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CHAPTER 1
INTRODUCTION

1.1 IMPORTANCE OF ACCURATE DOSE-RESPONSE
Accurate dose-response relationships
by ionizing radiation

RELATIONS

for cellular effects induced

and their dependence on

linear energy transfer

(LET) are essential in studies of mechanisms in radiobiology. Analysis
of such data can provide insight

into basic biophysical processes in-

volved in the induction of various

biological effects of ionizing ra-

diation such as cell reproductive death, chromosome aberrations, mutations

and malignant

transformation.

These insights

are required as

bases for risk estimates and for radiation protection purposes,
several

of the

most important

responses of

tissues

since

and organs

to

ionizing radiation are the results of cellular damage.
In many models and hypotheses that have been developed for the interpretation

of dose-effect relationships and their dependence on ra-

diation quality,

different types of

cellular effects are not consid-

ered separately but are assumed to depend in a similar way on physical
and biophysical parameters.
radiation action
production
1 pm

For instance,

in the hypothesis of

(Kellerer and Rossi, 1971),

of two sublesions

is the fundamental cause

it is assumed

within a site with a
of a wide range

dual

that the

diameter of about

of cellular

effects.

Other investigators (e.g., Barendsen et al., 1966) have stressed that,
in addition

to the

energy deposition patterns,

the precise chemical

nature of primary biomolecular changes has to be considered. This latter point

of view is supported

different cell types.
from

by radiobiological studies

involving

In these studies, the radiosensitivity of cells

various experimental tumors

was investigated after

irradiation

with 300 kV X rays and 15 MeV neutrons and with the capacity for clone
formation
1977).

being taken

as a criterion

The survival curves

for survival

(Broerse et al.,

of cells of different origin

(see Figure

1.1) show considerable differences in shoulder width as well as in the
slope of the exponential parts of the curves. Also differences in relative

biological effectiveness

(RBE) values are observed, especially

at low doses at which greater fractions of survival are obtained.
Studies
induction

on the effectiveness of
of the various types

since radiation quality

different types of radiation for

of biological effects are

important,

influences the shape of dose-response curves.
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High LET radiations generally result in dose-effect relationships
which are less difficult to analyse and interpret because accumulation
of damage and repair of subeffective damage are of lesser importance
than is the case for low LET radiation.

300 kV X RAYS
O
A
V
O
•

15 MeV NEUTRONS

R-1 sarcoma
ROS-1 sarcoma
RUC-1 sarcoma
RUC-2 sarcoma
MLS lymphosarcoma

3

10

15

0

5

10

absorbed dose ( Gy )

Figure 1.1
Survival curves of cells in culture derived from different types of animal tumours
following irradiations with 300 kV X rays and 15 MeV neutrons (Broerse et al., 1977).

1.2 REQUIREMENTS FOR ACCURACY AND PRECISION IN
DOSIMETRY FOR RADIOBIOLOGY

To predict the responses of irradiated biological specimens, it is
essential to determine the energy dissipation with a sufficient degree
of accuracy (overall uncertainty) and precision (reproducibility). Investigations

in radiobiology and

radiotherapy have demonstrated that

differences of 10 per cent in absorbed dose will result in clearly observable variations in biological response.
analysis does

not allow the detection

smaller than 5 per cent.

In general, cell survival

of variations in absorbed dose

For studies of normal tissue response, e.g.,

the spinal cord in the rat irradiated with 300 kV X rays, a difference

12

of 17 per cent (single dose) or 9 per cent (2 fractions; 30 week
interval) in absorbed dose can result in a 100 per cent incidence or
complete absence of radiation myelopathy (see Figure 1.2; Van der
Kogel/ 1981). It has therefore been suggested that an accuracy of + 5
per cent and a precision of +_ 2 per cent is required for the determination of absorbed dose in radiobiological studies (Broerse and
Mijnheer, 1978).

100-

c
a
a

ii
a.
50o

020

15

30

25

35

40

absorbed dose ( Gy )

(ingle dose

(o)
1 day interval (•)

2 fractions

10 wk interval (•)
20 wk interval (•)
30 wk interval (*)

Figure 1.2
Paralysis in rats induced by irradiation of the cervical spinal cord with 300 kV
X rays. Shown are the effects for single doses of X rays and the results for split
dose experiments with different time intervals (Van der Kogel, 1981).

For

investigations under

conditions of uniform irradiation,

inevitable variation in absorbed dose
est

should be

small enough

was

Comparable
absorbed
cently,

on the

(1963)

as a ratio of less than

minimum absorbed doses in the target volume.

with the recommendation

determinations,

significant effect

The criterion for uniform irradiation

initially formulated by the ICRU

1.15 between maximum and

throughout the volume of inter-

to prevent a

biological response considered.

the

a maximum ratio of

for the accuracy of absorbed dose
1.05 between maximum

and minimum

doses in the volume of interest could be inferred.

More re-

the ICRU (1979) formulated the criterion for uniform irradia-

tion as a ratio of maximum

and minimum absorbed doses in the specimen

of less than 1.10 and preferably less than 1.05.
13

1.3

BIOLOGICAL EFFECTS OF IRRADIATION OF CELLS
Cell killing

is one of the most

ionizing radiation *
as

important observable

cell death depends

on the type of

cell under consideration.

differentiated cells which do not proliferate,
cells,

effects of

It has to be realized that the process recognized
e.g.,

nerve or muscle

death can be detected as the loss of a specific function.

proliferating cells,
stem cells _in vivo,

e.g.,

cells growing in culture

For
For

or haemopoietic

the impairment of clonogenic capacity or cell re-

productive death is the relevant criterion. In addition to lethal damage,

sublethal damage or potentially lethal damage can occur.

cell has been damaged

by ionizing radiation

When a

but has not been killed,

it may be able to repair the effects of this sublethal damage and completely recover from it. Environmental conditions after an irradiation
can also

influence the proportion of

cells that survive at a certain

dose level. This phenomenon can be attributed to repair of potentially
lethal damage.

The progression of cells through the cell cycle

might

be disturbed after irradiation, causing, e.g., mitotic delay and spindle defects.

Mitotic delay is the

quire more time for progression
cells.

phenomenon that damaged

cells re-

through the cell cycle than undamaged

This results in a prolonged cell cycle time after irradiation.

Spindle defects following irradiation can become evident by the occurrence of

multipolarity in fixed

preparations of

ana/telophase cells

(Scott and Zampetti, 1980).
Damage to the
produced

genetic material of cultured mammalian cells can be

by ionizing

radiation.

structures composed of DNA

Chromosomes

and proteins.

are

The genetic

contained in code form in the DNA macromolecule.
are exposed to ionizing radiation,
tions can be produced depending

long

thread-like

information is

When mammalian cells

three types of chromosomal aberra-

on the stage in the cell cycle at the

time of irradiation. These differ with respect to the unit involved in
the structural change and are called subchromatid, chromatid and chromosome aberrations (see, e.g., Kihlman, 1977).

Ionizing radiation in-

duces subchromatid aberrations in the prophase,
in the G 2
the

chromatid aberrations

and S phases and chromosome aberrations in the G-^

cell cycle.

Exchanges occurring

within the same

phase of

chromosome are

called intrachanges, whereas those occurring between different chromosomes are

called interchanges.

complete or
histological
aberrations

preparations
are

after irradiation.
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Both inter-

incomplete and either

required for

generally made

and

symmetrical or

intrachanges may be
asymmetrical.

observation

at the first

of

The

chromosomal

metaphase or

anaphase

Basic molecular

damage resulting from the use of

tion can be the production of singlemutations

and deficiencies

breakage can be produced
can be

made between

ionizing radia-

and double strand breaks, point

in membrane

dependent

functions.

in DNA by ionizing radiation.

single strand breaks

(SSB)

and

Chain

A distinction
double

strand

breaks (DSB). The ratios between SSB and DSB reported for photons usually vary between 10 and 20

(see, e.g.,

Kihlman, 1977).

A number of

authors (e.g., Ho and Mortimer, 1975) consider the DSB as the critical
lesion

involved in

the killing of cells by ionizing radiation.

ever, a causal relationship between
not

yet been

established

sessment of DSB.
tutions

unrepaired DSB and cell death has

due to difficulties

Point mutations are the

versions (see,

logical membranes as targets

accurate

Distinction can be

of base-pair substitutions:

e.g., Kihlman, 1977).

in the

as-

result of base-pair substi-

or changes in the structure of DNA.

between two types

How-

made

transitions and trans-

The possible importance of bio-

in irradiated cells has often been indi-

cated (see, e.g., Alper, 1971). Irradiation of cells with charged particles

of selective

low penetration

1969;Datta et al., 1976) has
cell nucleus

pendent

shown that

e.g.,

Zermeno and Cole,

the peripheral region of the

is the most radiosensitive part of a cell. This suggests

that the nuclear membrane,
important

(see,

being the site for DNA replication,

target for radiation.
functions

have

(Konings and Drijver,

been

1975)

is an

Effects of radiation on membrane deshown

and a

for

a plasma

membrane

nuclear membrane one

enzyme

(Konings et

al., 1975).
The development
complex

of cancer after

sequence of events

irradiation

and can be

is the result

influenced by

of a

many physical,

chemical and biological factors. In this sequence of events, malignant
transformation of cells is a very important step for the initiation of
unrestrained growth.

1.4 OBJECTIVES OF THE PRESENT STUDIES
The relations

among

different types

of cellular effects,

cell reproductive death, chromosome aberrations
formation,

caused by ionizing radiation

and malignant

i.e.,
trans-

are insufficiently known and

need further investigation. The studies to be described in this thesis
consider

a number of factors involved

in the induction of chromosome

aberrations and cell reproductive death in cultured cells. The significance of

studies of these two types of damage

based in part on the suggestion

in mammalian cells is

the chromosomal aberrations represent

15

the major cause of cell reproductive death.

This is,

however,

not a

generally accepted hypothesis because, as noted above, some investigators have suggested a major role for cell membrane damage.
ties in the dose-effect relations
nogenic capacity

and of chromosome aberrations led several investiga-

tors (e.g., Lloyd et al., 1976)
of

to the conclusion that all impairment

clonogenic capacity is directly related

rations.

However, Lloyd et al.

to gross chromosome aber-

(1976) studied chromosome aberrations

in human lymphocytes and compared their results
productive

Similari-

for induction of impairment of clo-

death obtained

by other groups

such as T-l kidney cells and

with data on cell re-

for differing cell

P-388 leukaemic cells.

lines

The similarities

in the dose-effect relations for induction of the two types of biological effects
fering

found by these authors

types of

cells

might be fortuitous,

can have different

since dif-

radiosensitivities

(see,

e.g., Figure 1.1).
Studies on chromosome aberrations might also be important in relation to cancer induction.
gate these relations

Numerous studies have been made to investi-

(see, e.g., Sager, 1979).

In chromosome banding

studies, chromosomes from thousands of patients with malignancies were
investigated to search
with

for chromosome changes

the occurrence of cancer,

which were

consistent

but a direct correlation has

not yet

been established. Thus, it is evidently of interest to study both cell
inactivation

and chromosome aberrations in several types of cells ir-

radiated under the same conditions with different

qualities of radia-

tion.
In the studies reported here, fast neutrons of different energies
were employed because they offered

the practical possibility of irra-

diating cell systems with high LET radiation under conditions of homogeneous irradiation.
fast

At the Radiobiological Institute,

neutrons of different energies can be

Van de Graaff
neutron

K-2N-3000

producing

positive ion accelerator employing different

reactions

9909S accelerator using the
determination

of

monoenergetic

produced by a double belt

and by a
d + T

dose-effect

modified

reaction.

Texas Nuclear Model

A prerequisite

relationships is accurate

for the

and precise

dosimetry.
In Chapter 2 of this thesis,

basic concepts of

energy deposition

in tissue by ionizing radiation are discussed. The quantities absorbed
dose and kerma and concepts related

to the quality of ionizing radia-

tion are introduced.
Practical

aspects of

neutron dosimetry

using

tissue-equivalent

ionization chambers are reported in Chapter 3. The separate determination of neutron and photon absorbed dose

16

is of importance because

of

the differences

in relative

biological effectiveness

(RBE) of these

two radiation components.
A

specific dosimetry

problem is

the location

of the

effective

point of measurement of ionization chambers. For measurements free-inair, the variation in the radiation field over the sensitive volume of
the ion chamber

is governed by the inverse square law.

Consequently,

at short distances from a source, large variations of the field in the
chamber can occur.
of phantoms.

To simulate biological objects,

These phantoms are

use is often made

generally constructed in such

a way

that the dimensions and chemical composition are similar to the object
to be irradiated. The effective point of measurement of an ion chamber
inside a phantom can be displaced relative to
replacement of

free-in-air

phantom material by the ion chamber.

due to the

This subject was

investigated and is discussed in Chapter 4.
The accuracy
equivalent

of total

absorbed dose determinations

ionization chambers can be assessed

with tissue-

from dosimetry inter-

comparisons. In Chapter 5, the results obtained with a number of independent methods for dosimetry of neutrons are compared.
The experimental techniques
ductive death

for the determination

and chromosome aberrations

of cell repro-

induced by ionizing

tions of different qualities are presented in Chapter 6.

radia -

Attention is

given to the dosimetric aspects of irradiation of cells at interfaces.
Dose-effect relations for cell inactivation
are presented in

Chapter 7.

and chromosome damage

The results are presented

for different

qualities of radiation employing three cell lines. A comparison of the
two types of effects is made.
Chapter 8
risk

considers the

analysis and

significance of the present studies

radiation protection

considerations.

for

The results

from studies on cell reproductive death and chromosome aberrations are
compared with data available

for radiation carcinogenesis in relation

to the quality factors for neutrons.
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CHAPTER 2
BASIC CONCEPTS OF ENERGY DEPOSITION BY IONIZING RADIATION
IN BIOLOGICAL MATERIAL AND RELATED QUANTITIES

2.1

INTRODUCTION
Ionizing radiation

can consist

of charged particles

protons, a particles, etc), uncharged particles

(electrons,

(e.g., neutrons) and

photons (X and y rays). The different mechanisms of energy transfer to
medium

by various

types of radiation

are illustrated in

Figure 2.1

(Hogeweg, 1978). The energy dissipation of directly ionizing radiation
(charged particles) occurs via Coulomb forces causing ionizations

and

excitations of the molecules in matter, mainly along the tracks of the
particles. The length of the track of a charged particle is restricted
to a finite range.
photons)

Indirectly ionizing radiation

interact with

matter through a

(e.g., neutrons and

variety of processes

which

result in the production of secondary directly ionizing particles. The
interaction mechanisms
effect,

of photons with

the Compton effect

biological

medium

scattering,
reactions

matter are the

and pair formation.

release energy

nonelastic scattering,

by elastic

Neutrons and

photons can traverse

tances without interaction and,

Neutrons entering

scattering,

capture processes

(for a more extensive discussion,

see, e.g.,

matter over

a

inelastic

and spallation
ICRU, 1977).

relatively long

dis-

contrary to the situation for charged

particles, the beams will be attenuated exponentially.
ing sections,

photoelectric

only the effects of

In the follow-

indirectly ionizing radiation will

be considered.
The effects produced by ionizing radiations in biological material
depend on a large number of factors which may be physical, chemical or
physiological. The absorbed dose or kerma ("kinetic energy released in
material") and their temporal and spatial distributions,
described

by dose rate,

dose distribution

and radiation quality are

usually the most important physical quantities.
temperature and other

which can be

Oxygen concentration,

environmental factors of biological systems can

also be of considerable importance.
To deal

with the problems

standardization,

of radiation

measurements,

units and

the International Commission on Radiation Units

and

Measurements (ICRU) was established in 1925. The ICRU has as its principle objectives to develop internationally acceptable recommendations
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regarding quantities and units of radiation and radioactivity,

proce-

dures suitable for the measurement and application of these quantities
in clinical radiology and radiobiology
the application
porting.

of these procedures

Various recommendations

and physical data required for
to facilitate uniformity

concerning dosimetry

in re-

for radiation

protection are made by the ICRU in close cooperation with the International Commission on Radiological Protection (ICRP).
DIRECTLY IONIZING RADIATIONS
AIR

TISSUE

electron(e")
charged
particles

heavy
particle

INDIRECTLY I O N I Z I N G RADIATIONS

/ photon

\A/\|/\

(photoelectric effect)

photon
X or gamma
rays

(Compton effect)
photon

vwwi
"Ei

(pair formation)

(elastic scattering)

(inelastic scattering)

neutrons

(nonelastic scattering)

(capture)

"E

(spoliation, E >!00MeV )

Figure 2.1
Schematic diagram of different mechanisms of
various types of radiation (Hogeweg, 1978).
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energy transfer to medium

(tissue) by

2.2 ABSORBED DOSE AND KERMA
The most

elementary

characterization of a

radiation field

is a

description in terms of the type, energy, direction and number of particles.

Such a description

of a radiation field

ploying the quantities fluence,
rate, energy fluence,

can be made by

radiant energy, energy flux,

energy fluence rate,

fluence

particle radiance, energy

radiance and differential spectra of fluence and energy fluence
e.g., ICRU, 1980).

The quantity "exposure"

em-

(see,

is still used to describe

the radiation fields of X and y radiation with energies from a few keV
up to a few MeV.

However,

in connection with the introduction of the

International System of Units (SI), a discussion was
the

Consultative

Committee

Ionizing Radiations
calibration
2.58 x

the

against primary

Measurements

standards.

the special unit for exposure,

10"^ C.kg~* in air),

inated.

for

is not an

SI

the

It has to

roentgen

of

exposure will most probably lead

be

(1 R =

unit and has to be

Difficulties associated with the introduction of

standardization

within

to decide which quantities should be employed for

of dosimeters

recognized that

on Standards

started

elim-

SI units of

in the future to the adoption by the

laboratories of the

quantity kerma

(in air)

or ab-

sorbed dose (in water) to characterize the photon field.
For the determination of
logical object,

the energy deposition in an exposed bio-

further quantities are needed

to describe the inter-

action of radiation and matter.
The kerma (K) is the quotient of d E t r by dm, where d E t r is the sum
of the initial kinetic energies
liberated

by uncharged

ionizing particles

(ICRU, 1980):

in a material

of mass dm

-„
K

The special name
symbol Gy;

of all the charged ionizing particles

dm

for the unit adopted

1 Gy = 1 J.kg

= 100 rad,

in the SI system is
where the rad

is the old unit

still used in many publications. Since dE fcr is the sum of the
kinetic energies

of the charged ionizing

uncharged ionizing particles,
these particles

radiate in

a material sample

initial

particles liberated by

the

it includes for photons the energy that

bremsstrahlung and

energy of Auger electrons (ICRU, 1980).
other material

the gray,

it also includes

the

Kerma has a defined value for

of infinitely small size which

is embedded in some

or which is positioned in free space.

It is therefore

often convenient to refer to a value of kerma for a specified material
in free space or at a point in a material of differing atomic composition.

This kerma is the value which would be obtained if a small mass

21

of the specified material

were placed at

the point of interest.

The

volume of the material is usually not critical as long as the presence
of the sample does not appreciably disturb the field of the indirectly
ionizing particles.
The quantity which is more directly correlated with the local biological and chemical effects of radiation in an object or organ is the
absorbed dose.
useful

To arrive at the

to introduce

imparted".

definition of

the concept of

Absorbed dose will

value of this quantity.

absorbed dose,

the stochastic quantity

then be defined

it is

"energy

in terms of the

The stochastic quantity energy

mean

imparted ( £ )

by ionizing radiation to the matter in a volume is (ICRU, 1980):
E = R.in - R out + 2 q
where:
R.

= the radiant

energy

incident on the volume,

i.e.,

the sum of

the energies (excluding rest energies) of all those charged and
uncharged ionizing particles which enter the volume;
R

= the radiant

energy emerging from the volume,

i.e., the sum of

the energies (excluding rest energies) of all those charged and
uncharged ionizing particles which leave the volume;
and
Eg

= the sum of all changes

(decreases:

positive sign,

increases:

negative sign) of the rest mass energy of nuclei and elementary
particles

in any nuclear

transformations

which occur in

the

volume.
The quantity absorbed dose (D) is the quotient of d£ by dm,

where

d£ is the mean energy imparted by ionizing radiation to matter of mass
dm (ICRU, 1980):

_
d£
D = -— .
dm
The special name for the unit of absorbed dose is the gray.
Absorbed dose results from a two-step limit process

(ICRU, 1977).

First, one determines the mean energy imparted. In principle, this involves repeated exposure of a finite mass to the specified irradiation
condition and averaging the results;
is estimated.

This mean value

dose in the finite mass.
form a further

by this procedure,

is proportional

to the mean

absorbed

To obtain the absorbed dose, one has to per-

limiting process

which consists of reducing

and the mass of the exposed volume toward zero;
indicated by the

a mean value

the size

the latter process is

differentials in the definition.

It is important to

note that a stochastic quantity such as energy imparted always relates
to a finite region,
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while such single

valued quantities as

absorbed

dose,

exposure or kerma

purposes,

are defined at points.

the absorbed

dose is

usually

For

radiobiological

specified

in

"ICRU muscle

tissue".
Absorbed dose is not usually measured directly; conversion factors
have to be used to derive

absorbed dose from the measured exposure or

air kerma values. To arrive at the conversion factors, it is useful to
introduce the mass energy transfer coefficient and the mass energy absorption coefficient
cient

(jJtr/p)

quotient of

(ICRU, 1980).

The mass energy transfer

of a material for uncharged

dE tr /(EN) by pdl,

coeffi-

ionizing particles is the

where E is the energy of each particle

(excluding rest energy), N is the number of particles and dE^ r /(EN) is
the fraction

of the incident particle

energy that is

transferred to

kinetic energy of charged particles by interactions occurring in traversing a distance, dl, in the material of density p .
Thus,
dE

1

tr
(uen/p)

The mass energy absorption coefficient
charged ionizing particles

of

a

material for un-

is the product of the mass energy transfer

coefficient, ^ t r / p and (1-g), where g is the fraction of the energy of
secondary

charged particles

that is

lost to

bremsstrahlung

in the

material:
-

g)

2.3 MICROSCOPIC DISTRIBUTION OF ENERGY DEPOSITION
Specification of absorbed dose does not account for the microscopic distribution of the energy deposition, i.e., the radiation quality.
This microscopic distribution, however, can affect the cellular radiation effects, since the effectiveness for producing damage depends not
only on
tion

the total amount of

of energy deposition.

energy but also on the spatial distribuAttempts to account

distribution of

energy absorption

energy transfer

(LET)

for the

microscopic

led first to the concept of linear

and its distributions

and later to the micro-

dosimetric quantity lineal energy and its distributions.
The restricted
L^ ,

LET or restricted linear collision stopping power,

of a material for charged

(1980),

the quotient of

particles is,

dE by dl,

according to

where dE is the

the ICRÜ

energy lost by a

charged particle in traversing a distance, dl, due to those collisions
in which

the energy loss is less than A

specifies an

.

Although this

energy cutoff and not a range cutoff,

definition

the energy losses
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are sometimes referred to as "energy locally transferred".
LjQ

is used when all possible

experimental situations,
irradiated object.
be either

The symbol

energy transfers are included. In most

one deals with a

range of LET values in

A particular irradiation condition

characterized by the distribution of

an

must therefore

LET values or by mean

values of such distributions. The two concepts commonly used to define
distributions of LET
particles in

are the distribution

LET and the distribution

important to distinguish
the mean values, L T

of track length of charged

of absorbed dose in LET. It is

between these two different concepts/

and L D

since

of the same radiation can differ signifi-

cantly (see ICRU, 1970).
For the characterization of radiation quality,
and especially mean values of

the concept of LET

LET have serious disadvantages.

mean value of LET is quoted,

the nature of this

When a

mean value should be

identified. In general, it will be necessary to consider the full distribution of LET. The cutoff value in the definition of LET depends on
the nature of

the irradiated

considerations

one

object and on the types of

deals with.

series of LET distributions,

This would

lead in

biophysical

principle

to a

which is often impractical. An even more

serious limitation of the concept of LET is the fact that LET does not
account for the statistical fluctuations in the interaction of charged
particles with matter.
the tracks and
that

Energy loss,

the finite range

it is not

possible to

straggling,

radial extension of

of the recoils account

obtain experimentally

butions of LET. This inadequacy of the

for the fact

accurate

distri-

LET concept led to the defini-

tion of microdosimetric quantities which are stochastic and which correspond

to the actual

energy deposition

in microscopic

regions

of

matter (e.g., Rossi, 1968).
The

stochastic quantity

(1980) the quotient of E

lineal energy,

by Ï, where

matter in a volume of interest

y,

is according to ICRU

£ is the energy imparted to the

by an energy deposition event and 1 is

the mean chord length in that volume:
£
y = —
i
Radiation quality of, e.g., a neutron beam can be characterized by its
lineal

energy spectrum.

Analogous to

the two types of

bution, two types of distributions of y,
the frequency of events in
y, can be defined.
average value

LET

distri-

the distribution of

or the distribution of absorbed dose in

It w> -•..]'. be advantageous, however, to introduce an

as a sing!

values for the lineal energy
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v

namely,

parameter for

radiation quality.

can be derived

Average

from their distributions

(ICRÜ, 1977).
energy is:

The mean of the

frequency distribution

of the lineal

rI y.f(y)dy

yF =

O-'

where

f(y)

is the differential distribution of

y.

The mean of

the

absorbed dose distribution of the lineal energy is:
y

where

d(y)

D

f°

f

=

is the

differential distribution

Experimental studies revealed
effective

in producing

that an event

of absorbed dose in y.
of given

y becomes less

a biological effect per unit dose

when y be-

comes too high, since some of the energy in such a track of very dense
ionization

is wasted.

Rossi (1972)

To correct

for this phenomenon,

Kellerer and

introduced the saturation corrected dose averaged lineal

energy:
oo

yn

.d{y)-dy

/

where the saturation parameter y^ is taken as 125 MeV.mm

.

It can generally be concluded that microdosimetry provides a suitable basis for radiation quality specification.
be valid to assume

comparable because their microdosimetric

y F , y D or y* are the same.

spectra were the same,
ent on

the diameter of

indicate that they

since the y spectrum is largely depend-

the sensitive site adopted.

radiation quality of different

tion can be assessed

Even if their event size

this would not necessarily

have equal radiation quality,
ences in the

it will not

that the biological effectiveness of two differing

radiation beams are directly
averages such as

However,

Possible differ-

beams of ionizing radia-

by microdosimetry techniques, but should be sup-

ported oy comparison of the response of biological systems in the different beams.

2.4 RELATIVE BIOLOGICAL EFFECTIVENESS

(RBE)

Due to the differences in microscopic distribution of energy deposition,

equal doses of different

produce the

types of ionizing

same frequency or inci-ence

of biological effects.

has led to the introduction of th«; concept
fectiveness (RBE).
RBE

This quantity is defined

is a ratio of absorbed

radiation do not
This

of relative biological ef(ICRU, 1979) as follows:

dose of a reference radiation

to the ab-
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sorbed dose of a test radiation
biological effect,

required to produce the same level of

other conditions being equal.

When two radiations

produce an effect that is not of the same extent and/or nature, an RBE
cannot be specified.
It is
about

customary to use

250 kV

X rays with

generating tube

as the reference radiation for

voltages of

radiobiological experi-

ments, since this was the most common type of radiation at the time of
choice.

It must be realized, however,

teristics

of the

that the dose-response charac-

reference radiation are

also included

in the

RBE

values for the test radiation; therefore, radiations with less complex
dose-response characteristics (high LET radiation)
advantages.

However, the use of orthovoltage

could have offered

X rays as the reference

radiation in radiobiology is so well established that it is not likely
to be changed. For radiotherapy,

Co y rays are recommended as refer-

ence radiation by the ICRU (1978a).
It must be realized that the concept of RBE has important restrictions.

It depends not only on

dissipation but

the microscopic distribution of energy

also on the level and kind of biological effect under

investigation and

on the experimental test conditions,

administration of dose in time,
perature.

including the

the oxygen concentration and the tem-

RBE should be specified only

when monotonous dose-response

relationships are obtained for both reference and test radiation.
evaluation

of radiobiological

preferably be based

effects of

ionizing radiation

The

should

on the actual dose-response functions for differ-

ent types of biological effects

for the type of radiation of interest

under the test conditions rather than on the derived RBE values.

2.5 QUALITY FACTOR AND DOSE EQUIVALENT
The

quality factor,

Q,

was introduced for

purposes by the ICRP and the ICRU
ences

in biological

(1963)

effectiveness

of

radiation protection

to account for the

different

types

differ-

of directly

ionizing radiation. The dose equivalent, H, is the product of D, Q and
N at the point of interest in tissue,

where D is the absorbed dose, Q

is the quality factor and N is the product of all other modifying factors:

H = DQN.

symbol Sv:

The special unit of

1 Sv = 1 J.kg"

1

= 100 rem,

dose equivalent is the

sievert,

where the rem was the formerly

used unit. For all irradiations of man from external sources, the factor

N is assigned a value of 1.

directly ionizing
(1969;

1973)

as a continuous

values are provided.
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The dependence of

radiation represented by Lffl

Q

on the type of

is given by the

function for which

ICRP

selected numerical

It should be noted that the values for

Q

presently used are only

for routine radiation protection applications (i.e., low doses and low
dose rates) and should not be used in assessing

true effects of high-

level accidental exposure and radiobiology.
When the dose

is delivered by

indirectly ionizing radiation from

an external source (N = 1 ) , a mean quality factor, Q, can be assessed
(ICRU, 1980).

By definition, Q = 1 for photons. The mean quality fac-

tors for neutrons can be derived,

by analogy to the L^,

relationship

by:

1
where D L

f°

dL,

denotes the differential distribution of D in L ^

dose-equivalent can also
conversion factors

be derived from

fluence-to-dose

as a function of neutron energy.

.

The

equivalent

Numerical values

for these conversion factors are given by the IRCP (1973), NCRP (1971)
and ANSI (1970).
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CHAPTER 3
PRACTICAL ASPECTS OF NEUTRON DOSIMETRY

3.1 INTRODUCTION
A prerequisite for radiobiological studies is that the energy dissipation

in the irradiated

degree of accuracy
basis

and

material be determined

precision.

Arguments can be advanced

of dose-effect relations that, for biological studies,

sorbed

dose in the

accuracy

object should

This is a difficult task,

dose determination
density

biological

the ab-

be determined with

considering

due to inhomogeneities

in the biological specimen,

different composition and/or density.
physical

on the
an

(overall uncertainty) not larger than ± 5 per cent (see Sec-

tion 1.2).

kerma

with a sufficient

parameters used

have systematic

for the

the complexity

in tissue

of

composition and

e.g., at interfaces of matter of
In addition,

calculations

uncertainties of

some of the basic

of absorbed

about 2 per cent

dose or

or higher.

Finally, it should be noted that, at present, the primary standardization laboratories do not have neutron standards available for biomedical purposes.

It is expected that

neutron sources will become avail-

able at some standardization laboratories
1982,

but not before

for precision

1984 for calibration purposes.

(repeatability)

see Section 1.2)

for intercomparisons during
The requirement

of dose determinations (+

is within the range of

2 per cent;

capabilities of modern dosi-

metry systems.

3.2 PRINCIPLES OF DOSIMETRY IN NEUTRON
According to general principles

FIELDS

(e.g., ICRU,

dose, D, is related to the reading (response)

1977) .the absorbed

of a dosimeter, R,

D=ffR
where

by:

(3.2-1)

a is the response function of the instrument and the reciprocal

of OL is the radiation sensitivity of the instrument in that field.
Neutron fields are always accompanied by photons

(X and

When the neutrons are produced by particle accelerators,
dose

contribution of

photons originating

y rays).

the relative

from the neutron producing
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target and the

ion beam transport system is generally

smaller than 5

per cent for free-in-air conditions (see, e.g., ICRU, 1977).
tribution
mixed

to the total absorbed

field increases

due to

dose by the photon
interactions of

The con-

component of the

neutrons with

field-

limiting systems and with the biological object itself; therefore,
can

reach values up to

e.g.,

30 per cent

at depth inside a phantom

free-in-air
Cf

(see,

Mijnheer et al., 1975). For isotopic neutron sources, an appre-

ciable fraction of the total absorbed dose
252

it

conditions.

For measurements at

source of about 1 mg nominal weight,

termined a

results from photons under

relative photon

30 cm

distance

from a

Broerse et al. (1979) de-

contribution of about

30 per cent of the

total tissue kerma free-in-air.
Because of the differences in RBE of the two radiation components,
7 rays and fast neutrons,

it is necessary to separately determine the

neutron absorbed dose as well as the photon absorbed dose of the mixed
field. This requires the use of two dosimeters, ideally a photon dosimeter which
is

is insensitive to neutrons

insensitive

to photons.

Geiger-Miiller counters,

and a neutron dosimeter which

In practice,

nonhydrogenous

photon

dosimeters

ionization chambers,

(e.g.,
thermo-

luminescent material and photographic emulsions) are also sensitive to
neutrons.
activation

Neutron instruments which are insensitive to photons (e.g.,
detectors

fluence, which
to derive

and

the

precision

requires a detailed

long

counter)

knowledge of the neutron spectrum

the neutron absorbed dose.

In general,

the dosimeter pair

used for mixed field dosimetry consists of one instrument
approximately the same
second
photons.

instrument

(U)

sensitivity to

(T)

neutrons and to photons

with a lower sensitivity

According to the ICRU

determine

having
and a

to neutrons than to

(1977), for the same mixed field, the

quotients of the readings (responses)

of the dosimeters by their sen-

sitivities to the photons used for calibration are given by:

Y =kTDN + V G

(3 2 2)

V " V N+ V G

(3 2 3)

-"

-~

where D N and D Q are the absorbed doses of neutrons and of photons, respectively, in tissue in the mixed field, k T and ky

are the ratios of

the sensitivity of each dosimeter to neutrons relative to its sensitivity to the photons used for calibration and h T and hv

are the ratios

of the sensitivity of each dosimeter to the photons in the mixed field
relative to its sensitivity to the photons used for calibration.

30

The instruments

most commonly used

for the

determination of the

total absorbed dose in mixed neutron-photon fields,
with almost equal sensitivity
equivalent (TE)
have

also

(McDonald

et al.,

measurements
fields
min

for the

1976),

although

kerma,

noted that

dose

accurate

only be performed in radiation
(greater

pairs are applied

although their

TE calorimeters

of total absorbed

it must be

high dose rates

Fission chamber

neutron

More recently,

determination

with TE calorimeters can

at relatively

).

to neutrons and photons, are the tissue

ionization chambers.

been used

i.e., instruments

than about

0.05 Gy.

for the determination

use is limited

(Lawson

and

of

Porter,

1976). For high doses (2 to 2000 G y ) , lyoluminescence dosimetry might
become available for total
when

absorbed dose determinations in the future

suitable materials are found

(Puite and Zoetelief,

1978).

The

dosimeters with a low neutron sensitivity which are generally used are
Geiger-Müller

(GM)

counters and

nonhydrogenous

ïonization chambers

(Al/Ar, Mg/Ar and C/CC^). Some of the characteristics of these instruments will be discussed in the next sections.
The neutron and
at the

photon kerma in an

point of interest

spectra of fluence,
known.

<f>

when,

object can also be calculated

at this position,

= d ^-E^ ,

of both

the

differential

radiation components

are

The kerma for neutrons is, according to ICRU (1977), given by:

K =j

f

H

(E) E 0EdE

(3.2-4)

The value of jitr is dependent on the atomic composition of the irradiated material.

In this type of calculation,

use is generally made of

kerma factors (see Caswell et al., 1980) which are the products of the
mass

energy transfer coefficient,

method for

Aitr/p ,

and neutron energy E. The

calculation of photon kerma values is

similar to that for

neutrons.

3.3 NEUTRON DOSIMETRY WITH
IONIZATION CHAMBERS

TISSUE-EQUIVALENT

3.3.1 Basic aspects of dosimetry with ionization chambers
The use of calibrated A-150 plastic TE ionization chambers with TE
gas filling
for

is generally considered

the determination

photon

fields for

Broerse et al.,

to be the most practical

of the total absorbed

biomedical applications

1978).

The basic

dose in mixed
(ICRU,

principles will

1977

and

method
neutron1978b;

be briefly summa-
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1

rized;

a more extensive discussion can

be found in the protocols

the European Clinical Neutron Dosimetry Group

(ECNEU, 1981)

Group 18 of the American Association of Physicists in Medicine

of

and Task
(AAPM,

1980).
The absorbed dose in the gas cavity of an ionization chamber,

Dq,

i.e., energy per unit mass of gas, is given by:
D

t3-3-1'

g - 2 • {f • Ï

where Q is the total charge produced within the cavity,
W is the

average energy required to

produce an ion pair in the

gas,
e is the charge of the electron, and
m is the mass of gas within the cavity.
The absorbed dose in the chamber wall material, D m ,
from

the energy absorbed

by the gas using

dose conversion factor, r m

the gas-to-wall

absorbed

, introduced by Bichsel and Rubach (1978):

D = r
.D
m
m,g
g
If the charged

can be calculated

(3.3-2)
'

K

particles produced

in the wall of the

chamber lose a

negliglible part of their energy in crossing the cavity, then the conditions for the Bragg-Gray theorem are satisfied and r m
to s m

q

is identical

q , the ratio of the mass stopping powers in the wall relative to

the gas.

For a cavity whose size is not negligible in relation to the

range of the
values of r m

secondary charged particles
q

generated in the wall,

the

can deviate from the stopping power ratio as a function

of cavity size and neutron energy.
The absorbed
from

Dm

using

dose in a
the ratio
'

(

in

the

reference tissue,
of mass

tissue

and

energy
wal1

Dt,

can be calculated

absorption

coefficients,

material:

"en / P ) t

Combining eqs. 3.3-1, 3.3-2 and 3.3-3, one obtains:
D

=

O

W

r

<"•,/'>t

For most biomedical applications,
ICRU muscle tissue (ICRU, 1977).
ties

the dose is often

However,

specified in

to restrict the uncertain-

in the dose administration for neutron beams of

different ener-

gies, it has been suggested that the dose should be expressed in A-150
plastic (Goodman, 1980).
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For measurements

with an ionization chamber,

within the cavity is derived from the reading,
tiplied
for

by several

correction factors,

ion recombination,

KR/

the charge produced

R, of the chamber mulincluding corrections

temperature and pressure,

gas flow rate

and

leakage current:
Q = R . IÏKR = R.K1.K2.K3...
The mass
sorbed

of the gas in

dose calibration

(3.3-5)

the cavity can be

factor of a

obtained from

the ab-

tissue-equivalent chamber, a c ,

which is defined as:
(

Vc

where the subscripts c refer to the photon calibration beam.

Combina-

tion of eqs. 3.3-4 and 3.3-6 results in:
/P) v
(3.3-7)

In this equation,
rm

q,

the gas-to-wall

absorbed

has been replaced by (s m q ) c »

medical applications
tions for the

factor,

since the chambers used for bio-

are usually small

Bragg-Gray

dose conversion

enough to satisfy

theorem at the photon

the condi-

calibration energies

normally used.
The reference

point for the absorbed

dose determination is

sidered to be located at the geometrical centre of the chamber.
certain

conditions,

placed and

the effective point

a displacement

should be included in

correction

of measurement

factor

conUnder

can be dis-

has to be applied

and

The R . This correction factor, 5 , is defined as

the ratio of the absorbed dose in the gas for an infinitesimally small
cavity to the dose actually measured for the experimental conditions.
Neutron fields
to the

are always accompanied by photons which contribute

total absorbed dose,

DT.

Consequently,

eq. 3.3-4

has to be

generalized to express the total charge collected, Q T , in terms of the
separate neutron and photon

components of absorbed dose

Using eqs. 3.3-4, 3.3-5 and 3.3-7

(D N and D G ) .

the measured charge, Q T , can be re-

lated to the two separate absorbed dose components as:

QT •ac = \ • ' " ^ T * "em V N

+h

T°G

where:

v
T

Ü£ ' W e
W

" N ' 'W* "

I(*en/P)t/("er/P)J
(

W N
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JL ^ £ c
and

subscripts

N

e n t e n m c

and

G refer to the neutron and photon components,

respectively.
In the equation for k T /
coefficients

the ratio of

for neutrons has been

the mass energy

absorption

replaced by the ratio of kerma in

tissue and in wall material ( K t / K m ) N . The product Rp . ( The R )
identical to R T ' as defined in equation 3.2-2
and photon doses

according to the ICRU

point of measurement of the chamber,

. a c is

except that the neutron

(1977) refer to the effective

whereas eq. 3.3-8

D G at the position of the geometrical

T

gives

D N and

centre of the chamber.

3.3.2 Experimental characteristics of tissue-equivalent ionization
chambers
The ionization

chambers applied in neutron

biology and radiotherapy

dosimetry for

radio-

show a great variety in design and construc-

tion. Some of the chambers have been developed at research institutes;
others are

commercially available.

chambers with
duced at

different cavity

the Radiobiological

sketches and X-ray
in Fig. 3.1.
and

dimensions were
Institute

TNO

For the 1 cm

3

TE

ionization

constructed and pro-

(RBI-TNO).

radiographs of four ionization

The

design

chambers are given

TNO chamber with inside diameter of 12 mm

wall thickness of 1 mm,

spheres

Several spherical

build-up caps

leaving space for the stem)

(two tight

are available.

fitting hemi-

Chambers of

the

same construction with a wall thickness of 2.2 mm and cavity diameters
of

4, 8 and 16 mm

which are

were also produced.

widely used for dosimetry

cine, namely, the Exradin 0.53 cm
nology

(FWT; previously, EG&G)

Fig. 3.1.
the

The first chamber

European clinical

3

Two types of

TE ion chambers

of neutrons in biology and medi-

thimble type and the Far West Tech-

spherical chambers

is employed

are also shown in

as a common ion chamber

fast neutron groups;

the second is

used as a

reference chamber by the American clinical neutron dosimetrists.
extensive

information

on the

Exradin and FWT

chambers

by
More

is gi'^en by

Meeker (1980) and Kantz (1980), respectively. The fourth chamber shown
in the figure is the
(CENF)

chamber which

thickness

(Ricourt

Centre d'Etudes Nuclëaires de Fontenay-aux-Roses
was used for
et al.,

1980).

experiments

In addition,

chamber designed by Goodman et al. (1975)
has
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been used for dosimetry

on effects

wall

a disc-type TE ion

and constructed

in a number of

of

at RBI-TNO

radiobiological arrange-

t

Figure 3.1
Design sketches and X-ray photographs of four tissue - equivalent ionization chambers
manufactured by:
A- Centre d'Etude Nucléaires, Fontenay-aux-Roses, France, CENF.
B. Exradin, Warrenville, Illinois, USA.
C. Far West Technology, Goleta, California, USA (FWT, EG&G).
D. Radiobiological Institute TNO, Rijswijk, The Netherlands (TNO).

ments at our institute.

Some of the constructional

properties of the

ion chambers are shown in Table 3.1.
The charge produced
of the

in a TE/TE ionization chamber

reading of the electrometer,

tors^ K R )

T

RT,

is the product

and several correction fac-

(see eq. 3.3-8).

The following reading correction factors, K R , can be introduced:
K, : correction for incomplete charge collection;
K 2 : correction for offset and leakage current;
K3 : correction for radiation sensitivity of cables, connectors, and
ion chamber stem;
K 4 : correction for wall thickness of the ion chamber;
K S : correction for directional dependence of reading;
K6 : correction for stem scatter;
K 7 : correction for density and composition of gas in the cavity;
K 8 or S : correction for the position of the effective point of
measurement.
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TABLE 3.1
SOME CONSTRUCTIONAL PROPERTIES OF SEVERAL TE ION CHAMBERS

chamber
shape

TNO

TNO

TNO

TNO

TNO

Exrad in

PWT

spherical

spherical

spherical

spherical

disc

thimble

spherical

CENF
thimble

volume (cm )

1

0.25

2.2

17.1

2.5

0.55

1

2

wall thickness (mm)

1

2.2

2.2

2.2

2.2

1

1.3

0.5

5*

9.6

cavity diam. (nun)

12

outer diam.

2 (stem)

of collector (mm)

4 (sphere)

16

32

2 (stem)

2 (stem)

2 (stem)

4 (sphere)

4 (sphere)

4 (sphere)

-

0.75

12.4

11

4

2.5

4 (hollow)

0.95

0.98

0.90

1.95

1.95

1.90

2.95

3.00

2.90

build-up cap
thicknesses (mm)

1.88
3.45

•perpendicular to circular plane

2-10

Similar correction factors have also to be applied for the calibration
of the ion chambers with photons.
The ionization

chamber characteristics

and the resulting correc-

tion factors, K, through « 7/ will be discussed. The correction for the
effective

point of measurement for spherical ionization chambers will

be presented separately in Chapter 4. The characteristics were studied
for several neutron beams primarily for the 1 cm 3 TNO, Exradin and FWT
chambers.
The neutron

sources used for these

MeV neutron beam at the

studies were a collimated

Radiobiological Institute TNO and 3 monoener-

getic uncoilimated neutron fields at the
GSF

München-Neuherberg

y-ray

15

Institut fiir Strahlenschutz,

with energies of 0.6, 5.3

and 15 MeV.

137

Cs

sources were available for calibration of the ion chambers. The

photon sources were calibrated with secondary standard ion chambers. A
description
the

of the neutron

photon sources

irradiation and monitor

can be found

elsewhere

arrangements and

(Schraube et al.,

1978;

Zoetelief et al., 1978a).
Schematic diagrams of charge measurement in ion chambers are presented in Figure 3.2. The ionization currents which have to be measured
in practice range between 10~ 8 to 1 0 ~ 1 3 A. The accurate measurement of
charges in this region of current requires highly sensitive amplifiers
with very low bias currents and high impedance. More detailed information can

be found

elsewhere

(e.g.,

Böhm 1980;

Schraube and Maier,

1979).

B
outer electrode
(chamber wall )
high
voltage
central
electrode

guard electrode
electrometer

Figure 3.2
Schematic diagrams of charge measurement: the circuit in part A requires a floating
electrometer; in part B, the chamber wall is at high voltage.
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The Keithley 616 digital electrometer is generally used for charge
or current

measurements in ionization chambers.

For the operation of

this type of electrometer in the charge measurement mode controlled by
an external

start/hold unit,

The measurements were
ampere source,
cent and an

with variations in

accuracy better

measurements with
of

between

the linearity and accuracy were tested.

performed with a calibrated
than +

the linearity of
5 per cent.

two instruments of this type

10

to

10

A

Keithley 216 picoless than

The results

1 per
of the

in the current region

are shown in Figure 3.3,

relative to

the test current (Schraube et al., 1980). It can be concluded that the
accuracy of the electrometers

is within the uncertainty

bration of the test current source.

The linearity of the electrometer

is in practice more important than the accuracy,
dures generally applied,

( ^ 3 x 10~

13

since, in the proce-

the total system of ion chamber,

electrometer is calibrated.
of 1 0 " ^ A , the

of the cali-

For measurements with

linearity is satisfactory.

cables and

currents in excess

In the low current region

A ) , deviations depending on the polarity of the measured

current are observed. In addition, in this low current region, changes
of up to

4 per cent in the

period.
5 x 10~

The offset
16

current

sensitivity were observed over a
of the

electrometer

was

4-month

approximately

A.

1.04

o

'Z-

i

l -

0.980.96-

"5

_:LJ

«t

polarity
pos. neg.
O
•
D
•
•

0.94-

10

-13

10

-12

Keithley-GSF April, 1979
Keithley-TNO
Keihley-GSF August, 1979
„-11
10"

I
10

-10

test current, i o (A )

Figure 3.3
Reading of the electrometer at current ±Q, i(io), relative to the test current X Q
Given are the results for two Keithley 616 electrometers at different test currents.
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3.3.2.1 Iori

As the collecting potential of an ion chamber in a radiation field
is increased/ the current increases until it approaches the saturation
current for the given radiation intensity. The saturation current is
reached if all ions formed in the chamber are collected at the electrodes. The recombination of ions decreases with increasing collecting
potential. The maximum voltage applicable is limited by electron multiplication. Distinction can be made between volume and initial recombination, for which the following relations are given (see, e.g.,
Boag, 1966):
Q

s
v
—— = 1 + —*
e

Q

(volume recombination)

(3.3-11)

(initial recombination)

(3.3-12)

v

s
~=

w
1 + —

where Q s is the saturation charge (charge for infinite voltage), Q v is
the charge when a voltage V is applied and v and w are constants.
Volume recombination involves ions from separate tracks and increases
with dose rate. Initial recombination is determined only by the ion
density along each track; it is independent of dose rate and might be
dependent on the LET of the ionizing particles. For photons, volume
recombination and, for neutrons, initial (columnar) recombination are
predominant in commonly used ionization chambers.
The saturation characteristics of the 1 cm^ TNO chamber using
Cs photons at dose rates of 13 and 70 mGy.min"-'- are shown in
Figure 3.4 for both signs of the collecting potential. It can be concluded from this figure that, within the experimental error (0.2 and
0.4 per cent for 13 and 70 mGy.min" , respectively) at the employed
dose rates, effects of recombination are not detectable in the voltage
range of between 100 and 500 V. In Figure 3.5, the saturation characteristics for three spherical ion chambers with cavity diameters of 8,
16 and 32 mm are given for 1 3 7 Cs 7 rays at a dose rate of approximately 13 mGy.min . The dependence of recombination on dose rate for
photons is included in Figure 3.5 for measurements with the largest
spherical ion chamber at two different dose rates for 1 3 7 Cs 7 rays.
The dependence on field strength and on dose rate are both in qualitative agreement with the formulation given by Boag (1966) for volume
137
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1.02x positive polority,dose rate
•

v.
o
•o
O

negative polarity.dose rate 13 mGy . min

• positive polarity,dose rate

>
O

13 mGy . min

70 mGy . min

A negative polarity,dose rote 70 mGy . min

1.01-

V

E»
o

0.99Jr
0

2.5.10

J

5.10

J

7.5. 10

J

10

-4

inverse square of the collecting potential ( V * )

Figure 3.4
Saturation characteristics of the 1 cm^ TNO chamber for *37cs photons at dose rates
of 13 and 70 mGy.min-1 with both polarities of the collecting potential.
1.15-

0

a

MO-

o

•Z

1.05-

•
8 mm cavity diameter
A 16 mm , ,
,,
O 32 mm , ,
,,

13 mGy . min"

•

64 mGy . min- 1

32 mm cavity diameter

-4.b_

1.00-4
10

2.10"

3.10"

4.10"*

5.10"*

6 . 1 0-4

inverse square of the collecting potential ( V"2 )

Figure 3.5
Saturation characteristics of three spherical TNO ion chambers with different cavity
radii for 137cs photons at a dose rate of 13 mGy.min"1; for the largest chamber, also
at a dose rate of 64 mGy.min"!.
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recombination:

1
where f is the collection efficiency defined

as the ratio of the col-

lected charge to the produced charge Qv/Qs; m is a parameter including
the ion charge,

the recombination coefficient and the ion mobilities;

a and b are the radii of the cavity
spectively;

q is

the ionization

and of the central electrode, redensity rate

(charge of

liberated per unit of volume and unit of time,

C.cm

.s

)

one

sign

and

V is

the collecting potential. The parameter m, known as Mie's constant, is
characteristic

of the gas at the given temperature

and pressure. For

TE gas, however, m is not well known. Applying an empirical value of m
for air of 2.01 x 1 0 6 V.s°' 5 .cm~°' 5 .C~°' 5 (see, e.g., Boag, 1966) at a
dose rate of 13 mGy.min

and a collecting potential

of 50 V results

in values for f of 1.000, 0.999 and 0.928 for cavity radii of 4, 8 and
16 mm, respectively.

These values of

f

have to be compared with the

values of Q s / Q v from Figure 3.5. It can be seen that,
chamber,

the experimental value for the

at 50 Volt and 13 mGy.min""*)

for the largest

collection efficiency (0.910

is somewhat smaller than that derived on

on the basis of the m value for air.
With the largest
were performed in the
The collection

spherical ion chamber,

saturation

dose rate range of about

efficiency for a collecting

efficiency with dose rate is observed.
tion factor of 1.77 x 1 0
Based

6

Gy.C"

upon this information

value of

1

(2.39 ± 0.14) x 10

Within

the measure-

a linear relation of collection
The ion chamber has a calibra-

and an effective volume of 17.1 cm 3 .

and the line
6

.

potential of 500 V, f500'

is shown for different dose rates in Figure 3.6.
ment and extrapolation uncertainties,

measurements

0.01 to 0.9 Gy.min

5

given in the figure, an
5

V. s°' .cm~°' .C°*

5

was derived.

m

This m

value for TE gas is greater than that for air, which is in qualitative
agreement with the findings of Boag (1980), where also higher recombination for TE gas compared to air are reported.
The saturation characteristics
are determined by columnar
theoretical

treatment

(initial) recombination.

of columnar

available for a particles

for ion chambers in neutron fields
recombination

(see, e.g., Boag, 1966).

Experimental and
(Jaffë theory)

is

To arrive at the

saturation charge, the Jaffë function, f(x), should be plotted against
the collection efficiency. However, the information required to calculate

f(x)

is not available

and not available for TE gas.

for all secondaries produced by neutrons
Therefore,

eq. 3.3-12 is generally ap-
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^

1.00

o

8

o
>.
o

I o-95
u
o
o
o
0.90

0.5

1.0

absorbed dose rate ,

D ( Gy . min' )

3.6
Ion collection efficiency at a collection potential of 500 V, f50Q/ for the spherical
TNO chamber with 32 mm cavity diameter for photons as a function of dose rate (D).

plied to derive

the saturation charge or current.

is allowed only in the voltage

range close to saturation. A rough es-

timate of the saturation correction can be made.
butions to
and

kerma in TE gas and TE plastic

heavy recoil nuclei

This extrapolation

(C, N and O)

The relative contri-

from protons,

range from 70

a particles

to 90 per cent,

0 to 20 per cent and 7 to 20 per cent, respectively, for neutrons with
energies

of between

tracks, columnar

0.6

and

15 MeV

(Coyne,

1980).

In the proton

recombination is considered to be negligible for the

field strengths of practical use. According to Boag (1980)

the recom-

bination in a particle tracks is estimated to range from 0.4 to 10 per
cent for the field
heavier
carried;
ticles.

nuclei

strengths in Table 3.2.

recoil

tracks is

The recombination in

strongly dependent

on the

the

charge

singly charged heavy recoil nuclei will be similar to a parThis results in an

charge due to

estimate of less than

recombination for neutron energies

3 per cent loss of
from 0.6 to

15 MeV

1

for field strengths of between 50 and 1000 V.cnT .
Por 0.6, 5.3 and 15 MeV neutrons, the ion recombination characteristics of the 1 dm-* spherical TNO chamber are shown in
can be concluded from this figure

that the saturation characteristics

for the different neutron energies are
significantly different
addition,

Figure 3.7. It

rather small and mutually not

for this chamber at the applied voltages.

the dose rates for which

In

the ion recombination was studied

varied from 1 to 200 mGy.min"-1-, indicating that the saturation effects
for neutrons are
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to a first approximation

independent of

dose rate.

1.02
>
O
O

I
2
o

1.00polarity
pos. neg.
A
A

•
O

0.99-

0

0.0025

0.005

0.6 MeV

•
5.3 MeV
« 1 5
MeV

0.0075

0.01

inverse of the collecting potential ( V"' )

Figure 3.7
Saturation characteristics of the 1 cm^ spherical TNO chamber for neutrons of different energies.
For both neutrons and photons,
polarities of
cantly

the saturation characteristics at both

the collecting potential

different.

The dependence of

were found to be not significharge

recombination

was also

studied with the largest spherical ion chamber for neutrons of different energies.

This seemed useful,

larger sensitive volume,

since, with this

more precise measurements

chamber having a
can be performed.

For 0.6, 5.3 and 15 MeV monoenergetic neutrons, the correction factors
obtained were not significantly different. This observation is different from that for C/CO 2 chambers. For C/CO 2 chambers, Maier (1979) observed a

dependence of saturation on

neutron energy.

The energy de-

pendence of ion recombination was explained by this author by applying
the Jaffë theory.
A summary of the saturation

correction factors, KX ,

for neutrons

and photons for several ionization chambers is given in Table 3.2
voltages
factors

of the collecting
for neutrons are

potential

commonly used.

generally higher

for

The correction

than those for photons in
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TABLE 3.2
AVERAGE SATURATION CORRECTION FACTORS, K , FOR PHOTONS AND NEUTRONS

operation
voltage

field

ionization chamber

(V)

strength*
( V.cm" 1 )

TNO, ^ > r a v
TNO, (ft

250
250
300
500
250
250
250

625
210
125
45
830
750
250

TNO,

fl>cav

TNO, 4 » c a v

disc
Exradin
FWT

= 8 mm
= 12 mm
= 16 mm
= 32 mm

for
137.
Zr photons
K or D
< 60 mGy.min"

1.000
1.000
1.000
1.002**
1.000
1.000
1.000

Kj for
neutrons
K or D
<0.20 Gy.min"1

1.000
1.005
1.004
1.013***
1.005
1.001
1.010

* according to Boag, 1980 or Boag, 1966
** correction at 13 mGy.min -1
***correction determined only for dose or kerma rates up to about 50 mGy.min"

the dose rate range investigated.

For neutrons,

the corrections

are

all less than 3 per cent in agreement with theoretical estimates.
If differences in response

are observed following a change in the

polarity of the collecting voltage, the mean value is considered to be
the best approximation.
can

be taken

system.

However,

as an indication

Some of the possible

inhomogeneities combined
of different signs,

differences in excess of 2 per cent

for malfunctioning
causes of

polarity

of the

dosimeter

effects are

field

with differences in drift velocities of ions

variation in the effective

volume of the chamber

due to space charge distortion of the electrical field,
current produced outside the cavity

collection of

(extracameral current)

and small

voltage differences between guard and collector resulting from sources
of thermal

or electrolytic origin.

Cleaning of a

chamber

sometimes

reduces polarity effects.
For the 1 cm^ TNO,
ments were

Exradin and FWT ionization chambers,

performed at both polarities for

137

Cs photons and 15 MeV

neutrons (see Table 3.3). A significant polarity effect,
the quotient of the chamber readings
only for

the Exradin chamber,

expressed as

at both polarities, was observed

the positive reading being

cent higher than the negative one.

measure-

1 to 2 per

The measurements are corrected for

the polarity effect of the electrometer. Since the polarity effect for
the chambers was the same for
tainty limits,

photons and neutrons

there is no need

to perform routine

within the uncermeasurements

at

TABLE 3.3
POLARITY EFFECT (AND STANDARD DEVIATION) FOR DIFFERENT ION CHAMBERS
IRRADIATED WITH

chamber

137

C s PHOTONS AND 15 MeV NEUTRONS

Cs photons
(D = 10 mGy.min""1)
(D = 60 mGy.min" )

15 MeV neutrons
(D = 10 mGy.min" )

TNO

0.997 + 0.002

1.000 + 0.002

1.004 + 0.012

Exradin

1.011 + 0.004

1.015 + 0.006

1.027 + 0.013

PWT

1.000 + 0.002

0.999 + 0.002

1.005 + 0.007
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both polarities. However, for measurements at very low dose rates, the
electrometer itself shows a

polarity effect in the low current region

which should be investigated.

3.3.2.2

Off s£t_and_l£akacj e_cu rren t_ ( K 2 )

The leakage current

of a chamber must be

small with reference to

the minimum current to be measured in a radiation field (0.5 mGy.min
for a 1 cm 3 chamber
3 x 10

3

flushed with methane based

A ) . In this context,

electrometer must

TE gas corresponds to

the leakage currents from the cable and

be taken into account

and the use of

high quality

insulators is of importance.
The electrical leakage was

measured as the current without exter-

nal radiation but with applied chamber voltage.

Figure 3.8

shows for

the 1 cmr TNO chamber that, after application of the high voltage, the
initial current

decreases

exponentially

with time,

demonstrating a

fast and a slow component. The decay components for different chambers
are given in Table 3.4.
chamber

The relatively long

decay times for the EG&G

(essentially of the same design as the FWT chamber)

were ob-

served with a chamber which has been used for a period of 8 years. The
leakage

current asymptotically

approaches the offset

current of the

TABLE 3.4
HALF VALUE TIME, Tj. (min), OF THE TWO DECAY
COMPONENTS OF THE LEAKAGE CURRENT FOR
DIFFERENT CHAMBERS

chamber
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slow

fast
decay

decay

Exrad in

0.1

2

FWT

0.3

12

EG&G

2

30

TNO (1 cm3)

0.8

7

°

-H

-2-

= 0 . 8 min

3
D

-3-

>

-5T /2 = 7 min

0

5

10

15

time after application of the collecting potential , t ( min )

Figure 3 . 8
Decay of leakage current (i|_) versus time
potential for the 1 cm^ TNO chamber.

(t) after application

of the

collecting
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electrometers (about 5 x 10~ 1 6 A) when microphonic effects are avoided.
The relative correction for leakage
ured

ion

current.

current is dependent on the meas-

In most practical

where ion chambers of about 1 cm

radiobiological

applications,

gas volume are used at dose rates in

excess of 5 mGy.min"" , corrections for leakage current are negligible.

3.3.2.3

Radiation .sensitivity^ ofLcable^ £omi£ctor

During
build-up
stem,

irradiation,

extracameral ion

outside the chamber

the connectors or

cavity can occur,

connector blocks

stem and the connecting cables.
chamber stem

currents caused

and connectors to photon

i.e., in the chamber

at the end of the

In Table 3.5,

by charge
chamber

the sensitivity of the

and neutron radiation

is com-

pared with the chamber sensitivities. The influence of the sensitivity
of stem and

connectors depends on the irradiation geometry and is ap-

preciably smaller for collimated beams
Special care must be taken

in the case of measurements inside a phan-

tom with uncollimated beams where the
is at a location where
parison with

than for uncollimated sources.
sensitive volume of the chamber

relatively low dose rates are measured in com-

the position of the distal

part of the stem, connectors

and parts of the cable if these are in the unattenuated neutron field.
Massive

triaxial connectors

show a

relatively

high sensitivity

to

radiation in comparison with small coaxial connectors (see Table 3.6).
This might be

related to either

the presence

of small

extracameral

cavities or the use of insulating materials of inferior quality in the
triaxial connectors.

3.3.2.4

Wall_thickness_( «4)

The reading of an ion chamber is determined by the ionization produced in the cavity by charged particles created in the wall,
electrode and gas.
gas are dependent on

The relative contributions

central

from wall material and

the neutron energy spectrum.

Starting with zero

wall thickness, an increase in the reading with increasing wall thickness is observed due

to the build-up of

secondary charged particles.

The wall of an ion chamber must be thick enough to establish secondary
charged particle equibrium. The minimum thickness is determined by the
maximum range of the secondaries
for

0.6,

also causes
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5.3 and

(0.01, 0.36 and 2.2 mm in TE plastic

15 MeV neutrons, respectively).

attenuation of the

primary

However, the wall

radiation. In addition,

the

TABLE 3.5
RADIATION SENSITIVITY OF CHAMBER, STEM AND CONNECTORS

approx. chamber
sensitivity
(C.Gy" 1 )

(C.Gy

-8

CENF

6x10

Exrad in

2x10

FWT

3xlTD

TNO

3x10

1x10

15 MeV
neutrons

-10

1.3x10
(2.2 to 0.4)xl0

137

Cs
photons

(1.2 to 0.4)xlO

-11

-8
-8

(C Gy" )

/10 cm)

137 „
Cs
photons

chamber

sensitivity of the
chamber connection

stem sensitivity

-11

1x10
-10

1x10

-8

-10

(2.1 to 0.2)xl0
(3.2 to 2.1)xlO

-11

5x10

15 MeV
neutrons

3x10
-10

3x10

-10
-10

-10

1x10
-11

2x10

-10

-10

-11

3x10

TABLE 3.6
RADIATION SENSITIVITY OF SEVERAL CABLES AND CONNECTORS
TO GAMMA AND NEUTRON IRRADIATION COMPARED
WITH THE LOWEST CHAMBER SENSITIVITY

manufacturer

radiation sensitivity of
cable
connector
-l

(C.Gy

(C.Gy~ )

/10 cm)

Philips triax

3x10

Pychlau triax

1x10

-12

(4.1 to 3) xlO

-11

1.2 xlO

Amphenol triax

(3.3 to 1.9)xlO

BNC coax

(2.1 to O.2)xlO

-8

lowest chamber sensitivity 2x10

dose will be increased

sitive volume. The loss of response
for

the wall attenuation only.

-9
-9

-10

-1

C.Gy

due to a contribution

particles in the wall which otherwise

-9

from scattered

primary

would not have reached the senis therefore smaller than derived

Under conditions of

charged particle

equilibrium, the absorbed dose will be practically equal to kerma. For
the determination of kerma
nesses

in excess of

particle
ness.

free-in-air, the readings with wall thick-

the minimum

value for establishment

equilibrium are generally

It is evident that

extrapolated to

this method is

of charged

zero wall thick-

only an approximation

(see

ICRU, 1977).
The relative

change of reading

chamber wall and build-up caps for
neutrons are shown in

Figs. 3.9,

TNO, Exradin and FWT and CENF

as a function of the thickness of

137

C s photons,

3.10,

0.6, 5.3 and 15 MeV

3.11 and 3.12

chambers. It can be

for the 1 cm 3

concluded that the

decrease in the reading with wall thickness is more pronounced for the
spherical chambers than for the thimble chambers.
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The introduction of

c

137Cj

«I

PHOTONS

3 „
> s o.oo'S 3

D

A CENF
D EXRADIN
O FWT
O TNO

-0.05 -

O*

4

5

wall thickness , d ( mm )

Figure 3.9
Effects of wall thickness (d) on the ion chamber reading for four chambers irradiated
with 137 C s gamma rays.

0.6 MeV NEUTRONS
0.00-

o J2, -0.05

E
-c c

-0.10-

A CENF ( hollow electrode )
A CENF ( solid electrode )
a EXRADIN
O FWT
OTNO

0

1

2

3

4

5

wall thickness,d ( mm )
Figure 3.10
Effects of wall thickness (d) on the ion chamber reading for four chambers irradiated
with 0.6 MeV neutrons. The effects of the use of a massive or hollow central electrode are shown for the CENF chamber.
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5.3 MeV NEUTRONS

c
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Figure 3.11
Effects of wall thickness (d) on the ion chamber reading for four chambers irradiated
with 5.3 MeV neutrons.
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Figure 3.12
Effects of wall thickness (d) on the ion chamber reading for four chambers irradiated
with 15 MeV neutrons.
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TABLE 3.7
ud
WALL THICKNESS CORRECTION e
FOR DIFFERENT CHAMBERS USING VARIOUS TYPES OF RADIATION

slope u (nun" ) and standard deviation
type of
radiation

137

Cs photons

Exrad in

-2

(0.3

+ O.DxlO

0.6 MeV neutrons

(1.5

+ 0.2)xl0

5.3 MeV neutrons

(0.15 + 0.1)xlO -2

15

in

CENF

MeV neutrons

(0.2

+ 0.2)xl0

-2

-2

(0.35 + O.DxlO
(2.1 + 0.2) xlO

-2
-2

(0.5 + 0.4) xlO
(0.2 + 0.2) xlO

TNO

FWT

(0.5 + O.DxlO
(2.3 + 0.2)xl0
(0.6 + 0.2)xl0

-2

(0.3 + 0.2)xl0

-2
-2
-2
-2

(0.5 + O.DxlO
(2.5 + 0.2)xl0
(0.6 + 0.2)xl0
(0.1 + 0.2)xl0

-2
-2
-2
-2

an effective wall

thickness as described by Maier (1979)

in a somewhat higher

effective thickness

the thimble chambers. Such a type of
ferences

for the spherical than

The smaller

central

chambers of the dif-

attenuation for the CENF

pared with the Exradin chamber

for

correction would reduce the dif-

between the attenuation curves for the

ferent shapes.

will result

chamber as com-

can be attributed to the difference in

electrode construction

of these chambers;

a hollow

central

electrode causes less attenuation and scatter than a solid one. To investigate the differences between these two types of central electrode
constructions for 0.6 MeV neutrons,
chamber

was replaced

Figure 3.10).
reading

by a massive one of

This results

which is much

MeV neutrons

the hollow electrode

in a

thickness

dimensions

of the

closer to that of the Exradin chamber.

For 15

the curves are presented with refer-

ence to measurements with wall thicknesses of about 2 mm.
chamber with a
secondary

(see

dependency

(see Figure 3.12),

wall

the same

in the CENF

thick inner electrode shows

particle build up

The Exradin

a more rapid onset of the

than the other chambers;

this has to be

attributed to protons emitted from the central electrode.
A summary
kenr.a

of the wall

free-in-air

correction

factors

is given for different

for determination

of

chambers for ^ ' C s photons

and 0.6, 5.3 and 15 MeV neutrons in Table 3.7.

3.3.2.5

Ang_olar d_epem3ence_qf response_( KS )

The response
the incident

of ionization

chambers for different

radiation is of importance if

directions of

the radiation is not uni-

directional. Scattered radiation is produced,

e.g.,

in the duct of a

collimator and inside a phantom. The construction of the cavity,

cen-

tral electrode and stem are of importance in this respect. The angular
dependence of the response is given for
0.6 MeV neutrons and

free-in-air measurements with

^'Cs photons for the 1 cm^ TNO,

Exradin and FWT

chambers in Figure 3.13 with reference to the reading at 90°.
sults

for the various chambers

are not significantly

The re-

different

for

both l-^Cs photons and 0.6 MeV neutrons, with the exception of the FWT
chamber
decreases

at 150° for 0.6 MeV neutrons. For larger angles,

the reading

due to shielding of the chamber by the stem. The relatively

low reading for the FWT at 150° for 0.6 MeV neutrons can be attributed
to the presence of the
close to the

sensitive

relatively large nylon
volume which

high voltage insulator

causes attenuation.

For

-^Cs

7 rays, this effect is reduced since the attenuation is less than that
for 0.6 MeV neutrons.
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For measurements of

neutrons free-in-air,

the

0.6 MeV NEUTRONS
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1.00oat

0.98-

S
o
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• EXRADIN
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0.8830

60

90

angle of the incident radiation ,

'37Cs

1.02

120

150

t? ( degree )

B

PHOTONS

o
IX.

1.00O
O

g.

0.98-

o

II»
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E
ï

0.96-

D EXRADIN
O FWT
O TNO

0.94-

0

30

60

90

angle of the incident radiation ,

120

150

«? ( degree )

Figure 3.33
Angular dependence of the response (R^ /Rg^o) of three ion chambers for 0.6 MeV
trons (part A) and 137cs gamma rays (part B ) .

neu-
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correction factor K 5 will generally be the same as for the calibration
with photons free-in-air.
the angular

However, for measurements inside a phantom,

dependence of the response

the radiation in-phantom is

is of more importance,

since

generally not unidirectional and this de-

pendence has to be incorporated

into the correction for the effective

point of measurement.
The directional

dependence of the reading for the disc-type cham-

ber is presented in Figure 3.14 for

p+T (0.9 MeV), d+D {5.3 MeV) and

d+T (15 MeV) neutrons free-in-air and for

d+T neutrons inside a water

phantom. The dependence is given for different angles with the stem of
the chamber as

axis of rotation

(90° when the

primary radiation

is

perpendicular to the circular plane of the chamber). It can be concluded that the directional
pendent on
trons.

dependence of the reading free-in-air is de-

neutron energy,

showing the largest

The variation in the reading with

effect for

p+T neu-

angle of irradiation can be

only partly attributed to differences in attenuation of the radiation.

A ( in-phantom )

B (free-in-air)

30B

45°

120
135°
150

^ —

d+T neutrons

—

d+D neutrons

........ p+T neutrons

Figure 3.14
Angular dependence of the reading of a TE disc-type chamber for neutrons of different
energies for rotation around the stem of the chamber; 90° when the primary radiation
is incident perpendicular to the circular plane of the chamber. Part A, for measurements in-phantom; part B, for measurements free-in-air.
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The thick side walls (5.0 nun) relative to the front wall (2.2 nun) will
produce an extra attenuation of only approximately 4, 2 and 1 per cent
for irradiations at 0° with 0.9, 5.3 and 15 MeV neutrons,
ly. Inside the phantom, the
irradiation is

respective-

dependence of the reading on the angle of

different from

that for

free-in-air

for irradiation

with d+T neutrons. The relatively smaller variation in the reading for
different angles of irradiation
scattered radiation
increase at

can be attributed .to the presence

resulting in a multidirectional irradiation.

0° might be related to

The complex directional

The

a shift in the effective point of

measurement in the phantom relative to that for measurements
air.

of

free-in-

dependence of the reading restricts the

applicability of the disc-type chamber to approximately monodirectional beams

for measurements free-in-air.

Consequently the

calibration

procedure for measurements in-phantom requires special measures.

3.3.2.6

Stemsca^ter

Due to the presence
increased by

of the stem of a chamber,

scattered primary

enter the sensitive volume.

radiation

the reading can be

which otherwise would

The influence of stem scatter was studied

for the 1 cm^ TNO, Exradin and FWT chambers for irradiations
air

by the

addition of a

not

dummy stem in a

free-in-

position opposite

to the

functional one. The ratios of chamber readings in the presence and absence

of the

supplemental

stem are

summarized

in Table

3.8.

The

TABLE 3.8
RATIO OF READINGS (AND STANDARD DEVIATIONS) IN THE
PRESENCE AND ABSENCE OF A DUMMY STEM

chamber

0.6 MeV neutrons

Cs photons

Exradin

1.014 + 0.044

1.003 + 0.003

FWT

1.019 + 0.015

1.023 + 0.007

TNO

1.000 + 0.010

1.002 + 0.007
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greatest effect was observed for the FWT chamber; this has to be attributed to the presence of the lar y c nylon high-voltage insulator
close to the sensitive volume. Similar ratios have been observed for
*^'Cs photons and 0.6 MeV neutrons; consequently, the correction, K 6 ,
will be approximately the same for measurements of neutrons free-inair as for the calibration with photons free-in-air.

3.3.2.7

Dens^t^ jan^ jcompos^tiori of_TE_

To approximate

the homogeneity

condition for application of the

Bragg-Gray principle, TE ion chambers are usually flushed with TE gas.
The chamber reading depends on the density and composition of the gas
in the cavity. Variations in the composition of different commercially
available

TE gases are given in Table 3.9 for three groups partici-

pating in a neutron dosimetry

intercomparison (Broerse et al., 1979).

TABLE 3.9
COMPOSITION OF TE GAS IN WEIGHT PER CENT ACCORDING
TO CHEMICAL ANALYSIS IN VOLUME PER CENT*

CH

4

CO

2

N

2

required
(ICRU, 1977)

64. 4

32. 4

CENF

64.8

32.8

2.4

GSF

64.4

32.6

3.0

TNO

66.8

30.2

3.0

mean

65.3

31.9

2.8

3.2

*The concentrations of CH 4 , CO 2 and N 2
have been determined with experimental
uncertainties of 2, 4 and 10 per cent,
respectively.
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Measurements with different gases in a neutron field showed variations
up to 1 per cent for
neutrons

when the

252

C f and negligible

readings

were

variations for d+T neutrons

normalized

with reference to

the

photon calibration for each gas.
The density

of the gas in the cavity

atmospheric pressure and

temperature and consequently

reading depends on those parameters.
working

conditions

is dependent on the ambient

p and

the instrument

The density of the gas under the

T is generally

normalized to

the density

under reference conditions p 0 and T Q by:
= p

•0

VTo

The effect of gas flow rate

(3.3-13)

on the reading of the 1 cm-* TNO,

Ex rad in

and FWT chambers relative to the reading obtained with air in the cavity is shown in Figure

3.15 for

300 cm-* TE-gas. In the region of
relatively low

chambers which

constituents

after a preflush with

low flow rates (below 10 cm^.min

readings are observed for the TNO chamber.

be attributed to differences
different

^ Cs photons

into the

in the gas outlet

constructions

result in differences in

),

This might
of the

diffusion of

air

chambers.

1.20
o
en

1.15-

D EXRAOIN
O FWT
O TNO

s
•2

1.101

10

• ' ' I

10

102

3
-1
T E gas flow rate ( cm . min" )

Figure

3.15

Dependence of chamber reading on TE gas flow rate for three ion chambers irradiated
with 137cs gamma rays. Given are the ratios of the readings when the chambers are
flushed with TE gas, R(TE gas), relative to the readings when they are filled with
air, R(air), as a function of TE gas flow rate.
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For gas flow rates
chambers

10 cm 3 .min" 1 ,

in excess of

remain nearly constant.

the responses for all

The same tendency

is observed

for

flow rates in excess of 10 cm3.min~-1 for 0.6 MeV neutrons.
The ratio

of the readings of

an ionization chamber

flushed with

TE-gas to that with air increases with decreasing neutron energy indicating the expected increasing
created in
ings

the TE-gas rather than in the wall. The ratio of the read-

with TE-gas

reaches for
1.18

ionization contribution due to protons

relative to

that for a

all chambers a value of

for 15 MeV neutrons.

served to be
respectively,

chamber

1.16 for

For 0.6 MeV neutrons,

equal to 2.4 and

flushed with
this ratio

2.9 for the Exradin and

was ob-

FWT chambers,

indicating a dependence on chamber construction.

concluded that air-filled chambers

air

Cs photons and about

It is

should not be used in mixed fields

with considerable contributions of low energy neutrons.

3. 3. 2.8
For

£ff ecti^v^ point of_measurement_( K 8 )
free-in-air

assumed that
measuring

irradiations with photon beams,

the geometrical

point for

centre of the

distances from a

times the radius of the chamber.

point

it is generally

chamber is the effective
source greater

than 10

For measurements in-phantom, the ef-

fective measuring point can be displaced because of the replacement of
the phantom material

by the gas volume

point of measurement for
and

shape of the cavity,

the dependence of
radiation

of the cavity.

The effective

in-phantom conditions may depend on the size
the construction of the

response for different

and stem scatter.

central electrode,

directions of

the incoming

This dosimetric problem was investigated

more extensively for neutrons and photons

and is discussed separately

in Chapter 4. The resulting correction factors, K 8 or 5 , are given in
Table 4.4 for spherical ion chambers. ( page 86 )

3.3.3. Basic physical parameters
In addition to the use of appropriate experimental techniques,
is of

great importance

to use proper values

for the basic

parameters for the derivation of absorbed dose. The parameter k T
eq. 3.3.9)

includes

the average

energies required

it

physical
(see

to create an ion

pair in the gas for neutrons and for the photons used for calibration,
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s
and W c , the gas to wall conversion factors, r.
m,g' t h e
m,g and
ratio of the mass energy absorption coefficients for the calibration

w,
'N

radiation and the neutron kerma ratio ( K t / K m ) N .
reliable

values of these

pendence on

neutron energy of the W

1980) and kerma ratios

respectively.

the sensitivity of tissue equivalent
of photon energy;

The de-

(according to Goodman and Coyne,

(according to Caswell et al., 1980)

in Figures 3.16 and 3.17,
pendent

A summary of the most

parameters is given in Table 3.10.

are given

It is generally assumed that

ion chambers to photons is inde-

consequently, hrp

is taken to be equal

to

unity.
TABLE 3.10
BASIC PHYSICAL PARAMETERS FOR DOSE DETERMINATIONS WITH TE ION CHAMBERS

parameters

reference

value

W /W
N C

(1.06-1.12)*

Goodman and Coyne, 1980

(K /K )
t m N

(0.95-0.98)*

Caswell et al., 1980

[(U /p) /(u /p)
]
en
t
en r m c

1.001**

Hubbell, 1977

)
(rm,g )/(s
N
m,g c

0.99

Bichsel and Rubach, 1978

1.00

* the value of this parameter is dependent on neutron energy.
**

,

*

**value f o r

137

60

Cs gamma r a y s ,

Co gamma rays and 2 MV X r a y s .
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33.0- 1.12

2

1.10
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32.0-

-

1.08

— 1.06

31.0-

10

-1
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neutron energy ( MeV )

Figure 3.16
Average energies required to produce an ion pair (WJJ) as a function of neutron
energy; also indicated are the values relative to those for electrons (Wu/We) (Goodman and Coyne (1980). The energy bin-averaged results are represented by the solid
line; the triangular points are the values of W N determined at point energies of prominent resonances.

1.10
v
3

1.05

0) S

11

1.00-

3

a:

.

y<

0.95

c c

'II

tl
"O

o
O
*

0.90

O

Caswell, Coyne, Randolph, 1980
ICRU report 26 , 1977
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Figure

3.17

Kerma ratios (K I C R U m u s cle tissue/KA-150^ a s f u n c t i o n
ICRU report 26 (1977) and Caswell et al. (1980).
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of

neutron energy according to

3.4

SEPARATION DETERMINATION OF NEUTRON AND PHOTON ABSORBED DOSE

As mentioned in Section 3.1, it is necessary to determine the absorbed dose contributions from neutrons and photons separately because
of their differences in relative biological effectiveness. It is possible to separate the dose components with a single instrument. In a
proportional counter, unfolding of the energy deposition events can be
used to obtain D^ and D G (see, e.g., Maier et al., 1975). Separation
of the current components resulting from neutrons and photons in an
ionization chamber can be derived by the technique of stochastic current analysis (Sherwin, 1975). In practice, two dosimeters are generally used to solve equations 3.2-2 and 3.2-3. Tissue-equivalent ionization chambers are almost exclusively used to determine the total absorbed dose, since they have approximately equal sensitivites to the
neutrons and photons in the mixed field.
As neutron insensitive devices (commonly designated as photon
dosimeters), nonhydrogenous ionization chambers (C/CO2» Mg/Ar or
Al/Ar) and microtube Geiger-Müller (GM) counters are most often employed. The choice of the photon dosimeter is dependent on the neutron
sensitivity, ky, and its uncertainty. An uncertainty A k y in the neutron sensitivity contributes uncertainties to the absorbed doses of
neutrons and of photons of A D^ and A D G , respectively, given by:

iüü

Ak /k

u u

and
ADQ = - ADN

(3.4-2)

where the simplifying assumptions h T = hy = k T = 1 were made, since
these parameters are usually close to unity (see, e.g., ICRU, 1977).
It can be concluded that it is preferable to use photon dosimeters
with a very low neutron sensitivity, since even a large uncertainty in
its value contributes only a small uncertainty to the derivation of
neutron absorbed dose. For moderate k 0 , the uncertainty in its value
should be kept small to restrict the uncertainty in the neutron absorbed dose.

3.4.1. Nonhydrogenous ionization chambers
Recent experimental data of Waterman et al. (1979) on ku as a
function of neutron energy for a C/CO 2 and a Mg/Ar chamber are presented in Figure 3.18. At most neutron energies, Mg/Ar or Al/Ar ioni63
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Figure

3.18

Relative neutron sensitivity as function of neutron energy for C/CO2, Mg/Ar and
A-150/TE ionization chambers using 6OC0 gamma rays as reference radiation (Waterman
et al., 1979).

zation chambers

have considerably

lower neutron

sensitivities

C/CO2 chambers. The saturation corrections for C/CO2
latively large

and depend on neutron energy

leakage of air through the carbon wall

than

chambers are re-

(Maier, 1979). Moreover,

can occur when no measures are

taken to make the chamber wall air tight. Consequently, Mg/Ar or Al/Ar
ion chambers are more suitable as photon dosimeters than are C/CO 2 ion
chambers.
A possible advantage of Mg/Ar and Al/Ar
er dependence of

their sensitivity on photon energy

for GM counters. Therefore,

than is the case

measurements were performed

ky of a MgO/Ar ionization chamber under
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chambers might be a lessto determine

different conditions in a d+T

TABLE 3.11
RELATIVE NEUTRON AND GAMMA-RAY ABSORBED DOSES OBTAINED PROM TE ION CHAMBER
AND GM COUNTER AND DERIVED k VALUES FOR A MgO/Ar CHAMBER

free-in-air not collimated

detectors and
derived quantities

TE+GM

k

for MgO/Ar chamber

without lead

35.3
1.86

0.146

with 5 cm
lead shield

25.2
0.68
0.136

collimated

freein-air

2 cm
depth

221

224

14.0

0.149

24.7

0.131

5 cm
depth

in-phantom
10 cm
depth

183
23.2

0.129

123
18.2

0.123

outside
primary beam

34.3
10.4

0.106

neutron field.

The irradiations were performed under free-in-air con-

ditions and inside a phantom. For the measurements free-in-air, exper-

.

iments also were performed with a lead

j

absorber placed in the beam to

reduce the relative photon contribution.

The ky values for the MgO/Ar

chamber were derived from the neutron and photon absorbed doses determined from the responses of a
tube

with Pb-Sn

shield),

TE ion chamber and a GM counter

assuming an h T

value of 1

(18529

for the MgO/Ar

chamber. For the derivation of the doses from the relative readings of
the TE ion chamber and the GM counter, the following set of parameters
was used

to solve eqs.

ky = 0.0164

3.2-2

and h 0 = 1.019.

and

3.2-3:

The k T and h T

k T = 0.9902,

h T = 1.000,

values were based on data

given in Table 3.10; the ky and hg values were taken according to
formation presented in Section 3.4.2.

For the measurements

in-

with both

ion chambers, the effective point of measurement was taken at the geometrical centres of the chambers under
1/4 of

the cavity radius

in-phantom situations

free-in-air

conditions and at

in front of the geometrical centres for the

(see Chapter 4 ) . The geometrical centre of the

GM counter was considered to be the effective point of measurement for
all

irradiation conditions.

given in Table 3.11.
0.146

and 0.149

A summary of the measurement

For measurements

free-in-air,

are in agreement with values of,

results is

the ky values of

e.g.,

Goodman and

Colvett (1974) and Lewis (1980). For the conditions in the phantom and
behind the lead shield,

lower ky values due to changes in the neutron

energy spectra are obtained.
MgO/Ar chamber inside

The variations

the phantom are

in the ky values of

in qualitative agreement

the
with

the calculated dependence of ky for a C/CO 2 ionization chamber under
comparable conditions (Burger and Griinauer, 1976).

3.4.2 Geiger-Müller counters
Microtube GM counters

(e.g., Philips 18529)

compensating shields have even
or Al/Ar ion chambers.

with suitable energy

lower neutron sensitivities than Mg/Ar

However, the use of

those types of

detectors

has several restrictions. The response of bare GM counters is strongly
dependent on photon energy.

Therefore,

the GM counters are generally

surrounded by suitable energy compensating filters

(see, e.g., Wagner

and Hurst, 1961). Furthermore, the sensitivity of GM counters to thermal neutrons is high

(ky = 9 according to Wagner and Hurst)

but this

can be reduced by the use of a thermal neutron absorber which does not
emit prompt y radiation in a capture process. Commonly,
either as metal or as

66

Li F

for the construction

Li is applied

of a thermal neutron

f

filter. Dead time corrections have to be applied, since the count rate
in mixed fields is generally high. The Philips 18529 GM counter with a
lead-tin shield according to

Wagner and Hurst (1961)

mate sensitivity of 1.3 x 1 0 ^ Gy"

1

(for

1; 7

^ Cs

has an approxi-

y rays) and a dead time

of about 15 jis. Despite the energy compensating shield, the sensitivity of

GM counters still

energy.

shows an

This is illustrated in

Phillips 18529

appreciable

Figure 3.19

counter surrounded

dependence on

photon

for measurements with

by a lead-tin

a

shield according to

Wagner and Hurst (Mijnheer, 1981). With increasing photon energies between 0.05 and 0.1 MeV,
reaching

a maximum

a strongly increasing sensitivity is observed

at photon energies of

energies, a decrease in

the sensitivity

region of the photon energies of
and the

sensitivity

subsequently

0.1 to 0.2 MeV.

with minimum

^ ' C s and "^Co
increases

At higher

values in

gamma rays

with increasing

the

is seen;
photon

energy. Although there is some information on photon energy spectra in

109 -I

Ü
x
*>

10° .o
c
a.

107 -I

-2
10

10-1

IOU

10
photon energy ( MeV )

Figure 3.19
Energy dependence of the photon sensitivity of a Philips 18529 GM tube surrounded fay
an energy compensating shield (Mijnheer, 1981).
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mixed neutron-photon fields
1980),

(Abagjan et al., 1974 and Schmidt et al.,

the actual photon spectra will depend on

rangements.

In general,

the experimental ar-

the mean energies of photon spectra in mixed

n- 7 fields will be in the region of 1 to 2 MeV,

where the dependence

of the sensitivity of GM counters on photon energy is rather small.
The

dependence

of

the

sensitivity

(Philips 18529 with lead tin shield)
radiation is shown in
photons of

Figure 3.20

different energies.

of

a

shielded

GM counter

on the direction of the incident
for irradiations

free-in-air with

Large variations are observed for 300

kV X rays and considerable ones for

Cs and

Co 7 rays

for angles

smaller than 60° and in excess of 120°. Consequently, when the radiation is not unidirectional (e.g., in phantoms),

an efficiency dif-

ferent from free-in-air measurements should be considered.
The responses of GM counters of different types and with different
shields were compared for **^Co
MeV) neutron

field at

photons and at the standard d+T

Physikalisch-Technische

Bundesanstalt

(15.5
(PTB),

30"
45U

" —

Cs gamma rays
300 kV X rays
60,
Co gamma rays

90"

120°

135"
150"

180"
Figure 3.20
Dependence of the relative photon reading of a shielded GM counter (Philips 18529
with lead-tin shield) on direction of the incident radiation for photons of different
energy: 90° v/hen the beam axis is perpendicular to the counter axis.
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Braunschweig,
beam

(DQ/DJJ

which has a

very low

2

= 0.55 x 1 0 ~ ) .

ular to the counter axis.

photon component

All counters were

Also indicated in

of the neutron

irradiated perpendic-

Table 3.12 are the rela-

tive neutron sensitivities ky derived from the D G /D N value supplied by
PTB, using ^°Co y rays for calibration. For the same counter
with

different shieldings,

it can be concluded

that the

(18529A)
changes in

sensitivity with photon energy are dependent on shield design. The use
of

different shields also

trons.

results in different sensitivities to neu-

For two thicknesses of Sn shields,

creases with

it can be seen that ky in-

increasing shield thickness. This indicates

be subdivided into a component for the bare tube, k{jf
duction of

heavy recoils in the gas

that ky can

due to the pro-

and the wall of the

counter and

one due to gamma radiation produced in the shield ky. The use of Pb-Sn
shields seems to offer a reasonable compromise
dence of

photon energy and low ky.

for obtaining indepen-

The larger ZP 1100

counter shows

the highest neutron sensitivity. The errors indicated in the table are
valid only

for intercomparison of the results;

the estimated overall

uncertainty is +_ 10 per cent of the ky value.

TABLE 3.12
COMPARISON OF GM COUNTERS WITH DIFFERENT SHIELDINGS FOR PHOTONS
60
AND d+T NEUTRONS USING
Co y RAYS FOR CALIBRATION

counter

18529A
18529A
18529A
18529A
18529A
18529B
ZP1100

shielding

Pb-Sn (W&H)
Pb-Sn (with gap)
1 mm Sn
5 mm Sn
1 mm Pb
Pb-Sn (W&H)
2 mm Sn (with gap)

effICI

k *

60
Co y ra

u
(per cent)

1.295x10

+ 0.5%

1.81 ; f 0.03

1.295x10

+ 0.5%

1.96 _+ 0.04

1.321x10

+ 0.5%

1.63 : *_ 0.04

+ 0.5%

2.57 •f 0.03

1.239x10
1.501x10

8

+ 0.5%

1.59 : l 0.04

+ 0.5%

1.86 : f 0.03

5.257x10 8 + 0.5%

2.79 -iH 0.03

1.289x10

*Errors valid only, for purposes of intercomparison; absolute
accuracy is estimated to be + 10 per cent.

69

TABLE 3.13
RELATIVE NEUTRON SENSITIVITY, k , OP GM COUNTERS WITH SHIELDS OF DIFFERENT DESIGN
AT VARIOUS NEUTRON ENERGIES USING 6 °Co 7 RAYS FOR CALIBRATION

neutron energy
(MeV)

type of
counter

composition and thickness of shield

0.68-4.2
2.5

18509
ZP1100

4.2
5.0

ZP1100
ZP1100

1.35 mm tin + 0.25 mm lead
2 mm tin (perforated)
ibid
ibid
ibid

5.5
d(16)+Be (Ë n = 7 MeV)
14.1 (collimated)
14.7
15
15.5

ZP1100
NX163
ZP1100
ZP1100
18509
ZP1100

15.5
14.1 (collimated)
14.1 (collimated)
14.7
14.7
15.5

ZP1100
18529
18529
18529
18529
18529

reference
(per cent)

1.05 mm tin + 0.55 mm lead (perforated)
2 mm tin (perforated)
ibid
1.35 mm tin + 0.25 mm lead
2 mm tin (perforated)
ibid
1.1 mm tin + 0.5 mm lead
1.05 mm tin + 0.55 mm lead (perforated)
ibid
ibid
ibid

< 0.5
0.49 + 0.05
0.54 + 0.06
0.96 + 0.08
0.57 + 0.06
0.7 + 0.1
2.74 + 0.40

2.3 + 0.2
< 0.5
2.8 + 0.3
2.86 + 0.18

4.9
1.72 + 0.25
1.33 + 0.20
2.15 + 0.20
1.81 + 0.20

Wagner and Hurst, 1961
Guldbakke et al., 1978
Lewis and Hunt, 1978
Klein et al., 1979
Lewis and Hunt, 1978
Hough, 1979
Mijnheer, 1981
Mijnheer et al., 1979
Colvett, 1974
Mijnheer et al., 1979
Klein et al., 1979
Hess et al., 1978
Mijnheer, 1981
Mijnheer et al., 1979
Lewis and Young, 1977
Mijnheer et al., 1979

A summary of kv values for GM counters

with different shields at

different neutron energies obtained by other investigators is given in
Table 3.13. The measurements of Wagner and Hurst (1961) with monoenergetic neutrons showed that the relative neutron sensitivity k 0 is less
than

0.5 per cent

in the energy range

from 0.67 to 4.2 MeV.

Recent

measurements by Guldbakke et al. (1978), Klein et al. (1979) and Lewis
and Hunt (1978) indicate kg values of 0.5 per cent to 1.0 per cent for
the

energy range from

2.5 to 5.5 MeV.

determined that the response to
cent) due
total

to photons generated locally

relative neutron

Colvett (1974) experimentally

15 MeV neutrons is chiefly

(~90

in the screen resulting

sensitivity below

0.5 per cent even

per
in a

at this

high energy. More recently, however, higher ky values for d+T (15 MeV)
neutrons

have been obtained by

Lewis and Young

(1977),

Hess et al.

(1978), Mijnheer et al. (1979) and Klein et al. (1979). It can be concluded that kjj increases with neutron energy and that,
the

higher

energies,

k y depends

on shield

especially for

design and

probably on

counter type. For neutron energies of between 2.5 and 5.5 MeV,

the ky

of the ZP 1100 counter amounts to values between 0.5 and 1.0 per cent.
For

d+T neutrons

values of

in the energy range between

1.6 and 2.6

18529 with Pb-Sn

14.1 and 15.5 MeV,

k^

per cent appear to be most appropriate for the

shield and the ZP 1100

Geiger-Müller counters,

re-

spectively.
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CHAPTER 4
EFFECTIVE POINT OF MEASUREMENT OF ION CHAMBERS FOR
NEUTRON AND PHOTON-IRRADIATION

4.1

INTRODUCTION
Absorbed dose and kerma are quantities which are defined at points

(ICRU, 1977),

while the ionization chambers

tions are of finite dimensions.

used for dose determina-

The reading of an ion chamber will be

proportional to an average absorbed dose over the sensitive volume and
this average'value must be related to the
point.

absorbed dose at a specific

The correction for the finite dimensions of an ion chamber can

be achieved" in

two different ways:

either a correction factor can be

applied when the geometrical centre of the chamber is considered to be
the point of

measurement or an effective position of

measurement can

be adopted.
For free-in-air conditions,
from a point

source over the sensitive

governed by the
tions are

the variation in the

inverse square law.

to be expected for

radiation field

volume of the ion

chamber is

This implies that larger correc-

measurements

at relatively

short dis-

tances from the source.
Inside a phantom,

the effective point of

measurement can be dis-

placed relative to the free-in-air condition due to the replacement of
phantom material by the cavity of the ion chamber. A correction has to
be applied for

changes in attenuation and scattering of the radiation

due to this replacement.
placement,
point

d,

This can be achieved in terms of radial dis-

which is defined as the

of measurement from the

displacement of the effective

geometrical centre of the chamber.

An

alternative method is the use of a displacement correction factor, 5 ,
when the

geometrical centre of the

measurement.

chamber is taken

as the point of

Such a factor 6 is essentially the same as the perturba-

tion correction, p (ICRU, 1969), or the displacement factor (Johansson
et al., 1978) introduced for photons. This perturbation correction for
photons has to be

distinguished

from the perturbation factor,

p m ^,

used in electron dosimetry (ICRU, 1972; Harder, 1968). The latter factor is

introduced to

cavity due

to the

relative to the
to be

correct only for the

smaller

contribution

solid or liquid medium;

introduced for

differences in

increased fluence

of scattering

in the

from the gas

an additional correction has

attenuation

between cavity and
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phantom material. The use of the terms "perturbation correction" and
"perturbation factor" and "displacement" can cause confusion.
In this chapter, calculations and measurements concerning the effective point of measurement for neutrons free-in-air are presented.
In addition, for in-phantom studies, the total effect of changes in
scattering and attenuation processes due to the introduction of the
gas cavity of an ion chamber is assessed and will be discussed primarily in terms of radial displacement or displacement correction factor. The disturbance in the depth dose distributions was investigated
by the introduction of simulated cavities.

4.2 EFFECTIVE POINT OF MEASUREMENT FREE-IN-AIR
For photon measurements free-in-air, it is generally accepted that
the geometrical

centre of the chamber is the effective point of meas-

urement, provided that the distance to the source is in excess of five
times

the diameter

of the chamber

(for

Cs and

Kondo and Randolph, 1960; for lower energy X rays,
It is commonly assumed that the

see Burlin, 1964).

principles valid for photons can also

be applied to neutrons (ICRU, 1977),
essentially geometrical.

°*Xo photons, see

However,

since the correction factors are
no experimental data which support

this assumption for neutrons have been available up to now.
The corrections

for

inverse

square

law

attenuation

over

the

chamber volume of the radiation field from a point source can be based
on either

of two principles.

either throughout
of

the real chamber

the chamber wall.

radiation consists
has

The inverse square

A volume integral
valid for

applied

volume or over the surface layers
is applied when

of charged particles,

been shown to be

law can be

the primary

whereas a surface

integral

°°Co photons where the electrons are

produced almost exclusively in the chamber wall.
The surface

integral theory of

Kondo and Randolph

(1960) illus-

trated in Fig. 4.1 is based on the hypothesis that the energy released
in a

volume element of

emerging

tional to the
tended by

the chamber gas, dV,

from a surface element
volume of

that element,

the surface area

d~ .
Kondo

dV;

is the

statement

energy released by the charged particles

dJ2; and to the

aspect of the hypothesis of

that the

distribution

of the

is proportional to the solid

angle subtended by the surface area from the volume element.
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angle sub-

the surface element from the source,

For neutrons, the most questionable
and Randolph

electrons

dA, is propor-

to the solid

from the volume element,

inverse square of the distance of
2

by secondary

of the chamber wall,

The com-

Figure 4.1
Illustration of the hypothesis of the surface integral theory (Kondo and Randolph,
1960). Indicated are: a volume element-. (dV); a surface element (dA) ; the distance
between the source (S) and the surface element (d) and the solid angle (dD).

pensation for the predominant fluence of charged particles in the forward direction by the greater stopping power of fluences in the other
directions might not be valid for neutrons. For spherical ion chambers, a correction factor, Ks, defined as the ratio of the measured
dose to the actual dose at the centre of the chamber, can be derived
analytically on the basis of a surface integral as:
s ~ 2a

ln

,

a2

a4

l -a

where a is the ratio of cavity radius to distance from the source (see
Kondo and Randolph, 1960).
For

low energy neutrons,

created in the gas will become
neutrons.

the contribution

of charged

more important than

particles

for high

energy

This implies that a volume integral could be valid. For the

volume integral, a correction factor, K v , defined similarly as K s , has
been

given by Kondo

and Randolph (1960)

for spherical chambers when

the geometrical centre is the point of measurement:
,

«2

3« 4

a» 3
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A comparison of the equations for K s and K v shows that the volume
integral gives a smaller correction.
For a parallel beam

of neutrons passing through a spherical cham-

ber, the effective measuring point will be located a t ^ . r (r being the
cavity radius)

from the centre of the chamber in the direction of the

incoming beam, assuming that the charged particles entering the cavity
originate

only from the front half of the chamber wall and that the

ionizations

produced per unit surface area

number of primary particles

are proportional

to the

(neutrons) entering the chamber. The geo-

metrical problem illustrated by Figure 4.2 can be solved by the determination

of a weighted

mean distance.

element of the hemisphere,

Consider

d S , subtended by d 0

distance,x, from the central plane, A.

produced by primary

surface

at an angle 4> at a

In accordance with

tions, the projection of dS on the central plane,
to the number of ionizations

an annular

the assump-

dA, is proportional
particles entering

dS. The mean distance weighted for the number of ionizations produced,
x, is given by:
dA

Expressing dA and x by dA = 2w R.dR = 2* . r cos<p . r sin0 d0
x = r.sin#

and

yields:
n/2
—_
x -

I
J
0

r.sin 0.2ff.r cos 0.r sin 0 d <j> _2 .
T
-^ . r
*r

primary
beam

dS

Figure 4.2
Geometry used for derivation of the .r displacement for a parallel beam of radiation
incident on a spherical chamber.
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TABLE 4.1
RATIO OF RELATIVE READINGS FROM LARGE AND SMALL SPHERICAL ION CHAMBERS
AT DIFFERENT DISTANCES FROM 0.5 AND 15 MeV NEUTRON SOURCES

distance
(cm)

ratio according
to K
(volume integral)

ratio according
to K
s
(surface i
integral)

ratio according
displacement

measured ratio
and standard
deviation for
0.5 MeV neutrons

measured ratio
and standard
deviation for
15 MeV neutrons

6.7

1.Oil

1.018

1.304

1.01 + 0.03

1.05 + 0.03

11.7

1.004

1.006

1.156

0.99 + 0.03

1.00 + 0.03

21.7

1.001

1.002

1.079

1.01 + 0.02

1.00 + 0.02

51.7

1.000

1.000

1.032

1.00 + 0.02

1.00 + 0.02

To investigate the effective point of measurement

free-in-air for

0.5 and 15 MeV neutrons, measurements were performed at different distances

from the

target with

tissue-equivalent

(TE)

spherical

ion

chambers with cavity radii of 4 and 16 mm and with a wall thickness of
2.2 mm.
gas)

The measurements of the chambers

were performed with reference

readings

of

the

chambers

were

to a TE monitor ion chamber.
normalized

greatest distance from the target. From
smallest chamber,

(which were flushed with TE
with

reference

The

to the

the results obtained with the

the effective centre of the

source was determined.

The ratio of the readings of the larger to the smaller chamber together with the expected
face

ratio according to the volume integral, the sur-

integral and the ?^.r

displaced

point of

measurement are sum-

marized in Table 4.1. It is concluded from this table,
in-air conditions, a % . r
0.5 and 15 MeV neutrons.

displaced measuring

that for free-

point is not valid for

A distinction between surface and volume in-

tegral cannot be made, since the measurements

could not be

performed

at sufficiently short distances from the source due to the target construction.

The measurements at the

shortest distance from the source

might suggest a difference in correction principles between 0.5 and 15
MeV neutrons.

These differences can

neutrons, most of the

be expected,

since, for 0.5 MeV

ionizations produced result from charged parti-

cles created in the gas,

whereas, for 15 MeV neutrons,

the contribu-

tion to the ionization from secondary charged particles created in the
wall is predominant.
The rule of thumb suggested by Kondo and Randolph

(1960) for pho-

tons that the geometrical centre of a chamber is the point of measurement for distances from the

source in excess

of 5 times the

chamber

diameter also appears to be valid for neutrons. The correction factors
are valid only for a point source.
not fulfil this requirement,

Since neutron sources generally do

an effective centre of the source has to

be determined.

4.3

EFFECTIVE POINT OF MEASUREMENT

IN-PHANTOM

Information on effective points of measurement
chambers

in human phantoms is available for

°^Co y rays and

with higher energies (e.g. Johansson et al., 1978).
displacements of between about 0.6 r and 0.8 r
the cavity)

are generally

found.

depth dose curves are observed;
similar
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to that

for

of cylindrical ion
In these studies,

(r being the radius of

For lower energy photons,

consequently,

higher energy photons

photons

a radial

would

steeper

displacement

result in

larger

TABLE 4.2
DISPLACEMENT CORRECTIONS IN-PHANTOM QUOTED BY
PARTICIPANTS IN ENDIP

group

correction
d(2.3)+D
neutrons

AVL

chamber, cavity radius r

radial*
displacement

d(0.5)+T
neutrons

radial displacement, r

sphere,

r =

8

mm

CENF

0.967

0.975

thimble, r =

5.5 mm

0.4 r

MRC

0.955

0.969

sphere,

6.2 mm

0.5 r

TNO

0.892

0.917

sphere,, r =

UCL

0.967

0.975

parallel plate, depth 4.6 mm

r =

8

mm

•approximated using an attenuation coefficient of 1.09 x lo" mm"
-2
-l
....
..-2
-1 .
and 1.43 x 10
mm
for d(2.3)+D neutrons.

inside surface
of front wall

for d(0.5)+T

correction factors.

At present, only limited information on displace-

ment corrections for lower energy photons is available for cylindrical
ion chambers
the

(Massey, 1970).

effective point of

human phantom for

60

Therefore,

measurement for
137

Co y rays,

been suggested (ICRU, 1977)

spherical chambers

displacement

Neutron

Dosimetry

supported

The experimental corrections

1977

(Mijnheer et al.,

this statement.

Intercomparison

1978), only 5 of the
for

It has

that the radial displacement for neutrons

available before

Shapiro et al., 1976)

inside a

C s 7 r a y s and 300 kV X rays.

is similar to that observed for photons.
for

it was decided to determine

Project,

1975 and

During the European

ENDIP

(Broerse et al.,

12 participants applied displacement corrections

measurements in-phantom (see Table 4.2). The considerable varia-

tion in these corrections could explain part of the differences in the
ENDIP

results

obtained for

in-phantom

measurements.

Therefore, it

seemed worthwhile to study also displacement of the effective point of
measurement inside human phantoms for different neutron energies.

4.3.1. Experimental techniques
A set of three

spherical tissue-equivalent (TE) ion chambers with

cavity diameters of

8, 16 and

32 mm and wall thickness of 2.2 mm was

used. The central electrodes consisted of a TE sphere (radius 2 mm) on
a TE stem (radius 1 m m ) . Since the
tron dosimetry
chambers

has been shown to be dependent

(Dutreix and

made with a

displacement correction for elec-

0.6 cm

3

Dutreix, 1966),

on the geometry of ion

additional

measurements were

thimble-type Baldwin-Farmer chamber

for photons.

Measurements with a TE disc-type chamber were used for comparison with
results previously obtained for d+T neutrons
In

all experiments,

measurements
tential
rent.

chambers were flushed

were performed at both

and corrected for
For X rays,

trons,

the TE

with TE gas.

All

polarities of the collecting po-

incomplete ion collection and leakage cur-

d(2.3)+D neutrons,

the measurements were

chamber and, for -^'Cs and

(Mijnheer et al., 1975).

60

d+T neutrons and d(50)+Be neu-

performed with

reference to

Co 7 rays and fission neutrons,

a monitor
the ref-

erence dose was calculated on the basis of exposure time.
The

irradiation

conditions for

the water phantom,

acrylic plastic cube (outside dimensions of
with

distilled water,

distance (SSD), 80 cm;
30.33 cm;

were as follows:
field size,

a circular field with

60

an

open top

30 x 30 x 30 cm 3 )
Co 7 rays:

13 x 16 cm ;

*
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source-surface
Cs 7 rays:

a diameter of 20 cm;

SSD,

300 kV X rays:

HVL, 3 mm Cu; focus-surface distance (FSD), 89.5 cm; field size,

80

filled

6x8

cm 2 ; Rijswijk d(0.5)+T neutrons: primary energy, 14.8 MeV; SSD, 42 cm;
13 x 16 cm 2 ;

field size,
energy,

and Amsterdam

ments were performed

d(0.25}+T neutrons:

field size, 13 x 16 cm 2 .

14.2 MeV; SSD, 80 cm;

with the geometrical centres

primary

,

The measure-

W

of the chambers at

5, 10 and 20 cm from the surface of the plastic cube. Additional measurements were performed at
beam

Louvain-la—Neuve,

(Wambersie et al., 1979).

Belgium with a vertical

This made the use

of a water phantom

impractical. Therefore, a solid phantom (outside dimensions of 30 x 30
x 30 cm^)

was constructed

from acrylic

plastic slabs

with machined

recesses in which the different chambers fitted. Since the positioning
of the chambers at different depths was more convenient,
was also used
ation

this phantom

for measurements at other neutron energies. The irradi-

conditions

for the

acrylic plastic

phantom were

as follows:

Louvain-la-Neuve d(50)+Be neutrons: modal neutron energy, 21 MeV; SSD,
137 cm; field sizes, 6 x 8

cm 2 and 13 x 16 cm 2 ; centres of chambers at

10.30 and 20.50 cm depth;

Rijswijk d(2.3)+D neutrons: primary neutron

energy,

5.3 MeV; SSD, 42 cm;

field size,

chambers at 4.22 and 10.30 cm depth;
a

2

^^U converter

6x8

cm 2 ;

centres of the

[

and fission neutrons produced in

plate in the Low Flux Reactor at Petten (Davids et

al., 1969): mean energy, about 1 MeV; phantom placed close to the converter

plate;

field size

larger than

the phantom;

centres of

the

chambers located at 4.22 and 10.30 cm depth in the phantom.
Before each series of measurements, the dosimeters were calibrated
with a

Cs y-ray

tissue

(ICRU, 1977).

source in terms of

absorbed dose in

The responses of

all chambers

ICRU muscle

were determined

under free-in-air conditions in a field of known dose rate and corrections were made
effects.

for temperature,

Corrections were also made for

of the Baldwin-Farmer chamber.
of

an

pressure,

ion

chamber

Standardization

which

saturation and

polarity

the differing wall thickness

The dose rate was determined

was

calibrated

Laboratory employing a

at

the

by means

Dutch Radiation

conversion factor

of

9.6 to

relate the exposure in R to the absorbed dose in ICRU muscle tissue in
mGy.

All spherical

TE chambers

had

the same wall

thickness,

wall

material (A-150 TE plastic) and stem construction.

[

For neutrons, the conversion of chamber reading values to absorbed
dose was performed basically in accordance with ICRU report 26 (1977).
It was assumed

that the

physical

constants

applied

to derive

absorbed dose (average energy required to produce an ion pair,
the

gas-to-wall

absorbed dose

conversion factor,

rm

g)

the

W, and

were inde-

pendent of the volume of the ion chambers. Consequently, the corrected
readings of the chambers would

j

provide a direct measure for the total

absorbed dose when the calibration factors obtained with

-*^Cs 7

rays

were applied.
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4.3.2 Results
The relative

readings determined

different sizes for neutrons
the

collimator

centres of
ences

ends

and for

(maximum variation,

spherical chambers of

free-in-air at about 10 cm distance from
X rays at

the chambers to the focus

assumed correlation

with the

89.5 cm

distance

from the

did not show systematic differ-

1 per cent).

These findings

between ion chamber readings

support

the

and total

absorbed

in dose were

observed

dose values.
For

°"Co and

"'Cs

y

rays,

differences

between the different spherical chambers placed with their geometrical
centres

at the same depth of

measurement in the phantom.

These dif-

ferences in dose were converted by using the depth dose curves to differences in the effective point
of

the effective point

plotted

of measurement. When the displacement

of measurement

against chamber radius,

from the

chamber centre

a linear relationship

displacements of the effective point of measurement
ments)

resulted. The

(radial displace-

were therefore extrapolated to zero chamber radius and normal-

ized to the value
nor

was

obtained as

shown in Figure 4.3.

•* Cs 7 rays was a significant

For neither " C o

variation of the radial displace-

ment with depth in the phantom observed;

therefore,

the mean results

at 5, 10 and 20 cm depth are plotted in Figure 4.3.

^

10oa spherical chambers
• • thimble type chamber

E
E

c
0)
O

u

1

3-

2

o-i
10

I
15

cavity radius , r ( mm )

Figure

4.3

Radial displacement (d) versus cavity radius (r) for different ion chambers irradiated with 6 0 C o 7 rays: SSD, 80 cm; field area, 13 x 16 cm2; and w i t h 1 3 7 C s 7 rays:
SSD, 30.J3 cm; circular field with a diameter of 20 cm.

The linear relationship between the
the

cavity radius, r, can be

d = (0.23 + 0.05) . r

60

for

radial displacement,

presented as
Co and

137

d,

and

d = (0.58 +_ 0.06) . r and

C s y rays,

respectively.

The

j
Ï

doses observed for the thimble-type Baldwin-Farmer chamber were larger
than for

a spherical chamber of the same radius, indicating a depend-

ence on the shape of the chamber.

They led to radial displacements of

(0.75 _+ 0.09).r and (0.35 + 0.08).r for
tively.

The displacement

60

Co and

I37

for the Baldwin-Farmer

C s 7 rays, respecchamber using

^Co

7 rays is in agreement with earlier values (Johansson et al., 1978).
For 300 kV X rays, the results obtained at the three depths in the
water phantom with the different
in-air

measurements

spherical
table

chambers with reference to the free-

and relative

chamber are given

to those

in Table 4.3.

obtained with

the small

It is concluded from this

(in which only the value obtained with the Baldwin-Farmer cham-

ber at

5 cm depth

rays,

deviates significantly from 1)

that, for 300 kV X

the effective measuring point in phantom is located at the geo-

metrical centre of the chambers.

I

By a procedure similar to that for
displacements, d,

60

Co and

137

Cs

7 rays,

radial

were derived for the d+T neutron beams. The derived

radial displacements,

d,

were

and

(0.23 +_ 0.06).r

significantly

.

smaller

at Rijswijk and Amsterdam
(0.30 + 0.06).r,

than

the

(0.58 + 0.06) . r and the value

respectively,

displacement

of % r

(see Figure 4.4)

for

"Co

which are
y rays

of

suggested by the ICRU (1977).

Displacement correction factors, 8 , can be calculated as the ratio of
the

actual dose

(for an

infinitesimal

small cavity)

to

the

dose

measured. For both d+T neutron beams, the same displacement correction
factor of l-(0.25 + 0.06) x 10" .r

is observed, where

in mm. This suggests that the correction
or

field size.

factor is independent of SSD

This finding indicates a serious drawback in the con-

cept of radial displacement,
further

r is expressed

which is

evaluation of the results

dependent

on SSD.

Therefore,

will be made in terms of displace-

ment correction factors, 8.
For both d+T neutron beams, the dose determined with the disc-type

t

chamber is considerably smaller (about 5.4 per cent) than that derived

^

from the spherical chambers. This finding is in agreement with earlier
measurements

(Mijnheer et al., 1975).

obtained with the disc chamber
observed for photons.
free-in-air

in-phantom

for d+T neutrons

are also

All chambers were calibrated with photons under

conditions.

7 rays in a water phantom
cent. The remaining

The relatively low dose values

Calibration of
reduces the

the disc chamber

calibration

difference of 2.7 per cent

urements may be attributed to the complex

with

factor by

*^Co

2.7 per

for the neutron meas-

directional response of the
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TABLE 4.3
RELATIVE DOSE VALUES AND STANDARD DEVIATIONS DERIVED FROM DIFFERENT ION CHAMBERS
FOR 300 kV X RAYS INSIDE A 30 X 30 x 30 cm3 WATER PHANTOM:
FSD, 89.5 cm; FIELD AREA, 6 cm x 8 cm

depth in phantom
ion chamber
spherical; r = 4 mm
spherical; r = 8 mm
spherical; r = 16 mm
thimble type; r = 3.15 mm

5 cm
1.000
0.992
0.998
0.979

+
+
+
+

0.005
0.005
0.007
0.006

10 cm
1.000
0.991
1.000
0.985

+
+
+
+

0.006
0.005
0.005
0.011

20 cm
1.000
0.989
1.017
0.995

+
+
+
+

0.011
0.006
0.009
0.009

c

o

6

t>

o
_o
CL
•-o

4

•o

o

10

15

cavity radius , r ( mm )

Figure 4.4
Radial displacement (d) versus cavity r a d i u s (r) for spherical ion chambers i r r a d i ated with d + T neutrons a t Rijswijk: SSD, 42 cm'? f i e l d a r e a , 6 x 8 cm2; with d + T
neutrons a t Amsterdam: SSD, 80 cm; f i e l d a r e a , 13 x 16 cm2,- with *>°Co y r a y s :
SSD, 80 cm; f i e l d a r e a , 13 x 16 cm2.
disc-type chamber
tions

(see Figure 3.14),

of scattered

radiation for

considering different

d+T neutrons and

contribu-

"^Co y rays in-

phantom.
A summary of

8 values for photons and neutrons of different

gies i s given in Table 4.4.

The independence of

8 of field

ener-

size for

neutrons has been confirmed by the measurements with d(50)+Be neutrons
with field sizes of
displacement
phantom
while,
7 rays,

6x8

and 13 x 16 cm2

correction factor for

for **^Co 7 rays
for X rays,
the

cm2

The

spherical ion chambers in a water

is smaller

no displacement

displacement

at the same SSD.

correction

than that
is found.

for

*-^Cs

For

factors for

Co
the

7

rays,

and

^''cs

thimble-type

Baldwin-Farmer chamber of 0.985 +_ 0.003 and 0.990 + 0.003, respectivel y , are somewhat smaller than that for a spherical chamber of comparable radius, indicating a dependence of 8 on the shape of the chambers.
The derived displacement correction factors,
urements show
et a l .

an increase with

8 , for in-phantom meas-

decreasing photon energies. Johansson

(1978) found that 8 increased for X-ray energies in excess of 5

MeV and that the

displacement correction factors for

5 MeV X rays were similar.
rection factors

°"Co 7 rays and

This might indicate that displacement cor-

for photons with maximum

occur in the energy
X rays.

region between

deviations from unity will
60 Co 7 rays and 5 MeV
that of
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TABLE 4.4
DISPLACEMENT CORRECTION FACTORS, 5 , FOR SPHERICAL IONIZATION CHAMBERS
WITH CAVITY RADIUS r IN mm FOR MEASUREMENTS IN PHANTOMS
WITH DIFFERENT TYPES OF RADIATION

type of radiation

150, 200 and 300 kV X rays

1.000 + 0.1 x lo" .r

137,

l-(0.22 + 0.05) x 10~2.r

Cs y rays

60

Co

l-{0.37 + 0.04) x 10~2.r

y rays

fission neutrons (E = 1 MeV)
n

1.000 + 0.1 x 10~2.r

d(2.3)+D neutrons (E = 5.3 MeV)
n

l-{0.25 + 0.09) x 10~2.r

d(0.25)+T neutrons (E = 1 4 . 2 MeV)
n

l-{0.25 + 0.06) x 10~2.r

d(0.5)+T neutrons (E = 14.8 MeV)
n

l-(0.25 + 0.06) x 10~ .r
0.05) x 10~2.r

d(50)+Be neutrons (E = 2 1 MeV)
n

For neutrons,

a dependence

of S on neutron energy

is also

ob-

served. For relatively low energy neutrons, no displacement was found,
whereas,

for neutrons with energies in excess of

almost constant value,

although there seems

5.3 MeV, 8 shows an

to be a tendency for

an

increase in S for the highest neutron energy similar to the situation
for photons. Shapiro et al.
factors for

d(35)+Be neutrons

an SSD of 135 cm.
cavity

(1976) determined displacement correction

A

(E n = 14.3 MeV) inside a TE phantom at

5 value of 0.970 for

radius of 6.35 mm

smaller than the value of

and filled

a spherical chamber with a

with air

0.984 + 0.004

was derived;

this is

which can be calculated from

Table 4.4. However, the value of 0.970 of Shapiro et al. has an uncertainty of 1 per cent (which can be assessed from their original data);
consequently,
from

their result is

those reported here.

for neutron beams

probably not

significantly

with a possible

contribution of

trons and this can cause deviations (see Chapter 3 ) .
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different

Furthermore, they used air-filled chambers
lower energy neu-

4.3.3. Dose distributions

in and

around simulated

cavities inside a

phantom
The introduction of an ion chamber into a phantom will disturb the
dose distribution in
tion factor,
due to

8 ,

and around the cavity.

reflects the changes

the presence of the cavity.

The displacement correc-

in attenuation and scattering

Differences in

8 values for dif-

ferent energies of neutrons and photons might be due to differences in
attenuation and scattering processes
and photon radiation.
phantom

disturbs

for the various types of neutron

The introduction of a gas-filled

the fluence of

primary particles

where the secondary charged particles
of

attenuation and

data are

cavity into a

at the

position

are produced. The total process

scattering is quite

available for fast neutrons.

complex and no
It is

experimental

therefore worthwhile to

study the changes in the primary fluence when an ion chamber is placed
in the phantom.

The change in the depth

mined for d+T neutrons and for *
tion of

simulated cavities

dose curves were
for the

37

dose distribution was deter-

C s and *^Co y rays

(Styrofoam spheres).

determined with

by the introduc-

Central axis

the smallest spherical

homogeneous water phantom and

inside a 16 or

depth

ion chamber

32 mm diameter

Styrofoam cavity (density, 1.33.10"^ g.cm" 3 ) which was immersed in the
phantom.

The results for the 32 mm diameter cavity are shown schemat-

ically in Figure 4.5

for d+T

neutrons at Rijswijk

normalized to the

value measured at the central position in the homogeneous phantom. The
interpretation of the data resulting in the solid line and the discontinuity at the

water-Styrofoam interface shown in this figure is com-

parable to that of

analogous measurements

photons (Samuelsson, 1977).
reduction

performed with high energy

At the front interface of the cavity, the

in scattered radiation

results in a

sharp dose

A D. The depth dose curve has a reduced slope, P c a v ,
slope in water,

pw«

A build-up

decrease,

compared to

of the dose occurs at

the

the rear side

interface. Table 4.5 summarizes the observed dose reductions, A D, the
slopes

in the cavity,

neutron beams and for

y c a v # and the slopes in water, p w , for the d+T

137

C s and

60

Co

y rays.

As can be seen from the

table, the dose decreases,A D, for the 32 mm cavity are comparable for
both neutron beams, whereas A D
comparable

cavity

for the 16 mm

dimensions, A D for

smaller than that for d+T neutrons.

*>^Co y rays

The results for

d+T neutrons are not significantly different,
holds for their

5

values.

by assuming that, for

cavity is smaller. For

The data

the neutron and

is considerably
137

C s 7 rays and

a conclusion which also

can be qualitatively

explained

LJ

• 'Cs 7-ray measurements, the

contribution of scattered radiation is larger than for the

60

Co photon

measurements.
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0.80I
O
8
-8
depth relative to centre of cavity ( mm )

i

-16

16

Figure 4.5
Central axis depth dose distributions in a water phantom for d + T neutrons a t Rijswijk measured in the presence and absence of a 32 mm spherical Styrofoam cavity. The
depth dose curves for the homogeneous phantom (dashed line) and in the presence of
the cavity (solid line) are normalized to the dose at the central position in the
homogeneous phantom.

The

perturbation

factor

thimble ionization chambers
rects for an increase
scatter between

Pm j /

the medium and the gas
experiments with

result in a perturbation factor,

Pni,i'

due to a difference

in

cavity. Contrary to these obneutrons and photons

would

greater than one due to a de-

The observation of

of a negligible perturbation effect
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for

fluence of neutrons or photons for the cavity gas rela-

tive to phantom material.
be attributed

electron dosimetry

is smaller than one (ICRU, 1972) and cor-

in the particle fluence

servations, the present
crease in the

used in

to the

relatively

Johansson et a l . (1978)

(pm ^ = 1) for

6

^Co 7 rays has to

small size of their

chambers. They

TABLE 4.5
DOSE DISTRIBUTIONS IN STYROFOAM CAVITIES INSIDE A HUMAN WATER PHANTOM

experimental
arrangement

diameter
Styrofoam
sphere

A D
and standard
deviation
(per cent)

U

cav
and standard
deviation
(per cent.mm

w
and standard
deviation
-1,
)

(per cent.mm

-l
)

central dose
D(0)
and standard
deviation

Rijswijk,

1

d+T neutrons

16 mm

1.8 + 0.6

0.84

+ 0.04

1.126 + 0.003

1.006 + 0.003

Rijswijk,
d+T neutrons

32 mm

6.0 + 0.6

0.69

+ 0.04

1.126 + 0.003

1.026 + 0.003

Amsterdam,
d+T neutrons

16 mm

0.818 + 0.003

1.006 + 0.003

Amsterdam,
d+T neutrons

32 mm

7.0 + 0. 6

0.53

+ 0.04

0.818 + 0.003

1.032 + 0.003

32 mm

2.4 + 0. 7

0.30

+ 0.02

0.636 + 0.002

1.035 + 0.003

Cs 7 rays

16 mm

3.0 + 0. 7

0.55

+ 0.02

0.955 + 0.003

1.007 + 0.003

Cs 7 rays

32 mm

6.8 + 0. 7

0.43

+ 0.02

0.955 + 0.003

1.028 + 0.003

Co 7 rays
137
137

used cylindrical chambers
the

perturbation

with a maximum diameter

effect will

be much

smaller

of 7 mm, for which
than for

the

32 mm

spherical chamber used in our experiments.
Based on a procedure similar to that applied by Kondo and Randolph
(1960) for irradiations free-in-air,
foam

spheres can

be used to

the measurements with the Styro-

assess the displacement correction fac-

tors. For such a calculation for d+T neutrons,
ionizations occurring

it is assumed that all

in the chamber gas are produced by charged par-

ticles originating from the internal surfaces of the walls. It is further assumed
surface

that the contribution

to the

that position.

ionization

from each

is proportional

The average ionization

point of the

internal

to the absorbed dose

over the gas

cavity

at

might be

represented by the dose values in the central plane of the cavity perpendicular
tral

to the primary neutron beam,

plane are equal

tions in

to the average

the Styrofoam sphere.

Amsterdam).

ones at entrance and exit posi-

At different

from the beam centre, the dose values,
32 mm diameter

since the values in the cen-

Styrofoam sphere

lateral distances, £

D( £ ), were determined for the

(see Figure 4-6 for

The lateral distribution

,

d+T neutrons at

can be mathematically

approxi-

mated by:

1.04-

3

1.03

1.02-

approximation

1.01-

1H
8
lateral distance / *

Figure

16
( mm

4.6

Lateral dose distribution D(i) for d + T neutrons at Amsterdam in the central plane
perpendicular to the primary neutron beam for a 32 mm cavity inside the water phantom, normalized to the measurement at the centre position in the homogeneous
phantom.
90

where R is the radius of the Styrofoam sphere and D(0) the measured
value at the centre of the cavity. The mean dose, D^, can be expressed
by:
t
D

From the

R

m =

D(0)

2

ll ++

=

values given in

TE

Table 4.5,

Dm

can be calculated

as

1.003 + 0.003 and 1.014 + 0.003 for d+T neutrons at Rijswijk and 1.003
_+ 0.003 and 1.017 + 0.003 for the Amsterdam neutron beam for 16 and 32
mm cavities, respectively. A comparison of the values of the two cavity sizes results in displacement correction factors of l-(0.14 + 0.07)
x 10~ 2 .r and l-(0.18 +_ 0.07) x 10~ 2 .r for d+T neutrons at Rijswijk and
Amsterdam,

respectively. All charged particles are considered to ori-

ginate from the

internal surface of the wall;

side the wall will increase the
planes of

dose values at the

the chamber and thus increase

(see Figure 4.5). An analysis of

from the first 200 pm.
the

calculation,

the calculated

must come from the first

from the first 100 jjm

When an effective

the resulting

and about 71 per cent

depth of 0.1 mm is used

displacement

l-(0.22 + 0.07) x 10~ .r for neutrons at Rijswijk and
.r for

neutrons at Amsterdam.

ment

with that derived

from the

in

correction factors are

2

x 10

values of D m

(1980) shows that more than 40 per

produced by protons

50 um, about 57 per cent

entrance and exit

secondary charged particle build-up

curves for 15 MeV neutrons by Boag
cent of the ionizations

an effective depth in-

l-(0.26 +_ 0.07)

These results are in good agree-

measurements

with the

set of

ion

2

chambers, l-(0.25 + 0.06) x 10~ .r.

4.4

CONCLUSIONS
For measurements

suggested by

under free-in-air conditions,

the rule of thumb

Kondo and Randolph (1960) for photons that the geometri-

cal centre of an ionization chamber is the effective point of measurement for

distances from

the source in excess

of 5 times the chamber

diameter also appears to be valid for neutronb.
For measurements in-phantom,
neutron or

the correction for displacement in a

photon field should preferably

rection factor which is dependent
and on neutron or

be made in terms of a cor

on the chamber dimensions and shape

photon energy and independent

of depth in phantom.,

field size and SSD. This correction factor will most probably not vary
much with phantom size

and density of the phantom material. This fac-
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tor should be applied only for depths in excess of that of the dose
maximum observed as a function of depth in tissue. For most neutron
and photon beams, this will not introduce severe difficulties, since
the dose maximum is generally located at depths less than 1 cm. The
results indicate that the correction for displacement of the effective
point of measurement is not a geometrical problem depending only on
chamber shape as suggested earlier (e.g., ICRU, 1977) but results from
the complex balance between differences in attenuation and scattering
of the various radiation qualities caused by the introduction of a
gas-filled cavity into a phantom.
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CHAPTER 5
EVALUATION OF DIFFERENT NEUTRON DOSIMETRY METHODS

5.1

INTRODUCTION
The different research

of fast

groups working on

biomedical applications

neutron beams employ a variety of theoretical

different experimental

approaches and

techniques to determine absorbed doses.

These

differences indicated a need for recommendations for neutron dosimetry
methods and for the initiation
to allow

for a direct

different institutes.

of neutron dosimetry

comparison of

During the past eight years,

taken in these two areas by both the
European Communities (CEC).
on neutron

intercomparisons

biomedical results
ICRU

obtained at

actions have been

and the Commission

of the

These activities have resulted in reports

dosimetry aspects (ICRU, 1977),

international neutron dosimetry
of a CEC sponsored committee

in the initiation

of two

intercomparisons and in the formation

concerned with the collection and evalu-

ation of neutron dosimetry data (CENDOS). In the International Neutron
Dosimetry Intercomparison project,

INDI (ICRU, 1978b),

and the Euro-

pean Neutron Dosimetry Intercomparison Project, ENDIP (Broerse et al.,
1978), all participants transported their dosimetry systems to central
locations, namely,
fiir

Brookhaven National Laboratory for INDI,

Strahlenschutz GSF and

Radiobiological

Tissue - equivalent ionization

chambers

Institut

Institute TNO for ENDIP.

were the most

commonly

used

dosimeters for total absorbed dose determinations. However, the participants employed

TE ion chambers of

different design and applied in-

consistent values for the basic physical parameters for characterizing
the

detector response

under

identical irradiation

analysis of the data of INDI and ENDIP
tant to adopt

a coherent set

conditions.

The

has shown that it is as impor-

of values for the

basic physical para-

meters as it is to standardize the experimental techniques employed by
different groups for

the determination of

possible operational errors
been made

A study on

dosimetry systems

has

for the groups from CENF (Fontenay-aux-Roses), GSF (Neuher-

berg) and TNO (Rijswijk)
in 1977

absorbed dose.

in TE ion chamber

during a CENDOS

at GSF Neuherberg.

These three groups

INDI and ENDIP and their results
intercomparisons,

small scale intercomparison
participated

showed large discrepancies

as shown in Figure 5.1.

Also shown

are the 1977 CENDOS results (Broerse et al., 1979),

in both
in these

in this figure

which reveal much
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Figure 5.1
Results of three groups, CENF (Fontenay-aux-Roses), GSF (Neuherberg) and TNO (Rijswijk) , in three consecutive neutron dosimetry intercomparisons. For each experimental
condition, the results are expressed with reference to the means of the values of a l l
participants.

better agreement.
of values
tion for

This can be attributed to the use of a coherent set

for the basic physical
the displacement

parameters and a consistent correc-

of the effective point

in-phantom conditions and to

having a longer

of measurement for

period of

time to make

the measurements.
The uncertainties in
in a mixed
in Table 5.1

the determination of the total absorbed dose

neutron- 7-ray field using
(see, e . g . ,

ECNEU, 1981). It can be

largest uncertainties are due to
basic physical parameters
that
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TE ion chambers are summarized

W and

concluded that the

the variations in the values for the
K.

It has therefore been suggested

the dose should be expressed in A-150 plastic instead of in ICRU

TABLE 5.1
UNCERTAINTIES IN THE DETERMINATION OF TOTAL ABSORBED DOSE
USING TISSUE EQUIVALENT ION CHAMBERS

source of uncertainty

symbol

reading of ion chamber

0.2

reading correction factors

(/7

calibration factor for photons

a

ratio of average energy required
to produce an ion pair in TE gas
ratio of kerma factors for
tissue and dosimeter material
ratio of mass energy absorption
coefficients for the calibration
radiation
ratio of gas-to-wall absorbed
dose conversion factors
overall uncertainty

uncertainty
(per cent)

VT

0.6
1.2
4

w /w
N

c

t

m N

i / p) /in / p) J
en
t
en
me

2-5*

0.1

(r
) /(s
)
m,g N
m,g c

5.1-6.8*

*for neutron energies below 20 MeV, the lower value refers to lower energy
neutrons; the higher value to higher neutron energies (see Caswell et al.,
1980).
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muscle tissue, since the composition of ICRU muscle tissue is also not
representative for all types of tissue (Goodman, 1980). In this way,
the conversion from kerma in TE plastic to kerma in ICRU tissue is
eliminated and the overall uncertainty is thus reduced. It was indicated in Chapter 1 that, for radiation biology and radiotherapy, the
total absorbed dose should be determined with an overall uncertainty
of less than +_ 5 per cent. It can be concluded from the table that the
overall uncertainty for dose determinations with TE ion chambers does
not completely fulfil this requirement. It is of interest therefore to
compare dose determinations with tissue-equivalent ion chambers with
other independent dosimetry methods such as differential fluence measurements, fission counters and calorimeters constructed from A-150
plastic.
At the Physikalisch-Technische Bundesanstaldt (PTB) at Braunschweig (BRD), total kerma derived from differential fluence measurements was compared with that from TE ion chamber measurements in the
standard d+T (15.5 MeV) neutron field under free-in-air conditions.
The accuracy (overall uncertainty) in the total kerma derived from the
fluence measurements (Klein et al., 1979) was 2.5 per cent, while the
equivalent value for the kerma determined with the TE ion chamber was
5.1 per cent, including a precision (reproducibility) of 2 per cent.
The total kerma in A-150 plastic determined with the TNO spherical
A-150 plastic ion chamber with a cavity radius of 32 mm was only 2.7
per cent lower than that based on fluence measurements by the PTB
group. A comparison of results of measurements with ion chambers with
those obtained with a pair of fission counters and with a TE plastic
calorimeter will be discussed in more detail in the next two sections.

5.2

COMPARISON OF A TE ION CHAMBER WITH FISSION COUNTERS

Fission counters, which are essentially insensitive to photons at
energies below 6 MeV, can be used to determine neutron kerma. However, the fission counter materials differ greatly from tissue in
atomic composition. This problem can be resolved by using fission
counters of different materials. The responses of different counters
can be combined in such a way that the composite response to neutron
energy matches the corresponding variation in kerma in the medium of
interest. Por a suitable fission chamber pair consisting of ^-^Np and
" ° U counters, the neutron kerma in muscle tissue is given by the following relationship (Lawson and Porter, 1976):
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K

FC = C t ( a C Np

+ K

(5

ü'

-2-1)

where C N p and C ö are the counts from the 2 3 7 Np and 2 3 8 U counters,
respectively, and a and b are the coefficients to match C N p and C^
with the kerma in ICRU muscle tissue. The fission counter system employed consisted of two pulse fission chambers supplied by 2 0th Century Electronics Limited and calibrated at the Belvidere Hospital
(Glasgow). The counts were derived by integrating the output spectra
of the fission detectors above a threshold as described by Lawson and
Porter (1976). To restrict the thermal neutron sensitivity, the 2 3 S U
counter was surrounded by a Cd shield.
For various conditions in d+T mixed fields as indicated in Table
5.1, neutron kermas (K^) were derived from the responses of a TE ionization chamber and a GM counter (TE + GM) and compared with those
(Kpc) obtained with a pair of fission counters (FC). The relative
readings of the ionization chambers were determined by taking the effective point of measurement free-in-air at the geometrical centre of
the chamber and in-phantom to be at V4 of the cavity radius in front
of the geometrical centre. For the fission counters, the geometrical
centres of the detectors were considered to be the effective measuring
positions under all conditions. For the derivation of the kerma from
the relative readings of the TE ion chamber and GM counter (18529 +
lead-tin shield), the following set of values was used to solve eqs.
3.2-2 and 3.2-3: k T = 0.9902, h T = 1.000, ku = 0.0164 and hu = 1.019.
Before each measurement series, the ion chambers and the GM counters
were calibrated with a beam of 3 Cs gamma rays. For the determination
of K F C , equation 5.2-1 was used with the set of values: a = 6.64x10" ,
b = 2.31xlO~4 and C t = 1 + 0.054 C^p/Cy (according to Lawson and
Porter, 1976).
The derived neutron kerma from TE ion chamber and GM counter and
neutron kerma Kp C from the fission counters show good agreement (see
Table 5.2). Maximum differences of 2 per cent and 3 per cent are found
for measurements free-in-air and in-phantom, respectively, which is
well within the estimated overall uncertainties (about 5 per cent for
both methods).

5.3« COMPARISON OF TE ION CHAMBERS WITH A TE CALORIMETER
Calorimetry is in principle
of total

absorbed dose

all energy imparted

an absolute method for determination

in mixed neutron-photon fields.

Since almost

to matter eventually appears as heat, it provides
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TABLE 5.2

free-in-air

not collimated
free-in-air

35.3

25.2

GW
35.4

FC

25.3

221
217

2 cm depth
in-phantom

224

5 cm depth
in-phantom

183

10 c. aepth

outside primary

ïn-phanto»

b . - i«^«»«-

123

34.3
35.0

225

188

126

values of absorbed dose requiring mechanical, electrical and thermal
measurements only. However, the method is generally too insensitive
and laborious for routine use. A description of an A-150 plastic calorimeter and the method of computation of the total absorbed dose in
A-150 plastic from the measured energy dissipation is given by
McDonald et al. (1976). The absolute accuracy of calorimeters is
limited by the thermal defect, which is defined as the fraction of
energy absorbed from the beam which does not appear as heat. The
thermal defect, which is caused by chemical changes or lattice defects
due to irradiation, is estimated to be 4 per cent for neutrons (ICRU,
1977). The accuracy of calorimetric measurements of absorbed dose in
A-150 plastic is estimated to be 2.5 per cent, including a conservative estimate of +_ 2 per cent uncertainty in the value for the thermal
defect in A-150 plastic.
At the Antoni van Leeuwenhoek Hospital (AVL), Amsterdam, and the
Medical Research Council (MRC), Cyclotron Unit, London, the absorbed
doses in A-150 plastic derived from our A-150 plastic/TE gas ionization chambers were compared with that determined by McDonald with his
A-150 plastic calorimeter. All measurements were performed inside a
cubical phantom (cube side 25 cm) consisting of polystyrene blocks
which have inserts of A-150 plastic. The chambers and the calorimeter
were fitted in machined recesses in the A-150 plastic, with the geometrical centres of the dosimeters at 2.3 cm depth. At Amsterdam, for
d+T neutrons with energies of approximately 14 MeV, the field size was
10 x 10 cm at a source to surface distance (SSD) of 80 cm. In London,
the neutrons were produced by the d(16.7) + Be reaction and have a
mean neutron energy of about 7 MeV; measurements were performed at an
SSD of 135 cm and a field area of 10 x 10 cm 2 . At the AVL and the MRC,
gamma-ray sources (60Co at AVL and 1 3 7 C s at MRC) were used for calibration of the chambers. The monitor dosimetry system for irradiation
of patients was used as reference for the neutron irradiations at both
institutes. More detailed information on the intercomparison in
Amsterdam can be found elsewhere (McDonald et al., 1981). The results
from the comparison of the total absorbed doses in A-150 plastic derived from TE ion chambers and the TE calorimeter are summarized in
Table 5.3. It can be concluded that the doses derived from the TE
chambers show differences (up to 1 per cent) from the values measured
with the calorimeter, which are small as compared to the uncertainty
of both methods (5 per cent and 2.5 per cent, respectively).
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TABLE 5.3
COMPARISON OF TOTAL ABSORBED DOSE DERIVED FROM TE ION CHAMBERS RELATIVE TO THAT
OBTAINED WITH AN A-150 PLASTIC CALORIMETER

neutron source

condition

relative dose from ion chambers

d+T neutrons, E n = 14.2 MeV

in A-150 plastic

1.004 (TNO 1 cm

at Antoni van Leeuwenhoek
Hospital, Amsterdam

phantom at 2.3 era
depth

1.005 (Exradin 0.5 cm chamber)
1.001 (FWT 1 cm chamber)

d(16)+Be neutrons at MRC
Cyclotron Unit, London

in A-150 plastic
phantom at 2.3 cm
depth

0.990 (TNO 1 cm chamber)
0.998 (Exradin 0.5 cm chamber)

chamber)
3

5.4

CONCLUSIONS
Practical dosiinetry in

purposes should

mixed neutron-photon fields for biomedical

provide information

on the separate contributions of

neutron and photon absorbed doses with a sufficient degree of accuracy
and precision.
systems

Characteristics of

a number of fast neutron dosiinetry

are summarized in Table 5.4.

The most frequently used detec-

tor, the A-150 plastic/methane based muscle
chamber,

equivalent gas ionization

requires conscientious and accurate measurement and calibra-

tion procedures.

In addition,

it requires the accurate knowledge

the values of the relevant basic physical parameters,
rally

dependent on neutron energy.

for neutron

dosimttry shows

of

which are gene-

A comparison of different methods

good agreement

between the results

ob-

tained with TE lO'i chambers and kerma values based on fluence measurements,

between neutron kerma derived from a

TE ion chamber and a

GM

counter and neutron kerma obtained from a pair of fission counters and
between total absorbed dose from TE ion chambers and the values from a
TE calorimeter. The advantage of the TE chambers is that they are more
practical

for routine use,

although the overall

uncertainty in

derived dose values is larger than for some of the other methods.

the

Table 5.4
CHARACTERISTICS OF FAST NEUTRON DOSIMETRY SYSTEMS (AFTER GOODMAN, 1974)

accuracy of tissue dose
determination
(per cent)

(per cent)

neutron energy**
dependence
(per cent)

relative neutron
sensitivity

dosimeter*

neutron

gamma ray

1. calorimeter, tissue equivalent or
hydrogenous (T)
2. ionization chamber, tissue
equivalent (T)
3. proportional counter, tissue
equivalent (T)
4. ferrous sulphate (T, U)
5. lyoluminescent material (T, U)
6. fission chamber (N)
7. scintillator, organic
liquid (N)
8. activation foils (N)
9. nuclear track detectors (N)
'10. precision long counter (N)
11. silicon diode (N)
12. Geiger-Miiller counter, energy
compensated (U)
13. ionization chamber, nonhydrogeneous (U)
14. photographic film (U)
15. thermoluminescent material (U)
16. glass, Ag-activated phosphate (U)

2-5 (p)

0.5- 2 (p)

100

<5

5-10 (p)

2 - 5 (p)

100

<5

5-10 (m)

~ 10 (m)

100

<5

10-15 (p)

2 - 6 (p)
5 -10 (m)

40-60
30-70

50
***
***

10-15 (m)
5-10 (m)
- 10 (m)
5-10
~ 20
5-30
~20

5-10
***

(m)
(m)
(m)
(m)

10-20 (p)

20
30
20
~ 6 (p)

0.1-3

3 -20 (m)

2-30

5 -10 (p)
10 -20 (p)
~ 5 (p)

1-2
3-35
0.5-7

***
• **

*

Dosimeters: Instruments (T), (N) and (0) used for determination of total doses and neutron and photon components,
respectively.
** Neutron energy dependence in the energy range of between about 0.5 to 20 MeV.
***Strongly dependent on detector material.
p: pure field
m: mixed neatron-y -ray field.

CHAPTER 6
EXPERIMENTAL TECHNIQUES FOR STUDIES ON CELL
INACTIVATION AND CHROMOSOME DAMAGE

6.1

INTRODUCTION

In studies aimed at characterizing biological effects produced by
ionizing radiation, a number of variables has to be considered. The
degree of biological damage induced by radiation is dependent on the
type of cells under investigation and the condition of the cells
(e.g., stage in the cell replication cycle, oxygen content of the environment, etc.). The type of response of the biological system, i.e.,
the biological endpoint, has to be specified. Different types of radiation show differences in biological effectiveness. The accurate determination of the amount of deposited energy, the absorbed dose, is
essential. In the studies reported in this thesis, three types of
cells were used to investigate two biological endpoints for five kinds
of radiation. The present chapter deals with the biological techniques
and endpoints employed, the specification of absorbed dose and the
special problems encountered in dosimetry at interfaces of different
materials.

6.2

BIOLOGICAL TECHNIQUES

6.2.1. Characteristics of the cell lines
As

pointed out in Chapter 1, it is of importance to study both
cell inactivation and chromosome aberrations in several types of
cells, because of reported intrinsic differences in the radiosensitivity of different cell lines. With modern tissue culture techniques,
it is possible to take pieces from normal tissues or from a tumour,
cut these specimens into small pieces, separate out the individual
cells and prepare a suspension of single cells. In practice, most of
these cells will grow Jji vitro for only a few weeks, but some may continue to grow for many years. The latter cells are kept in culture by
growing them in culture flasks, removing them every few days and reseeding them in smaller numbers in new culture flasks. These cultures
are the so-called established cell lines. For the present investiga-
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tions, three types of established cultured cell lines were employed,
viz., rat rhabdomyosarcoma cells (R-1,M), rat ureter carcinoma cells
(RUC-2) and Chinese hamster cells (V-79). From previous studies on
cell reproductive death with 300 kV X rays rnd 15 MeV neutrons, it was
concluded that the R-1,M and RUC-2 cells show a great difference in
radiosensitivity (Broerse et al., 1977), while the number of chromosomes was known to be about the same. It appeared that the number of
chromosomes deviated somewhat from the expected diploid value for the
rat cell lines, viz., 4 6 + 2 chromosomes in the R-1,M cells and 52 + 2
chromosomes in the RUC-2 cells. However, experiments on cell reproductive death for two R-l cell sublines, R-1,M and R-l, did not show differences in radiosensitivity. Both cell lines were cultured from the
same original cells but, for the R-l cells, the number of chromosomes
was observed to be approximately twice as high as in the R-1,M cells.
This indicates that the sensitivity to ionizing radiation does not
show a direct relationship with the number of chromosomes. More details concerning the origin and development of the cultures of R-1,M
and RUC-2 cells, which were derived from primary tumours, are given by
Barendsen et al. (1977). The V-79 cells have a much smaller number of
chromosomes (22), which allows an easier scoring of chromosome aberrations. This hamster cell line has been used in many experiments at
different institutes all over the world.

6.2.2. The endpoints and cell culture conditions
With _in vitro techniques, the fraction of cells which retain the
capacity for unlimited proliferation is determined by the number of
colonies formed
(Puck et al., 1956). The clonogenic capacity of irradiated cells was assayed by counting the number of clones consisting
of more than 30 cells developed from single cells plated in culture
flasks after culturing in a medium consisting of Hank's balanced salt
solution, Eagle's amino acids and vitamins at 37°C for periods of 8 to
10 days after irradiation. This number of clones relative to that obtained for unirradiated cells is generally taken to represent the
fraction of surviving cells.
When cultured cells are exposed to ionizing radiation, three types
of chromosomal aberrations can occur depending on their cell cycle
stage at the time of irradiation, namely, chromosome, chromatid and
subchromatid aberrations (see Figure 6.1). The studies discussed here
were restricted to chromosome _type aberrations, as these are the most
unambiguous changes observed. This effect is also a very important
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Figure

6.1

Relation between type of chromosomal aberration induced by radiation and stage in the
cell replication cycle at the time of irradiation (UNSCEAR, 1969).

endpoint, since the cell population at risk in humans is generally not
rapidly proliferating, i.e., most cells will be in the G Q or prolonged
G^ phase of the cell cycle. Consequently, the majority of chromosomal
aberrations will be of the chromosome-type.
To arrive at a population of cultured cells having a large number
of cells in the G^ phase of the cell cycle, two techniques were investigated. The first is based on synchronization of cell cultures by
shaking off mitotic cells from cultures grown as monolayers in culture
flasks. During mitosis, the cells are more rounded and less firmly
attached to the surface (see, e.g., Terasima and Tolmach, 1963). However, this method has a disadvantage in that, from
exponentially
growing cell cultures, only about 1 per cent of the cells can be harvested for the synchronized culture. This disadvantage is partly compensated for by the fact that the shaking off procedure can be repeated for the same stock culture. A second method is the use of plateau phase cultures. When cells are grown as monolayers in culture
flasks, there are two limitations to unrestrained growth. Firstly, the
cslls will be limited in growth by contact inhibition and, secondly,
growth is restricted by the exhaustion of the culture medium. Both
techniques were tested with R-1,M cells and it was concluded that,
although higher fractions of cells in the G-^ phase of the cell cycle
could be achieved (up to 90 per cent) by the first method, the second
was favoured because of a much better reproducibility in the fraction
of cells in G^ phase and a more readily availability of large numbers
of cells. The fractions of cells in the G Q or the prolonged Gj phase
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of the cell cycle were determined by ascertaining the DNA content distributions of the cells by means of a flow photocytofluorometer. To
obtain fluorescent cells, they were first fixed with pure ethanol and
subsequently washed with Sol A, suspended in 0.5 cm 3 fresh Sol A with
0.5 cm RNAse solution added and finally stained for 10 min at 37°C by
1.0 cm 3 of a solution of Propidium Iodide, Saponin and Triton X-100
(Kipp et al., 1980). An example of such a DNA distribution is g^ven in
Figure 6.2. The fraction of G^ phase cells is determined by comparison
of the areas of the G2 phase peak with the total area. The analysis of
such distributions is described in more detail elsewhere (see, e.g.,
Kipp et al., 1980).

Go, 1

V
3
C

G2 + M

relative D N A content

Figure 6.2
DNA content distribution of R-1,M c e l l s in a plateau phase culture; indicated are the
regions of DNA content corresponding t o the GQ ^, S and G + M phases of the c e l l
replication cycle.
The growth characteristics of cultures of the three cell types
(number of cells versus culture time) are given in Figure 6.3. In this
figure is also presented the fraction of cells in the G^ phase as a
function of time after plating.
It was concluded that, after about 6
days of culture, the maximum cell number and a saturation value for
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Figure 6.3
Culture characteristics of three cell lines. Upper part of the figure: growth curves
as a function of time after plating. Lower part: fraction of cells in the G- . phase
of the cell cycle versus time after plating.
'

the fraction of c e l l s in the G^ phase had been reached for a l l cell
lines.
In addition, the plating efficiency
( i . e . , the fraction of
c e l l s capable of unrestrained growth after plating as single cells)
was sharply decreased after
about 6 days, indicating that the c e l l s
had become less viable.
For a l l experiments, plateau phase c e l l s were harvested after 6
days of culture in falcon flasks (25 cm^ growth area). From the exponential parts of the growth curves, cell doubling times, T^, of 18,
16, and 14 h for R-1,M, RUC-2 and V-79 c e l l s , respectively, could be
assessed. I t is estimated that the Td values are only somewhat (about
1 h) longer than the cell cycle times, since, in this part of the
growth curves, the majority of the c e l l s are proliferating and generally only few dead cells are observed
(see, e . g . .
Hermens et a l . ,
1969).
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6.2.3. Experimental procedures
For the cell survival experiments, the cells were irradiated in
the plateau phase cultures. They were detached by trypsinization and
subsequently suspended to obtain a suspension of single cells. In this
suspension, the number of cells per cm was determined and by dilution
an appropriate number was plated" in four other cell culture flasks.
This method has the disadvantage that a separate flask from which
dilutions have to be made must be used for every dose of radiation.
For irradiations of exponentially growing cells, another method can be
employed: from one cell suspension for each dose of radiation, appropriate numbers of cells can be plated on culture flasks. In the latter
method, the same error is made in the dilution procedure for all culture flasks. In Figure 6.4, the fractions of surviving cells for the
V-79 cell line irradiated with -^^Cs y rays are given for exponentially growing and for plateau phase cells. It can be seen that the sur10 —I

O plateau phase cells
# e x p o n e n t i a l l y g r o w i n g cells

10" 2 -J

8

10

12

14

16

absorbed dose ( Gy )

Figure 6.4
Survival curves of V-79 cells irradiated with
growing and plateau phase cell cultures.
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137
Cs gamma rays for

exponentially

vival curves of the two types of culture are not significantly different. This indicates a limited dependence of radiosensitivity on cell
cycle stage. The larger standard deviations observed for the celLs
from plateau phase cultures might f i due to errors in making 'the dilutions and differences in subculturing. Similar results for exponentially growing and plateau phase cell cultures were obtained Cor the
other cell lines and with different types of radiation.
For the studies on chromosome aberrations also, plateau phase cell
cultures were irradiated. Immediately following irradiation, the colls
were trypsinized and transferred to laryer culture flasks to induce
progressioi. through the cell cycle. After about 2 to 4 hours, colcemid
was added (concentration about 0.2 pg.cm" 3 ) to collect the cells in
the first mitosis postirradiation. Cells halted in mitosis by the colcemid were collected by shaking them off from the culture flasks 2022 h after irradiation. This interval is somewhat longer than the cell
cycle time and allows for a 2-4 h period before the cells attach to
the culture flasks, since the unattached cells in the medium are considered to have a slower proliferation rate. Plating of mitotic R-1,M
cells, which showed the longest cell doubling time (Td = IB h ) , resulted in a second mitosis after about 18-2Ü h. Radiation induced
mitotic delay does not have much influence on the time before G^ cells
are in first mitosis. This latter phenomenon is considered to be of
more importance for cells in late S and G2 + M phases (see, e.g., Lea,
1962). It is essential to collect cells from the first mitosis postirradiation, since the number of chromosome aberrations per cell will
sharply decrease in mitoses occurring later. Pilot studies on the induction of dicentrics in T cells of human origin showed relative numbers of aberrations of 1.00, 0.5 and 0.26 for first, second and third
mitoses postirradiation, respectively, which is in qualitative agreement with the observation of Carrano (1973). The collected mitotic
cells were swollen by adding a hypotonic KC1 solution (0.75 per cent
in distilled water) for about 7 min at 37°C; they were then fixed with
a 3 to 1 mixture of methanol and acetic acid. Metaphase spreads were
prepared by dropping swollen cells from about a 1 to 2 m height onto
microscope slides. The chromosomes were stained by Giemsa improved R66
solution.

6.2.4. Types of chromosome aberrations
A schematic

diagram showing

the

different

types of

chromosome

aberrations which can be observed in metaphase is given in Figure 6.5.
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Figure 6.5
Chromosome-type aberrations that can be distinguished cytologically at the metaphase
of the cell replication cycle (UNSCEAR, 1969).

The chromosome as seen in the metaphase of cell division consists of
two parallel threads; those composing one chromosome are termed sister
chromatids. In each chromosome, the sister chromatids are held together at a specific point, the centromere. The centromere is the region
where the spindie which provides for movement of corresponding chromatids to the opposite poles in cell division is attached. The centromere can be situated at a position anywhere along the thread. In the
cells under investigation, however, the centromeres were on no occasion positioned at the ends of the chromosomes.
In studies of chromosome-type aberrations, a distinction is made
between intrachanges which are produced within single chromosomes and
interchanges which involve an exchange of parts between different
chromosomes. Terminal deletions are observed as paired chromatids that
lie parallel to one another but in which there is no centromere present. Interstitial deletions are paired chromatids, usually smaller in
size than terminal deletions, appearing as paired spheres of chromatin. Acentric rings are paired chromatids in the shape of a ring without a centromere. In scoring chromosome aberrations, terminal deletions, interstitial deletions and centric rings are generally referred
to as acentric fragments, although the mechanisms of production are
different; terminal deletions are frequently assumed to require only
one break in the chromosomes; the other aberrations require two
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breaks. Centric rings are paired chromatids in the shape of a ring in
which a centromere is present. Each centric ring is accompanied by one
or two acentric fragments. Pericentric inversions result from the inversion of the centromeric segment and its reincorporation into the
chromosome. Asymmetrical interchanges (dicentrics or polycentrics) are
aberrations due to an exchange in each of two or more chromosomes in
such a way that the proximal regions of the chromosomes become united
and the associated acentric fragments can be united or may remain separate. Symmetrical interchanges are aberrations resulting from an exchange between two chromosomes such that the distal parts of the two
chromosomes are transferred from one to the other.
With the staining technique employed for the present experiments,
pericentric inversions and reciprocal translocations are not detectable, since, apart from the chromosome threads, only the centromeres
and gaps are visible. Pericentric inversions and reciprocal translocations can be detected with special chromosome banding techniques;
however, these were considered to be too much time consuming for the
present investigations when taking into account that karyotyping would
be necessary for all cells to be scored. Fortunately, though, the frequencies of induction of pericentric inversions and reciprocal translocations could be expected to be' the same as those for centric rings
and dicentrics, respectively. This expectation of equal frequencies is
based on the assumption that symmetrical aberrations have probabilities of occurrence equal to their asymmetrical counterparts. This assumption is supported by observations of Van Buul et al. (1978) for
symmetrical and asymmetrical aberrations of the chromatid-type which
can be more easily distinguished.
Dicentrics and centric rings are the easiest recognizable aberrations and can be scored unambiguously. Acentric fragments cannot be
scored unambiguously, since, e.g., in the formation of dicentrics and
centric rings, one or two acentric fragments can be produced. Therefore, the present experiments were restricted to the scoring of dicentrics, tricentrics and centric rings. In addition, chromatid interchanges were monitored as a rough measure for the number of cells in
the S and G2 + M phases of the cell replication cycle. When a large
number of these latter types of aberrations is present, this indicates
a large fraction of cells which were irradiated in S or G 2 + M phases.
In only one case was this information used for the exclusion of an experiment. A staining technique which makes the centromeres easier to
recognize (C-banding) might have been useful for the scoring of dicentrics, tricentrics and centric rings. However, attempts to apply this
technique to the cell lines employed were not successful. Distinction
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between crossing-over of chromosome arms and the presence of centromeres could be easily made by differences in the intensity of the
staining of the regions of interest. The scoring of the aberrations
was facilitated by the use of a camera mounted on the microscope; this
made the chromosomes visible on a monitor screen. The scoring of chromosome aberrations was always performed by two persons, since scoring
by one person was shown to introduce errors of judgement which increased with time during a scoring session.

6.3

IRRADIATION ARRANGEMENTS AND DOSIMETRY

6.3.1. Characteristics of radiation fields
Five types of radiation were employed for the radiobiological
studies: •L->/Cs gamma rays, 300 kV X rays and monoenergetic fast neutrons with energies of 0.5, 4.2 and 15 MeV.
The 13'cs gamma-irradiations were performed with a Gammacell 20
small animal irradiator from Atomic Energy of Canada Ltd. The unit
houses twin * ^ C s gamma-ray sources located one above and one below
the irradiation compartment, thus providing an approximately homogeneous radiation field. The dose rate at the position of the cells is
about 1 Gy.min" 1 .
A Philips-Miiller X-ray generator with an added filter of 1 mm Cu
was operated at 300 kV and 10 mA, providing X rays with a half-value
layer (HVL) of 3 mm Cu. The culture flasks were irradiated at a focus
to surface distance (FSD) of 50 cm at a dose rate of about 0.6 Gy.
min" 1 . The dosimetry was routinely performed with a Baldwin-Farmer
ionization chamber which was regularly calibrated with X rays at the
Dutch Radiation Standardization Laboratory of the Ministry of Health
(RIV, Bilthoven).
The irradiations with 15 MeV neutrons were performed with a modified Texas nuclear model 9909S accelerator employing the d(0.27)+T
reaction at a beam current of about 2 mA of deuterons, which corresponds, depending on target conditions, to a dose rate at the position
of the cells varying between about 40 and 70 mGy.min"1. The 0.5 and
4.2 MeV neutrons were produced with a K2N-3750 van de Graaff accelerator employing the p(1.7)+T and d(2.5)+D reactions, respectively. The
beam currents of protons and deuterons were about 500 to 700 and 350
to 500 >JA, respectively. This corresponds to total absorbed dose rates
of between 3 and 4.5 mGy.min
(0.5 MeV neutrons) and between about
3.6 and 5 mGy.min~^ (4.2 MeV neutrons). For all neutron irradiations,
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the culture flasks were completely filled with medium and mounted on a
wheel which was rotated during irradiation (see Figure 6.6). Tnis
procedure was employed to obtain an approximately homogeneous irradiation of the cells. The dosimetry was performed with A-150 plastic
ionization chambers and GM counters. The dosimeters were placed with
their geometrical centres at the position of the cells employing an
acrylic plastic phantom simulating the culture flasks. All measurements and cell irradiations were performed with reference to a monitor
TE ion chamber. The total absorbed doses and relative neutron and
gamma-ray contributions were determined according to the procedures
discussed in Chapter 3.
The relative contributions of gamma rays to the total absorbed
doses were 7.0, 26 and 1.5 per cent for irradiations with 15, 4.2 and
0.5 MeV neutrons, respectively. As discussed in Section 3.4, it is
important to separately determine neutron and photon absorbed dose.
However, in absorbed dose specifications to be used in radiobiological
studies and clinical applications of neutrons, it is useful to provide
a single value. In neutron dosimetry for radiotherapy of cancer, at-

Figure 6.6
Experimental arrangement for the irradiation of cell culture flasks with neutrons.
Indicated are: the neutron producing target (T); the cell culture flasks (C) and the
monitor dosimeter (M).
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tempts have been made to introduce a single parameter to characterize
the dose. Such a parameter introduced by Broerse and Mijnheer (1976)
as the biologically effective dose was defined as D^ + D G /RBE n . However, the RBE for neutrons (RBEn) is dependent on neutron energy and
other parameters. Broerse and Mijnheer (1976) suggested to correct for
this dependence by applying an RBE of 3 for d(16)+Be neutrons, 2.5 for
d+T neutrons and 2 for neutrons of higher energies, but, a general
procedure has not been accepted. In addition, it has to be taken into
account that the uncertainties in the determination of the photon dose
components lead to uncertainties in the neutron absorbed dose components which are generally larger than those in the total absorbed
doses; consequently, a derived biologically effective dose will also
have a larger uncertainty than total absorbed dose. Therefore, for
presentation of the radiobiological results, it seems reasonable to
quote total absorbed dose with an indication of the gamma-ray contribution. It can be concluded that the total absorbed dose is a useful
parameter in most of the biological experiments.

6.3.2. Dosimetry at interfaces
A special dosimetric aspect encountered in the irradiation of the
cells which are cultured as monolayers in the polystyrene culture
flasks is the perturbation of secondary charged particle equilibrium
(CPE) at interfaces of materials of different compositions. Perturbations of CPE at these interfaces can lead to considerable differences
in the energy deposition by neutrons and photons (Broerse et al.,
1968). Specific examples are the irradiations of body cavities and
soft tissues adjacent to or enclosed by bone. Another example is the
build-up of CPE at air-tissue interfaces, referred to in radiotherapy
as the skin sparing effect. Similar perturbations at the interface of
the culture flask material and culture medium will occur. Experimental
conditions in dosimetry are usually arranged so as to provide CPE for
both the dosimeter and the specimen in order to facilitate accurate
measurements of neutron kerma or absorbed dose (see also Section
3.3.2.4). Thus, the material in front of the cells for neutron irradiation should be at least thick enough to establish CPE; a thickness
comparable to the range of protons with maximum energy will be sufficient.
A modified TE disc-type ionization chamber with an outer diameter
of 38 mm and a total width of 9.4 mm (Goodman, 1972) was used for
measurements at the air-TE plastic interface. For these build-up meas-
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urements, one of the walls was replaced by an aluminized mylar wall
(thickness 1 mg.cm"^) and the second half of the chamber was filled
with polystyrene to reduce the contribution of ionizations due to
charged particles produced in the central electrode. The build-up of
charged particle equilibrium was measured by the addition of TEplastic discs of various thicknesses (see Figure 6.7). The build-up of
CPE is dependent on experimental conditions such as the neutron energy, the field size (for collimated beams), the presence of phantom
material behind the chamber and the application of an absorber to remove charged particles from the beam. This is shown in Figure 6.7 for
d+T neutrons under different conditions, including the placing of a
lead filter (thickness 0.5 mm) in front of the chamber. A relatively
higher entrance dose is measured if the chamber is placed against the
phantom, a situation which is most relevant for the assessment of skin
sparing for the clinical applications. The increase in entrance dose
in the latter situation will most probably be due to backscattered
radiation from the phantom. The conclusion is that the introduction of
the lead filter has the most prominent effect on the results obtained
for the collimated beam. The decrease in the relative responses of the

100 -f

free-in-air
in front of phantom
O collimated in front of phantom
in front of phantom with lead filter
(collimated and not collimoted)

«

60-

50100

200

300

build-up thickness of T E plastic ( mg . cm" )

Figure 6.7
Build-up for d + T neutrons under various conditions as determined with a modified TE
disc-type ionization chamber flushed with TE gas. The different conditions were:
a) free-in-air for an uncollimated beam; b) in the presence of a phantom with and
without a lead filter for an uncollimated beam; and c) in the presence of the phantom
with and without a lead filter for a collimated beam.
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chamber employing a lead filter might be attributed to the absorption
of charged particles contaminating the beam. These particles are presumably produced in the walls of the collimator duct.
The results for effects of the use of air or TE-gas flushing the
ionization chamber, the application of a lead filter and the use of
the phantom on the relative response of the mylar walled disc-chamber
are shown in Table 6.1. The values obtained for the air-flushed chamber tend to be somewhat lower than that obtained for the TE-gas
flushed chamber. This can be explained by recognizing that thé thickness of the gas filling of the cavity (0.32 mg.cm" 2 air; 0.28 mg.cm"2
TE-gas) cannot be neglected with respect to the thickness of the mylar
wall (1.0 mg.cm" 2 ). The kerma factor for air is much lower than that
for TE-gas (Caswell et al., 1980); consequently, the results with the
air-flushed chamber are lower. For higher energy neutrons, comparable
information can be found elsewhere (Mijnheer et al., 1978). The results show that the measuring conditions are of great importance for
the interpretation of secondary charged particle build-up curves.
The minimal wall thickness required for the irradiations of the
cells with d(0.27)+T neutrons can be derived from Figure 6.7. This
condition is fulfilled for the irradiations of the culture flasks.
For 0.5 and 4.2 MeV neutrons, the maximum ranges of the protons are
appreciably smaller (0.01 and 0.35 mm in unity density tissue, respectively). It must be taken into account that build-up for heavy recoils
and products of nuclear reactions are attained at depths much shallower than those required for proton build-up. These secondaries with
relatively high LET have a higher biological effectiveness than the
protons for which CPE is reached at greater depths (Broerse et al.,
1968).
The perturbation of CPE at the polystyrene-water interface was investigated for the irradiations of the cells cultured in monolayers.
The energy dissipation of fast neutrons in biological materials occurs
via recoil protons, heavy recoil nuclei and products of nuclear reactions. The relative contributions of these reactions to the kerma or
absorbed dose in tissue depend on the neutron energy. Under conditions
of CPE, the contribution from interactions with hydrogen nuclei to the
neutron absorbed dose in muscle tissue amounts to about 94, 89 and
71 per cent for monoenergetic beams of 0.5, 4.2 and 15 MeV neutrons,
respectively (Coyne, 1980). Owing to the large contributions from
recoil protons, the energy deposition in various biological materials is determined mainly by the hydrogen content. Recent calculations of Caswell et al. (1980) have yielded kerma factors as given in
Table 6.2 for various materials with different hydrogen contents (see
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TABLE 6. 1
BUILD-UP CHARACTERISTICS OF TE DISC CHAMBER FOR d+T NEUTRONS
UNDER DIFFERENT CONDITIONS

relative*
condition

gas

lead

response

filling

filter

at 1 mg.cm

free-in-air

TE

0.59

free-in-air

TE

0.55

free-in-air

air

0.57

free-in-air

air

0.53

in front of phantom

TE

0.63

in front of phantom

TE

0.58

collimated, in

TE

0.74

TE

0.58

air

0.63

air

0.54

-2

front of phantom
collimated, in
front of phantom
collimated, in
front of phantom
collimated, in
front of phantom

*Value with

reference to that at the dose maximum observed as a func-

tion of depth.
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TABLE 6.2
KERMA FACTORS FOR DIFFERENT NEUTRON ENERGIES AND VARIOUS MATERIALS*

neutron
energy (MeV)

water

0.5

1.74 x 10

4.2

4.60 x 10

15

Kerma factors
(Gy.cm )
A-150 plastic
ICRU muscle
tissue

7.15 x 10

polystyrene

-11

1.65 x 1 0 ~ U

1.60 x 1 0 ~ U

1.31 x 10

-11

4 . 4 7 x 20 ~ U

4.31 x

3.57 x 10

-11

7.34 x lO" 1 1

6.91 x 1 0 " U

6.11 x 10

-11

-11

-11

•According to calculations of Caswell et al., 1980.

ICRU, 1977): water, relevant for the culture medium; A-150 plastic,
the dosimeter material; ICRU muscle tissue, the reference material
commonly employed for radiobiological experiments with cells; and
polystyrene, the culture flask material. For the irradiations of monolayers of cells, the ratios of kerma for water to kerma for polystyrene in addition to the ranges of the secondaries are of primary
importance. The kerma ratios for water to that for polystyrene are
1.33, 1.29 and 1.17 for 0.5, 4.2 and 15 MeV neutrons, respectively.
For 15 MeV neutrons, the ranges of the secondary protons (2.2 mm)
are large with respect to the dimensions of the cells (about 10-15
jam). Therefore, it is to be expected that the dose from protons to the
celln will be determined by the kerma in polystyrene when the cells
are irradiated through the bottoms of the flasks and by the kerma of
water when they are irradiated through the medium of the flasks. Consequently, the dose for irradiation through the medium or through the
polystyrene bottom will differ by a factor of 1.17. However, a portion
of the energy deposition to the cells is also delivered by secondaries
originating in the cell, namely, that from heavy recoils which are
expected to have higher RBE values and slow protons.
To study the influence of the various contributions for irradiation of cells in monolayer cultures, cell survival characteristics
were determined for T cells (cultured cells of human origin) for irra-
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diations in which neutrons enter cells either through the medium or
through the bottoms of the culture flasks. The survival curves obtained for the two geometries of irradiation are presented in Figure
6.8. The culture techniques and the derivation of clonogenïc capacity
were carried out according to the procedures described in Section 6.2
for exponentially growing cells. The dose rate was about 50 mGy.min"
and the photon dose was measured to be 5 per cent of the total absorbed dose. For a given soft tissue kerma as determined by the TE
ionization chamber, a relatively higher level of survival is observed
for the irradiations through the polystyrene bottom of the culture
flasks. This indicates that a smaller amount of energy is absorbed in
the cells in this situation. The relative absorbed doses in tissue
layers irradiated through the medium (water) or through polystyrene
differ by a factor of 1.16. This ratio is in good agreement with the
factor expected on the basis of the kerma ratios.

?0u-i
1

irradiation through medium

2

irradiation through polystyrene

IO-'H

io-2H

0

2

4

6

soft tissue kerma ( Gy }

Figure 6.8
Survival curves of cultured cells irradiated with d + T neutrons through the medium
(curve 1) or through the polystyrene bottom of the culture flasks (curve 2 ) .
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For 4.2 MeV neutrons, the situation for irradiation through the
medium or through the bottom of the culture flasks will be similar to
that for the 15 MeV neutron irradiations, since the ranges of the
secondary protons are much larger than the dimensions of the cells.
However, for the 0.5 MeV neutron irradiations, the maximum ranges of
the secondary protons are comparable to the cell dimensions. Irradiations of culture flasks under the two geometrical conditions did not
show significant differences for 0.5 MeV neutrons. Consequently, it is
concluded that, for these lower energy neutrons, the dose is not determined by the material in front of the cells, but by the cell material, which might be best approximated by ICRU muscle tissue.
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CHAPTER 7
DOSE-EFFECT RELATIONS FOR CELL INACTIVATION AND
CHROMOSOME DAMAGE IN THREE CULTURED CELL LINES
FOR DIFFERENT QUALITIES OF RADIATION

7.1

INTRODUCTION

The need for accurate determination of dose-response relationships
for cellular effects induced by ionizing radiation and their dependence on radiation quality has been discussed in Chapter 1. In many
models and hypotheses proposed for the interpretation o£ such data, it
is assumed that different types of effects depend in a similar way on
physical and biophysical parameters such as absorbed dose, LET or Y F .
Interest in studies on chromosome aberrations and cell reproductive
death as biological endpoints is based in part on the suggestion that
chromosomal aberrations are the major cause of cell reproductive
death. In addition, chromosome aberrations might play an important
role in the induction of cancer.
In this Chapter, dose-effect relationships and their dependence on
radiation quality jior induction of cell reproductive death and for induction of chromosome aberrations are presented for three cell lines.
The results for the different biological endpoints were obtained under
similar experimental conditions. Subsequently, a number of models for
the analysis of the dose-response relationships for the two biological
endpoints will be summarized. A comparison between the two types of
cellular effects will be presented for the different qualities of radiation on the basis of models with linear and quadratic dose terms.

7.2

EXPERIMENTAL RESULTS

7.2.1 Cell survival curves
When a cell retains and expresses its capacity for unlimited proliferation in tissue culture, it is scored as a surviving cell. Cell
survival curves for a specific type of radiation represent the relationship between the fraction of surviving cells (S) and the absorbed
dose of radiation (D). The cell survival curves for R-1,M, RUC-2 and
V-79 cells are given in Figures 7.1, 7.2 and 7.3, respectively, for
irradiations with ^ 7 C s gamma rays, 300 kV X rays and 0.5, 4.2 and
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I

•

300 IcV X rays
137-.
O
Cs y roys

IQ"1

10

15

total absorbed dose ( Gy )

Figure 7.1
Survival curves for R-1,M cells subjected to various types of radiation.

15 MeV neutrons. The results for neutrons are presented as a function
of total absorbed dose. It is concluded from these figures that the
dependence on radiation quality is similar for the three cell lines,
i.e., the sensitivity of all cell lines to 0.5 MeV neutrons is
highest, to 4.2 and 15 MeV neutrons intermediate and to photons
lowest. No significant differences in effectiveness between the two
types of photon radiation are observed for either of the cell lines.
For R-1,M and V-79 cells, 4.2 MeV neutrons are more effective in producing cell reproductive death than are 15 MeV neutrons, but, for
RUC-2 cells, no significant differences in effectiveness between these
two radiation qualities are observed. The three cell lines show appreciable differences in sensitivity to ionizing radiation. For all types
of radiation, R-1,M cells show the highest sensitivity, V-79 cells are
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10 -

10

D 300 kV X rays
Cs Y rays

10

15

total absorbed dose ( Gy )

Figure 7.2
Survival curves for ROC-2 cells subjected to various types of radiation.

intermediate and

RUC-2 cells show

the lowest sensitivity. This indi-

cates the importance of the investigation of cellular effects
ferent cell lines.

The cell survival curves for

for

dif-

both types of photon

radiation show a clearly nonlinear dependence of In S as a function of
dose for photons, whereas for neutrons, within the experimental uncert a i n t i e s , a linear relationship which adequately f i t s the experimental
data can be derived.
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Figure 7.3
Survival curves for V-79 cells subjected to various types of radiation.

7.2.2 Dose effect-relationships for induction of chromosome aberrations
The different types of chromosomal aberrations which can occur
after irradiation have been discussed in Chapter 6. A metaphase spread
of a V-79 cell illustrating a few examples of observed chromosome aberrations is shown in Figure 7.4. An example of the data derived from
scoring chromosomal aberrations is given in Table 7.1 for V-79 cells
i) radiated with 300 kV X rays. This table shows for each absorbed dose
expressed in Gy the number of cells scored and the observed aberrations. Die, ring, and trie represent the total numbers of dicentrics,
centric rings and tricentrics, respectively. Cells showing more than
one chromosome aberration are classified as 2-dic (cells with 2 dicen-
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dicentric

centric

acentric
fragment

acentric
fragment

Figure 7.4
Different types
cells.

of chromosome aberrations as observed

in a metaphase spread of V-79

tries), 2-ring (cells with 2 rings), d + r (cells with a dicentric and
a ring) and d + t (cells with a dicentric and a tricentric). The relative numbers of dicentrics to rings for V-79 cells irradiated with
photons was 4 to 1, whereas, for neutrons, the number of dicentrics
was about 13 times the number of rings. For both R-1,M cel^s and RUC-2
cells, the numbers of dicentrics relative to the number of rings were.
40 to 1. For R-1,M and RUC-2 cells, no differences in the ratio of
dicentrics to rings were detectable between photons and neutrons. Tricentrics were observed only for the irradiations of V-79 cells (1.5
per cent of the number of dicentrics). The distributions of chromosome
aberrations over the cells were close to a Poisson one. Also shown in
the table are the number of chromatid exchanges (CD) as observed for
the cells collected in metaphase. This number in comparison with the
total number of chromosomal aberrations (CD + CA) (approximately 12
per cent for V-79 cells) is roughly proportional to the fraction of
cells in the S + G 2 + M phases of the cell cycle at the time of irradiation.
The fractions of dicentrics and centric rings per cell versus
total absorbed dose are plotted in Figures 7.5, 7.6 and 7.7 for R-1,M,
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Table 7.1
SCORING OF CHROMOSOME ABERRATIONS (CA) IN V-79 CELLS IRRADIATED WITH 300 kV X RAYS

dose
(Gy)
0
2.0
4.0
6.0
8.0

number of
cells

die

2-dic

ring

200
200
200
200
200

0
13
26
72
90

0
0
0
8
12

0
1
8
9
30

2-ring

0
0
0
0
0

trie

0
0
0
2
3

d + r

d + t

CA

CD

0
0
1
3
9

0
0
0
0
1

0
14
34
83
123
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Figure 7.7
Induction of dicentrics and centric rings per cell in V-79 cells by various types of
radiation as a function of total absorbed dose.
RUC-2

and V-79 cells,

respectively,

for the five types of radiation

employed. Similar to the situation for impairment of clonogenic capacity, the effectiveness for induction of chromosome aberrations is
greatest for 0.5 MeV neutrons, intermediate for 4.2 and 15 MeV neutrons and least for photons. Differences in effectiveness between the
two types of photon radiation are observed for RUC-2 cells, while such
differences between 4.2 and 15 MeV neutrons are observed only for V-79
cells. For photons, RUC-2 cells show the lowest sensitivity for induction of chromosome aberrations and R-1,M cells the greatest. For 15
MeV neutrons, the sensitivities of the three cell lines are similar.
RUC-2 and R-1,M cells show an equal sensitivity to 4.2 MeV neutrons,
but V-79 cells are more sensitive to this quality of radiation. The
effectiveness of 0.5 MeV neutrons is lowest for RUC-2 cells but similar for R-1,M and V-79 cells. Similar to the situation for cell reproductive death, it is evident that important differences are observed
between the sensitivities of the three cell lines with respect to the
induction of chromosome aberrations.
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7.3 COMPARISON OF DOSE-EFFECT RELATIONS FOR INDUCTION OF
CELL REPRODUCTIVE DEATH AND CHROMOSOME ABERRATIONS
7.3.1 Models for analysis of dose-effect relations
A number of models has been developed for the interpretation of
cell survival curves (see, e.g., ICRU, 1979). Different types of
curves are shown schematically in Figure 7.8 (ICRU, 1979). The simplest survival curve is represented by the equation:
(7.3-1)

S(D)

10° J

o>

«f 2 -!

B

absorbed dose ( linear scale )

Figure 7.8

Typical shapes of cell survival curves (ICRU, 1979). Curve A represents a simple exponential survival curve, curve B the "multitarget, single hit" and the "modified
multitarget, single hit" expression; curve C represents an exponential survival curve
with a linear and a quadratic dose coefficient.
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where the subscript

d refers to cell reproductive death,

S(D) is the

surviving fraction after a single absorbed dose D, and k d

is the inac-

tivation constant. For characterization of such a curve,

the mean in-

activation dose,

Dg

(the reciprocal of k d ) ,

defined as the dose re-

quired to reduce S(D) by a factor of e, is also often used. As a model
for inactivation, the inactivation constant k d
sitivity of each cell and

represents the net sen-

may be associated with a net target volume.

It may also represent the sum of sensitivities contributed by a number
of subtargets, each cell having the same number and type.
A second type

of survival curve

can be described

by the "multi-

target, single-hit" survival expression:
-k D
S(D) = 1 - (1 - e " ) "

where

the inactivation

targets,

constant

each of which must

which show an initial

(7.3-2)

kn

is the sensitivity of each of n

be hit

to kill a cell.

negative slope and

Survival curves

an exponential behaviour at

surviving fractions below about 10 per cent may be more closely fitted
by a "modified multitarget, single hit" curve:
-k D
S(D) = e

[1 - (1 - e

-k D
" )" ]

(7.3-3)

In this approximation, cells are inactivated
death which may depend

on cell and radiation characteristics.

first mode, the surviving
is

characterized

due to two modes of cell

fraction is reduced

by an

presenting

exponentially and this

effective inactivation

second mode, survival is reduced according to
the effective inactivation

If k n approaches zero or

In the

constant k^.

eq. 7.3-2,

In the

with k n re-

constant of each of n targets.

n approaches infinity,

eq. 7.3-3

is reduced

to eq. 7.3-1.
The third shape
unit dose

of survival curves

throughout the range of

shows an
observation

increase of effect
(Sinclair,

1966).

per
In

practice, these curves are approximated by:
D2)

-(«D+P
S(D) = e

(7.3-4)

where the subscripts

d

refer to cell reproductive death.

and quadratic dose terms can be

interpreted by assuming

The linear
that primary

biomolecular lesions can be induced by either energy deposition from a
single

ionizing

particle

or by

that

deposited

by

two

particles

crossing one or more critical sites or structures in the cell that are
involved in cell inactivation.
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The frequency of induction of chromosome
commonly fitted by a polynomial:
Y(D) = a D + P DZ + 7 D3 + ...
3.

Sk.

aberrations [Y(D)]

is

'J i-S)

SL

where the subscripts a refer to chromosome aberrations.
For induction of chromosome aberrations by high LET radiation,
Y(D) increases linearly with the dose:
Y(D) = k D

(7.3-6)

For X and gamma rays, Y(D) increases more rapidly than proportionally
with the dose. In practice, most data on chromosome aberrations can be
adequately analysed by taking into account only linear and quadratic
dose terms (see, e.g., Lloyd et al., 1976):
2
Y(D) = Or D + ö D

(7.3-7)

The linear and quadratic dose terms can be interpreted similarly as
those in eq. 7.3-4 for cell survival, being related to energy depositions from one ionizing particle and to those from two particles.
Interpretation of survival curves for Chinese hamster cells (V-79)
irradiated with **^Co gamma rays using multitarget, modified multitarget and linear-quadratic exponential equations was performed by
Millar et al. (1978). For all three models of analysis, they found
equally good fits to their experimental data obtained with asynchronous cell cultures. Therefore, analysis of cell survival curves will
be performed only according to eqs. 7.3-1 and 7.3-4, since, by these
methods of analysis, a direct correlation with the results obtained
for induction of chromosome aberrations can be made.
The underlying assumption is that a given dose of radiation produces a number of lesions distributed at random over a population of
cells. Cells without a lethal lesion are survivors and this fraction
depends on the Poisson distribution. It has been suggested (Lloyd et
al., 1976) that there is a direct correlation between cell survival
and chromosome aberrations according to the following equation:
S(D) = e" Y(D)

(7.3-8)

Consequently, the parameters derived from survival curves and from
dose-effect relations for induction of chromosome aberrations per-
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taining to the yield of lethal
can be directly compared.

lesions and the

yield of aberrations

7.3.2 Analysis of dose-effect relations
The dose effect relationships for induction of impairment of clonogenic capacity and for induction of chromosome aberrations «'ere analysed according to the models represented by eqs. 7.3-1 and 7.3-4, and
7.3-6 and 7.3-7, respectively. For the various models, the dose coefficients were obtained from least-squares fits to the experimental
data by making use of a computer code published elsewhere (Bevington,
1969). To obtain the uncertainties in the dose coefficients, a series
of fits was made to each experimental dose-effect relation. Different
fits to the experimental results were obtained by varying the set of
data points; for each fit at all doses of radiation the value of the
amount of biological effect was selected according to the Poisson
distribution and the experimentally observed standard deviation. The
quoted uncertainties refer to the standard deviations in the dose coefficients from 126 fits to each experimental dose-effect relation.
For interpretation of the uncertainties in the coefficients derived
with the two parameter model, it has to be realized that the uncertainties are not independent. An example of the relation between the
linear and quadratic dose coefficients as analysed with the computer
fitting procedure is given in Figure 7.9 for induction of cell reproductive death in V-79 cells by the different types of radiation employed. The density of the points in this figure provides information
about errors. It can be concluded from Figure 7.9 that the neutron
survival curves can adequately be described by a linear dose term
only, whereas, for photons, an appreciable contribution from the quadratic dose coefficient is observed. Furthermore, the figure shows
that, e.g., a relatively low « d value is correlated with a relatively
high /? J value. A further discussion of the statistical analysis of
dose-effect relationships is considered to be outside the scope of
this thesis.
The results of the computations of parameters for the different
cell lines and various types of radiation are given in Table 7.2 for
induction of cell inactivation and in Table 7.3 for induction of chromosome aberrations. For photons, the analysis of the data is given in
terms of a lines' and a quadratic dose term for both cell inactivation
and chromosome aberrations. For all experiments with 4.2 and 0.5 MeV
neutrons, the analysis was made by using a linear dose term only. The
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Figure 7.9
Mutual dependence of variations in the linear and quadratic dose coefficients a , and
(3 for analysis of survival curves for V-79 cells for various types of radiation.

analysis of the results for 15 MeV neutrons is presented both by using
a linear and a quadratic dose term and by assuming a linear dose term
only. From Table 7.2,
i t can be concluded that the quadratic dose coefficients for irradiations with photons are not significantly different for the three cell l i n e s , although the values for R-1,M cells tend
to be highest.
For 15 MeV neutrons at doses below 5 Gy, the contribution from the quadratic dose term might be neglected. For induction of
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Table 7.2
ANALYSIS OF CELL REPRODUCTIVE DEATH

function:

-k D
S =e d

parameter:

k (Gy' 1 )
d

- ( a D + /3 D )
S =e
d
d
a (Gy"1)
d

0 (Gy"2)
d

a ./J

d d

type of radiation
V-79

cells

0.15 + 0.09

300 kV X rays

+ 17

0.016 + 0.007

- 6
137

0.07 + 0.05

0.020 + 0.005

0.5

0.03

+ 4
- 3

Cs gamma rays
0.63 ± 0.03

± 0.1

+ 0.02

17

43
- 9

15 MeV neutrons
0.74 + 0.03
4.2 MeV neutrons
1.4

+ 0.1

0.5 MeV neutrons
RUC-2

cells

0.08 ± 0.07

300 kV X rays
137

+ 12

0.016 + 0.007

0.09 + 0.07

0.014 + 0.007

0.3

0.022 + 0.021

- 4.5
+ 17
- 5

Cs gamma rays
0.43 i 0.04

+ 0.1

15

39
- 10

15 MeV neutrons
0.4

+0.1

4.2 MeV neutrons
1.05 ± 0.06
0.5 MeV neutrons
R-l,il

cells
+ 12

300 kV X rays

0.28 ± 0.09

0.04

T 0.02

0.27 + 0.09

0.04 T 0.01

0.80 + 0.06

0.027 + 0.022

- 4
+ 5

Cs gamma rays
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15 MeV neutrons

0.87 + 0.03

4.2 MeV neutrons

1.09 ± 0.07

0.5 MeV neutrons

2.42

+0.06

- 3
30

142
- 15

Table 7 . 3
ANALYSIS FOR INDUCTION OF DICENTRICS AND CENTRIC RINGS

function:
parameter:

Y = a D + /3 D 2

Y = kD
a

a

a (Gy"1

k (Gy"1)
a

a

a

0 (Gy" 2 )
a

or . 0
a

-1

(Gy)

[

a

type of radiation

V-7 9 cells
300 kV X rays

-

0.02 ± 0.01

0.008 ? 0.002

3

137

-

0.04 ± 0.01

0.003 + 0.001

13

15 MeV neutrons

0.11 ± 0.01

0.10 + 0.01

0.002 + 0.004

50

4.2 MeV neutrons

0.17 + 0.04

-

-

0.5 MeV neutrons

0.29+0.03

Cs gamma rays

KUC-2
300 kV X rays

cells

-

0.016 + 0.003

0.005 +" 0.002

3

-

0.013+0.007

_
0.003 + 0.001

4

0.12 ± 0.01

0.08 + 0 . 0 2

0.014 + 0.009

6

137
Cs gamma rays
15 MeV neutrons

-

+6
+14
—4

4 . 2 MeV n e u t r o n s

0.11+0.01

0 . 5 MeV n e u t r o n s

0.19 +0.02

R-l,

M cells

-

0.053+0.008

0.003 + 0.004

18 + oo
- 12

-

Ö.056+ 0.009

0.003 +" 0.005

19

15 MeV neutrons

0.10 + 0.01

0.098+_ 0.007

0.002 + 0.004

49

4.2 MeV neutrons

0.10 ± 0.01

0.5 MeV neutrons

0.37 ± 0 . 0 4

300 kV X rays
137

Cs gamma rays

+ 00

- 13
+ 00

- 34

137

chromosome aberrations by photons (see Table 7.3) it can be concluded
that, for RUC-2 and V-79 cells, a quadratic dose term is present,
while, in the investigated dose range for R-1,M cells, this contribution is not significantly different from zero. Since the number of
experimental points for each irradiation condition is limited to four
or five dose points, the results will be discussed by assuming for all
experiments with photons a linear and a quadratic dose coefficient and
taking a linear dose term only for neutrons.
To obtain insight into the relation between induction of cell reproductive death and the induction of chromosome aberrations for the
various types of radiation, the ratios of the dose coefficients for
these two endpoints are given in Table 7.4. For photons, the relative
effectiveness for induction of the two endpoints is determined by
°cl• °a
(at low doses) and /'d'^a
(a<- high doses). For neutrons, the
values of k^.ka~-'- indicate the relative effectiveness for induction of
cell reproductive death as compared with that for chromosome aberrations. Within the individual cell lines, the values for k d .k a ~ 1 show
anc
relatively small variations, whereas the a d ' a a
^ ^d'^a
values
show larger differences. For irradiations with photons, the ft'd*^d
values for induction of cell reproductive death in the different cell
lines (see Table 7.2) are not significantly different; a mean value of
about 6 Gy can be taken as common ratio. For induction of chromosome
aberrations by photons, a ratio of 6 Gy between linear and quadratic
dose coefficients is also within the uncertainty limits (see Table
7.3), but the uncertainties are so large that further conclusions are
not considered justifiable. Therefore, in Table 7.4, the average of
a^.aig
and
j3^./?a~ is given as a measure for the ratio of induction
of cell reproductive death to induction of chromosome aberrations for
irradiations with photons. It can be concluded from Table 7.4 that
values for the average of «cj.&a~ and ^d'^a
^ o r e a °h cell line show
relatively small differences from the means of k^ . ka . This suggests
within one cell line a constant ratio between induction of cell reproductive death and induction of chromosome aberrations, independent of
the type of radiation. However, the mean k d .k a ~ 1 value for R-1,M cells
(about 9) is larger than those for V-79 (about 5) and RUC-2 cells
(about 4 ) . The k^j.kg"1 values are larger than I; this indicates that
dicentrics and centric rings cannot be the only cause for cell reproductive death.
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Table 7 . 4
RATIO OF DOSE COEFFICIENTS FOR INDUCTION OF CELL REPRODUCTIVE DEATH TO THAT FOR INDUCTION OF CHROMOSOME ABERRATIONS

cell line

V-79
ells
V-7
9 c
cells

a . aa ~
d

300 kV X r a y s

7
7 . .55

137

2
2

Cs gamma rays

average of a .a'1
da

and (S./J"1
da

RUC-2 c e l l s

a

+ 7.,5

2
2

- 5.
"" .5•"
+ 2
+
2
_,7
- 1.

+ 2
- 1

+
+ 5
5
7
7- 3
,

4.6

k .k
da

a . a"1

d-P'1

da

'

9

+ 12.4
- 4.6

+20
-5.9

6 < 7

MeV n e u t r o n s

5.7

+ t1 7
3.6

-

0.7

+1.6
4.2

HeV n e u t r o n s

4.3
-

0.5

MeV n e u t r o n s

4.8
4 . ••)

0.7

0.0"1

da
5.3

4 < 8

da

+2.6
- 2.5

+ 2.5
-2.0 1

+1.4
3.6
- 1.1

k

d'

8. 7

10. 9

6. 5
- 0.8

-I . t

13

3

+ «=
- 12

+ x
- 9

9.0

- 0.6

5.5
-

mean k .k
d a

0.9

+4.5
- 1.9

+ 5.8
-2.9

k .k "'
da

+ 0.9
15

3.3

5.5

- 1

a.ot-1

da

5.0

6

K-1,M c e l l s

k -1
a
+ 1.3
- 1.0
+2 . 0
- 1.6
+ 1.0
- 0.7

7.3.3. Comparison of dose-effect relations
In studies with X rays, Grote (1971) observed a strong correlation
between loss of chromosome fragments and loss of reproductive capacity, whereas the formation 'of anaphase bridges was found not to be an
important cause of cell inactivation. Experiments of Carrano (1973)
with X rays led to the conclusion that di- and polycentrics, centric
rings and acentric fragments are likely to cause cell inactivation. In
the latter studies, the formation of anaphase bridges was found to be
an important cause of cell reproductive death. Similarities in the
dose-effect relationships for induction of cell reproductive death and
chromosome aberrations by neutrons led Lloyd et al. (1976) to the suggestion that all impairment of clonogenic capacity results directly
from gross chromosome aberrations (i.e., di-and polycentrics, centric
rings and acentric fragments). If the assumptions of Carrano (1973)
and Lloyd et al. (1976) are accepted, then acentric fragments should
also be taken into account in the interpretation of cell survival
studies. In detailed studies of chromosomal changes after irradiation,
it is generally reported that the number of acentric fragments induced
is about equal to the number of dicentrics observed. This observation
was also found to be valid in a restricted number of our experiments
for V-79 cells in which acentric fragments were scored.
In addition, it must be borne in mind that dicentrics and centric
rings can be induced only in cells irradiated in the G Q ^ phase of the
cell cycle. In the present experiments, the fractions of cells in the
G± phase of the cell cycle were 0.75, 0.7 and 0.8, for R-1,M, V-79 and
RUC-2 cells, respectively (see Chapter 6 ) . Considering that the number
of dicentrics and centric rings represent only half the number of
gross chromosome aberrations and correcting for cells in the S + G2 +
M cell cycle stages, ratios of about 2.7, 2.9 and 2.5 can be derived
for induction of cell reproductive death relative to induction of dicentrics and centric rings. The k d .k a ~* values given in Table 7.4 are
considerably larger than these values. This indicates that, in addition to gross chromosome aberrations, other types of damage which
might or might not be related to chromosomes changes must play a significant role; this is in agreement with studies of Barendsen (1979).
Loss of chromosome fragments would even explain a smaller fraction of
cell reproductive death than do gross chromosome aberrations. The contribution from an additional type of damage seems to be highest for
R-1,M cells.
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7.4

CONCLUSIONS

The different cell lines show considerable variations in sensitivity for induction of cell inactivation as well as for induction of
chromosome aberrations. In general, for irradiations with photons, the
dose-effect relations require analysis with linear and quadratic dose
terms, whereas the use of a linear dose term only adequately describes
the relationship between biological effect and absorbed dose for neutrons. With regard to cell inactivation, R-1,M cells show the greatest
sensitivity to all types of radiation; however, for induction of chromosome aberrations, these cells are also most sensitive to the photon
irradiations, but not to all neutron energies. The effectiveness for
induction of both types of effect is highest for 0.5 MeV neutrons, intermediate for 4.2 and 15 MeV neutrons and lowest for photons. Differences in the effectiveness of 4.2 and 15 MeV neutrons as a function of
total absorbed dose are observed only for cell inactivation in R-1,M
and V-79 cells and for induction of chromosome aberrations in V-79
cells. Significant differences in effectiveness between the two types
of photon radiation are observed only for induction of dicentrics and
centric rings in RUC-2 cells. The fraction of cells showing cell reproductive death is higher than that showing dicentrics and centric
rings. A direct correlation between cells which lost their capacity
for unlimited proliferation and those showing gross chromosome aberrations cannot be made; other types of damage must play important roles
in cell reproductive death.
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CHAPTER 8
SIGNIFICANCE FOR RISK ANALYSIS
AND RADIATION PROTECTION

8.1

INTRODUCTION

The quantity of interest for radiation protection purposes is the
dose equivalent, H, which is the product of the absorbed dose, D, the
quality factor, Q, and other modifying factors, N (see also Section
2.5). For indirectly ionizing radiation, a mean quality factor has to
be assessed. The quality factor is dependent on the L^, values of the
radiation involved; the ICRP (1977) recommended a continuous function
for which selected values are given in Table 8.1. For neutrons, Q can
be estimated on the basis of the dependence of the quality factor on
the Lro values of the directly ionizing particles produced. Q values
for monoenergetic neutrons have been calculated as a function of neutron energy by the ICRP (1973), ANSI (1970) and NCRP (1971) (Table
8.2). Also given in the table are the Q values determined from microdosimetric measurements with a TE cylindrical proportional counter for
experimental conditions which are similar to those for the irradiations of cells (Hogeweg, 1978). It was assumed that the measured
lineal energy distributions are almost identical to LET distributions,

Table 8.1
L m - Q RELATIONSHIP

in water(MeV.cm

-1

35 and less

1

70

2

230

5

530

10

1750 and above

20
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Table 8.2
Q FOR MONOENERGETIC NEUTRONS AS A FUNCTION OF NEUTRON ENERGY

neutron energy
(MeV)

Q (ICRP, 1973)

Q (ANSI, 1970)

0.1
0.2
0.5
1
2
2.5

8
9
11
11
9.5
9

8
9.2
10.3
10.3
8.8

4 2

8
8

7.5

'
5
7
7.5
10

14
15

20

Q (NCRP, 1971)

Q
(Hogeweg, 1978;
2oetelief et
al., 1978)

7.5
11
11

10.1 + 0.5

9

7

-

7

-

7
6
6
6

6.7
5.9

8
7

8.7 + 0.5

6.5
7.5
7.6 + 0.4
8

since the distribution of track length is strongly peaked for a track
length equal to the diameter of the counter. Q values were calculated
on the basis of an analytical expression for the Q-Lro relationshipMore extensive information on these measurements and calculations can
be found elsewhere (Hogeweg, 1978; Zoetelief et al., 1978).
The values for Q as given in Table 8.1 were based on the best
knowledge of RBE-LET relations, with emphasis on studies of late effects employing low doses and low dose rates. More recently, it has
been suggested (see, e.g., Rossi, 1980) that the hazard from high LET
radiations such as fission neutrons is considerably greater than previously estimated. Prom data for mammary carcinogenesis in SpragueDawley rats irradiated with low doses of 0.43 MeV neutrons, RBE values
in excess of 100 were derived. This might lead to substantial increases in the quality factor and reduction in the maximum permissible
doses of neutrons to lower levels (Rossi, 1977).
It has been suggested that chromosome aberrations are important in
relation to cancer induction. It is commonly assumed that cells containing a dicentric or a centric ring are not viable and will therefore not play an important role in carcinogenesis. However, their symmetrical counterparts, reciprocal translocations and pericentric inversions, are not expected to induce cell reproductive death and it is
not excluded that these types of chromosome aberrations play a part in
tumor induction. The frequencies for induction of pericentric inversions and reciprocal translocations are expected to be equal to those
for centric rings and dicentrics. Consequently, the dose effect relations for induction of dicentrics and centric rings could also be
valid for induction of reciprocal translocations and pericentric inversions. It seems worthwhile therefore to compare the RBE values for
induction of dicentrics and centr c rings and for cell inactivation
with the quality factors recommended for radiation protection.

8.2

RBE-LET RELATIONS FOR INDUCTION OF CELL
INACTIVATION AND CHROMOSOME ABERRATIONS.

The RBE values for neutrons obtained for both biological endpoints
are presented in Table 8.3 for the different cell lines employed. The
results for levels of effect corresponding to different doses of 300
kV X rays are given. Corrections for the contributions of the photon
components of the neutron beams are not included in this table. It can
be seen from the table that RBE decreases with increasing dose of X
rays. No significant differences are observed between the RBE values
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Table 8.3
RBE OF NEUTRONS AS A FUNCTION OF DOSE OF 300 kV X RAYS FOR INDUCTION OF CELL INACTIVATION
AND CHROMOSOME DAMAGE*
dose of
X rays (Gy)

15 MeV neutrons
cell death
chrom.aberr.

4.2 MeV neutrons
cell death
chrom.aberr.

0.5 MeV neutrons
cell death
chrom.aberr.

R-l, M c e l l s
t

0.001
1
2
5

3.1
2.7
2.4

4A. 7~i
2.3

f'

n
2 . 5c

4.3
2.0

1

3.9
1.9

' 2.4
. 1.2

.0
3.0{ 52.3

3.1
1.5

' 2.4
, 1.2

,3{

, 1.2
2.4

,,{

6.1
2.8

' 2.5
. 1.2

8.

5.5
2.5

' 2.4
. 1.2

7.

1

'•'1
.

4.0
1.8

2.4
1.2

• 2.4
. 1.2

1.8

•{

13
6.4

7.o i

9.2
4.4

12

6.6 I

9.1
4.4

6.3 i

9.0
4.4

, , (

8.8
4.4

•{ 5.8
11
6.
'{ 5.2
8.6
5.
°{ 4 . 1

RUC-2 c e l l s

0.001

5 . 4 ^

7.5 { « . 6

5.0{"2>7

6.9 { » ,

13 { ^

1

4.5 f 1 ?3 7,
-

J5.7

4.2(1° „
-"14.0

5.2 f VI
="* I 3.4

11 (
" I

3

"M

2-y\

?*?

(H .
"l3.8

-l

- ° 1 3.2

4.6 { l-l

J

3 . 6 f 6.4

4 > 2

4-1
2V%

o a ƒ 4.3
2.9
* * " 1l 2 ^. 2-

, B ƒ 3.1
2.5
^ - 3 ^l ^2 .' 3i

n2 . ,7

3

'2

' ° \

3.4

- ' I

( 7.1
2.9

f 4.0
^ ' 1 j2 .^0

9 i 4

,
'I „
8.8

|21

" " I

7.5

*e6.5
e f 10
' MJ ^ 5 . 1,

11

f

39.0
u

' l

7>3

^
'

17

5.8

f 13

" M

4.9

,4 .c6 f
" ' M

7.0
3.4

V-79 cells
0.001

4.2

11
2. 5

5 .5

14
3.7

4.9

13
3.2

8.5

25
4.8

9.3

25
6.3

15

| 38
[
9.6

1

3.8

8. 6
2. 1

3• 9

8.3
2.9

4.5

10
2.5

6.1

15
3.7

8.4

20
4.6

10

|

6. 8
2. 1

3 .1

5.9
2.3

4.1

8.0
2.4

4.7

10
3.0

7.7

1 .8

3.1
1.5

3.2

4.9
2.2

2.8

5.5
2.0

6.1

2

3.5

5

2.7

4. 2

1.9

•"The results presented are the means with maximum and minimum values
corresponding to the standard deviations.

16
4.5
9.5
4.0

'
k

23
7.5

8.1

r i6
1 6.1

4.8

f
1

8.3
3.9

for the different biological endpoints. The largest RBE values (average for cell death and chromosome aberrations) are found for 0.5 MeV
neutrons, which show values of about 8, 12 and 12 at the low dose
levels for R-1,M, RUC-2 and V-79 cells, respectively. These RBE values
are in reasonable agreement with the Q value of about 10 to 11. For
4.2 MeV neutrons, the mean RBE values at low dose levels are about 3,
6 and 7 for R-1,M, RUC-2 and V-79 cells, respectively. However, for
the experiments with this type of neutrons, the relative photon contribution to the total dose was rather high (26 per cent). Correction
for the photon contribution will increase the RBE values to about 4, 8
and 9 for 4.2 MeV neutrons alone; the relevant Q value is about 8 to
9. The mean RBE values at low doses for 15 MeV neutrons are about 2.5,
6 and 5 for R-1,M, RUC-2 and V-79 cells, respectively, and these
values must be compared with Q values of 6 to 7.5. It can be concluded
that the mean RBE values for R-l,fl cells are lower than those for
RUC-2 and V-79 cells, which are similar. The RBE values for these
latter lines extrapolated to levels corresponding to low doses of X
rays are in good agreement with the quoted Q values. However, due to
the large uncertainties in the RBE values, especially at the low dose
levels, an increase of about a factor of 2 to 3 cannot be excluded.
For risk analysis, use is generally made of the expression:

E = aD + bD

(ICRP, 1977)

where E denotes the biological effect and D the absorbed dose. For
radiation protection purposes at low doses (up to about 50 mGy for
photons) and low dose rates (up to about 50 mGy a~^ for photons), the
linear dose term is predominant. Therefore, the linear dose coefficients for induction of cell inactivation and chromosome aberrations
are presented as a function of radiation quality in Figures 8.1 and
8.2, respectively. As measure for the radiation quality, the frequency
averaged lineal energies, Y F , are used. The choice of Y F is arbitrary,
since the appropriateness of the different parameters for the specification of radiation quality has not yet been established. The values
for Y F are taken from a review of microdosimetric parameters by Booz
(1978). The linear dose terms for neutrons are corrected for the relative photon contributions to the total absorbed dose as determined for
the actual irradiations.
It can be concluded from Figures 8.1 and 8.2 that the uncertainties in the estimation of the Q values for neutrons are mainly due to
the uncertainties in the results obtained for photons. For investigation of cell reproductive death, information is also available for ex-
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Figure 8.1
Effectiveness per unit of dose at small doses for induction of cell inactivation in
different cell lines as a function of the mean values of the frequency distributions
of the lineal energy, y . Only the linear dose coefficients, a ,, are taken into
account in the presentation of the results. Open symbols, plateau phase cells; closed
symbols, exponentially growing cells. The site diameter for the Y values is 1 pm in
unit density tissue.

ponentially growing cell cultures. As indicated in Chapter 6, no significant differences in the results for the different modes of cell
culture were observed. However, in the experiments with exponentially
growing cells, the experimental errors for each dose were smaller and
a larger number of doses was investigated, resulting in smaller uncertainties in the fitting parameters. Therefore, in Figure 8.1, for V-79
and RUC-2 cells, the results for exponentially growing cells irradiated with photons are also given. Between the two types of photon radiation, large variations in the linear dose components can occur within
the experimental uncertainties. Therefore, it is not possible to draw
a conclusion on the dependence of the linear dose coefficient on Yp in
this region. It will thus be of interest to extend the studies by experiments with protracted irradiation to allow a more accurate assessment of the linear dose term for photons. For neutrons for both types

149

o
o

°. ïo- 1 -

o
•o
o
o
c
.=

O R - I , M cells
D RUC - 2 cells
A V - 79 cells

ö

.
10'2

10

-1

10°

10

10

-1 )
frequency average of the lineal energy distribution , y- ( keV . \im~'

Figure 8.2
Effectiveness per unit of dose at small doses for induction of dicentrics and centric
rings in different cell lines as a function of the mean values of the frequency distributions of the lineal energy, y . Only the linear dose coefficients,a , are taken
into account in the presentation of the results. The site diameter for tEe Y values
is 1 um in unit density tissue.

of effect,
an increase in the linear dose coefficients
is observed
with increasing YF, although the dependence for induction of cell inactivation is different from that for induction of chromosome aberrations. For induction of cell inactivation, the shape of the dependence
of a ^ on Yp is similar for the different cell lines, whereas the
curves have different shapes for induction of chromosome aberrations.
An increasing linear dose term with increasing Yp is generally observed.
For induction of chromosome aberrations, maximum RBE values for
neutrons at a 67 per cent confidence level are about 15, 20 and 40 for
15/ 4.2 and 0.5 MeV neutrons, respectively. When the uncertainties for
X rays for the exponentially growing cultures are used, similar maxima
are observed for induction of cell activation. Consequently, for the
investigated biological endpoints, RBE values in excess of 100 are
very unlikely for neutrons. In addition,
i t might be of interest to
note that the highest RBE values are observed for the relatively
resistant cell lines.
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8.3

COMPARISON WITH RBE VALUES FOR RADIATION CARCINOGENESIS

For assessment of quality factors, carcinogenesis is considered to
be the most important biological effect. The relatively high RBE
values reported by Rossi (e.g., 1980) were based to a large extent on
studies on induction of ir.ammary neoplasms in Sprague-Dawley rats by
Shellabarger (1976). In these studies (see Figure 8.3) at 30 per cent
incidence of mammary neoplasms, corresponding to an X-ray dose of
about 0.8 Gy, RBE values of about 20 for 0.43 MeV neutrons are observed. Studies by a Dutch group of investigators on WAG/Rij rats irradiated with 0.5 MeV neutrons resulted in maximum RBE values of about
20 at cumulative prevalence levels of 30 per cent corresponding to an
X-ray dose of about 1 Gy (Broerse et al., 1980). An important difference between the results of the two projects is that Shellabarger observed a less sharp increase in tumor induction as function of dose
for 0.43 MeV neutrons than for X rays, while the Dutch group (see,
e.g., van Bekkum et al., 1979) observed similar slopes for X rays and
neutrons for cumulative prevalence versus absorbed dose for different
rat strains (see Figure 8.4). This discrepancy will be of special importance for extrapolation to low doses, as, with decreasing dose, the
RBE derived from the Shellabarger data will increase to values in
excess of 100 and, for the results obtained by the Dutch group, the
RBE will remain rather constant. The initial studies of Shellabarger
were performed with only one rat strain, which has a high frequency of

~
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Figure 8.3
Logarithm of mammary tumours in Sprague Dawley rats versus logarithm of dose of 0.43
MeV neutrons and 250 kV X rays 'Rossi, 1980).
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Figure 8.4
Cumulative prevalence of mammary tumours at 22 months of age in three r a t strains as
a function of total absorbed dose for various types of radiation (Van Bekkum et a l . ,
1979).

spontaneous mammary tumor incidence, and the observation period in
these studies was relatively short.
The studies of the Dutch group
with the s t r a i n of lowest s u s c e p t i b i l i t y ,
the Brown Norway r a t , indicate RBE values of only 10 even for X-ray doses of 0.2 Gy (Van Bekkum
e t al.f 1979). The RBE values of approximately 10 are similar to the
mean RBE values for 0.5 MeV neutrons at low doses observed for induction of c e l l inactivation and for induction of dicentrics and centric
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rings. This might indicate that the RBE values for neutrons at low
doses are not strongly dependent on the biological endpoint when a
sufficient number of biological systems (i.e., different cell lines
and various rat strains) are employed. This finding indicates that a
relation between specific chromosome aberrations and carcinogenesis
can probably not be discovered by studying similarities in RBE-LET
relations for the two biological endpoints. It can be concluded that
the current radiobiological information on cell inactivation and
chromosome aberrations does not provide sufficient evidence to change
the quality factors officially recommended up to now. Dramatic changes
in the quality factors for neutrons (increases by a factor of 10) are
unlikely at present, but more convincing evidence from radiation carcinogenesis studies is urgently required.
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SUMMARY

The most important responses of organs and tissues to ionizing
radiation are related to cellular damage- The observation that
ionizing radiation can produce cell reproductive death is of fundamental importance for radiotherapy of cancer. Ionizing radiation can also
induce tumors the process of which might be related to damage in the
genetic material of cells. The relations between different types of
cellular effects such as cell reproductive death and chromosome damage
produced by ionizing radiations are insufficiently known and need further investigation.
Dose-response relationships for induction of cellular effects are
strongly dependent on the quality of the applied radiation. Most
radiobiological information available is on X and gamma radiations;
sparsely ionizing radiations with low linear energy transfer (LET).
The dose-response relationships for induction of biological effects by
high LET radiations are generally less difficult to analyse and interpret because accumulation of subeffective damage plays a smaller role.
The use of different types of radiation can thus increase insight into
the biophysical mechanisms involved in the induction of various biological effects. This information can also be useful for estimates of
the risks presented by different types of radiation, which are important for radiation protection purposes. Fast neutrons of different
energies, offer the practical possibility of exposing organs and
tissues to high LET radiation with a uniform dose distribution
throughout.
This thesis contains studies on two types of cellular damage: cell
reproductive death and chromosome aberrations induced by irradiation
with X rays, gamma rays and fast neutrons of different energies. A
prerequisite for the performance of radiobiological experiments is the
determination of the absorbed dose with a sufficient degree of accuracy and precision.
For the interpretation of dose-effect relations and their dependence on radiation quality, it has been suggested that different types
of cellular effects depend in a similar way on physical and biophysical parameters. Others have stressed that the precise chemical nature
of primary biomolecular changes has to be considered. It is generally
accepted that the chromosomal structure is a critical target for various effects of radiation on cells. Similarities in the dose-effect
relations for induction of cell reproductive death and chromosome
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aberrations led several investigators to the suggestion that all impairment of clonogenic capacity is directly related to gross chromosome aberrations. This, however, is not a generally accepted hypothesis. Because of differences in the radiosensitivity of different
cell lines, it is important to study different types of cellular effects in the same cell line irradiated under similar conditions.
Basic concepts of energy deposition by ionizing radiation are discussed in Chapter 2. For various types of ionizing radiation, the different mechanisms of energy transfer to tissue are briefly summarized.
The quantities absorbed dose and kerma and their microscopic distributions according to the formulation of the ICRU (1980) are introduced.
The different effectiveness 'of various types of ionizing radiation has
led to the concepts of relative biological effectiveness (RBE) for
radiobiology and quality factors (Q) for radiation protection purposes.
Neutron fields are always accompanied by photons (X and 7 rays).
Because of the differences in RBE of these two radiation components,
it is necessary to separately determine the neutron and photon absorbed doses. For this purpose, use is generally made of two dosimeters: one device with approximately equal sensitivities to neutrons
and photons (e.g., tissue equivalent ionization chambers) and a second
instrument with a relatively low sensitivity to neutrons (e.g.,
Geiger-Miiller (GM) counters). The use of tissue-equivalent (TE)
ionization chambers is commonly considered to be the most practical
method for total absorbed dose determinations in mixed neutron-photon
fields.
In Chapter 3, practical aspects of neutron dosimetry for biomedical purposes are discussed. The experimental characteristics of a
number of TE ionization chambers and related correction factors are
determined for various irradiation conditions. It is concluded that
the use of TE ionization chambers requires conscientious operation and
accurate knowledge of the basic physical parameters involved for different neutron energies. GM counters are often employed as photon
dosimeters in neutron beams because of their relatively low sensitivity to neutrons. Information on the relative neutron sensitivity
(ky) of GM counters is included in Chapter 3. It is concluded that ky
is dependent on neutron energy, counter type and construction of the
shield used for compensation for photon energy dependence. Notwithstanding the use of energy compensating shields, the major disadvantage of GM counters seems to be the dependence of their sensitivity on
photon energy.
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Absorbed dose and kerma are quantities which are defined at
points, while the ionization chambers used for absorbed dose determinations are of finite dimensions. The reading of an ionization chamber will be proportional to an absorbed dose averaged over'the sensitive volume and this average must be related to the absorbed dose at a
specific point. In Chapter 4, information is presented on the effective point of measurement of ionization chambers for dosimetry of neutron and photon beams under free-in-air conditions and inside phantoms
which are used to simulate the biological objects. The conclusion is
obtained that, for measurements of neutrons free-in-air, the geometrical centre of an ionization chamber is the effective point of measurement, provided that the distance to the source is in excess of five
times the chamber diameter. For measurements inside phantoms at depths
in excess of the dose maximum, the correction for replacement of phantom material by the cavity of an ionization chamber should preferably
be made by applying a correction factor when the geometrical centre of
the chamber is considered to be the point of measurement. Such displacement correction factors appeared to be independent of the distance of the phantom to the source and field size, but to vary with
chamber dimension and shape, and radiation quality.
Accurate dosimetry is necessary for predicting the responses of
biological systems and to permit a direct comparison of biomedical
results obtained at different institutes. This has led to internationally adopted recommendations for neutron dosimetry and to dosimetry
intercomparisons. Different methods for neutron dosimetry are compared
in Chapter 5. The results obtained with TE ionization chambers and GM
counters were shown to be in good agreement with those from fluence
measurements, from a TE calorimeter and from a pair of fission
counters.
The experimental techniques used for the investigations of cell
reproductive death and chromosome aberrations induced by ionizing
radiation of different qualities are presented in Chapter 6. A description of the cell lines employed and of the biological endpoints
is given. In addition, attention is given to the dosimetry at interfaces of different materials encountered in the irradiation of cells
cultured in monolayers. Dose-effect relations for induction of cell
inactivation and chromosome aberrations in three cultured cell lines
for different radiation qualities are presented in Chapter 7. The
dose-effect relationships for neutrons can be adequately analysed in
terms of a linear dose coefficient only, while the results obtained
for photons require analysis in terms of lit.dar and quadratic dose
coefficients. It was found that the radiosensitivities of the differ-
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ent cell lines employed showed considerable variations. Among the investigated cell lines, the radiosensitivity of R-1,M cells is generally the greatest. The different types of radiation show considerable
variations in effectiveness for induction of both types of effects.
The effectiveness of 0.5 MeV neutrons is highest, 4.2 and 15 MeV neutrons show intermediate effectiveness and photons are least effective.
A direct correlation between induction of cell reproductive death and
gross chromosome aberrations was not found in these experiments. It is
concluded that other types of damage must play an important role in
the impairment of the clonogenic capacity of cells.
The biological results obtained for the different qualities of
radiation can also be used for risk assessments of neutron irradiations. This is of special interest, since suggestions have recently
been made to increase the quality factors (Q) for fission neutrons by
a factor of about 10 (Rossi, 1980). The RBE-LET relations obtained for
induction of cell inactivation and chromosome aberrations, however,
show reasonable agreement with the generally recommended values of Q.
RBE values for neutrons of different energies for mammary carcinogenesis in rats show considerable differences; some investigators have
reported RBE values in excess of 100, while others gave values of
about 10. It seems more realistic at present to rely upon the relatively lower RBE values of about 10 for 0.5 MeV neutrons, since the
studies showing the large RBE values have several shortcomings. The
derived values for induction of cell reproductive death and chromosome
aberrations resulting from the studies reported here are in agreement
with RBE values of about 10 to 20 for mammary carcinogenesis by 0.5
MeV neutrons at low doses. Therefore, large increases in Q values for
neutrons are considered to be premature.
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SAMENVATTING

Diverse effecten van ioniserende straling op organen en weefsels
zijn het gevolg van schade veroorzaakt op cellulair niveau. Voor de
toepassing van ioniserende straling voor de behandeling van kanker is
de waarneming, dat dergelijke bestralingen celdood kunnen veroorzaken
van groot belang. Bestralingen kunnen ook tumoren veroorzaken, wat
mogelijkerwijs samenhangt met schade toegebracht aan het genetisch
materiaal van cellen, de chromosomen. De relaties tussen verschillende
- door ioniserende straling veroorzaakte - typen celschade, zoals celdood en chromosoomschade, zijn nog onvoldoende bekend en dienen verder
onderzocht te worden.
Verschillende typen straling tonen aanzienlijke verschillen in
effectiviteit voor het veroorzaken van schade aan cellen. De meeste
radiobiologische informatie is beschikbaar voor röntgen en gamma straling, welke gekarakteriseerd zijn door een lage lineaire energie overdracht (LET). In het algemeen zijn de dosis-effect relaties voor hoge
LET straling eenvoudiger te analyseren en te interpreteren, omdat de
bijdrage van accumulatie van subeffectieve schade geringer is. Informatie voor verschillende soorten straling kan dus het inzicht vergroten in de relevante biofysische mechanismen. Tevens kunnen deze gegevens dienen voor het schatten van de risico's van verschillende typen
straling, wat van belang is voor de stralingsbescherming. Bestraling
met snelle neutronen biedt de mogelijkheid organen en weefsels bloot
te stellen aan straling met een hoge LET, waarbij de dosisver-Jlel ing in
het object uniform is.
In dit proefschrift wordt onderzoek beschreven voor twee typen
celschade, n.l. celdood en chromosoomaberraties, na bestraling met
röntgenstraling, gammastraling en snelle neutronen van verschillende
energiën. Voor radiobiologisch onderzoek is een eerste vereiste, dat
de geabsorbeerde dosis met voldoende nauwkeurigheid en reproduceerbaarheid bepaald wordt.
Voor de beschrijving van dosis-effect relaties voor celschade
wordt door verscheidene onderzoekers aangenomen, dat verschillende
typen schade op eenzelfde manier van fysische en biofysische parameters afhangen. Andere onderzoekers benadrukken, dat de primaire biochemische veranderingen bestudeerd dienen te worden. Overeenkomsten in
dosis-effect relaties voor celdood en chromosoomaberraties brachten
verschillende onderzoekers ertoe te suggereren, dat alle celdood (het
ontbreken van het vermogen van cellen tot ongeremde vermenigvuldiging)
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veroorzaakt wordt door duidelijk waarneembare chromosoomaberraties.
Het is noodzakelijk verschillende typen cellen te onderzoeken vanwege
verschillen in stralingsgevoeligheid.
De elementaire principes van energieafgifte door ioniserende straling aan weefsel zijn beschreven in Hoofdstuk 2. De verschillende
mechanismen van energieafgifte voor verschillende typen straling zijn
samengevat. De grootheden geabsorbeerde dosis en kerma en hun microscopische verdelingen zijn ingevoerd overeenkomstig de aanbevelingen
van de ICRU. Voor de specificatie van de effectiviteit van straling
kunnen verschillende benaderingen worden gevolgd. Voor de radiobiologie wordt veelal gebruikt gemaakt van de relatieve biologische effectiviteit (RBE), terwijl voor de stralingsbescherming het begrip kwaliteitsfaktor (Q) wordt toegepast.
Energieafgifte door neutronen aan weefsel gaat altijd gepaard met
de produktie van fotonen (röntgen en gammastraling). De dosis tengevolge van neutronen (neutronendosis) en dosis veroorzaakt door
fotonen (fotonendosis) dienen afzonderlijk bepaald te worden, omdat
de RBE van neutronen verschilt van die van fotonen. Hiertoe wordt
meestal gebruik gemaakt van twee dosimeters; een detector met vrijwel
gelijke gevoeligheden voor neutronen en fotonen (meestal TE ionisatiekamers met weefselequivalente wand en gasvulling) en een tweede instrument met een relatief lage gevoeligheid voor neutronen (vaak
Geiger-Müller (GM) telbuizen). Voor het bepalen van de totale geabsorbeerde dosis wordt dosimetrie met TE ionisatiekamers algemeen als de
meest praktische methode beschouwd.
In Hoofdstuk 3 worden praktische aspekten van neutronendosimetrie
besproken. De eigenschappen van TE ionisatiekamers werden onderzocht
voor verschillende bestralingsomstandigheden en een aantal correctiefactoren werd bepaald. Het gebruik van ionisatiekamers vereist een
zorgvuldige technische behandeling en kennis van een aantal betrokken
fysische parameters. GM telbuizen worden vaak toegepast als fotonendosimeters, omdat ze een verhoudingsgewijs geringe gevoeligheid voor
neutronen hebben. Een nadeel van GM buizen is, dat ze - ondanks het
gebruik van filters - betrekkelijk grote variaties in gevoeligheid als
functie van de fotonenenergie vertonen.
De grootheden geabsorbeerde dosis en kerma zijn gedefinieerd in
een punt, terwijl ionisatiekamers eindige afmetingen hebben. De aflezingen van ionisatiekamers zijn evenredig met een gemiddelde geabsorbeerde dosis over het gevoelige volume. Dit gemiddelde moet in verband
gebracht worden met de dosis in een punt. In Hoofdstuk 4 wordt informatie verstrekt omtrent het effectieve meetpunt van ionisatiekamers in
neutronen en fotonenbundels voor metingen vrij-in-lucht en in fan-
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tomen, welke gebruikt worden om biologische objecten na te bootsen.
Uit metingen voor neutronenbundels vrij-in-lucht is gevonden, dat het
geometrisch centrum van ionisatiekamers het effectieve meetpunt is,
als de kamer meer dan vijf maal de kamerdiameter van de bron verwijderd is. Voor metingen in fantomen - op diepten groter dan die van het
dosismaximum - kan de correctie voor vervanging van fantoommateriaal
door de gasholte van ionisatiekamers het best aangebracht worden door
het invoeren van een correctiefactor, wanneer het geometrisch centrum
van de ionisatiekamers als effectief meetpunt wordt beschouwd. Zulke
correctiefactoren zijn onafhankelijk van fantoom-bron afstand en veldgrootte, maar afhankelijk van kamerafmeting en vorm, en stralingskwaliteit.
Nauwkeurige dosimetrie is noodzakelijk om de biologische effecten
van straling vast te leggen, maar ook om biomedische resultaten van
verschillende instituten met elkaar te kunnen vergelijken. Dit heeft
op internationaal niveau geleid tot aanbevelingen voor neutronendosimetrie en tot dosimetrievergelijkingen. In Hoofdstuk 5 zijn verschillende neutronen dosimetriemethoden vergeleken. De resultaten van
TE ionisatiekamers tonen goede overeenstemming met die van fluentiemetingen, van een TE calorimeter en van splijtingskamers.
Een beschrijving van de experimentele technieken voor het onderzoek van celdood en chromosoomaberraties na bestraling met verschillende kwaliteiten ioniserende straling is gegeven in Hoofdstuk 6. Deze
beschrijving bevat informatie betreffende de gebruikte cellijnen en de
biologische effecten, die onderzocht werden. Tevens is aandacht besteed aan- de dosimetrie op grensvlakken van verschillende samenstelling, hetgeen van belang is voor de bestraling van cellen, die gehecht
aan de bodems van flesjes gekweekt en bestraald worden.
De dosis-effect relaties voor het veroorzaken van celdood en chromosoomaberraties door ioniserende straling van verschillende kwaliteit
zijn voor drie cellijnen gegeven in Hoofdstuk 7. De dosis-effect relaties voor neutronenbestralingen kunnen beschreven worden met behulp
van alleen een lineaire dosiscoëfficient, terwijl voor de resultaten
met fotonenbestraling de analyse uitgevoerd dient te worden met
lineaire en kwadratische dosistermen. De stralingsgevoeligheden van de
verschillende cellijnen tonen aanzienlijke verschillen; van de onderzochte cellijnen tonen R-1,M cellen in het algemeen de grootste stralingsgevoeligheid. De effectiviteit van de verschillende stralingskwaliteiten voor het veroorzaken van de onderzochte typen celschade is
sterk verschillend. De effectiviteit van 0.5 MeV neutronen is het
grootst, van 4.2 en 15 MeV neutronen tussenliggend en van fotonen het
laagst. Uit de verkregen resultaten kan geen directe correlatie afge-
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leid worden tussen cellen, die het vermogen tot onbeperkte deling
verloren hebben en cellen met duidelijk waarneembare chromosoomaberraties. De conclusie is, dat voor het veroorzaken van celdood - naast
chromosoomaberraties - andere typen schade een rol moeten spelen.
De biologische resultaten, die verkregen werden met de verschillen
de stralingskwaliteiten, kunnen worden gebruikt voor het schatten van
de risico's van neutronenbestralingen. Dit is in het bijzonder van belang omdat onlangs is aanbevolen, dat de kwaliteitsfactoren
(Q) voor
splijtingsneutronen met een factor 10 verhoogd moeten worden (Rossi,
1930). De RBE-LET relaties, die uit het huidige onderzoek werden bepaald, bevestigen echter de gangbare waarden voor de kwaliteitsfactoren voor neutronen. De argumenten voor de drastische verhoging van
de kwaliteitsfactoren voor neutronen zijn voornamelijk gebaseerd op
studies voor borstkankerinductie bij ratten door een Amerikaanse groep
onderzoekers, die RBE waarden van meer dan 100 vonden. Andere onderzoekers vonden echter in vergelijkbare studies RBE waarden van ongeveer 10 tot 20 voor 0.5 MeV neutronen, hetgeen overeenstemt met de
waarden, die uit de in dit proefschrift beschreven studies kunnen
worden afgeleid. De studies van de Amerikaanse groep onderzoekers vertonen een aantal belangrijke tekortkomingen. Het lijkt daarom voorbarig de kwaliteitsfactoren voor neutronenbestraling
ingrijpend te
verhogen.
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Ki

Correction factor for incomplete
ionization chamber measurements

K2

Correction factor for offset and
ionization chamber measurements

K3

Correction for

radiosensitivity

charge collection for
leakage current

of cables,

for

connectors

and ionization chamber stem
K4

Correction for wall thickness of ionization chambers

Ks

Correction

for directional dependence of the reading of

ionization chambers
K6

Correction for stem scatter of ionization chambers

«7

Correction for density and composition of gas in the
cavity of ionization chambers.
Correction for the position of the effective point of
measurement for ionization chambers
Reading correction factors for ionization chamber measurements
Kerma, kinetic energy released in material
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KR
K
K
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N
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Mass energy absorption coefficient
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Mass energy transfer coefficient
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R

Reading of a dosimeter. Radiant energy
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STELLINGEN

De in ICRU-rapport 30 gegeven definitie voor de relatieve biologische
e f f e c t i v i t e i t is onvolledig. De vermelde definitie is in zijn geldigheid beperkt tot gevallen,
waarin sprake is van monotoon stijgende
dosis-effect r e l a t i e s voor zowel de onderzochte als de referentiestraling.
ICRU, Report 30, p . 13, 1970.
Quantitative
concepts and dosimetry in r a diobiology. ICRU, Washington.

De voor de stralingsbescherming vaak gebruikte "remcounters" - gebaseerd op het modereren van snelle neutronen - hebben als principieel
nadeel, dat zij het dosisequivalent onderschatten bij hogere neutronenenergiën.
Zoetelief, J.,Hogeweg, B. and Broerse, J.J.
Radiation quality and absorbed dose at different positions in the primary beam and
around the shielding of a neutron generator.
In: Proc. 6th Symp. on Microdosimetry {Eds.
Booz, J. and Ebert, H.G.), EUR-6064, pp.
615-627, Commission of the European Communities, Luxembourg.

Teneinde het betrouwbaar bedrijven van een Van de Graaff generator te
verzekeren en verkorting van de levensduur van de machine te vermijden, is een continue meting van de vochtigheid van het isolerende
tankgas een essentiële voorwaarde.

Voor een voortgezette toepassing van snelle neutronen in de radiotherapie van kanker is een meer genuanceerde evaluatie vereist dan die
van Catterall en Bewley en die van Geraci.
Geraci, J . P . ,
radiotherapy.

1980. Efficacy of neutrons in
Health Physics 40, 41-53.

C a t t e r a l l , M. and Bewley, D.K.,
1979. Fast
Neutrons
in the Treatment of Cancer. Academic Press, London, Grune and Stratton,
New York.

De in ICRP-publicatie 21 vermelde gegevens voor afscherming van 15 MeV
neutronen zijn onjuist, omdat de transmissiecurve bepaald werd in een
opstelling, waarvan de geometrie tekortkomingen vertoont.
ICRP, Publication 21, 1973.
Data for protection against ionizing radiation from external sources, supplement to
ICRP Publication 15. fCRP, Pergamon Press,
Oxford, U.K.

De weefselequivalente
ionisatiekamer kan ook worden gebruikt voor bepaling van de stralingskwaliteit,
omdat de i n i t i ë l e recombinatie van
in het gas gevormde ionenparen afhankelijk is van de lineaire energie
overdracht. Deze recombinatie hangt af van o.a. gasdichtheid en aangelegde kamerspanning.
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Hennen, L.A. and Broerse, J . J .
Response of
tissue-equivalent ionization chambers as a
function of gas pressure.
In: Proc.
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Symp. on Neutron Dosimetry, in press.

De vaak geuite veronderstelling, dat de schouder in een celoverlevingscurve wordt veroorzaakt door herstel van sublethale schade is onj uist.
Zie bijvoorbeeld:

In de medische wereld
bruikt.

E.J. Hall, 1978.
Radiobiology for the Radiologist,
p . 139.
Harper and Ro«» Publishers, New York.

wordt de term

genezing vaak

ten onrechte ge-

In het Nederlandse spraakgebruik wordt veelal ontkennend geantwoord,
als men het eens is met een vraag die een ontkenning bevat. Dit verschijnsel kan problemen geven bij toepassing van logische begrippen,
zoals gebruikt in programmeertalen.
10
In verband met de verkeersveiligheid verdient het aanbeveling, dat
trimmers en joggers, die zich rond de schemering langs fietspaden
voortbewegen, een met racefietsers vergelijkbare verlichting voeren.

Stellingen behorende bij het proefschrift: "Dosimetry and Biological Effects of Fast Neutrons: Cell Inactivation and Chromosome
Aberrations in Relation to Radiation Quality".
Amsterdam, 4 november 1981.
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