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FOREWORD

The uses of radiation in medicine and biology have grown in scope and diversity to make
the radiological sciences a significant factor in both research and clinical practice. Of critical
importance in the applications and developinent of biomedical and radiological technigues is
the accuracy with which the dose may be determined at all points of interest in the absorbing
medium. The requirements of accuracy and precision in dosimetry have burgeoned as a result
of efficacy investigations in clinical radiation therapy, concern for patient safety and diagnostic
accuracy in diagnostic radiology, the advent of clinical trials and researches into the use of high
LET radiations, and environmental monitoring in radiologic facilities and around nuclear
installations.

Thus, advances in the techniques and hardware of biomedical dosimetry have been rapid
since the IAEA Symposium on Dosimetry Techniques Applied to Agriculture, Industry, Biology
and Medicine, held in Vienna in 1972, It is for these reasons that the present symposium was
organized in a concerted effort to focus on the problems, developments and areas of further
research in dosimetry in the life sciences. Papers on a range of topics, including instrumen-
tation, techniques and experimental and theoretical studies, were solicited to provide as broad
4 coverage as possible of the subjects of current research interest.

The first three sessions of the symposium were concerned with neutron dosimetry since
the greatest number of proffered papers were devoted to this subject. This is a clear reflection
of the increasing practical importance which neutron sources are assuming in experimental
clinical radiotherapy studies.

An extensive session was devoted to a review of the status of neutron capture therapy, a
subject which has excited renewed interest in the USSR, Japan and the United States. The
historical development of this subject was explored from the first clinical trials in the United
States to the present status of studies in Japan.

Developments in dosimetry technology to include detectors which are homogeneous with
the irradiated material and thermocurrent dosimetry were viewed as providing potential alterna-
tives to existing systems. As in past meetings, the physical aspects of radiation therapy and
treatment planning were examined and new methods proposed. In general, it is clear that there
is a developing structure extending from the ‘Convention du Métre’ in 1875 through the Inter-
national Bureau of Weights and Measures (BIPM) and the network of the affiliated primary
standards laboratories to regional and national secondary standards dosimetry laboratories. In
this way, the laborious work of the various international organizations concerned with radiation
metrology is coalescing in the widespread dissemination of dosimetry services.

Advances in diagnostic instrumentation and imaging systems promise a reduction of the
hazard to the patient without a sacrifice in image fidelity. In both radiation protection and
nuclear medicine, it has become increasingly important to assess the dose to tissues accurately -
an objective impeded by gross theoretical and experimental difficulties. This topic has come
under increasing scrutiny in recent years, and some new insights have been gained.

Approximately 150 participants and observers representing 31 countries and five inter-
national organizations attended the symposium in Vienna from 10-14 March, 1975.
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DOSIMETRY OF MIXED
RADIATION FIELDS*

H. BICHSEL, ]J. EENMAA,
K.A. WEAVER, P. WOOTTON
University of Washington,
Seattle, Wash,,

United States of America

Abstract

DOSIMETRY OF MIXED RADIATION FIELDS.

Concepts of radiation dosimetry are examined, A generalized definition of “mixed radiation fields" is
presented, and examples are given. Various parameters needed to describe mixed fields and methods of
determining them are discussed. Particular attention is given to the use of proportional counters. Dual device
techniques and associated errors are examined in detail.

1. INTRODUCTION

The purpose of radiation dosimetry! is to provide a description of the
properties of jonizing radiations. In radiation damage studies, for example,
the particle fluence is used for this purpose. Usually though, the energy
deposited in a material is considered to be relevant. Due to the stochastic
nature of the radiation interaction processes the distribution of energy depos-
ited at a molecular Tevel is highly inhomogeneous (p. 44 of [11). To give a
really complete physical description of energy deposition the following infor-
mation would have to be provided:

A) The distribution function ¢ for all possible collisions. In particular,
distribution in space, in time, and in local energy deposition would have to

be included. In each energy loss event, the "local energy" e inside a smail
volume shall be defined as the difference between the energy lost by the
particle and the energy carried out of the volume by secondaries (e.g., d-rays,
Auger electrons, fluorescence radiation, and bremsstrahlung). The average value
of ¢ shall be denoted by < ¢ > and probably is less than 30 eV. The volume
under consideration can be assumed to be of atomic size {about 3% in diameter).
For collective excitations though, energy may be deposited somewhat further

from the track of a particie.

B) The absolute number n of collisions that have taken place during a
given irradiation.

As an example, irradiation by neutrons will be considered. The following
processes would contribute to the function ¢:

a) The production of primary charged particles (protons, deuterons, alpha
particles, oxygen ions, etc.}. For each particle produced, there will be an

* This project was supported by Grant No, CA12441, awarded by the National Cancer Institute, DHEW,
! The natrow meaning of "dosimetty " refers to the measurement of absorbed dose in a material at
a point of interest, An extended meaning is used here [1].
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initial collision event (for a recoil proton, the binding energy of the proton
in the Tattice of the material will be the energy lost 10c§11y), and subse-
quent collisions as the particle travels through the material.

b)  The production of secondary charged particles (mainly electrons, usually
called delta rays; for present purposes, no lower 1imit for the energy of a
§-ray shall be assumed). Most secondaries will produce further collisions.

¢) Excitation processes in the material. In organic solids (probably
including tissue), the most probably energy loss occurs at an energy of about
25 eV [2], resembling a "collective excitation" [3]. We believe that one (or
possibly several) secondary electrons with an energy of around 20 eV usually
will appear shortly after the collision occurs.

In practice, the distribution ¢ cannot be measured; in fact, it is unique
for each irradiation.

The function customarily used to describe various aspects of energy
deposition (e.g., LET distributions) are summations over ¢. For example, in
microdosimetry, the ionization (which is related to the energy deposition)
produced by a number of coliisions in a volume of the order of 1um® in a short
time interval®’is summed . Usually, the collisions are due to the passage of
a single charged particle through the gas in a proportional counter.

In macrodosimetry (routine dosimetry), the description of the radiation
effects is greatly simplified: the absorbed dose D is a single number
expressing the average value of ¢:

Dzn; « <e>

where n, is the number of collisions per gram of material (in a small volume
containing of the order of 1 mg of material). Frequently the total dose D is
measured with a gas filled ionization chamber.

In the irradiation of a gas, the quantities observed in an ion chamber
are closely related to the quantities defined above: the average energy to
produce an ion pair, W, corresponds to < ¢ >, and the number of ion pairs
produced is related to n defined in B) above, but no information about [
is obtained.

In general, our measurements have to be tailored to the requirements of
the user of the data. Unfortunately, it is not at all clear which physical
data are needed to correlate, e.g., to biological effects. An attempt at a
general discussion has been given by Kellerer [4]. Typically, average quanti-
ties such as LET, mean event size in a small volume, etc., are used. It is
conceivable though that some particular geometrical pattern {in a space-time-
energy continuum) of ¢ is needed to produce certain biological effects. If
the biological material also has many sensitive loci in a given pattern,
requiring energy deposition in only a few sites to produce a given effect,
the possible combinations of the two patterns producing the final effect could
be very large. Clearly, average values describing ¢ in the cell (such as the
moments of ¢) may not be sufficient to correlate the biological effect to the
physical dosimetry. In particular, this implies that identical LET-spectra
do not necessarily produce identical biological effects [5] for the same dose.

? Limited by the resolution of the electronic equipment used for the measurement (typically about
1 usec).
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2. MIXED RADIATION FIELDS

2.1. Definitions

Usually mixed fields are understood to consist of two or more species of
radiation (e.g., neutrons and photons). From the point of view of energy
deposition, this is too simplistic. We will have to define fields producing
or containing particles with a range of LET values® including LET greater than
a few keV/um as mixed radiation fields. The total absorbed dose D delivered
to a material is then not adequate to relate radiation effects to radiation
dose.

Radiations with LET of less than about 2 keV/um have an RBE close to 1.
Thus, even though photons produce electrons of a wide range on energies,
photon radiation fields are not considered to be mixed fields. Similarly,
we would have to consider protons of energies above 30 MeV and pions with
energies greater than 5 MeV as equivalent to photons.

0f great importance is the mixed field encountered in neutron irradiation:
a fraction of the dose is always delivered by photons.

A fast pion beam is always contaminated with muons, electrons, and photons.
Since these are low LET particles, the beam can be considered homogeneous.
However, the heavy ions produced by fast pions may produce a high LET compo-
nent. In addition, at the end of the range of the pion, various heavy charged
particles and neutrons are produced. Here, the radiation field is mixed indeed.

A beam of fast heavy ions (e.g., protons, Ne-ions) travelling through a
material will produce various charged particles in nuclear reactions, and thus
may produce a mixed field.

2.2. Physical Description of Mixed Fields

As mentioned above, we cannot expect to be able to calculate biological
effects from even a ¢ distribution. However, if biological measurements have
been performed for a given radiation field and if the new field does not differ
substantially from the original one (e.g., a change from !37Cs-photons to ¢°Co-
photons), then we can hope to predict the change in biological effect. For a
I;rge change in the two fields, we will need many parameters to describe the
change.

The simplest description is given by two parameters; e.g., neutron dose
Dp and photon dose Dy can be used for neutron-photon fields. A description
with many parameters would be given by the energy deposition spectrum in bio-
logical cells under investigation.

In a pion beam, very substantial changes in RBE are observed in the stop-
ping region of the pions [6]. A very detailed study of energy deposition
patterns will have to be made if physical data are to be related to biological
effect.

On the other hand, in neutron radiation therapy, it has been found that
relatively small changes occur in the spectrum of the neutron beams from
Be (d,n) reactions once the radiation has entered the body. Correspondingly,
small changes in RBE for the neutrons would be expected, and a description of

® LET here is used as a convenient way of classifying various radiations, We do not intend to endorse
its wse in the description of biological effects.
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the changes in ¢ with only one or two parameters may be sufficient. One of
the most important changes in penetrating deeper into the body wIII be the
increasing fraction of y-rays produced in the body and accompanying the neutron
beam. An identical tumor located at different depths in the body would have

to be irradiated with different total doses to produce the identical biological
effect. From the narrowest point of view, it may not be possible to reproduce
the biological effects exactly. It is conceivable that the regression rate
functions would be different at the different depths even if at some time
during the course of treatment the total doses might be adjusted such that the
regression rates would coincide for a short period of time. In the end, these
differences would disappear because the tumor must not contain any living cells
and the effective change in total dose would be dictated by this reguirement.

While we do not have any assurance that superimposed radiation of various
types willproduce additive biological effects, for preliminary purposes this
assumption can be made, and a determination of the fraction of y-ray dose
accompanying a neutron dose may be just adequate to predict the biological
effect. We must always remember though, that our total biological effect cal-
culated from the y-dose fraction will be wrong - though maybe not be a large
amount.

For neutron beams which are monoenergetic initially (especially the
15-MeV neutrons from the T(d,n) reaction), it is to be expected that the
neutron spectrum changes substantially as the beam penetrates into a material.
A determination of the photon component of the dose might not be sufficient to
predict the biological effect at a depth of 10 - 15 cm. ’

Determination of dose fractions is also important if one wishes to change
shielding or collimation. This will alter the relative composition of a mixed

field. Finally, knowledge of relative dose fractions or of the energy-
deposition spectrum is necessary for estimating quality factors of mixed fields.

3. PRINCIPLES OF MIXED FIELD DOSIMETRY

3.1. Calculations

The collision distribution function ¢ and quantities derived from it can
be calculated. In order to do this, it is necessary to know the particle
fluence in the volume under consideration. Then, from our knowledge of differ-
ential atomic collision cross sections and differential nuclear cross sections,
we can calculate ¢ and derived average quantities (microdosimetric spectra,
average dose, etc.).

3.2. Measurement of Energy Deposition Spectra

For some applications, a satisfactory amount of information can be
obtained from microdosimetric measurements. In particular, calculations of
averages over ¢ can be tested experimentally.

3.3. Special Methods for Neutrons Mixed with Photons

. Frequently, only two parameters are used to describe this mixed field,
viz., Dy and Dy. A number of methods are available to distinguish between
neutron and photon components of the field:
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3.3.1. Use of the LET difference between the electrons produced by photons
and the heavy ions produced by neutrons.

Examples of instruments sensitive to this difference are propor;iona]
counters, organic scintillators (rise time difference) and thermoluminescent
dosimeters (TLD, changes in glow curve structure [7, 8]).

3.3.2. Direct difference effects of the primary interactions.

Devices highly sensitive to neutrons and photons are combined with devices
with Tow sensitivity to neutrons and high sensitivity to photons. If the
sensitivity of each device is known, the respective fractions of photon dose
and neutron dose can be calculated. A typical example would be the ion chamber
pair consisting of polyethylene-ethylene and graphite-C0,.

In general, any pair of devices, one containing a large amount of hydro-
gen and the other no hydrogen at all, will fall into this category. Various
instruments of this type will be described later.

3.3.3. Devices to measure neutron fluence, such as neutron activation foils,
time-and-f1ight measurements or proton recoil spectrometers.

4.  INSTRUMENTS

4.1. Proportional Counters

4.1.1. General discussion

An energy deposition of as little as one ion pair has been observed with
proportional counters [3]. We therefore can use them in the measurement of
the distribution of energy-deposition events in very small amounts of gases.

In particular, it will be possible to distinguish to some extent between events
caused by electrons and by heavy ions, especially of those with charge z > 1,
gUtMaJ§° of those with z = 1 at moderate energies (e.g., protons below about

0 MeV).

An extensive literature about proportional counters and their uses exists
[10], but the application to the determination of the photon component in a
neutron field is described infrequently [11, 12, 13]. At present, counters
with tissue-equivalent walls are used. Based on our knowledge of nuclear
reaction cross sections, we can anticipate that for neutrons with moderate
energies a proportional counter with 8e, ¢ {14], or Mg walls might permit a
determination of a photon component with better separation between electrons
and neutron reaction products. Caswell's experience indicates the difficulties
of operating a counter with graphite walls.

Proportional counters with walls of Be might, however, be quite suitable.
The Be (n, p) reaction has a very small cross section, so that few low LET
particles will be produced by neutrons. Discrimination against all other
charged particles produced will be easy. The problems with photons produced
in the Be by neutrons are similar to those for C.

Early work with proportional counters lined with polyethylene relied
on the rejection of y-ray pulses with a single discriminator in order to
establish the dose due to neutrons alone [15, 16].
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4.1.2. Measurements at the University of Washington

Spherical proportional counters" are used with standard amplifiers and
multichannel analyzers for the measurementsS. In order to be able to measure
very small event sizes, tissue equivalent gas of composition (by volume)

54% propane, 41% C0, and 5% N, is used. The measured energy deposition Eq
(obtained by assuming a constant value of W for all particles) is reduced to
“event-size" Y = Eg4/d where d is the diameter of the sphere expressed in terms
of tissue-equivalent material of density 1 g cm~?. Usually Y is expressed in
keV/um.

Rather than considering the observed event spectra f(Y), it is advan-
tageous to plot Yf(Y) versus Y or Y2f(Y) versus log Y [17]. The area A under
the curve between two values Y, and Y,,

Y, Y,
A = YF(Y)dY = s Y2f(Y) dlog Y
Y, Y,

is then equal to the contribution to the dose from this event size interval,
Fig. 1.
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FIG.1, Dose spectrum due to X-rays and 2, 95-MeV neutrons. In this case, dose separation can be accomplished
with a pulse-height discriminator.

* Interior diameter 1.27 cm, tissue-equivalent walls. Model LET - §, Available from EG&G Co. R
Goleta, California.
% Details available from the authors.
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