukuba,
Japan. These ionization chambers can be used for the measurement of absolute air
kerma rate in wide ranges in standard “'Co and '¥'Cs y-ray fields. Figs. 4.1 4.1

show the design and dimensions of different parts of the fabricated icnization

chambers.
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4.2 Specilications of the Fabricated lonization Chambers

Chamber's clectrode malerial: Poco graphite of density 1.82 g e’

Symbols for spherical chambers: S74, S60A, 5608, S900A

Symbols for paralle] plate chambers: P9A, P98, P60A, P60B

Chambers “xxA™ are used both for *°Co and '¥Cs y-rays and those “xxB" are used
only for "¥'Cs y-ray beam. This is because the walls of xxI3 are thick enough for
electronic cquilibrium for *¥°Cs y-rays and not for “°Co. Figs.4.12 and 4.13 are the

photographs of P9A and $604 ionization chambers.

S7A lonization Chamber
Spherical wall; linner ¢24 mm and outer ¢30.6 mm

Collector electrode:  Rod- 92 mm and length16 mm

$60A lonization Chamber
Spherical wali: Inner o350 mm and cuter p56.6mm
Collector electrode:  Rod- ¢2 mm and length 15.7 mm
Frustum- ©2 mm, @5 mm and height 1.5 mm
Rod- p5 mm and length 16 mm
Half sphere- g3 mm

5608 Ionization Chamber
Spherical walk: Inner 950 mm and outer p32.4 mm
Collecter electrode:  Rod- 92 mm and length 15.7 mm
Frustum- 2 mm, @5 mm and height 1.5 mm
Rod- 5 mm and length 16 mm
Half sphere (selid} - 3 mm

5900A Tonization Chamber
Spherical wall; Inner @120 mm and outer ¢126.6 mm
Caollector electrode;  Rod- @3 mm and length 35.7 mm
Frustumn- ©3 mm, @12 mm and height 4.5 mm
Pipe- inner 8 mim, outer 12 mm and length 37.5 mm

Hall sphere- mner @& mm and cuter ¢l2 mm
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P9A Ionization Chamber
Ring wall: Inner 50 mm, ouler $56.6 mm and length 4.8 mm
Both side disk walls:  ¢56.6 mm and thickness: 3.3 mm
Collector electrode:  Rod- 2 mm and length 3 mm
Disk- @44 mm and thickness .3 mm
Hoth side comb shape electrode- p44 mm

(15 mm from the center to 22 mm with a slope of

0.85/7)

P98 Lonization Chamber
Ring wall; Inner 50 mm, outer p56.6 mm and length 4.8 mm
Both side disk walls:  56.6 mm and thickness: 1.2 mm
Collector clectrode:  Rod- ¢2 mm and length 3 mm
Disk- @44 mm and thickness 0.3 mm
Both side comb shape electrode- pd4 mm

(15 mm from the center (o 22 mm with a slope of

0.83/7)

P60A Ionization Chamher
Ring wall: [nner @100 mm, outer pl06.6 mm and length 8 mm

Both side disk walls: ¢106.6 mm and thickness 3.3 mm

Collector electrode:  Rod- 92 mm and length 3 mm (OR with following Disk)
Rod- 0.5 mm and length 2 mm (2 Rods)
Disk- 96 mm and thickness 0.3 mm

P60B Tonizatipn Chamber

Ring wall: Inner 100 mm, outer ¢l06.6 mm and length § mm
Both side disk walls: ¢106.6 mm and thickness 1.2 mm
Collector electrode; Rod- 2 mm and length 3 mm (OR with following Disk)
Rod- 0.5 mm and length 2 mm (2 Rods)
Disk- ¢96 mm and thickness 0.3 mm.
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&7

—
b+
ta) (b)

Fig. 4.1 Dimension of different parts of {(a) spherical wall outer eleetrode and
{h) collector electrode of 57A lonizmtion Chamber {all dumensions

are in mm)
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Fig. 4.2 Dimension of different parls of {a) spherical wall suter electmde and
{b) colleclar electmde of 360A lonization Chamber {all dimensions

are in mm;
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Fig. 4.3 Dhmension of dulTerent parnts of {a) spherical wall outer eiectrode and
() collector elzctrode of S60B lonizanon Chamber (all dimensions
are in mim}
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Fig. 4.4 Dimension of different parts of (2) sphencal wall outer electrode
and (b) collector electrode of S900A Iomzatien Chamber {all

dimensions are in mm)
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Fig- 4.5 (a) Crass-sectional view and (b) lateral vizw of the cover electrode
of P2A lomeation Chamber (all dimensions are in mm)
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Fig. 4.6 (a) Cross-sectional view and (%) latcral view of the cellectar electrode
of P9A lonizahion Chamber (all dimensions arc o mm}
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Fig. 4.7 (a) Crosz- scetional view and {b) lateral view of the PAA fonization
Chamber {all dimeasions are in mm}
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Fig. 4.8 {a} Cross-sectional view and (b} lateral view of the cover electrode of
P&0A Tonization Chamber (2ll dimensions are in mm)
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Fig. 4.9 (a) Cruss-sectional view and (b) latcral view of collector clectrode of
the P&DA lomzalion Chambet (al] dimensions are in mm)
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Fig. 4.10 () Lateral view and (b) cross-sectional view of the P60A Lonization
Chamber (all dimensions are in mm)
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Fig. 4.11 Siem part of the fabricatcd 1onization chambers {all dumensions are in mm)
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(a) (b}

Fig. 4.12 Photograph of PRA [onizstion Chamber (o) with both side disk wally and
(b) withoan disk walls

Fig. 4.13 Protograph of internal view of 5804 [onization Chamber
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4.3 Jonlzation Chamber System

The concept of an ionization chamber system is explamed in Fig. 4.14. The
polarizing {i.e. usually outer) electrode of the chamber is connected to biasing
(polanizing) voltage power supply. The ions produced m the ionization volume are
drified towards the biasing electrode cr to the collector depending on the polarity of
their charge. The signal current due to the ions is measured by an clectrometer which

is connected to the collector clectrode.

SCTISILIVE Wil

asing
electrode

guard
elecirode

collecting elecrode

Fig. 4.14 Schematic diagrem of an wnization chamber system. 4 represents the
clectrometer and Fis Lhe power supply

An ionization chamber system consists of (he following components:

— An ionization chamber
— Electrometer

- Power supply

— Thermomeler

— Barometer

- Hygrometer
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4.4 Gamma Ray Sources

The absolute value of air kerma rate in ®Co and "V'Cs y-ray [ield with nominal
activity 148 TBq and 34 TBq respectively would be measured using the faboeated
ionization chambers. Fig. 4.15 shows schematically the %Ca y-ray source used in the

cxperiment.

collimator

"o v-ray source

J0cm

Fig- 4.15 Schematie dagram of the "¢ y-ray source used in the experiment

4.5 Setting of Honizatiom Chamber in y-ray Field for the
Measurement of Lonization Current

The ionization current {or charge} produced in an ionization chamber is measured by
setling the mechanical center of the jonization volume of the chamber at a fixed
distance from the source on the central axis of the y-ray beam as shown in Fig 4.16.
It has been done using two laser light beams, one is at the center of the y-ray beam
and the other is perpendicular to the beam. The perpendicular laser light shows a
reference position at | m distance from the y-ray source. For imadiation at lower air

kerma ralcs, the chambers arc placed at 2, 3, 4, 5 and 6 m from the source.
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Sometimes for much lower eir kerma mles, lungsten alloy disks with a thickness of
25 mm and 40 mm or both are insered in the collimator of the “Co v-ray irmadiation
container. For much lower air kerma rate of *'Cs y-ray field an iron disk is placed at
the collimator of the '*’Cs y-ray source. When higher air kerma rate is required, the
®Cq y-ray source is pushed and placed so Lhat source chamber distance becomes 0.6
and 0.4 m with the chamber fixed at Lhe reference laser light position.

Fig. 4.16 Phowgraph of (he setting arrengremen of S60A Imization Chamber
in %Co y-ray ficld for (he measurement of ionizalion current

The ionization chamber is nsuatly set al right angie to the y-ray beam, Average of the
absolute value of (he signal current at both polarity of the applied voltage is nsed as
the output of the chamber for absolure measurement of the air kerma rate. By nsing
the average values, the efecls of extra signal currents can be made negligible: (i) the
signal current from the cavity, which could be made dne to imperfect design or
imperfect assernbling of the chamber, in the stem or near the cable terminal, (ii) the
signal current induced by irradiation of signa! cables, (iii) the dark current of (he
electrometer. This is because all of these signals do not depend on the polarity of (he
applied voltage and are added 1o the actual signa! current of the ionization chamber
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when their poladties are the same as that of the acrwal signal current and are

subtrecled from the actual signal current when heir polarities are dillerent.

4.6 Measurement of lonization Volume of the Fabricated Ionization
Chambers

An ionization chamber response depends on the chamber design. In order fo oblain
the total jonization volume of such a chamber, [or convenience, the chamber is

divided into Lhree parts:

(iy the jonization volume in the sphenical or disk part of the chamber,
{(ii) the iomization volume ia the neck part of the chamber and

(iii) the ionization volume in the stem part of the chamber,

For spherical jonization chamber, the ionization volume in Lhe spherical parl of Lhe
chamber is calculated using the inner diameter of the cavity and the outer diameter
and length of the central collector electrode, In the case of parallel-plate (pancake)
jonization chamber, the jonization volume in the disk parl is determined from the
inner diameter of that part, the depth of the cavity and the outer diameter and length

of the central electrode,

The ionization volume in the cylindrcal shaped neck part of the chamber is
calculated using Lhe inner diameter and the length of the neck parn and Lhe ouler
diameler and length of the collector electode within the neck part of the chamber.
For the chamber P9A and P9B, the volume of the wedge shaped part of the collector
electrode is obtained by calculation as a sum of small square pillars because it is

difficult to calculate it analyiically.

The ionization volume in the stem parl of the chamber is measured in the following
way: at first, the exlemal cavity wall and the central electrode of the chamber are
removed from the stem of the chamber and (hen a short central electrode is atlached
with the stem, The slem is then covered by a small pipe. The pipe shaped cover has

the seme length, inner and outer diameters as those of the stem pert of the chamber.
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Then a Mat disk is attached in front of the pipe shaped cover. The shorl central
clectrode, the pipe shaped cover and the flat disk are made with the same malerial
{Poco-graphite) by which the chamber is made. Another cylindrical shaped stem
cover of the same dimension with a small hole at (he base of the cover for passing he
collector electrade through it is also used. So, two types of stem cover are used. Now
each covered stem is sct perpendicularly to the y-ray beam at & distance of 1m from
the source using two laser light beams. A vollage of 500V is applied to lhis
armangement and is imadiated by *Co or "’Cs y-ray beam. lonization current from
this arrangement using two types of stem cover is measured at bath polanties of the
applied voltages. Average of Lhe absolute value of the signal cument measured at
bath polarities in each case of this arrangement is used as the signal current from Lhe
stem part of the chamber. The jonization volume in the stem part of the chamber is
oblained from an assumption Lhat the ratio between Lhis signal current and the signal
current from the whole volume of the ionization chamber is proporitonal 1o the ratio
of the effective ionization volume in the stem parl and the total ionization volume of

the chamber.

4,7 Correction Factors for Ion Loss in the Fabricaied lonization
Chambers

The signal current from an icnization chamber at first increases with the applied
vollage to the polarizing electode and finally reaches the saturation value, The
saturetion characteristics are governed by three processes of ion loss in Lhe chamber:
the inmital recombination, back diffusion and volume rtecombination. Initial
recombination loss is due to the recombination of the ions created in each cluster,
difTusion loss is due to the back-dilfusion of positive and negative ions 1o anode and
cathode respectively. Yolume rccombination loss of ions eccurs when ions dnft

lowanls their respective electrodes.

Initial recombination loss and back diffusion loss both are proportional to the inverse
of the applied vollage and independent of the atr kerma rale. On the other hand,
volume recombination loss is proportional to the inverse of the square of the applied

voltage of the ionization chamber and to Lhe air kerma rate. Volume recombination
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loss can be obtained from the change of signal curments measured at several different
applied vollages at high air kerma rates. Initial recombination loss and difTusion loss
are obleined from signal currents measuted at low air kerma rales and then it is not
necessary 1o lake inlo account volume recombination loss. In practice, initial
recombination is generally negligible compared o the volume ion recombination for
most ionization chambers. Volume ion recombination is reduced by the use of low

air kerma rmates and small-volume ion chambers and then the initial ion

recombination is signilicant [17, 30].

In the present work, ion losses duc o volume recombination, initial recombination
and back diffusion in each of the ionization chambers are obuained using a method
proposed by De Almeida and Niatel [33] and adopted by Boutillon [8]. In this methed
all the ion losses are oblained simultancously by measuring signal currents at difTerent

applied voltages for different air kerma rates.

Near saturation i.e., when the ion losses dus 10 recombination and diffusion are
small, the ratio between the saturation current J; and the jonization cument J,

measured at an applied vollage V, can be obuained by the eqn. (neglecting the Lerms
of higher order)

L0, =1+ AV +mi(g /v, (4.1)
with

m® = eflek k) (4.2)

where A is constant for a particular chamber involved in the initial recombination and
back difFusion,
m’g is also constant for a particular chamber involved in the volume
recombination process;
g is a factor which depends on the chamber geometry,

¢ is the volume recombination coefTicient under continuous imadiation;
¢ is the charge per ion;

k, and k_are the mobility of the positive and negative ions respectively.
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The first variable term on the right hand side of eqn. (4.1) describes the loss of ions
by initial recombination and difTusion and the secend vapable term describes the
volume recombination loss. So, volume recombination loss depends on applied
voltage, air kerma rates and the chamber geometry factor g. lon loss due to imtial

recombination and diffusion within the ionization ¢hamber are oblained from the
‘value of 4, volume recombination loss is oblained from Lhe value of m*g at any

applied vollage and air kerma rate. Ionization chambers are used in a wide range of
air kerma rales. For absolute measurements of air kerma rates, it is imporiant W

oblain accurate signal currents by cormseting it for jon losses using the values of 4

and m®g in each ionization chamber.

If ¥ in eqn. (4.1) is replaced by the lower vollage ¥ /v, a similar eqn. is obtained for

the signal current 7., . Here n is an arbitrary value larger than 1.
Now dividing this egn. by the eqn. {¢.1) gives (neglecting the higher order terms)
1/, =1+ -1V +{n? ~)m*{g /v ), (4.3)

Currents {, and 1, are measured at several different air kerma rates and them the

values of {, /1, are plotied as a function of/,. The applied voltage must be high

encugh to ensure high ion collection efficiency over the whole range of measured

currenls.

For an ideal paraltel plate ionization chamber, g = d*/6, where, d is the ssparation

betwesn the parallel ¢lecuodes,

For an ideal spherical ionization chamber in which both the cuter electrode of radius

& and the cenirzl electrode of radius & are spherical shape

g = [(a'b]xw].
6
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with

! "
s = [5 (afb+1+ b;"a}:|

However, in the present case of the fabricated ionization chambers, the chambers are
not ideal one and it is not possible to oblain the value of g from the above

£XpIessions.

In the present study, in order 10 measure the ion loss within each of the ionization
chambers signal currents arc measured in Do y-ray feld for A5, S7A, S60A,
S900A, P9A and P60A jonization chambers and for S60B in '’Cs y-ray field. The
applied voltages ¥ and ¥/a are 600, 400, 300, 200, 150V for AS5; 1600, 500,

200,100V for S$7A; 1000, 600, 300, 200, 100V for S60A and S60B; 1000, 600, 400,
300V for S900A; 400, 200, 100, 50V for P9A and 700, 300, 100, 30, 10V for P60A
jonization chambers. The air kerma rales are varied by placing Cu plates with the
tolal thickness ranging from & to 60 mm or tungsien (W) disk of 25 mm thickness at
the collimator of the *Co source or an iron disk is placed at the collimator of the
"5 y-may source. The measured signal current is corrected for the temperare 22°C
and pressure 101.325 kPa, but no correction is made for the dependence of the signal
current on humidity. Aifr humidity ranged from 38% to 44% lhroughout the
ionization current measurement from all the fabricated ionization chambers in the
present study at different applied voltmges. Signal current is measured at least three
times for a particular applied vollage in each polarity. Therefore, for 2 particular
value of applied voliage there are six values of ionization currents at both polarifics,
Average of the absolute value of the signal currenls measured at both polarities of the
applied vollage is used as the signal current in order to obtain the elfect of ion losses

within the chamber.
4.8 Stem Correction Factor for the Fabricated Ionization Chambers

The stem correction factor is due to the contribution of y-ray scaticred by Lhe

jonization chamber stem. This factor (kue) is determined using a dummy stem of
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identical size and composition placed on the side opposite to the original chamber
stem, and the chamber is irradiated successively with and without Lhe presence of a
dummy stem; the ratio of the signal current gives the stem correction factor. In the
present study, ionization cuments are measured at bolh polanties of the applied
vollages. Average of the absolute value of the icnization current measured at both
polarities is used as the signal cument in order to obtain Lhe stem comection factor of
the chamber. For each fabricated ionization chamber, stem correction factor is
determined at various source chamber distances (SCD), i.e. at various air kerma rates
in the y-ray field. For a particular ionization chamber in a y-ray field, average valve
of k.em at various SCDs would be used as the stem comection facter during absolute
air kerma measurement by that chamber. [n the present study, stem comection factor
of the fabricated ionization chambers are measursd for the following source-to-

chamber distances (SCDs):

£74A Ionization Chamber
SCD=0.3m, 0.4m, Im, 2m, 3m, 4m and 6m (for %Co source)

17

= im, 2m and 4m {for "~ 'Cs source)

S60A Jonization Chamber
SCD= 1m, 2m, 4m and 6m (for ¥Co source)

=1m, 2m and 4m (fc:-rmCs source)

560B Ionization Chamber

$CD= 1m, 2m and 4m (for '¥’Cs source)

S900A Ionization Chamber
$CD= dm, 6m and 6m with 25mm W attenuator (for ®Co source)

17

= lm, 2m, 3m and 4m (for "~ Cs source)

POA lonization Chamber

5CD=0.3m, 0.4m, 1m, 2m, 4m and 6m (for %Co source)

= Im, 2m and 4m (for 'Cs source)
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P60A Ionization Chamber
EC0O=2m, 3m, 94m and 6m (foran source)

= Im, 2m, 3m and 4m {for ¥y BOUTCE)

4.9 Wall Correction Factor of the Fabricated lonization Chambers

Several methods have been developed for the detertmination of the wall correction

factor. In extrapolation lechniques, &, is given by lhe sxtrapolaed & value

multiphed by £, (center of electron production).Traditionally, most sundard

laboratlories delermined & by extrapolation method. In this melhod ionization
current is measured as a function of wall thickness vaned by adding layers of wall
malerials to all sides of the chamber and then to lincarly extrapolate the measured
curve to zero wall thickness, The extrapolation to zero wall thickness overcorrects
for wall attenuation. Some of the electrons that contobute to ionization in the cavity
gas onginate from photon interactions that take place within the wall at a point
upstream from the cavity where the photon fluence has not been attenuated by the

full wall thickness. The factor k,_ is introduced becausc Lhe electrons set in motion
by the photons have a finite range in the chamber wall i.e, &, , 1s applied to account
for the depth in the wall at which the electrons entering the cavity are preduced. k,,

correcis for the mean center of electron production,

Slarting in Lhe mid 1980s, wilh newly developed codes and faster computers, it was
possible to calculate direcily the wall comection factor using Monie Carle

techniques, where the calculated factor &, included k., Rogers and Biclajew [25]
found that the calculated values of &, were significantly dilTerent (up to 1%) from
those determined by linear extrapolation in combination with k__, for spherical

chambers. Bieclajew [24] showed that linear extrapoiation of experimental data for
spherical chambers arc inappropriate owing to the curvalure of the chamber walls. A
simple nonlinear theory was construgted for the spherical chambers. Using this

nonlinear extrapolation of the measurcd data led to reasonable agreement with the
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Maonle Carlo calculations. Other recent studies (22, 27, 28] provide evidence that
linear extrapolation lechnique is inadequate in measvring the wall comection factor.
McCaffrey et al [21] sxplored the clear evidence (hat Monte Carlo calculations

provide directly more consistent and accurate value of &, comection factor, and

linear extrapolation techniques wsed to derive &, cormection factors iroduce

significant emrors. The principle of Mome Carlo approach is illustrated in Fig. 4.17

from which 1he following cquations become evident:

Fig 4.17 Schemalic disgram of the successive events that ocour if a photon
af energy AV enters in the wall of & cavily chamber

According to Fig. 4,17 a photon of energy Av enters in the wall of a cavily chamber.

Afler a path of lengths, , the first interaction occurs producing a scattered photon of

energy Av’ and an electron, which travels through the cavity and deposits energy

E,, im the cavity air. The scatiered photon interacts within the wall and produces an
electron which travels through the cavity, thereby depositing energy E,, in the

cavily air.

Correction fagter for atienuation of y-rays in the chamber ¢lectrodes is

E Ei.ﬂ e iy

— !
Koten = ———z £, 4.4)
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Correction factor for y-rays scattered by the chamber electrodes is

kpy = e — 4.5)

The energy £, , is the deposited energy in the cavity air by electrons generated from

the ith primary photon interaction and is weighted bye™™ , where u, is the linear
attenuation coefficient and s, is the path length of the ith primary photon in the
graphite wall. The weighted sum is the tolal energy Lhat would be deposited in the
cavity air by electrons if there is no photon attenuation in the chamber wall. The
correction factor for photon attenuation in the wall is this weighted sum divided by
the tolal energy deposited in the cavity by electons of the first generation when
photons are anenuated in he wall. The correction factor for the increase in deposited
energy in the cavity air due to electrons generaled from scattered photons in the wall
is the tolal energy deposited in the cavity by [irst-generation electrons divided by the
sum of the tolal energy deposited in Lhe cavity by elecrons of the first generation and
those of the higher generations, expressed in egn. (4.5). From eqn. (4.4} it is obvious

that factor k__ is included in the caloulation of k... The wall comection factor

k_,is the product of the two factors &, and &, , which are the cormections for y-

ray attenuation in the chamber walls and for scatiered y-ray contributions to chamber

responses respectively. So, the wall comection factor

k, =k, %k

ie.,
ZE],I:IGFI‘r
= =t 4.6
kwﬂ-:,l E(Em +E”] ( }

I

The values of k., k,, and %, are calculated for spherical, cylindrical and

pancake ionization chambers using the EGS3 program [34] that simulates these
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different type cavities with six different sizes in '"’Cs and ®Co y-ray fields. Same
rype of chambers has the same shape but different size. The inner diameter of the
cavity of the smallest spherical chamber is 20 mm; the inner diameter and the length
of the smallest cylindrical chamber are 20 mm and 25 mm respectively and those of
the smallest pancake chamber are 40 mm and 4 mm respectively, The size ratio
between adjacent size chambers is 1.5 for spherical and cylindrical ionization
chambers and is 1.4 for pancake chambers. In the calculation, the innst electrodes
(i.e. the charge collector) are ignored. The chambers are made with graphite of
density 1.82 gem™. Wall thicknesses are assumed to be 1.2 mm for *'Cs y-mys (i.e.
for 662 keV) and 3.3 mm for *°Co y-rays {i.e. for 1173 keV and 1332 keV). The
cavity air pressure is assumed 1o be 101,325 kPa and temperature 22°C. It is also
assumed that the flat walls of pancake ionization chambers are [ixed perpendicular to

parali¢] and uniform y-ray beam and that of ¢ylindrical chambers are fixed at 45°
with Lhe direction of the y-ray beam as shown in Fig. 4.18.

T —|

(Spherical chamber} {Pancake chamber) (Cylindrical chamber)

Fig. 4.13 Chamber posuiomng with respect to the beam dircction for duTerent types of
itnization chambers

Spherical jomzation chambers:
Inner diameter = 20, 30, 45, 67.5, 101.25, 151.87 mm (i.e., 1.5 time step)
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Pancake (Parallel Plate) icnization chambers
Inner separation {1. 5.) =4, 5.6, 7.84, 10.97, 153.36, 21.5] mm (i.c., 1.4 time slep)
Inner diameter {LI}.} = 40, 56, 78.4, 109.76, 153.66, 215.12 mm (i.c., LD.=L. §.x10)

Cylindrical iomzation chambers
Inner diameter {I.D.) = 20, 30, 45, 67.5, 101.25, 15187 mm {i.e., 1.5 time step)

Inner length (1.L.} =25, 37.5, 56.25, 84.375, 126.56, 18%9.84 mm
{i.e, LL=1.D.%1.25}

4.10 Average Mass Collision Stopping Power Ratio for the
Tonization Chambers in "'Cs and **Co y-ray Beams

Yalues of (he average mass collision stopping power ratio are essential for absolule
air kerma rale measurement in *’Cs and *'Co y-ray field. The average value of the

mte of energy loss per unit path length x by a charged particie of type ¥ and kinetic

energy T in a medium of atomic number Z is called its stopping power, (dT/dt), , , .

Dividing the stopping power by the density g of the absorbing medium is the mass
stopping puwer{dT f pdr], in MeVem®/g. Total slopping power has two components:

{a} Lhe collision stopping power, which is the average energy loss per unit path length
due to inelastic Coulomb collisions with bound atomic clectrons of the medium
resulting in ionization and ex¢ilation;

(b) the mdiative slopping power, which is the average ¢nergy loss per unit palth
length due to emission of Bremsstrahlung in the electric field of the atomic nucleus

and the atomic electron [3].

The scparation of the stopping power info these two components is useful for two
reasons. First, the methods used for the evaluation of the wo components are quile
different. Second, the energy going into Lhe ionization and excilation of atoms is
absorbed in the medium rather close to the parlicle irack, whereas most of (he energy
lost in the form of Bremsstrahlung travels far from the track before being absorbed.

In (he present study, values of 5, /5, 1s obtained {or sccondary clectrons emitted by

B¢ y-rays and PCo y-rays using the EGS5 program [34] that simulates spherical,
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panicake and cylindrical cavities of different sizes in 13¢5 and ¥Co y-ray ficlds. The
simulated ionization chambers and its positioning with respect to beam direction are

considered same as those used to determine the valucs of &, .

4.11 Dependence of the Mass Energy Absorption Coefficient Ratio
on the Photon Energy

In eqn. (1.7) it is assumed that all the secondary ¢lecwons are emitied from the
chamber wall i.¢. in the grephite. But in Jarge cavity ionization chambers it is thought
that some Compton ¢lectrons are also emitied from the air in the cavity by Lhe
incident y-rays [35]. Consequently, Lhe last fractional term in egn. (1.7) should be
modified to M which is

— (Fﬂ:l'lfp)m'r(Eafr-IFE‘m]
I:Fﬂ‘lrp)afrﬁ.ﬂr +{||un| Ip)mEm

So,

- [[FM ‘Illp}m'r ;(Fn ‘Irp}pa](Enir "FEW + 1)

= 4.7
[{lum;p}dl'r f{pmfp]gm]{EnfrIEgm){-l ( }

where E,, and E_, are the energies deposited in the cavity air by photo electrons

and Compton electrons emitted from the air and from the graphite wall respectively.

In the present study, values of E,, /E_ are also oblained using the EGS5 program

[34]. The simulated ionization chambers and the chamber positioning with respect to

beam direction are (he same as those used for caleulation of &, or average mass

collision stopping power ratio in "'Cs and *'Co y-ray field.

4.12 Angle Dependence Semsitivities for the Fabricated Lonization
Chambers

For al! the spherical and parallel plale ionization chambers, the reference direction of

the chamber is along the collector, i.¢. along the stem. Setling an ionization chamber

18



Chapicr {1~ Experimentaf Afethods

at 0° means the ionization chamber reference direction is peinting towards the y-ray
spurce, and at £90° means reference direction is perpendicular to the y-ray beam.
Usually signal current from all spherical and pancake ionization chambers are
measured by fixing the chamber at 907 only cylindrical icnization chambers which
are using at NM1J/AIST are fixed at 45° during signal current measurement. In order
to measure the angle dependence sensitivities of each of the fabricated ionization
chambers signal curments are measured at both polaritics of applied vollages at
different angular positions of the chamber in a wide range of angle e.g., from -120°
to +120°, The signal currents are correcled for the temperature 22°C and pressure
101.325 kPa. Sensitivities of each of the fabricated ionization chambers are measured

at various source~chamber distances (SCDs) in 'Y'Cs and “Co y-ray fields.

4.13 Correction factor to air kerma for the charge of initial ionizing
electrons

Air kerma is defined as Lthe quotient of the sum of the initial kinetic energies of all
secondary electrons liberated by pholons, by the mass of air from which Lhe
secondary electrons are liberated. The values of initial kinetic energies are generally
obtained as the product of W-valus of air for the sscondary electrons and Lhe number
of jon pairs produced in the ionizaticn chamber. The signal current from ionization
chambers, however, consists of not only the charge of ion pairs but also the charge of
the icnizing secondary elecitons, i.e. photoelectrons, Compton electrons and Auger
clectrons, and the charge of positive lons which are formed by Lhe relcase of these

secondary electrons.

Values of the correction factor to air kerma and exposure measured by free air
ionization chambers for the charge of Lhese ionizing electrons and icns were
calculated for photons with energics in (he range from 1 keV o 400 keV [36]. In the
calculation, the effects of an increase in Lhe W-value of air for low-energy electrons
were also taken into consideration. It was found that the correction factor for air
kerma has a maximum value near photon encrgy of 30 keV and it was found 10 be
0.9951 for a spectrum wilh & mean energy of 7.5 ke which is the reference x-rey
spectrum with the lowest mean energy in 1SO 4037-1 [37]. The correction factor
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increases monotonically from the minimum value 0.9977with photon energy in the

range larger than 65 keV.

Similar comections are presumabie for air kerma and exposure measured by cavity
ignization chambers. In a case of a cavity ipnization chamber with a very smail
cavity, all ionizing electrons i.e. photoelectrons, Compton electrons and Auger
clectrons arc emitted from e wall matenal i.c., graphite. Some of thess electrons
stop in the cavity air and coniribule to the signal cument. As the gnergies and
numbers of Auger elecmons from graphite and air (N, O, Ar aloms) are not the same,
the values of correction factors must be dilferent for free air ionization chambers and
for cavity ionization chambers. Cavily ionization chambers are used for absolute
measurement of relatively high energy photons. Consequently, the ratio of the
number of ionizing electrons o the tolal number of ion pairs produced is small and
the comection factor must be very close o 1. In the present work of air kerma
measurement using cavity lonization chambers, the commection for the charge of these

ionizing electrons is disrepgarded.

4.14 Absolute Air Kerma Rate Measurement in the y-ray Field using
Different Type of Ionization Chambers

The absolute value of air kerma rate in the *Co and 'Cs y-1ay fields is determined
at varous sourcc-chamber-distances (SCDs) using the cylindrical, spherical and
pancake ionization chambers. For this determination ionization current is measured
by setting the spherical and pancake ionization chambers perpendicularly wilh the
parallel and uniform y-ray beam direction and the cylindrical chambers are fixed at
45° with the direction of the y-ray beam. Ionization current is measured at both
polarities of the applied vallags of the chamber and average of the absolute value of
the ionization currents at both polarities of the applied voltage is used as the signal
current during absolule air kerma measurement. From the signal current the absolute

air kerma in the y-ray field is oblained using eqn. (1.7).

. T (W/e) Sp (01,,/0) 0
K== k
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5.1 Ionization Yolume of the Fabricated Ionization Chambers

The ionization volume of the fabricated chambers is given in Table 5.1. The
uncertainty U of the tolal ionization volume F, measurement for all the fabricaled

ionization chamber in the present study is obtained by the following equation:

Ue -J{Um ® V}IJ[U, xA,)z

i

= 100%4

where [/, i3 Lhe uncerainty in the ionization volume measurement of Lhe spherical
or disk part of the chamber {¥) and the {/, is the uncertainty in the jionization volume

measurernent in the stem part of the chamber (4;}).

Table 5.1 Ionkzation volume in different parts of the fabricated ionlzatdon chambers

Ionizal:iqn lomization Ionizalicfn . 'I_‘{:-ta! Uncertaint
valume in feme in volume in | ionization of total
Chamber the v; K the stem volume of | 7 © p
type & spherical/ © rec part of the the tonizanon
. volume
symbol disk part (mm’) chamber chamber U (%)
¥ (mm’) Ay {mm?) ¥, (cm’) ¢
STA | 7T188.37 28.28 23.19 7.2358 0.01
. 560A | 65038.32 3011 2546 65.005 0.01
Spherical
Se0B | 6503832 2110 2546 635,095 0.04
S900A | 899608.02 5778 16.31 805,68 .04
P9A | 8851.82 21.11 24,60 8.8976 0.13
9B | B851.82 21.11 24.60 8.8976 0.13
Pancake
PoDA | 6065]1.07 28.27 2218 60.702 Q.07
PHOB | 90651.07 2827 2218 60702 0.07
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In the case of spherical chambers, unceriainty [/, is estimated from the standard
deviation of the meeasured radius of the chamber. In the case of pancake ionization
chamber [/, is estimated from the standard deviation of the measured radius of the
chamber and that for the height of the chamber.

The uncertainty in the measurement of ionization volume in the stem part of the
chamber is less than 10% for all jionization chambers in the present study and it is

oblained from the stem current measurement using two types of stem cover,
5.2 Ion Loss within the Fabricated Ionization Chambers

Figs 5.1-5.3 show Lhe signal current ratio {, /1, variation with 7, oblained for the

ionization chambers A5, 57A and S60A respectively. AS is a spherical fonization
chamber of ionization volume about 100 em®, which is a commercial product by

Exmdin. For each chamber, the value of 4 is oblained from the inicrcept on the y-

axis by the lines fitted to the plotted data and the volume recombination factor mig

is obtained from the slope of the lines. Tables 5.2-5.8 show Lhe values of A and m’g

for various ionization chamberts at differsnt applied voltages in Lhe present study,

Yeluges for /1,

10404 2 400/1%0 5
3: 3004150
L0354 600200 5
1.030 4 5 200/150
£ 1 & 4000
5 L0254 70 300200
@ 1 8 A0O300 ‘
g 0207 9 400300 3
g Lols] 10 6007400 \
1010
j - B
1.005 { e e 9
Iz = e 10
1000 = : v . v , . .
D.O0E+003  S00E-010  1.OOE-009  1.50E-009  2.00E-0(9

I (A)
Fig. 5.1 Ratios of the signal currents measured at dilferent applied voltapes for the

A5 lenization Chamber are shown as a function of the current measured
for lugher applied voltages
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Fig 5.2 Ratios of the signal currents measured at dhlTerent applied vollages for the
S7A lonization Chamber are shown es a function of the current measured
for higher applisd vollages
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Fig. 5.3 Ratios of the signal currens measured at different applied vollages for the
8604 Iomization Chamber are shown as a funetion of the current measurcd
for higher applied voluages
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Table 5.2 Values of 4 and »°g for A% Ionlzation Chamber

¥ ¥in
AY) m'g (s C'V?)
(volt) (Volt)
400 1.044£0.0438 {1.975+0.114)E+11
600 300 0.91240.037 (4.324£0.072)E+11
200 0.79520.606 {4.635£0.009)E+11
150 0.66+0.019 (4.937+0.023)E+11
ano 0.78£0.085 (4.573+0.144)YE+11
400 200 0.712£0.017 (4.75240.0223E+11
150 0.583+0.019 (5.024+0.021)E+11
300 200 0.678+0.039 (4.81220.048)E+11
150 0.534+0.030 (5.0870.030E+]]
200 150 0.390.050 (5.280+0.043)E+]1 ]
Table 5.3 Values of A and s’ for S7A lonization Chamber
V Vin ; s
(Volt VoIt A(Y) g (s CTV5)
500 {.61+0.021 {2.568£0.118)E+]1
1000 200 0.60310.071 {2.227:0.1511E+11
100 0.51440.021 (2.655:0.025)E+11
500 200 {.53:0.016 (2.453:0.0200E+11
100 0.476:0.021 (2.718+0.0223E+11
200 100 0.444:0.034 (2.791+0.0293E+11
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Table 5.4 Values of 4 and m’g for 560A Ionization Chamber

’ v A(N) »g (sCVY
(Volt) (Volt)

600 0.48+0.187 (6.057£0.985)E+1 1

1000 300 0.609+0.035 (5.04240.126)E+11
200 0.605:0.029 (5.082+0.068)E+11

100 0.566+0,037 (5.171x0.068)E+11

300 0.660.078 (4.825:0.218)E+11

600 260 0.63+0.051 {5.00240.10T)E+11
100 0.578+0.057 {5.13220.096)E+11

100 200 0.5940.033 (5.11140.056)E+11
160 0.534+0.046 (5.207+0.065)E+11

200 100 0.474+0.070 (5.271+0.086)E+11
Table 5.5 Values of 4 and m’g for S60B Ionization Chamber

g in AV g (s CV)
(Volt) (Volt)

600 0.69+0,185 {(5.717£3.806)E+11

000 300 0.703+0.076 (4.83020.964)E+11
200 0.698+0.011 (4.94940. 113)E+11

100 0.621+0.015 (5.52320.117)E+11

300 0.624+0.044 (5.453+0.539)E+11

600 200 0.582+0.049 (5.725+0.454)E+11
100 0.538+0.051 (5.9440.375)E+11

300 200 0.540.080 (5.8860_588)E+11
100 0.489+0.061 (6.08410.375)E+11

200 100 0.438+0.066 {6.220+0.351JE+11
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Table 5.6 Values of A and m’g for $900A lonization Chamber

V Vin 5 et
{Volt) (Volt) A mEECVY
GO0 1.575£0.118 O (1.2330.208)E+12
1300 400 1.16040.113 {1.427+0.152)E+12
300 1.2170.069 {1.215£0.074)E+12
€00 400 0.82810.297 {1.523£0.335)E+12
00 1.07410.142 {1.209+0.133)E+12
400 300 1.332.005 {0.980£0.077)E+12
Table 5.7 Values of 4 and m’g for P9A Fenizatlon Chamber
7 Vin .
Volty | (Volt) A meEC)
200 (.42+0.008 (3.715+£0.931}E+9
40 134 0.3240.0035 (1.014+0,4233E+9
50 0.24 10,004 (6.069£1 882)E+8
- 100 0,240,004 (1.06320.201)F+8
50 0.209H0.007 (4.118+2.868)E+8
140 50 0.18240.007 (4.72222 4TNE+E
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Table 5.8 Values of A and m’g for P60A lontzation Chamber

V Kl

(Volt (Volt) AN g (V)
35 0.13410.003 (1 81420 470)E108
o 10 0.11120.002 (1.872:0.096)E+08
30 0.11520.003 (140420 465)E108
300 10 0.105::0.001 (1.82240.07T)E+08
30 0.10220.002 {1.53120.306)E08
100 10 0.1010.001 (1.841£0.071)E+08
30 10 0.10020.002 (15790, 104608

Table 5.9 Average values of 4 and m’g for various Ionlzation Chambers

Ienization chamber 3 a2
AV) m’g (5 C'VY

AS 0.753£0.010 (4.76340.014)E+11

87A 0.526+5.018 (2.658+0.025)E+11

S60A 0.587+0.028 (5.1360.053)E+11

560B 0.655+0.016 (5.355H0.14T)E+1]
S900A 1,259,087 (1.1580.091)E+12

P9A 0.259:0.004 (7.759x2.130)E+8

P&0A 0.107+0.001 (1.838+0.08B2)E+8

It is observed from the resulls that the values of 4 and m’g for a particular
jonization chamber are scattered in a relatively wide range. One of the reasons is that
the values of A and m’g is not conslant for a particular chamber and change

depending on the lifetime of ions [11), i.e. depend on the applied vollage of the
ionization chamber, Another imporiant reasen for the scatiering of the values is that

&7
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I
these valugs have been oblained from very small dillerences of signal currenls

measured at different applied vollages and diflerent air kerma rates.

In order to observe the degendsnca of ion loss with the chamber size of spherical
chamber, let us consider a spherical ionization chamber of volume ¥, with the

spherical wall cuter radius a and collector radius & as shown in Fig. 5.4.
i

Fig. 5.4 Cross-sectional view of the spherieal ionization chamber

If ¥ is the applied vollage to the chamber then al a distance » from the center of the
chamber the electric field strength £, is

E =m2"_.
P16 —1ia}

As (he electric feld strength varics with the distance » from the center of the

spherical chamber, so the average clectric field strength Eg wilhin the chamber

volume is considered.

1
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The average field strength E,,, wilhin the spherical volume of the chamber is

E_ = f%r/[d_“(ai_y}}
ro(lib—1fa) 3

4nvab Ar 5 s
S @-8) [dr/[T[a ’ ]]

Jab¥

(@’ =b")

If b<<a, (hen neglecting &' in the dencminator

by

L0 b
a

E

The initial recombination loss is inversely proportional of the electric field suength
and volume recombination loss is inversely proportional to the square of the electric
field strength. So, the above equation shows that both imtial and volume
recombination loss depends on the ratio of the outer and inner electrode radii and
also Lhe size of the spherical ionization chamber. Since avernge electric field strength
within the spherical ionization chamber becomes smaller for larger size jonization
chamber, the initial and volume recombination loss become larger for larger size

spherical ionization chambers.

Ions are lost by back diffusion if they are produced near the vicinity of the electrode
where the electrostatic potential difference from (he electrode is less than kT /e,
where e is the elemenlary charge, & the Boltzmann constant and T the absolute
temperature of air within the chamber. Since the electric ficld strength near the
central electrode is high, as a result Lhe diffusion less is negligible there and we can
neglect (he diffusion loss at the central electrode. So, the back diffusion loss takes
place mainly at the surface of the outer electrode of the chamber.

8%
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The eleciric field strength at the outer electrode of the spherical chamber £, is

¥
E =g ——
a’(lib-1/a)

. ah¥
a*(a—b)

14
a{a - b}

Since for sphemical ionization chamber, diffusion loss is inversely proporticnal to the
slectric Neld stength at the outer slectrode E, and Lhe surface arca of the ouler
electrode. The ion loss due to diffusion compared to the total ion-pairs produced

within the ionizaticn volume is proportional to

G(Z;b}qmz/[d'?ﬂ(as _bJ])

_ 3a’(a-b)
bF(a’ —b")
3a’

T BV(a +ab+ %)
. Ja
If b << a then it becomes —
b

Therefore, ion loss dve to diffusion compared (o the tolal ion pairs produced ia the
ionization volume of the chamber also depends on the ratio between he outer and

mner electrode radii of the sphedcal ionization chamber.
Ion loss wiithin an ionization chamber due to initial recombination and diffusion

would be calcutated by the average values of 4 and that by volume recombination

obtained by the average value of m’g, which are presented in Table 5.9, Average

S0
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values of A and mPg for a given ionization chamber are obtained from the values of A
ard m’g at dillercnt applied voltages and a values by weighing with the inverse of
uncertaintics of the results. It can be observed from the lable that the values of 4 and
m’g are larger for larger volume spherical ionization chambers, viz, in (he order of
S7A, S60A(B), and $900A. The reason for the increase of these values is expected
due to the dilTercnce of the ratio between the outer electrode radius Lhe collector
electrode radius, (which are: 12/1=12 for 87A, 25/2.5=10 for S60A (B), and 60/6=10
for $900A) and the outer electrode radius. If the applied vollage to all the spherical
chambers in (he present study is same then the diffusion loss in 57A is greater than
(hat of other spherical chambers such as 560A, S60B and 59004 and (he ion loss duc
to diffusion is same for S60A, S60B and S900A jonizetion chambers.

Since for larger volume sphetical chamber the initial recombination loss 1s larger, 5o
if the applied voilage to the chamber 560A(B) and S200A are same then the initial
recombination loss in 5900A Tonization Chamber is larger than 560A(B) Ionizetion
Chambers. For this reason it has been seen from Table 5.9 that the value of 4 for
S9004 is larger than that of other spherical chambers S60A(B) in the present study.

Separation between the clectrodes of pancake jonization chambers P9A and P60A 1§
very small. For P9A Ionization Chamber separation berween electrodes is {(4.8-0.3)/2
=725 mm and that for P60A lonization Chamber is (8-0.3)/2 = 3.85 mm. In the case
of POA Tonization Chamber, the uncertainty in the measurement of recombination
parameter is large. This is due to very small loss of signal currents from PSA
lanization Chamber, In the case of pancake ienization chambers, both the values for
A and m’g are larger for smaller chamber P9A than for larger chamber PE0A. This
may be due to large ion losses at the comers of the ionization volume where the
electric field strength is relatively smafl. The percentage of Lthe comer volume is
larger for the smaller ionization chamber, F94, than that for the larger ionization

chamber P60A.

o
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5.3 Stem Correction Factor of the Fabricated Ionization Chambers

Table 5.10 shows the stem comrection factor of the fabricated ionization chambers. it
is clear frem the 1able that the stem scatlering eflect is larger for smaller volume
;omization chambers. This is becauss the stem is nearer 1o the chamber velume for

smaller volume ionization chambers than for larper volume jonization chambers and

the relative affect of scatiered y-rays becomes larger due to the inverse square law.

Table 5.10 Stem correction factor of the fabricated ionlzation chambers

Chamber Type y-ray | Stem comection factor Stem correction (%)
s 0.99382+0.00065 0.6181
S7A
Dea 0.995370.00096 0.4130
YiCs 0.996370,00074 $.3134
S60A
%o 0.99791+0.00027 0.2090
S60B WiCe 0.99556:0.00050 0.4445
Yics 0.998510,00042 0.1489
SH00A w0
Co £.99929+0.00013 0.0706
s 0.99662+0.00041 0.3377
POA 0
Ca 0.9983840,00049 0.1617
s 0.99855+0.00010 0.1455
P&0A @
Co (1.99909+0.00018 0.0906

92

¢



Chaprer V- Resulis une [hrcursion

5.4 Wall Correction Factors of Various Ionization Chambers

Figs. 5.5 and 5.6 show the calculated resulls of the correction factors k., k.., and

k. for spherical and panceke ionization chambers. Jt is noticed from the figures

that Lhe changes of (he comrection factors with the size of the chamber are relatively

| .0R - —h— i:lﬂﬂ'r —— kmn” —~b= km ke¥
. ~ o —alm
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Fig. 5.5 Comecuon factors & ., , & and k. for spheneal ionization

chambers of dilTcrent sizes at various y-ray energies. Numbers in
the figure are the y-ray energics in ke
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small for pancake chambers than for spherical chambers. This is because the pass
length of y-rays in Lhe flat walls does not change with the chamber size for pancake

chambers and is shorter than Lhat of the spherical chambers. Moreover, the comection

Table 5.11 Correctlon factors £, &, and &, of varlous ionization chambers
Chamber type & Y-Tays | y-ray £ e k . K oatr
model Energy
(ke¥)
“Cs 662 1.0805 | 09331 1.0319
STA 1173 1.0580 | 0.9683 1.0244

1332 | 1.0526 | 0.9713 | 1.0224
s 662 1.0904 | 0.9450 1.0248
, S60A | 1173 1 1.0690 | 09644 | 1.0309
Spherical Co

1332 | 1.0632 | 0.5675 | 1.0286
S60B | “'Cs 662 1.0417 | 0.9778 1.0186
TCs 662 11110 | 0.944¢ | 1.0488
$900A 1173 | 1.0835 | 09596 | 1.0397
1332 | L0768 | 0.9628 | 1.0367
Gy 662 1.0456 | 0.9609 | 10047
PSA 1173 | 1.0303 | 09746 | 1.0042
1332 | 1.0269 | 09771 1.0034
P9B | "'Cs 662 1.0151 | 0.9822 | 09971

Pancake
s 662 1.0463 | 0.959%8 1.0042
P&0A e 1173 1.0308 | 0.9727 1.0027
[N]
1332 1.0274 | 0.9743 1.0009
PeoB | "'Cs 662 1.0156 | 0.9817 0.9970
'Cs 662 - - 1.0166 [7]
C6
‘ ®Co 1225 - - 1.0198 [7)
Cylindrical
its 662 - - 1.0192 [7]
C62

| ¥Co | 1225 - - | 1020917)

94
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for artenuation and scallering compensate each other and &, becomes close to 1 for

both '*"Cs and ®Co vray encrgies in ihe case of pancake chambers. This is
consistent wilh the calculated resulls given in reference [38]. The resulls for
cylindrical chambers of NMDI/AIST, which are being used as Lhe national standard
devices for air kerma measurerent at the Primary Standard Dosimetry Laboratory

given in reference [7), and are nearly the same as those for sphencal chambers.

Values ofk,,_ . k,., and &, obtained for all NMI/AIST chambers are listed in

Table 5.11. In lhe calculation of these values cffects of inner electrode are taken mio

consideration.

5.5 Average Mass Collision Stopping Power Ratio for Ionization
Chambers in "¥’Cs and *Co y-ray Beams

Fig. 5.7 shows the results of calculation for the ratio between the average mass
collision stopping powers of ait and graphite for electrons entering into the cavity of
cach type of jonization chambers. In calculation inner electrodes ie. the charge
collector of Lhe chamber is ignored. Only the results for the smallest and (he jargest
size chambers for each type of ionization chamber arc plotted Fig. 5.7, The
abscisaa of the figure shows the lowest cutoff encrgy for electrons in the calculation.
It is noticed from the fignre that there is very little variation in Lhe results of the
different chamber sizes for all the three types of ionization chamber, i.e. the stopping
power ratio does not depend on the chamber size. The (igure also shows Lhat the
results for cylindrical chambers are similar o those of spherical chambers. The
values for pancake chambers, however, are slightly smalier than those for the other
two types. This is because more secandary electrons enter into Lhe pancake cavity
fram the front wall of the chamber and the energy of these glectrons are higher than
those of the secondary electrons which drifi perpendicular to Lhe y-ray direction. So it
can be concluded that the energy spectra and angular distributions of secondary
electrons depend on the direction of the secondary electrons and are not affected by
the dimensions of the cavity. If the values of stopping power are weighted by the

passiength of (he secondary electrons in pancake cavilics, the value of 5. /5, for

pancake cavilies become identical to Lhose for spherical caviries, for which Lhe values

55



Chapeer 1 Resulty amd Dizcusston

of stopping power are weiphted isotropically. Consequently, the resulis of

5 / 5, Obtained in electronic equilibrivm condition for spherical chambers could be

Smallest chamber  Largest chamber
—h— (62 keV  --B-- 062 keV
—m—1173%ke¥V --D--1173 keV
——1332keV  --0-- 1332 keV

1.006
1004 5C
1.002 d
i 1.000
|:E= 0.998
0.99 s c
0.994 g P
0.992 5C
P
¢ 2 40 6 8 100

Cuteff energy for electrons in calculation (keV)

Fig. 5.7 Average mass collision stopping power ratio for <lecirons that enter into the
cavity for each Lype of ionization chambers: spherical (8}, cylindneal (C} and
pancake (P}, The results for spherical chambers, which are shown by slightly
larger symbols, correspond to 5, /5, for &ll types of ionization chambers

used for absolute air kerma measurement by any type of ionization chambers. it has
also been noticed from Fig. 5.7 that 5_, /%, decreases with the increase of the
incident photon energy viz. 662 keV, 1173 keV and 1332 keV and it also decreases
es Lhe cutoll energy for electrons in calculation increases. Rogers and Kawrakow
[39] have noticed the similar type of dependence by performing caloulations for a

cylindrical ionization chamber in %o y- ray fields.

Secondary electrons having a penelration depth in air shorer than the cavity size
deposit al) their energies in the cavity air when they enter into the cavity. Thus, it is
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reasonable to detcrmine Lhe value of §,,,/§,, for an jonization chamber from the

cutofT energy for which the projected range of electrons in air corresponds 10 the
mean chord length i of the cavity. The projected range of clectrons is the mean
depth of the deepest points which the electrons reach in the direction of injection.
The mean chord length of a valume is the mean length of randomly oriented chords
in that volume and is equal to 4¥/4, where ¥ is the volume and A is the surface area
[3]. The surface of inner electrode is included in A durmg calculation of ! for the

iomzation chambers constructed at NMI/AIST.

The projected range of electrons in air is calculated using the EGS3 progrm because
there is no published dala for low energy elecons. Also (he tolal path length is
calculated using Lhis program. The projected range is about 47 % to 50 % of the total
path length for electrons having energies in the range from 10 keV to 150 ke¥. The
tolal path length comresponds to CSDA (continuous slowing down approximation)
range and the total path length was about 10 % larger than the CSDA range given in

reference [40].

Table 5.12 shows the values for mean chord length[ , the corresponding cutolf
energy and 5, /5, for dilferent jonization chambers of AIST obtained from the
data of spherical ionization chambers. The values of 3, /5,, for photons having

energies of 1173 keV and 1332 keV are listed separately in the row for ®Co y-rays.
For absolute measurement of air kerma rate in %Co y-ray field, the mean value of
stopping power ratios at 1173 keV and 1332 keV encrgies would be used because the

y-Tay intensitics are the same at these two energies.
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Table 5.12 Mean chord length{ , cutofl enerpy and average mass collision
stopping power ratlo obtained for different ionlkzation chambers

lonization chamber | Mean 7 | Cuteff energy y-T2YS R
Type Model | (cm) {keV})
s 1.0060
STA 1.50 40.3 - 0.0976
Co
0.9952
o 0.9969
S60A 315 60.8 Co
Spherical 0.9943
SG0B | .15 60.8 s 1.0052
s 1.0038
59004 7.60 101.4 - 0.5954
Co
0.90249
50 0.9989
P9A 0.45 20.6 Co
0.9964
FOB 3.45 20.6 YCs 1.0069
Pancake - 0.9983
P60OA 0.74 27.2 Co
0.9959
P&0B 0.74 272 L2 1.0066
s 1.0067
c6 | 125 36.4 - 0.9579
Co
{.9954
Cylindrical s 1.0054
a2 2.76 365 50 0.9970
Co
0.95945
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5.6 Dependence of Mass Energy Absorption Coefficient Ratio on the
Size of the Ionization Chamber

Fig. 5.8 shows lhe calculated values of £,, / £,,, obuined using EGS5 simulation

program for Lhe spherical, cylindrical and pancake ionization chambers at s and

“Co y-ray beam energics.
ke¥
014 A o2
o ! —®&— spherical
121 —o—cylindrical
0,08 +
I /
—
ot u'm"‘ o u
0.04 - ”’_"__,‘-”"'ﬂ 1332
0.02] BW 1173
.00 ﬂ""ﬂ n,=.=.i=.=-=-ui=ﬁ——'-_—" = 1332
' 100 120 160
Ilm:r d:armu:r {mm}

Fig. 5.8 Dependence of £, /£ on the size of the ionization
chamber of difTerent type

It is found from the calculation that the value of E,, /E,,, increases es the size of Lhe

chamber increases. It also increases as the incident photon energy decreases. Lines
from the 1op to downward are results for photons of energies 662 keV, 1173 keV and
1332 keV for each type of ionization chamber. It is known from the figure that
E,lE. for "¥1Cs y-rays is 0.09 for the spherical ionization chamber of diameter 12

cm. This chamber is Lhe Jargest spherical chamber S900A that has been constructed
at NML/AIST in the present study.

Because the value of (z_ / 2),, {(lin ! P}y, 15 very close to 1 for ¥¢s and “Co v-

ray beam energies [41], the difference between he value of (1, / 2), /(4. =) .
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and the modified factor M is less than 0.01% for E_ /E_, =0.09. In the photon

with energy range from 200 keV to 3 MeV the values of (4, / 9}, At/ Pl

varies from 0.99 to 1.01; which is shown in Fig. 5.9. Consequently, eqn. (1.7) can be
used wilhout any modification if low energy scatlered y-rays are not dominant. For

lower cnergy range photons, however, both the values of {4, / 8),, Kt/ P), and
E, ! E,, change significantly depending on the photon energy and the difference
between the values of (g, / 0) . /(He, / )y and the modified factor M becomss

large as shown in Fig. 5.10. On the other hand, the figure shows that the difference
between the value of (g_, / 0}, f(itm ! P),.. and the modified factor Af is small for y-
rays with energies larger than 100 ke, Consequently, eqn. (1.7) can be used without
any modification for air kerma mcasurement in ¥'Cs and *Co y-ray field using

cavily ionization chambers.

2.5
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Fig. 5.9 Ratio between the mass energy absorption coefTicienta for
sir and graphite at different pholon snergies
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5.7 Angle Dependences of the Sensitivities of the Fabricated
Jonlzation Chambers

Fig. 5.11 shows the signal current oblained from the pancake ionization chamber
POA at various angular positions in “Co y-ray field at SCD=2m. The filled circular
symbols are the results for applied voltage of 400 V, and the empty square symbols
for <400 V. Both the results show similar type of angular dependences. The sharp
decrease of signal curent at 0° is due to attenuation of y-rays by the collector
electrode. In the range of £50° angular pesition, the signal current decreases with the
angle decreasing to about +£10°. This is due to Lhe increase of attenuation of y-rays by
the side-walls of the chamber because the path length of y-rays in Lhe side wall
becomes longer with the decrease of the angle. Attenation of y-rays by Lhe side-
walls of the chamber is meximum near £10° becanse at Lhat angular position the
beam is directed along the side-walls of the chamber. This ionization chamber

exhibits similar type of angular dependence in '¥Cs y-ray feld at SCD=1m.

10
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Another pancake ionization chamber P60A also exhibits similar type of angular
dependence to that of P9A. But in the case of P60A, a very small decrease (0.02 %)
of signal current is also noticed at £%0°. This is dus to the attenuation of y-rays by
the ring shaped wall electrude of the pancake chamber. For PIA this decrease of

signal current is not noticed at +90°. It is because the ring wall of P9A is short,

Figs. 5.12 and 5.13 show angle dependence scnsitivities of spherical ionizetion
chamber S7A in '¥Cs y-ray ficld at SCD=1m and in *°Ca y-ray field at SCD=2m,
respectively. Filled circular symbols show signal currents for positive applied voltage
of 1000Y, and the empty square symbols show signal currents for negative applied
vollage of -1000V. In both the y-ray fields, signal current for positive applied vollage
decreases sharply near ¢°. On the olher hand, for negative applied vollage signal
current has a peak value at 0°. Solid lines show average of the signal currents at both
the polarities. The solid lines show that signal current changes slowly about 0.6% in
the "’Cs y-tay Geld and 0.4% in the ¥Co y-ray field in the range of angle between
=100°,

Fig. 5.14 shows half of the differences between he signal currents of 87A ionization
chamber for positive and negative applied voltages at various angular positions.
Their values correspend to the differences between the carrent shown by a solid line
and the current for positive or negative applied voltages; which are shown in Figs
5,12 and 5.13. It is noticed in Fig. 5.14 that both the results for '*’Cs and ¥Co y-ray
fields show sharp decrease at 0°. It is also noticed that the difference between he
signals for both polarities is outstanding in the range of angle between +75° in ™'Cs
y-ray field and in ®Co y-ray field it is £25°. The diameter of the '*’Cs y-ray beam is
about 33cm at SCD=1m and 22cm for PCo y-ray field at SCD=2m. It is expecled
from this fact (hat the currents shown in Fig. 5.14 are signals from the stem part of
the ionizations chamber. There may be a small cavity near the connector terminal of
the signal cable. The signal from this cavity docs not depend on the polarity af the
applied vollage; and this cavity is in the y-ray field when the chamber is at smaller
angular position but it is out of the field when the chamber is set in & small diameter
y-ay [ield and the angle becomes lavge. The sharp decrease at 0° may be due 1o
atlenuation of the 4-ray beam by the stem part of the chamber. The absolute value of
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signal currents due to ion pair produced in the ionization volume of the chamber is
the same for both polanties of (he applied vellage. If the currents shown by Lhe solid
lines in Fig. 5.12 and 5.13 correspond (o Lhe signal due to the jon pairs produced in
ionization volumes, the tolal signal for positive applied voltage is the sum of the
currents shown by (he solid lines in Fig. 5.12 {or 5.13) and the current shown in Fig.
5.14. The total signal for negative applied voltage is the currenls shown by the solid
lines in Fig. 5.12 {or 5.13) minus the current shown in Fig. 5.14; it is because these
corrents have opposite polanitics, since he current from the stem part does not
depend on the polarity of the applied volage. Consequently, Lhe reasons for Lhe sharp
decreases of the signal current for positive applied vollage and the increases for

negalive applied vollage at 0° shown in Fig. 5.12 and 5.13 are clear.

Fig. 5.15 shows the angular dependence of the effects of scatiered y-rays from the
stern panl of spherical lonization chamber, It is obiained for the spherical ionization
chamber S7A by fixing it vertically in ®Co y-ray field at SCD=2m and a dummy
slem with a pipe shaped cover is rolated step by slep in & horizontal plane aronnd the
ceniral parl of the spherical part of the S7A ionization chamber, Fig 5,15 clearly
shows that the effect of scattered y-rays from the stem becomes maximum when the
dummy stem is st £110°. The increase of the signal with the angle from 0° is
consistent wiilh the fact that Comptlon scatlered y-rays are directed more strongly fo
the forward direction (han to the backward. The signal cumrent decreases for the angle
larger than +110°. This is due (o the reason that the stem part then inlercepts y-rays
which come from the y-ray source directly to the ionization chamber head and
atiennates the y-rays. So, it is clear that the maxima of signal currents at £%5° shown
in Figs. 5.12 and 5.13 are dve to scatiered y-rays from the stem of the chamber S7A,
A simitar result is obtained for the chamber in 'YCs y-ray field at SCD=1m.

Figs 5.16 and 5.17 show respectively the angular dependence response of spherical
jonization chamber S60B in '*'Cs y-ray field at SCD=4m and S900A Ionization
Chamber in ®Co y-ray field at SCD=6m for positive applied voltages. In the case of
all spherical chambers in (he present study, the decrease of the signal qurrent at 0°
could be expected partly due to the current from the small cavity near Lthe connector

terminal of jonization chamber as explained for S7A. However, the decrease of the
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signal current at 0° for S60B and S900A are expected mainly due to the attenuation
of y-rays by the collector of the chamber since the decrease of these ionization

chambers ar¢e much Jarger than that of S7A and can not be explainsd as a result of a

small cavity near the connector.

The increase of the signal current near £95°, which is due to scatlered y-rays from
the stem of the chamber, is alsc noticed in Figs. 5.16 and 5.17. The signal due to
scatlered y-rays from the stem is relatively large for S7A than that for S60B and
S900A. It is becavse the dislance between Lhe stem and the ionization velume of S7A
Ionization Chamber is shorter than that of S60B and S900A.
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5.8 Absolute Air Kerma Rate Measurement

Table 5.13 presents the absolute values of air kerma mte with their relative
uncertainties al various SCDs measured by dillerent type of ionmization chambers.
The values are converted 1o those for 25 Oclober 2007 using half lives of 5.2714

years and 30.07 years for *'Co and ""'Cs y-ray sources respectively.

Table 5.13 Absolute air kerma ratc measured by different ionization chambers

Afr kerma male on 25 October 07 {Gy's)
[L): relative expanded uncertainty n %4 (£=2)]
(&, number obtsmead when air kerma rate by eylindrical chambers are chosen ns reference values)

Chamber
identfication SCD from “Co source 5CD from "*'Cs source
im 4m 6m with om with Im 4m 4m with Fe
25 mm W 65 mm W disc
Cylindneat 3.5440E-03 2.0M42E4 TISIE-DG | 2 15B4E-07 4.5 164 E-Od 2. 48E-05 200 20E-(d
chamber { 0.86] [0.82] [0 86] [0.86] [0.66] [0.66] [0.68]
ASMBE-OY | 2.0139E-04 4.5202E-A
1A [0.40] [0.39] [0.37]
{-0.4) (-{L58) (G.11)
2.0156E-04 | 7.7A9E-06 2.6939E-05
Se0A [0.34] [0.38] [0.37]
(<147) (-0 3N {-1.01)
2.6978E05 | 7.04BEE-06
S60B [0.39] [0.37]
{-0.82} (-0.88)
TITIBEQS | 2 1T736E-07 1.9972E-06
SPO0A [0.39] [0.51] (0.37]
{0.02) {(0.70) {-0.08)
35431E-03 | 20274E-(H 4 5288E-0d
P94 [0.44] [0.44] [hdd]
{-0.03) (017 0.34)
4. 52TIE-4
B [0.38]
(0.22)
20030E04 | 7. 7FASEO6 2. 737EAD5
A [0.37] [0 49] [0 37]
{0.45) {-002) {1908
2. M5B TOR4GE-05
PSOB [037] {0.38]
(0.02) {0.28)
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The absolute value of air kerma rates at various SCDs in the ®Co and 7’Cs y-ray
fields are obtained using egn. {1.7) by measuring the signal current from the
ionization chambers. The chamber signal current is corrected for the temperature
22°C and pressure 101.325 kPa using eqn. (3.13). Humidity range was 27% w 30%
throughout the signal current measurement by all 1ypes of ionization chambers. The
chamber signal current is also corrected for the dry air (i.e. 0 % humidity) using eqn.
{3.14). The signal current is correcled for humidity, pressure and temperature at each

measurement by the current measuring program automatically.

For determination of absolute value of air kenna rate in the y-ray (ield, vales of
some physical constants and correction factors for each of the fabricaled ionization
chamber which entered in eqn. {1.7) are required. Values of these physical conslants
and the correction factors with their relative uncertainties ol each of the fabricated

jonization chamber are mentioned in Appendix.

The value of air kerma rale obtained by the fabricated ionization ¢chamber for each
SCDs are compared with Lthe value ablained by the cylindrical chambers, which are
the national standard devices for air kerma measurement at the Primary Standard
Dosimetry Laboratory of AIST, Japan, These cylindrical ionization chambers arc
being uwsed for calibration of the secondary slandard ionization chambers and the
field type ionizaton chambers used for different radiotherapy machine output
calibmtion and radiation protection purposes in Japan. 1t is noticed in the (able that
all the results obtained by the spherical icnization chambers 874, S60A and 560B
are slightly smaller Llhan those obtained by ionization chambers P94, P48, P60A and
P60OB. It may be partly due to the fact that the collectors of ionization chambers are
neglecied in the calculation of &, for he fabricated jonization chambers, It may be
also partly due to the fact that the values of stopping power ratio for the ¢ylindrical
iocnization chambers [7], vsed dunng air kerma rate determination, are slightly larger
than those shown in Table 5.12, which are obtained in the present work Laking into
account the chamber size and the cutoll energy for electrons in calculaticn. In Table
5.13, values in the square brackets show Lhe relative expanded uncertainties {in %

and the coverage factor £=2) for the values of the air kerma rates obtained in the
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present work. It is noticed in the (able that the relative uncertainties for all the resulls
obtained by the fabricated ionization chambers are smaller than those obtained by the
¢ylindrical ionization chambers, The value in the parentheses shows the £, number
of each result, when the air kerma rates obiained by cylindrical chambers are chosen
as reference values. The £, number is usvally used for measurement comparison and

the proficiency testing of calibration abilities of an ionization chamber.

The uncertainty in the air kerma rate measurement by 2 fabricated ionization

chamber arises due to the uncertainty in the:

-stopping power ratio determination

- mass energy abscrption coellicient ratio determination
- non-unifermiry correction factor determination
- 2ir femperature measurement

- PTESSUTE MEASUTEMEnt

- humidity measurement

- signal cument measurement

- chamber valume determination

- ion loss measurement

- stem correchion faclor measurement

- tonization chamber setling positioning

- ait density measurement

- caleulation of the valus of g
Typically £, number [42] used in the measurement of comparison schemes is

x-X

JUL +UL

where X is the value of the air kerma rate at a particular position in the y-ray field

E =

obtained by the cylindrical ionization chamber which is considered as the reference

ionization chamber in the present study and x is Lhat oblained by a fabricated
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. ionization chamber. In the present studyl/,_ is the relative expanded uncertainty in

air kerma ratc measurement by the cylindrical ionization chamber and {/,, is that

oblained by the fabricated ionization chamber,

If the value of E, number for a fabricated ionization chamber is less than 1 then the
response of the fabricated ionization chamber in the present study is comparable with
the cylindrical ionization chamber. In the present study, the value of E, number is
smaller than ! at all positions of the fabricaled ionization chambers except for (he air
kerma rate at SCD=4 m in ¥'Cs y-ray field measured by S60A and P60A lonization
Chambers. Actually in practice the air kerma rate in '*’Cs y-ray field at SCD=4 m
would be measured by S60R and F60B [onization Chambers and the results for S60A
and P6DA will not be used. This is because the walls of these chambers are thicker
than the electronic equilibrium thickness for "’Cs v-rays and the measurement
results could be deteriorated due to the large wall effect. So, it could be possible to

obtain more precise air Xenma rates using the fabricated jonization chambers,
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Chapter VI

Conclusions

6.1 Conclusions in General

To determine the air kerma rate in the ®Co and *¥7Cs y-ray fields using lhe fabricated
ionization chambers it is necessary to know various correstion factors and physical
parameters for the chambers. From the measurements and calculations of these

paremelers in the present study it has been observed Lhat:

(i) Within spherical ionization chambers both the initial and volume recombination
loss depend on the ratio of lhe outer and inner electrode radii and also on the size of
the chamber. The diffusion loss depends on Lhe ratio of the outer and inner electrode
radii of the chamber.

{ii) Values of recombination parameters A and m’g for pancake icnization chamber
are small compared to those of spherical jonization chambers due to the small
separation between Lhe electodes of pancake ionization chambers. Although for
pancake ionization chambers (he uncerainty in the values of 4 and m'g is large but
the uncertainty in the air kerma rates oblained by these jonization chambers are

small.
{(#ii) The stemn scattering ¢[Tect is larger for smaller volume iomzation chamber.

{iv) Corrections for y-ray adenuation and scatiering are relatively small for pancake

ionization chambers and the value of £, i5 close Lo unity.

(v) The energy spectra and angular distributions of secondary electrons in ionization

chambers are not afTected by the cavity size.

112



Chapter Vi Conclustons '

(vi) The value of 5, /5,, depends on the cutoff energy in calculation and also on the

incident photon energy.
{vii} Eqn. (1.7) is applicable for the air kerma rate calculation in *Co and ''Cs y-

ray fields using any of Lhese fabrica®ed fonization chambers.

{viii} Sensitivity of these fabricated spherical ionization chambers is almost isotropic.
Although there is & very small decrease of signal cumrent at 0° which occurs due to
atenuation of the y-ray beam by the collector electrode of the chamber and partly
dve 1o the current from the small cavity near the connector terminal of ionization
chamber. Also small increase of sipnal comment near £95° is noticed dus to Lhe effect

of the scattered y-rays from the siem parl of the chamber.

{ix} Sensitivity of these fabricated parallel plate ionization chambers depends upon
the angular position of the chamber with respect to the beam direction. There is a
sharp decrease of signal current at 0° dve to atienuation of the y-ray beam by the
collector electrode. In the range of £50° angular position, the signal cumrent decreases
wilh the angle decreasing to about +10° due to increasing of atlenuation of y-rays by
the side-walls of the chamber. It is because the path length of y-mays in the side wall
becomes longer with the decrcase of (he angle. Attenuation of y-rays by the side-
walls of the chamber is maximum near £10° because at Lthat angular position the
beam is directed along the side-walls of the chamber. Depending upon the size of
ring shape wall electiode a very small (almost negligible) decrease of signal current

at £90° angular position is also noticed.

6.2 Advantages and Disadvantages of Different Type Ionization
Chambers

From Lhe above discussions it is seen that each type of icnization chamber has some

advantages and disadvantages:
Air kerma rate in ®Co and ¥'Cs y-ray fields of AIST is measured by setting the

cylindrical ionization chambers at 45° angular position with respect to the y-ray

beam direction, so that y-ray attenuation does not increase at the end or side walls of
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the jonization chamber [43], But it is difficult to set the chamber at 45° at the right
reference position, The electric ficld strength is small at the corner side of the
¢hamber volume. But the ionization volume of the cylindrical chambers is casy to

measure.

Sensitivity of the spherical ionization chambers is almost isoiropic; but rhe
disadvantage of this type of chambers is that there is a large dillerence between Lhe

¢lectric field strengths wilhin the jonization volume.

The main advantage of pancake ionization chamber is that there is small correction
for wall effect, i.¢. attenuation and scattering of the y-ray beams by the chamber wail
are small. For this reason it is possible to usc the pancake ionization chamber for
lower energy y-ray beams and x-rays. The other advantage of pancake ionization
chamber is that less ion collecting vollage is required for this type of chamber than
cylindrical and spherical types of jonization chambers. But only drawback of this
type of chamber is that the semsitivity depends upon (he angular position of it.

From the measured values of absolute air kerma rales at varions SCDs using the
fabricated ionization chambers it can be cencluded Lhat it is possible to use these
fabricated spherical and pancake ionization chambers as the primary slandard
dasimeter for calibration purposes instead of the cylindrical ionization chambers

which are now being used as the primary ionization chambers at AIST.
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Appendix' Physical Parawmeters and Correction Factors of the fabricated lomization Chambers

Physical Parameters and Correction Factors with their Estimated Uncertainties

Physical parameters and correction factors common for all the chambers are:

Physteal parameters/Correction factors Yalues Uncertainty (%)
Dry sir density (kg m™) - 1.2930 [44] 0.01
Wie (JCY) . 33.87 [45] ol
Stopping power ratio L '
(0 _ 0.9984 ('Cs) [46) 0,02
" 0.9970 {*Co) [46] 0.02
Mass energy absorption coefficient ~ 0.9996 {'Cs) [41] 0.05
ratio " 0.9990 (*Co) [41) 0.05
Temperature ; 22°C 0.02
Pressure ) : 101.325 kPa 0.01
Humidity 1 0% 0.02

** Sropping power fatio value depends upon the chamber size.

Physical paramelcrs and correction factors along with thelr uncertaindes for 574 Ion Chamber

Physkeal purameters/Correction faclors Yalues Uncertaioty (%)
Ionization volume (cm™ . 7.2398 0.01
: : 1.0060 (*'Cs) -
Stopping powet ratlo : 0.9964 {w Co) X
" 1.0319 {*’Cs) 0.11
™ 1.0234 (*¥Co) 0.1}
P ~ 0.9938 (*'Cs) 0.07
Hem " 0.9959 (YCo) 0.10

Physical parameters and correctlon factors along with thelr uncertalnties for 560A Ioo Chamber

Physical parameters/Correction factors Yalues Uncertalnty (%)
Tonizatior volume (cm*) . 65,0049 0.01
_ , 1.0052 {*'Cs) 0.11
Stopping power ratio : 0.9956 (“Co) 0.11
. 1.0348 (F'Cs) 0.11
wal 1.0298 (*Ca) 0.11
L 10,9969 ('Cs) 0.07
e " 0.9979 (*'Co) 0.03
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Physical parameters and cotrection faciors along with their uncertalnties for 560B Ion Chamber

Physlcal parameters’Correction factors Values Uncertainty (%)
lonization volume (cm’) . 65.0949 0.06
Stopping power ratio : 10052 0.11
Kyall v 10186 0.11
Keiem v 0.9956 0.05

Physical parameters and correction factors along with thelr uncertalnties for 3900A Ion Chamber

Physical parameters’Correction factors Values Uncertainty (%)
Tonization volume (cm’) . 899.6821 0.04
Stopping powet tatio 1.0038 {:CS] 0.11
0.9942 (*Co) 0.11
1.0488 ('Cs) .11
bt 1.0382 (*Co) 0.11
L 0.9985 (*'Cs) 0.04
e 0.9993 (*'Co) 0.01

Physkcal parameters and correction factors along with their uncertalaties for P?A [on Chamber

Physical parameters/Correction factors Values Uncertainty {%)
Tonization volume (em’) : B.8976 .13
Stopping power ratio 1.0069 {”CS] 0.1
0.9977 (**Co) 0.11
L 1.0047 (*'Cs) 0.1
el 1.0038 (¥Co) 0.11
‘ 0.9966 (*'Cs) 0.04
e £.9984 (¥Co) 0.05
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Physlcal parameters and correction factors along with thelr uncertaintics for FOB Ion Chamber

Physlcal parameters/Correction factors VYalues Uncertainty (%)
lonization volume (cm’) 8.8976 0.13
Stopping power ratio 1.0069 ('Cs) 0.11
Kot 0.9971 (*'Cs) 0.11
Kerem 0.9966 (*’Cs) 0.04

Physlcal parameters and correction factors along with thelr unceriainties for P60A Jon Chamber

Physlcal parumeters/Correction factors ¥alues Uncertalnty (%)
Tonization volume (cm’) 60.7015 0.07
Stopping power ratio : 10066 ("Cx) 0.l
0.9971 {*Co) 0.11
1,0042 (*'Cs) 0.11
kit
1,0018 (*Co) 0.1
. 09985 (°Cs) 0.01
Hem " 0.9991 (¥Co) 0.02

Physical parameters and correction factors along with their uncertainties for PG0B Ion Chamber

Physlcal parameters/Correction [actors Yalues Uncertaluty (%)
Ionization volume (cm’) 60.7015 0.07
Stopping power ratio . 10066 ('Cs) 0.11
Koual : 09970 {'Cs) 0.11
K em . 0.9985 {*'Cs) 0.01
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Abstract

Values of physical parameters and correction factors csseatial fur the absolutc measnrement of air kerma in s and Mo y-ray lields
were oblained using an C(5$ program Tur spherical, cylindncal and pancake wnistion chambers, The mean mass collision slopping
power ralio for graphue and awr. was Faund o vary depeading on the cutofl enecgy of clectrons employed in culculanon. The ratio
between the energies deposited in cavity air due te Compton electrons emitted lrom the air and those from the praphile wall increases as
Lhe chamber size is increascd. 1 also increases as the y-ray encrey 15 rosduged and is equal 1o D09 for s y-ruys in 4 spherical ionizanon
chamber of cavity diameter 12cm Correction l4ctors for y-ray attenuation n chumber walls and those for the contribution of scatiered
v-rays 10 chamber responses were obtaned separately. The wall correction Factor, which i equal 1o the product of these two factors, is

clase 10 unity lor pancake chambers,
iy 2007 Elsevier B.Y, All rights rescrved.

Krywerds: Adr kerma, Tonzation chamber, Muat Mosa slODqnE pokcr 1alie. Wl corcecuon Fagtor, 0y orugs, 0o y-rinys

1. Introduction

Absotute values of air kerma, K,r, in y-ray ficlds can be
obtained by using cavity yonization chambers made of pure
graphite malcrials. They can be calculated using the
equation:

=gliwifll'h_m_u!=nfrp}airl ke “::I
r m ” had y} Sair U!m pr}lm !

where (2 is the signal charge, s (5 the mass of air in the
cavity of the chamber, H/e 1x the ratio of the H-value for
eleclrons in air to the elementary charge, g s the fraction of
secondary cleciron energy lost due 1o Bremssirahlung in
air. The symbol § represents the mean mass collision
stopping power [or secondary electrons which pass through
the cavity. and p, /¢ 15 the mass energy absorption
coeffioent lfor y-rays. The suffixes “ar™ and “gra”™ indicale

that the values are for air and graphite, respectively. The
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symbal &, represents Lhe correction factors for various
phenomena [1].

In large cavities i is thoopht that some Compton
elcetrons are emited from the ar in the cavity by the
incident y-rays. Consequenily, the last fractional term in
Eq. (1} should be modified as [ollows:

Eﬂen .';F-'}.lir (E o + Egm}
(tea/iha - B + {r”cm"-p}pra *Egra
_ [(.f-‘gr..l’la'-"}m.-.-'r{ﬂgna"lp]gu] ALy Egm + 1)
- [U*:nf'llf‘}.nr."rblcn.’fpjgnl . {EairflEEfﬂ-} +1

where £, and Egn are the energies deposited i the cavily
air by Compton electrons emitted from the air and ltom
the grapthite wall, respectively

Lt the present study, values of S /dur and Egif Egea are
chtaived using an EGSS program [1] that simulales
spherical, cylindneal and pancake cavities of dilTerent sizes
m 70 and ®*Co y-ray Aelds. The values for the colhsion
sopping power rom Ref. [3] are used in the calculations.
From the results for fp, /& for sphencal chambers; values
ol Sgra/Tar for tomzation chambers at AIST are oblained.

(2)
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The comrection [actors Kuen and Aeq. which are the
corrections for v=ray allenuation in the chamber wall and
for scattered y-ray contmibuuons o chamber responses.
respectively, are also caleulated lor various sizes ol the
three iypes of ionization chambers. The total correcuon
fagtor for the wali eMeot ku, which s cguul o
Kutten ¥ Facan, 15 2l50 plven,

2. Ionization chambers

Calculations were performesl for six different sizes for
each ol the thres types of jonizawon chambers. The inner
diameter of the cavity ol the smallest sphenical chamber
was laken 1o be 20 mm. the inner diumeter and the length
of the smallest eylindrical chamber were laken Lo be 20 and
25mm, respectively, while those of the smallest pancake
chamber were laken to be 40 and dmm, respectively. The
next size of chambers was praduced hy 1.5 times larger for
sphencal and cylindrical chambers and hy ! 4 for pancake
chambers, this process was repeated a tolal of five times Lo
give six different sizes.

The wall thicknesses were taken to be 1.2mm for '"'Cs
+-rays and 3.3 mm for *"Co y-rays, and the praphite density
10 be 1.82gem ™. The cavity air pressure was laken lo be
§01.325 kPa and its temperature 1o be 295.15K, The At
walls of the pancake chambers were taken 1o be
perpendicular to the parallel and uniform y-ray beams,
while the cylindrical chambers were fixed at 457 to the y-ray
beam direction.

3. Resvlis of calculation
2.1, Mean masy collision stopping power ralfos

Fig ! shows the calculated results far the mean ratios
of the mass collsion stopping powers of graphite and
air lor eslectrons entenng the cavity For each type of
iomzation chamber. In the calculation, the inner clectrodes
fre. the charge colleclors) were ignored, Fig 1 shows
that Lhere is very hitle vanation in the results lor the
different chamber sizes for all three wypes of chambers,
1 alse shows that the results For cylindrical chambers
are similar to those for spherical chambers, The values
far pancake chambers, however, are smaller than those for
the other iwo types. This is because more sccondary
electrons enter (nte the pancake cawvily from the front
wall of the chamber, and the cnergles af these electrons
are gher than those ol the sccondary electrons that
drift perpendicular 1o the y-ray direction. It can be
concluded from these facts that the enerpgy spectra and
angular distributions of secondary electrons  depend
on the direction ol the sccondary electrons and are nol
alTected by the dimensions of the cavity. If the values of
stopping power are weighled by the palh length of
the secondary electrons 1 pancake cavilies, the mean
value ralios Fya /f. for pancake cavities become identical
o those for spherical cavities, for which the values of

e |l a0 chamber Larpest chamber
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Fir | Averags of slopping power rauos For clectron which enter the
vavity Bor epch tepe of wmeatioh chambers, spherical (S cylindneal ()
and puncake [Pl The results Tor spherical chambers. which are shown by
alghiby Jarger symbols. correspund (@ Fey /fye Tor all wypes of ionization
chambers

stopping power arc weighted 1soiropicaily. Consequently,
the rewults obtamed for spherical chambers correspond 1w
the valucs of S, /5y, for secondary electrons in elecironic
equilibrium candition and should be vsed in Eq. (1) for all
types of chambers.

[t can be scen from Fig. | that fp./f increases as the
cutol¥ energy decreases and 1t also increases as the ncident
pholen energy iv reduced. Rogers and Kuawrakow have
shown a similar dependence by performing caleulations lor
an ionzation chamber in **Co y-ray fields [4].

Secondary cleoirons having a penctration depth wp air
shorler than the cavity size deposit all thewr enerpics in the
cavity air when Lhey enter the cavity. Thus, it is reasonable
to deierming a valug of 5, /f, o7 an ionization
chamber (rotn the cololl energy for which the projected
range of electtons 1 air corresponds to the mean chord
lengih { of the cavity The mean cherd length of a volume is
the mean length of randomly orienled chords in that
volumec and is equal to 4¥74, where Vis the volume and A
is the surface area [5]. The surfaces of the inmer ¢lecirode
are wncluded in 4 for calcutating T for AIST ionization
chambers.

The projecied range of clectrons 1n ar ({i.e. the mean
depth of the deepest points which the electrons reach in the
direction of injection) was calcolated using the EGSS
program because Lhere are no published daia for low
energy clectrons. The mean Llotal path length was also
calculated using the program, The projecied range varied
from 47% 1o 50% of the 1otal path length lor electrons
huving energies in the range from 10 10 150keV and the
tolal path length was aboul 10% larger than the CSDA
{conlinuous slowing down approximauocn) ranpe given in
Ref. [3].
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Table |
Physical parsmeters obtained fot AIST 1opizalion chambers

Chamber type Cavity volume  Jrom) CwolTenergy  y-rdy Speaféim
tmoudel) tem') {keV}

Spherwcal 560 i, 9 315 &0 ™ 1 aus2

Ty ey

IRk

Sphemcal 900 WOLS0 Tel 10014 R ECIL]

"0 {1 yesd

09429

Cylimincal C768 628632 2TH 568 ey 154

i TS L

0 9945

Puncake M0 &0 741 B4 272 My 1s?

e T

{595y

Tuble 1 shows the values [or . the correspanding cutoft
energy and e /Toe oblained for AIST iomzation chumbers
from the dala for sphetical chambers shown in Fige 1
The values of 5no/ia for photons having energies of
1173-1332keV are hsied scparately in the row for ®Co
T-rays,

3.2 Mass emergy absorption coefficient ratios

I was found Mtom the caleulation that the vatue of
Eur{ Egea increases as the size ol the chambers incregses 11
also ncreased as the mcident photon energies were
reduced. T had a value of 0,09 for 'VCs y-rays lor the
sphenical ionization chamber of dismewer 12cm, which iv
the largest one at AIST.

Because the value of (a, /o), (it Plgr 15 very close (0
unity for '*’Cs and **Co y-rays, the dilfercnce between the
values of (ken/ Mo/ (Hens Pgrs and those calculated using
Eq. {2) was less than 0 01% for £y /£ = 0.09. The value
of e/ M/ len / ¥)gea 15 v the range from 0.5% w0 1.0
for photons having an energy In the range from 200 1w
3000 keV: the dilference between the values of (u, /@),
{flen/ )gra 20d those calculated using Eq. (2) 15 Jess Lhan
0.4% even for EufEm = 0.5 Conscquently, we can use
Eq. (1) when low cnergy scatiersd -rays are not denunant
For lower encrgy photons, however, both the values af
(tien /e /e f 9)gre @D Ep/E e change  signiheantly
depending on the photon encrgy und the dilfercnce
between the walues of (. /ph, AEn /Pl and those
calculated using Eq. () becomes large.

1.3 Wl correction factors

Fig. 2 shows the calculaied values of fznen ., Kuan and K
for spherical angd pancake wonization chambers, The resulls
for cybndrical chambers were nearly the same as those for
spherical chambers, 1t should be noted that the wall
thickness is 1.2 and 3.3mm for "YCs and *'Co y-rays.

respertively.
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Fig 2 Correction Fagtors lor sphenical dempty symbala) and pancake
fisbesd symbals) 1onizabon chambers [or yanows energy’ 7-eays NWumhers in
the figune pive energiey i kel

Fig 2 shows that the correction factor vanes less with
chamber size for the pancake chamber than for the
sphencal chamber. This is becaunss the path length of
+-rays m the flal walls of pancake chambers does not vary
with sizc and it 15 shorler than that for the spherical
chumber Moreover, the cortections for attenuation and
scattering compensate sach other, and Ly becomes close
o unity lor pancake chambers. This is consistent with
measurad and caleutated results given in Rel 6] Similar
results were obtmined Tor Kupene Kecan and kyan lor AIST
chumbers. In the calealation, mner electrodes were laken
into consideration

4. Cunclusicns
From the calculated results of was lound that:

{1) The energy specira and angular distnbutions of
secondary clectrons in iemzation chambers are nol
alfected by the cavites considered in the present
work

{2) The vilue of S /5, depends on the cutoll energy of
efectrons m caleulauon and also on the incident photen
encregy  Yalues for AIST iomization chambers werc
ohlained

(33 It wius confrmed that Eqg. (1) could be used without
modificanon even lar a 12-cm-diameter  spherical
wonizavion charber for y-rays

{4) Currections for y-ray attenuvalion and scattering are
relatively small for pancake chambers and the value of
oy b5 close Lo ugily.
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The glgnal charge from u free wir ionisation chamber for the measurement of wir kerma and exposire consisis of not only the
charge of ioo pairs produced by sccondary electrons (Le. photockctrom, Compton electrons and Anger electrons), bot also
the charge of the secondary electrons and single and multipte charged ioms formed by the release of the secondary electrons,
In the present work, correction factors for air kerma and exposure for the charge of the secendary electrons and jona were cal-
culsted for phatons with energies in the mnge fram 1 Lo 400 ke¥. The elffecis of an increase in the ¥ value of air for Eow-
energy electrons were alsa taken into comsideration. 1t was found that the correction factors for ale kerma and exposure bave
# snaximuny value nesr & photon energy of 3 keds in the lower cnergy region, the correction factor for exposore mono-
1cnically decreases with 3 decrease o photon energy except for a small dip doe tv K-edge absorption by argon aroms in alr,
The vahoes of the cormecdon factors were found to be 0.9951 and 09892, reapectwely, for & spectrum with a menn energy of
7.5 ke, the reference X-tay spectrum with the lowest mean energy in IS0 4637-1, The alr kerma cotreetion i analker chan
that for exposare, becaose for aiz kerma (he signal due tn the charge of secondary electrons and lom b parily compematad by
the decrease In the numbscr of lon palrs produced by the cecondary electrons due 1o the increase of the ¥ value of nir for

Toweer energy ciectrons,

TNTRODUCTION

Adr kerma, K,;, 15 defined as {he quolient of the sum
of the initial kinetic energies of all secondary ¢lec-
trans libermated by photons, by the mass of air from
whuich the secondary clectons ame liberated. The
valee of air kerma is generally obiained by the fol-
lowring equalion, which shows the relation between
air kerma and exposone X0

K., = XO¥/e)

e (1)

where ¥ called W valug, is the mcan encrgy of cloe-
trons expended in air per ion pair production and
¢ is the elementary charge and g is the fiaction of
the energy of Lhe secondary cloclons thal is lost by
radiative processes in air'!’,

Absclule measurcmen! of cxposum is mads using
a [ree air ionisation chamber:

x=2m, {2)
]

Here, 3 is the signal charge from the ionisation

chamber and mr is the mass of air in the ionisalion

volume at the time of measurement. The symbol &;

*Coresponding author: niakala@aist.gojp

correspomds  le  varions  correction  factors®Y,
Consequently, K,,; is expressed as
QW /e
i =——""1[Tk,. 3
Kur m“ _g} 1 { }

Maost ions with an inner-sheli vacancy, produced by
emission of an electron due 10 Lthe photoeleciric
eifect or Complon scatienng clfect, underge cascade
decay emilting Aoger electrons and become multipls
charged ions The photoelectrons, Complon eloc-
trons and Auger efectrons (herealter, these clécimns
are referred to as secondary cleclrons) produce ion
pairs and become negative ions by attaching lo
molacules in air aller loging their kingtic energies
The total number of the secondary cleclrons is the
same as the total charge of the positive ions formed
by ihe release of the secondary clectrons, The signal
charge rom a [mee air ionisation chamber comprises
not only the charge of the ion pairs produced by the
secondary electrons but also the charge of the secon-
dary electrons, i.e. the charge of the negative ioos,
and the charge of the positive fons

[n thc ICRU Report 60“' published in 1998,
caposite is defined as the quotient of 42 by dm,
where d(2 is the absolute value of the total charge of
the ions of one sipn produced in awr when all the
glectrons and positrons liberaled or creaied by

£ The Author 2008, Publudved by Oafrd Univerdly Prew Al nghts rescrved, For Permissigny, ploase cmmi: pournilipericions@oaterd)oumal.ong
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CORRICTIONS TOAIR KERMA AND EXFPOSURE

photons in wir of mais dm sre compheicly dopped in
gir. 1L i al30 noted that 1he jemisation produced by
Auger ehevtrons is incheded in A, It i not dcfinite
whether the charge of the secordery electrons, which
incfude the Auger electrons contribution, should be
inchuded in &0 or not. [n the Repent of the ICRU™
published in 1959, it is stared 1hat “Lhe exposure dose
is moasured by the ion charpe, AQ, of cither sign
produced in air by the secondary elecirons, which
are produced by X- or garmma radiation fn & mmall
mass, &m, of air divided by 4m’. By this defirition,
it is clear that the charge of secondary clectrons is
oed included in AQ.

In the ICRU Report 80, it i alco noted that
exposure can be cxpressed in lermy of the dintsi-
bution, €, of the Nuence with espect to the photon
energy, £, and Lhe mass enerpy transfer coclfrcient,
ieda Tor air, ns lollows:

X -%jmf‘—}u - fKE. )

[t s obvious that the charpe of secondary clectrons
it not incfuded in the exposure defined by Equation
4. Copmquently, il should bc concluded that
e posure X° does not inchade the charpe of secondary
tlectrons ond benge it B noocoary o comeo the
signal charpe from a free air ionisation chamber for
the signal duc to the charge of the scoomdary clec
trons and positive jont 1o oblain accurate vabloes of
ap<erure and air kerma,

Usually & consant value of 33,97 1/C is used for
Wie, ie. 33.97 ¢V for W 10 obtain air kermat”, The
W value of air, howewer, increases for lower encrpy
clecirons, and kw iom pairs ame prodoceed per unit
energy for Jomer cnergy clectrons 1t is expected that
some of the signal due 1o the churge of woondary
elecirons may be compensated by the decresse in the
number of jon pain produced due 10 e Encresse in
e W valoe [or lower energy clectrons

In the proent work, correclion factors for e
charge of sccomdaty chctroms and poritive loms
am calkculated for pholons with encrgies in the range
from | to 400 k¥ Nt valuey of the correctlon
faciors are wlso obuined for varfous efemnce X-ray
spesira given in [SO 403744, In the ealculations,
the crergies of the photockectrons, Compton clec
trons and Auger clectrons emitled (rom air g
chlained from dals on philocleciric absorption
crost gecticony, Complon scallering cross sctions
and chectron bioding enerpies of nivoger, oxygen
ard argon ntomu (hereafler denoaed a3 N, O and Az,
respectively). The aumber of Auper clectrons emilted
is obwined from e dats on me=an charge dates of
mtoms afler daray of inogy shell vemancies The
dependence of Lhe W value of alr on clectron encrpy
i1 alo wken inlo contideration.

CALCULATION

Photocleciric  abgorplion  coss selions amd
Compion scaltering ¢rosy mections of N, O and Ar
stormu were obumed for photons with energies in
the raage from | to >400 keV with a siep of 1% of
cxch energy lrom the data™). In the calculations. a
cubic equation was fisled to four values on a log-
log scak, cxorpl for the photockstric absorplion
erosy gertion near the energy of the K ehell edpe of
Ar wioms For interpolation ncar the K edpe, a
quadralic equation was fitied to three values The
photoelectric sbsorption and Compton scaltering
crost aeeliony were weighted by (he relative number
densitics of N (0.7848), O (0.2105) and Ar {0.00<7)
atormu in a3t and the proporuons of the wrighted
erds mextions (o 1he towl ores fmclions were
obtained. Figure 1 shows the proporiions of Ihe
wrighted crozs seqlions for cach atomic speciey wa an
area charl.

Photocteciic effeet

Photoelectrons are emitled from the K and L thells
of N, O and Ar atoms The photockectron emnsion
from M shells of A: niems is usually pegligitde. The
ration betwexn Lhe photoclectric absvorption cos
eections of K and L shells were aasemed to be inde-
perdent of the photon encrgy and wrre obtained
from Lhe data for the K-edge atsorption shit™, The
valees weed in the present wark for o frection of
the L sheli cross section Lo the towl fie K and L
shells) cross section are 0.0492 (N), 0.0535 (O) and
D.1105 (Ar). The photeclecinic effect of Ar xtoms lor
photems wilh energics less than the binding enerpy
of the K shell clectron is entlrely due to L shell chece
trony Tt was mssumed that the photocloetnc absorp-
lion cross sections (or electrons belonging to Ls, Ly

N-phao.

I 10 T o
Ploton enerpy (LeY)
Fipere |, Normalised proportsorms of photoclecinic amd
Complon scllering cross seclion far N, O and Ar cioma
serighted by (ke member demily of stomic speches in ait.
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and L; shells are the same. The kinelic energy of 2
photoeleciron is equal to the photon encrgy minus
the binding enerpy of the eleclron in the alom, The
binding energy of electrons for cach shell 15 shown in
Table 1. The values for Ly and Ly shells of N and
O atoms were obtained mwm their firsl ionisation
ctiergy. In the caloulation of the kinetic energy,
average values of binding engrpy obtained by weight-
ing with the number of electrons of each alemic
sheil were used for Ly and L; shefls of all atoms,
and lor M,, M; and M, shells of Ar atoms.

The photoclectron energy was multiplied by the
respective fractions of the photoclectnic absorplion
cross sections of K and L shells relative to the total
pholoelecinc absorption cross section, end also mul-
tiplied by the proportion of the phatoclectrc
absorption cross scelion for cach atomic species 1o
the 1olal photocleciric and Compton scattering cross
seclions for all atoms in air. Consequently, tho
values of the energy mulliplied by the fractions and
the proporiions correspond to the cncrgy conin-
butions of photoeiecirons emitted from cach atomic
species. The sclid bincs in Figume 2, which have a

Table 1. Electron binding energles of atomic ghelly (e V)™,

Atomic K L L; L. M M M,

Aperies

M 4099 373 4% 145

O 231 4ts 136 136

Ar 32059 1M1 2506 2484 293 (59 ST

Photon encrgy (hev)

Figure 2. Solid lines with maximum valuss near a photon
encrgy of M ieV show the energies of pholoslecirons
emitied from M, O and Ar sioms in air, The solid Lines
whose values increase monolonically with photon cnengy
show the enemgics of Compton elecirons. The dotled linss
show the energies of Auger slecirons emitled following Lhe
emission of photoelectrons and Compton electrons

maximum vzlue near a photon encrgy of about
20 ke¥, show contributions of encrgy of phote-
clectrons ermutted from N, O and Ar atoms

When an inmer shell vacancy is produced by the
photoelecinc eilect, a characteristic X-ray 15 cmitted
at a rale of Auorescence yield w and Auper ¢leclrons
ars emitied with 2 probebility of {1 — w). In the
present calculation, e for Lthe K shell of Ar atoms
was assumed to be 0,12 and zero (or all other shells
of N, O and Ar atems because they are )l smaller
than 0.01. Atoms become multiple charged ions by
Auger e¢leciron ¢mission. Table 2 shows average
charge slates afler de-excitation of jnner shefl
vacancies for N, O and Ar atoms™"™"™ a5 well as the
charge stares 2ssumed in the present calculation.

In calculations lor N and O atoms, it was
assumed that all atoms with a K shel] vacancy emit
a K~-1;;L;1 Auger electron and become a 2+
charpe stale, Calculalions were also made for the
case of an average charge state of 2.2+ for W and O
atoms to check the dependznce of the correctiom
Iactors on the average charpe states In this casc it
was assumed that 200 of atoms with a K shell
vacancy emil u K-1,L,3 Auger electron and 8074
emit 3 K~L3:L53 Auger electron. The atoms with
an L, shell vacancy produced by Lhe emission of a
K-L;L;5 Auger electron subsequently emit an L, -
L:al;a Auger electron and become a 3+ charge
stale; consequently, the average charpe siate
becomes 2.2+.

It was assumel that Ar aloms with an Lis
vacangy comit La3—MM  Aovper clectrons and
become ions with 24 charps and Ar atoms with an
Ly vacancy emit Lj=L.;M  Auger electrons
The Lz vacaney preduccd by the emission of an
Li1-L; M Auger electron 15 de-excited by cascade
crission of an Ly —MM Auger electron and the Ar
atom becomes an lon with 3+ charge. Ar sloms
with a K shell vacancy emit K, charactenstic X-rays
al a probahility of 12%. An atem wuh a Lg,
vacancy priduced by the cmission of a K, X-ray
emits an L;-MM Aupger clectron and becomes a
24 charge ion. 3R8.6% of the mesidual 88% of Ar
atoms with a K shell vacancy emit a K-Lz3001
Auger electron and atoms with two Ly, vacancics
are de-exciled by emission of (wo Ly;-MM Auger
electrons and become 44 charpe jons, 61.4% of the
residual 88%% of Ar atoms with a K shell vagancy
emil a K-L L3y Auger sleciron; the Ly and Las
vacancies underge cascade Auger eleciron emission
as described above and the Ar atoms become 54
charge ions. Consequently, Ar atoms with 2 K
shell vacancy are de-exciled and become ions with a
4.34 charge state on average (24, 2% 4+, 3%
5+, 54%),

The cnergy of an Avger ¢leciron was assumed te
be equal to the binding encrgy of the initial vacancy
shell minus the tinding energies of the two vacancy
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Tuble 2. Average charge stwtes of bons after de-ryeitarlon of inner atomic shell varancy,

Aromic species K L L, L; M Frf.
[ 1,08" 1.0 (10

2.21 1.00 {1}

200 (2.20) 100 {2.00) 1.60 1.00 Present sludy
0 .97 [0 (o

220 1.00 (1

2,00 (2.20) 1.0 [ 2,000 1. L Present study
Ar 417 i 2.18 1228 1.00 (10}

424 1.26 223 228 1.0 (i1}

430 3.0 200 200 1.00 Present study

“Obiained a5 an avernge value for carbon and oxygen,

shells which ame produced by the emistion of the
Auger electron. The energics of Auger clectrons
enutled from W, O and Ar atoms following photo-
eleciron emission are shown by dotted lines in
Figure 2,

Complon scaticring

The Complon electron energy spectrum was calcu-
lated in | eV steps from 0 ¢V up o the mazimum
energy To,. =/l + 1/2a) lor incident photons
with an energy /v using the following equation®

de _m Ty
aT = aimyd {2"' (hv— r)

[%’h:i'%(%” (5)

where o is Lhe Compton scattering cross section for
transfemng cnergy T o an clecimn, The parameiers
o =ljimeec?), ro=e’f(moc?} and mpc? give the
eleciron rest mass energy. The ratio of the cmss
seclion wranslferring cnergy T within an 1 eV width
te the toml Compton scattering cross section was
oblained and then multiplied by the proporticn of
the Compton scallering cross scolion lor each
atomic species M, O and Ar to the towl cross
section of air, (Fipure 1), [t was assumed Lhat an
glectron is emitied with an cnergy of T minus the
binding energy of the electron in the atom. When
the value 15 negative, it was assumed that no emis-
sion (akes place, It was also assumed thag all ¢leg-
ions have the same Complon scallering  cross
seclion independent of the alomic shells to which
Lhe clectrons belong.

When inner shell electrons {ie. K shell clectrons
of ¥ and O atome, and K and L shell elecirons of
Ar atoms) are emitted by Compton scaticring, an
atom with an inner shell vacancy underpoes Auper
glectron  emission as Jdescribed in the previous

section, Photoelectne cffect. When an electran s
emitled from the K shell of an Ar atom by
Compton scattering, a K, X-ray is ¢milted with a
probability of 12% and subscquently an L s—MM
Auger electrot is cmitled, The residual 88% of Arx
atoms with K shell vacancies are de-excited by
Auger cleclron cmission. When L shell dectrons of
N or O atoms, or M shell clectrons of Ar atoms ame
emitled by Compton scaltering, the atoms become
tons with a 14 charge stale and no Auger electron
emission lakes place In calculaton for an avcrage
charge state of 2.2+ for N and O atoms with a K
shell vacancy, it was assumed that 20% of the atoms
emit K-L,L;; Auger electrons and that 2+ charge
ions with Ly and L3 shell vacancies undergo Ly—
L;alzs Auger cleclron emission and become ions
with @ 3+ charge stare. The energies of Compten
electngms emitted from N, O and Ar atoms and the
energies of Auger clectrons  emilted  following
Complom scaltering are shown by solid and daticd
lines, espectively, in Figurs 2.

Number of ion palrs

The number of fon paits produccd by photo-
electrons, Complon electrons and Auger electrons
was obtained by dividing the energy of these elee-
trons by the W valuc of air corresponding o the
energy. At the same time, the number of these scocon-
dary ¢lecirons was counted. The W vatue was calcu-
lated using the following equation, which was
obtained by filting o experimental data on a leg~
log scade for eleclron energy {(¢™) and W value (")
{in eV

P= +A1¢"["'WJ.I"'1 +Aﬂ—‘1—ﬁo”'r
]
+ .'{3':_{1-’“’”” (©)

where 1 = 3.51339, xp = 2.50144, A, = 212206, 1, =
0.45155, A= 11.34283, £=0103, 4,=/0.88307,
iy = L.48666.
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1T + »  Combecher (13
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Figure 3. W value of air for clectrons. The solid line shows
the values used in the present calculation, assumed (o be
13 97 &¥ for electrons with encrgies larger than 71954 ¢V

In Figure 3, the solid line shows the W valug
obtained by the equation and the symbols show the
expenmental dala,

Equaticn 6 gives a W value of 57.2 MeV lor
elections wilh an energy of 12.2 ¢¥, which is the ion-
isetion potential of O; melecules, and gives larger
values for lewer gncrgy clecirons, In the calculations
of the number of ion pairs, the W value was
assumcd to be infinite for lower enerpgy electrons On
the other hand, Equation & ghves a W value of 33.97
e¥ for elections with an energy of 71354 eV and
gives slightly smaller values for higher encrgy cloe-
trons. In the calculaiions of the number of ion pairs,
it was assumed that the W valuc is constant at 33.97
¢¥ for all clectrons with an energy = 71954 ¢V This
is because a value of 33.97 ¥ is typically used for
the W valee of air to oblain air kerma and/or
absorbed dose'™. The number of ion pairs produced
by photecicetrons, Compton clectrons and Auger
clectrons showsd similar shapes to those for the
energics of the respective secondary electrons shewn
in Figure 2.

RESULTS OF CALCULATIONS

The curved solid lines in Figure 4 show the energy
of photoelecirons, Compton ¢lecirons and the sum
of the energy of these clectroms emiticd rom all
alemic specics in air, The dotled line in the figure
shows the total cnergy of thess electrons and Auger
clectrons emitted. The solid hnes  correspond,
rcspectively, to the sum of the values lor phato-
elecirons and Compton electnms shown by the solid
lines for M, O and Ar atoms in Figure 2. The dotted
line in Figure 4 comsponds to the total of all the
values shown by the solid and dotled lines in
Figurs 2. The straight line in Figurt 4 roprosents the
refation, electron energy = photon energy. It can be

E 10404
=
E 0 Compton
g 3 clerron
w
Photoclectron
I 4
N 10 100
Photon energy (keY}

Figuz 4. The curved solid lines show the energy of
photoelecirons, Complon electrons and the Lotal cnergy of
these clectrons emitted fromn all atoms in air. The dotted
hing shows the sum of the encrgy of these electrons and the
cnergy of Auger electrons emifled aller the cmission of
photoeleclrons and Complon clectrons The straight line
comresponds o Lhe relation [eleclron  enempy = phalon
cnergy ).

seen from Figore 4 that the tolal ¢oergy of sccond-
ary eleclrons has a local maximum value at a
photon cnergy of 23.3 ke'V and a local minimum at
58.5 keV. This is due to the fact that the photo-
electron  energy increases and the photoglectnc
absorption cross sectron decreases with an incrcase
in photon energy  Also, Compton scattening
becomes dominant for photons with higher energies
The separalion belween the straight line and the
solid line for the enecgy of photoclectrons for
photon energies < 10 ke cormesponds to the energy
expended in extracting electrons from atoms over the
binding energiea In this tange, the dotted line is
close to the straight line. This mcans that most of
the cnergy used W extract electrons over Lthe binding
encrgy and stored as potential energy of the remain-
ing elecuons is converied te the kintlic energy of
Auger electrons The small differtnas betwoen the
straight line and the doted ling cormesponds w the
potential enetgy of singde and multiple charge ions,
which remain as final slales plus the energies of K,
X.rays emitted from Ar atoms Most of the large
difforence between the strught line and the solid
lines for photon energies larger than 20 keV corre-
sponds to the energy of Compton scatlered X-rays
The curved solid lines in Figue 5 show the
number of ton pairs produccd by photoelectrons,
Compten clecirons and their sum. The dotied line in
the figure shows the total number of jon pairs pro-
duccd by these clectrons plus those produced by
Aunger electrons The siraight line in the figitme shows
values that correspond fo the number of ion pairs
which is equal to the photon cnorgy divided by
33.97 ¢¥ Themlore, the line coresponds to Lhe
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Pharon energy (k'Y

Figure 5. The curved sohd lines show the numberz of ion

pairs prxluced in air by photoelectrons, Complon electnons

and the sum of these The dotwd line shows the totat

number of ion pairs procluced by these slecirns and those

prxluced by Auger electrons The siraight line cormosponds

1o the wlatron [oumber of won pairs = photon snergy £331.97
c¥}

sumber of ion pairs produccd when all the photon
energy was converted to kineuc energy of electrons,
and ion pairs were produced by the electrons at a
rale ol & constani W value of 32.97 &V, independent
of the electron energy. The difference between the
straight line and the datied line for low pholon cner-
gies is larger than the dillerence between the straight
line and the dotted line shown m Figure 4, This s
due Lo the fact thal the W value increases for lower
energy tlectrons and a smaller mumber of ion pairs
are produced per clectron cnergy,

The solid line A in Figure & shows the fraction of
the mumber of secondary elzctrons mlative to the
sum ol the total number of secondary electrons and
the number of ion pairs produced by these elecirons
Tt shows the proportion of the signal duc to the
charge of secondary elecirons in (he signal from free
air ionisation chambers Az 15 discussed in
Intreduction section, & in Equation 2 should be cor-
rected for the charge of secondary electrons 1o
obtuin the values of Lhe cxposure.

The solid line in Figure 7 shows the correction
Tactor lor exposure obtained by Equation 2. It is the
cormecliom for the charge of secondary electrons and
is equal to the number of ioo pairs produced by the
secondary slectrons divided by the sum of the
number of ion pairs and the number of secondary
elecirong It is also equal to 1 minus the value pre-
senled by the line A in Figure 6. The dotied line in
Figure 7 shows the correction factor obtained for the
avcrage charge state of 2.2+ for N and O atoms
with a8 K shell vacancy. The correction factor for
expastre dapends anly slightly on the W valoe

Air krrma is wually obtained from the signal
charge of a [me air ienisation chamber uging

0.07-
0.0%
0.05 4

5 0,04
£ o]

4

0024

0.01

0. — —
1 ] 100
Phioton energy (ke'Y}

Figurs &, Line A shows the Mmuclion of the number of
secondary clectrons (photoelecitons, Compton ehecirons
and Auper electrons) relative Lo the (otal number of thess
elactrons plus the number of ion pairs produced by thoe
clectrons, Line B shows the differsnce between the number
of ion pairs obtained under the assumption that the W
value 15 33.97 ¥ for all electrons and the munber of ion
pairs ¢bined for the W value shown in Figure 1. The
difference is represeniod a5 2 frachon clative to the Lotal
number of sceondary clectrons plus the number of the ion
pairs abtained for the W value shown in Figere 2, Line ©
shows the iference bevween the lines A and B, ic. A — R

1 g 100

Pholin encrgy (keV)

Figure 7. Correction factors for exposure due to the charge
of secondary electrons [ photaeleciroma, Cotmpton electiots
and Auger elecimns) The solid and dotted  lines
cormespond o, respectively, the overage charge states of
2.04 and 2.2+ for M and O aloms with a K shell vamancy

Equation 3 and a conslant W valuc of 33.97 ¢V The
W value of awr increases for lower energy electrons
and a smaller number ol ion pairs are produced per
unit energy of electrons. Consequenthy, it 15 necessary
to correct the signal charge for the charge of second-
ary eleclrons and for the decrease in the number
ol ipn pairs due to the increase in the W value
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The ling B in Figure & shows the defferonee between
the number of ion pairs obtawncd under the assump-
ticn that the W valuc is constant at 33.97 ¢V for all
secondary electrons and the number of ion pairs
obtained for the W value shown wn Figure 3. The
differcnce is the (raction of the wial number of sec-
ondary elecrons plos the number of 1on pairs
obteined for Lthe W wvalue shown in Figure 3. The
dotied ling © in Figure & shows the dilference
between the values of the lines A and B, ic. A — B,
The differznce cormesponds to the rale of net increase
in the tolal number of secondary electrons and the
number of ion pairs produced by the secondary

1000
;
£ D.b9s
&
;
& o00d/
1
1;]'
2 A
0.985 r .
| 10 103
Mol g energy (e}

Figure 8. Correction faciors for air kerma due to Lthe

charge of secondary electrons (photoclectrons, Compton

clectrons and Auger clectrons) and the sflacie of Lhe

mepense in W ovalue of mr for low energy clectrons

The solid and dottsd lines corespond to, respectively, the

averuge charge states of 2.0+ and 2.2+ for N and O atoms
with a K shell vacancy.

3 B
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Figure 9. Cormection (actors for ecposure due 10 the chams
of secondary electrons (pholoelectrons, Complon eleclrons
and Auger clectrona), The letters indicate values lor the
X-ray specira presented in 15O 4037-1%, presented as
functions of the mean encrgy of the spectra

i
£ 0499
=
'
5 0 %3E 4
5 0,997 -
o ———  hfonochromatic enorgy X-my
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Figure 10 Correclion factors for wir keoma due 1o the

charge of sccondary clectrons ( photoclectrons, Complon

electrons and Auger electrons) and the efass of Lthe

increase m W ovalue of air for low energy eleclons The

letters indicale vatues for the X-tay spectr presemted in

1SO 40371 presenied as funetione of the mean epergy of
the spectm.

electrons from the rumber obtained For the comstant
W ovaluc,

The solid ine in Figure 8 shows 1he correction
factor for air kerma obtained by Equation 3 wsing a
consiant W value of 33.97 eV, The value 15 equal W
the total energy of sccondary electrons divided by
the product of 33.%7 £¥ and the total number of the
sccondary electrons plus ion pairs oblained for Lhe
W valuc shown in Figure 3. Tt is also equal to 1
minus the value shown by the line C in Figure 6.
The dotted line in Figure 2 shows the correction
lactor obtained for the averapge charge stale of 2.2+
for N and O atoms with a K shell vacancy.

Figures 9 and 10, respectively, show Lhe correction
lactors for exposume and air kerma for pholons with
energies larger than & keV The resulls are for the
averuge charge gate of 204 for N and O aloms
with a K shcll vacancy. The capilal letters in the
figures show (he values of correction factors for
spectra of reference X-rays given in 150 4037-1; L.
low air kerma cate series, N, namow-spectrum Seriss,
W wide-spectrum scries, H: high air kerma e
series™. The values arc plotted as functions of the
mcan energies of the spocim.

DISCUSSION AND COMCLUSION

Correction factors for measurement of exposure and
air kerma using free air ionisation chambers were
oblained. The correclion factor for exposure s
mainly dug Lo the charge of secondary electrons: the
correction faclor for mir kerma is due to Lhe charge
of secondary elecirons and the decrease in
the number of ion pairs caused by Lhe increase n
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ihe W walue of nir for low energy clecirons These
evrrretion fectors thould be added as now correetion
factors in TTé, of Equalions 2 snd 3, rspecihechy
Correction fations lor both eaposure ard air kerma
hme » maximum value near 8 photon energy of
aboul 30 ke¥ This is duc Le the faet chat the energy
of weondary ckctrons has 3 manimmom value al a
photan erergy of 20 kW

For photon encrgies lower than 30 ke'V, the corre-
lion factor for exposure decreapes monotonically
wilh decreasing photon energy cxpt for  small dip
near 3 keV, which is due tn K.cdgr absorption by
Ar stoma in air. The valuc of the correction factor
for exposuire is gmaller than 0.9960 for photons with
energis <4 keV, Hall 1he number of X-ray spectna
given in I5D 40371 have mean emergies <T4 eV
The value is 0.9592 far Lhe lowex energy 1pectrum,
which has 3 mean energy of 7.5 k¥ The vathuwe of
the correction (sctor decreases 1o 0.911) a1 a photon
ercrgy of 1 kY, ns shown in Figure 2,

The coerection (ecior (or air kerma is 09951 for
the X-ray specirum with a mean cocrgy of 1.5 eV
The amount of correction for air kerma is smaller
than that for exposure. This is becauss, in the case
of nir terma, the signal due to the chirpe of zecond-
ary chetrons is panly cancelled by (e decrense in
the mumber of lon pairs produced by the sccondary
tlocirens per unil encrgy of the checiroms The
decropsr oorurs dis 10 Lthe increase in e W ovaloe
of wir for lower erergy checirons The cormoetion
faclor foxr air kerma begins 1o increase when the
pholon energy decreaics &t 2.7 eV This iy due to
the feel Lhat the energies of photocketrons emilied
from N aed © nzoms berome cmaller than 7195.4
¢V and the W wvalue of nir for thewe clecirom
becomres laryer than the comsiant value 39T eV
The value of the corroction (acter for air keema i
very sensitive Lo the diflfereoex of the W values for
tow-enemgy chectrons (ren the conpant yalue for
high-energy elecirons

Il b clear from the results abowe thal cxporure
and &ir Ierma ar no! cgoroudy proporiiooal to
each olher even for low-enerpy photons, lor which
the feetor {1 = 2) in Equeticn | can be mygumed to
be 1. It oan also be deduced that under clcuonic
oquilitricm condition Lhe walue of mir krma i
slighty emalkr than chat of the absorbed dose of air
du 10 the poiential energies of single and mulliple
charped iors remaining afler emiszion of all seeond-
ary choetmons

Bermann ¢f ol '® obuined mass cocrgy-atrorplion
coefficient of wir from tignal charge of free air
ionisation chambers for photons with encrgics in &
nrge from 3 1o 10 k=Y, In that work, the eflective
W vahue for secondary clectrons {i.e. photoekecirons
and Auger electrons) was used and the signzl cherge
was correted by mttracting the frection of » zingle
charge, whick corresponds 1o the charge of

photochecirons and dingle charged jons, relalive 10
the charge of ion pairs produced by the pecondary
ekecirons N cormoclion was made, howewer, for Lhe
charge of Augrr chectrons and multiple charged ions
remaining after emission of icondary elecirona

Figures 7 amdd § show that the cormeotion feclors
far both expasure and air lerma are dlightly smaller
for the average charge state of 2.2+ than for 1.0+,
Wt found no conclusive dala on the sverage charpe
gietes of atoms with an inner shell vaancy, Alse, we
found no dawa showing the energy specim of Auger
electrons in conneclion with the charge fate distri-
butions of atoms afier de-cxcitslion of inner ahell
vacancies The Auger cascade branches assemed in
the presenl work were deduced 160 give e svimape
charge et thown in Tabke 2 for cach stomi
wpceict In the present work, the energies of all e
ondary ¢heironmy were obuined from the valmes of
the binding evergics of checurons in the ztoms arsum-
ing that lhe volues are 1he same for amy charge fate.
Dhfferences in cheetron Dinding enerpies  berween
pioms and molecules for N end O were (gpored.
The cifects of dissociation of My and O; mokeceka
by icnmatien were gleo ignored,

If xposure i3 defined sch that it indudes the
churge of sccondary ciottrens, U coreeetion faclon
shoen in Figures 7 and 9 art not pesded, On the
olher hand, the exposurc ¢an nod b eapressed by
Equstion 4. Morcover, Equatiom |, which shows e
relalion beiween air kerma and ciposure, has to be
modificd as Mollows:

L X1dQ - dg)(i¥/e)
401t - g)

where X = d()/dm, dg it the sum of the sbsoclute
vahues of the charpe of all secondary elecuons,
ircluding Auger clectrons, libersted by photons in
air of mass dm, and dQ is the absolute value of the
total charge of oot sign of ton pairs produced in mir
by the secondary chectrons pha dg, Here, the ¢iTect
of pair production i3 mgheted. Equation 3 mus
ateo be modified s foliows:

K {1

Q- /e
K= TSy, (®)

where [ the signal charge due 10 secomdary tlecloms
emilted froem the air in the ionisaliom wlume of & free
atr [onlrtion chamber and the posdive ions whach are
formed by the releaze of the recondsry elecinms
Expomure should be defined clearly and unam-
bigoously o sthow that it decs aor indude e
charge of secondary chkctrons [f exposure were
defimed o include Lhess clectroma, the  relatiom
beiween exposure and eiher pioraieal vatoes such b
sir rrma and mass coorgy tamaler cocffokent
would brcome complicaed and Lhe pinynicl concept
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of exposure would be vague, The eiffects of the
charge of secondary clectrons on Lhe measurement
of air kerma and exposure have been ipnoved under
the assumption that their contribution o Lhe signal
charge from [rez air iomsation chambers is small.

It is important to make Bn inlernational agreement
on e values of the cormection factors for the charge
of sexemdary elecirons and for (e W value of air for
low-pnergy ¢lectrons, to obtain consistent and relizble
absolute measurements of sxpasure and air kerma.
The values of the cormection factors are universal and
arc independent on the tbype and size of (roe air ionis-
ation chambers used for measurement.
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