
Risø-R-907(EN)

Dosimetiy of Low-Energy
Beta Radiation
Jette Borg

Risø National Laboratory, Roskilde, Denmark
August 1996

VOL 2 7 » 2 2



Dosimetry of Low-Energy
Beta Radiation

Jette Borg

Risø National Laboratory, Roskilde, Denmark
August 1996



Abstract

Useful techniques and procedures for determination of absorbed doses from
exposure in a low-energy /? radiation field were studied and evaluated in this
project. The four different techniques included were /? spectrometry, extrapolation
chamber dosimetry, Monte Carlo (MC) calculations, and exoelectron dosimetry.
As a typical low-energy /? radiation field a moderated spectrum from a 14C source
{Ep^max — 156 keV) was chosen for the study.

The measured response of a Si(Li) detector to photons (bremsstrahlung) showed
fine agreement with the MC calculated photon response, whereas the difference be-
tween measured and MC calculated responses to electrons indicates an additional
deadlayer thickness of about 12 /xm in the Si(Li) detector.

The depth-dose profiles measured with extrapolation chambers at two labora-
tories agreed very well, and it was confirmed that the fitting procedure previous-
ly reported for 147Pm depth-dose profiles is also suitable for /? radiation from
14C. An increasing difference between measured and MC calculated dose rates for
increasing absorber thicknesses was found, which is explained by limitations of the
EGS4 code for transport of very low energy electrons (below 10 - 20 keV).

Finally, a study of the thermally stimulated exoelectron emission (TSEE) re-
sponse of BeO thin film dosemeters to /? radiation for radiation fields with maxi-
mum P energies ranging from 67 keV to 2.27 MeV is reported. For maximum /?
energies below approxiately 500 keV, a decrease in the response amounting to
about 20% was observed. It is thus concluded that a /3 dose higher than about 10
fiGy can be measured with these dosemeters to within 0 to -20 % independently
of the (3 energy for Epimax values down to 67 keV.

This is the revised version of a thesis submitted in partial fulfilment of the re-
quirements for the Ph. D. degree at the Technical University of Denmark.
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Dansk resumé

Anvendelige teknikker og procedurer til bestemmelse af absorberet dosis ved
bestråling i et lav-energetisk /^-strålingsfelt er studeret og evalueret i dette projekt.
De fire forskellige teknikker er /?-spektrometri, ekstrapolationskammer-dosimetri,
Monte Carlo (MC) beregninger og exoelektron dosimetri. Til dette studie blev
strålingsfeltet fra en 14C kilde {Epimax = 156 keV) med et modereret spektrum
valgt som et typisk lav-energetisk /^-strålingsfelt.

Den målte respons af en Si(Li) detektor overfor fotoner (bremsestråling) var i
god overensstemmelse med den MC-beregnede fotonrespons. Derimod indikerer
forskellen mellem målt og MC-beregnet respons overfor elektroner, at Si(Li) de-
tektoren har et yderligere "deadlayer" med en tykkelse på omkring 12 /im.

Dybde-dosis profiler målt med ekstrapolationskamre på to laboratorier udviste
fuld overensstemmelse, og det er blevet bekræftet, at fitnings-proceduren anvendt
for 147Pm dybde-dosis profiler også kan anvendes for /?-stråling fra 14C. En vok-
sende forskel mellem målte og MC-beregnede dosishastigheder ved øgede filter-
tykkelser blev fundet, hvilket kan forklares ved begrænsninger i EGS4 koden for
transport af elektroner med energi under 10 - 20 keV.

Endelig er et studie af den termisk stimulerede exoelektron emission (TSEE) re-
spons af BeO tynd-film dosimetre rapporteret. Responsen for måling af /^-stråling
i strålingsfelter med maximal /?-energi fra 67 keV til 2.27 MeV er undersøgt. For
maximale /?-energier under ca. 500 keV er der observeret er aftagen i dosis re-
sponsen på op til 20%. Dermed konkluderes, at en /?-dosis højere end 10 fiGy kan
måles med disse detektorer med en usikkerhed indenfor 0 til -20 % uafhængig af
^-energien for Epimax ned til 67 keV.
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1 Introduction

/? radiation is recognized as an important radiation safety problem in personal
dosimetry of weakly penetrating radiations. Due to the low penetrability of /?
radiation with the result of large variation in absorbed dose rates over short dis-
tances, specific requirements are posed to the detectors used for /? dosimetry, in
particular when low-energy /? emitters are involved. The absorbed dose in tissue
from /? radiation will be deposited in the skin layer clue to the low penetration
of these particles. Radiation is characterized as weakly penetrating if the dose
delivered at a depth of 0.07 mm tissue is greater than 10 times the dose delivered
at a depth of 10 mm. /? radiation with energy less than approximately 4 MeV and
photons with energies less than approximately 15 keV belong to the category of
weakly penetrating radiation [1].

A great number of/? emitting radionuclides such as 3H (tritium), 90Sr/90Y, 14C,
" T c , 1 3 7 C S and 234Th may be released in case of an accident at a nuclear power
plant. The radiation from these isotopes are then involved in the reconstruction
and clean-up phases, and measuring and limiting their contribution to the personal
doses are important. Also under normal operation at nuclear power plants, at
hospitals in radiomedierne, and in the industry, /3 dosimetry is of interest.

After the reactor accidents at the Three Mile Island (USA, 1979) and at Cher-
nobyl (USSR, 1986), the existing measuring techniques for low-energy /? radiation
was found inadequate. The problems associated with /? dose measurement and
assessment have been highlighted in reviews of the occupational radiation expo-
sures associated with these accidents [2, 3]. It was recognized that the dosemeters
used for routine individual monitoring had essentially been developed aiming at
monitoring of photon exposures, resulting in the thickness of the front cover of
the dosemeter - and often also of the detector itself - being unacceptably large
for /? dose measurement, implying a considerable underestimation of the dose to
be measured. Also the monitoring of/? dose rates at the workplace was not satis-
factory. Most frequently, survey instruments based on ionization chambers with a
geometry unsuited for /? dose rate measurements were used.

During the past 15 years, much work has been concerned with analyzing and im-
proving the techniques for /? dosimetry. In 1980, the Commission of the European
Communities (CEC) carried out its first intercomparison on a pilot scale for /? ray
personal dosemeters. Some inadequacies were highlighted [4], and a new full-scale
intercomparison took place in 1986 [5]. In 1982, the US Department of Energy
(DOE) organized a workshop on /? ray dosimetry and the subsequent report indi-
cated a growing concern for the problems associated with the monitoring of this
type of radiation. Since then there has been several symposia and workshops on
skin dosimetry, and dosimetry of /? particles and low-energy X-rays [6, 7, 8].

1.1 Problem definition
The difficulties in /? dosimetry are especially pronounced for low-energy /? radi-
ation, and there is still a need for improving the techniques and procedures for
dosimetry of this type of radiation, both with respect to area monitoring as well
as for individual dosimetry. A recent study of /? spectra of the radiation present
at workplaces at nuclear power plants, shows that the radiation contains a sig-
nificant part of low-energy /? particles, indicating the importance of dosimetry of
low-energy (3 radiation [9]. The main aim of this project was to study and evaluate
useful techniques and procedures for determination of absorbed doses from expo-
sure in a low-energy /? radiation field. As a typical low-energy /? radiation field
for the study, a moderated /? spectrum from a 14C source (Epimax = 156 keV)
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was chosen. Four different techniques were included in the project: /? spectrome-
try, extrapolation chamber dosimetry, Monte Carlo calculations, and exoelectron
dosimetry.

P spectrometry is a useful tool in radiation protection. From the energy spectra
the absorbed dose in tissue at a certain tissue depth e.g., 0.07 mm, can be calcu-
lated for the workers exposed in the radiation field, and knowledge of the spectra
is also important for the correct choice of protection for the workers. Recently,
measured spectra have been used to evaluate correction factors for dosemeters
used for individual monitoring in P radiation fields [9]. P spectrometry is particu-
larly difficult for the low-energy particles due to noise problems from the detector
in this energy region. In this project, the spectrum from the 14C source was mea-
sured with a P spectrometer and a Si(Li) detector established at CEA1 and NRC2,
respectively. The measured spectra were compared with spectra (or responses) cal-
culated by the MC method. The aim of these comparisons was to validate the use
of the MC code EGS4 for calculations with low-energy electrons.

The extrapolation chamber is the standard instrument used for accurate mea-
surement of dose rate from /? radiation. This method is sophisticated requiring
a number of correction factors to correct for non-ideal measurement conditions
e.g., due to different absorption and scattering characteristics of chamber walls
(PMMA) and the measuring volume (air), and due to deviations from reference
air density conditions. The corrections have increasing importance with decreas-
ing energies of the /? particles. The extrapolation chamber measurement method
has recently been studied, and correction factors have been developed for mea-
surement of dose rates of the /? radiation from a 147Pm source with Ep<max = 225
keV [10]. An aim of this project was to study and further develop the extrapolation
chamber measurement method for use for dose rate measurements from low-energy
P radiation applying the 14C source. MC calculations have been used to evaluate
some of the correction factors. Furthermore, the complete measurement procedure
has been modelled for MC calculations to validate this method with experimen-
tal data, and to use it for analyzing in detail specific areas of the extrapolation
chamber method e.g., the measurement of depth-dose profiles in tissue.

An important aim of this project was to study the utility of MC calculations
for solving different problems in /? dosimetry, in particular those occurring for
low-energy /? particles. MC models using the EGS4 code have been developed for
various experimental procedures e.g., for /? spectrometry and extrapolation cham-
ber measurements, and the calculated data have been validated by experimental
results. The achievement of good agreement between experimental data and cal-
culations would be a good basis for a more general application of MC calculations
in P dosimetry and thereby saving time consuming measurement work. Using the
MC technique, it is possible to obtain information on dosimetric details, which
can not be obtained by measurements e.g., the energy deposition from primary
electrons, and the ratio between different types of interactions.

The extrapolation chamber is large in size and requires extensive electronic
equipment for the operation. Therefore, it is not practical for "in the field" mea-
surements. A part of this project was to clarify whether solid state detectors, which
are available in a great variety of sizes and forms, would be a useful and practical
alternative to the pxtrapolation chamber for dosimetry of low-energy /? radiation
at workplaces. Two types of detectors were considered, namely thermolumines-
cence (TL) and exoelectron (EE) detectors. TL detectors are available with an
e/Fective thickness not below a few mg cm"2, which means that for low-energy
P radiation these detectors will cause a considerable attenuation of the radiation

1 Commissariat å l'Bnergic Atomiquc, France
2 National Research Council of Canada
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to be measured. As the detector response is a measure of the average energy de-
posited in the detector, these detectors will show a response that is significantly
dependent on the energy of the /? particles. EE detectors, on the contrary, may
have a thickness of less than 100 nra (0.03 mgem"3 for BeO), meaning that these
detectors essentially measure the dose to the thin surface layer of the detector, and
therefore would be expected to show a response independent of the /? energy. In
this project, thermally stimulated exoelectron emission of BeO thin film doseme-
ters from exposure in /? radiation fields with maximum /? energies ranging from
67 keV to 2.27 MeV have been studied.

Risø-R-907(EN)



2 Theoretical Background

This chapter gives a short introduction to /? decay and the interaction processes
for j3 particles (electrons), and the stopping power is defined. The recommended
tissue depth for skin dose measurement is presented, and some of the quantities
used in radiological protection is reviewed.

2.1 ft Decay
When a nucleus has an excess of neutrons, it tends to emit an electron (/?"-
particle) [11]. The nucleus is then left with one less neutron and one more proton.
If the nucleus has an excess of protons, it tends to emit a positron (/?+-particle),
which leaves the nucleus with one less proton and one more neutron. The charge
is thus preserved, but there must also be preservation of mass-energy. This means,
that when a /?~-particle is emitted an antineutrino V is also emitted and likewise,
when a /3+-particle is emitted a neutrino v is emitted. In the first case (/?") the
atomic number Z is increased by 1 and in the case of/?+-decay it is decreased by
1. The energy released by the process is distributed between the /? particle and the
neutrino. The atomic mass-energy balance equation for 14C is shown below. The
energy shown as a result of the /?-decay is the maximum energy of the /?-particle.

(1)

The 0 decay leaves the nucleus in an excited state, and the excess energy may
be released by emission of one or more photons. Another way of using the excess
energy is by internal conversion, where an atomic electron is released with the
excess energy minus the binding energy of the escaping electron.

Since the energy is distributed between the /3 particle and the neutrino, the f3
particles will produce a continuous energy spectrum. The /? spectra are calculated
from the Fermi theory of /3 decay. The unnormalized spectral shape is given by

N(E) = F(Z,E) • (E2 - I )1 /2 -E-(E0- E)2 • an{E) (2)

E: total energy of the electron minus the screening potential, in units of TTIQC2

(the rest mass energy of an electron)
E$: the corresponding value at the maximum electron energy
Z: the atomic number of the daughter nucleus
F(Z, E): the Fermi function, a correction factor, which considers the

electromagnetic interaction between the nucleus and the escaping electron
an(E): a shape factor depending on the forbiddenness of the transition.

Details of the calculations are summarized in [12]. The calculations also includes
the screening correction, V, for atomic electrons, which for the Thomas-Fermi
model of the atom is

In Table 1, the type of transition for the isotopes relevant for this work is shown
and also the half-life, mean and maximum /3-energy of the isotopes.

The spectra for the nuclides of the sources used in the experiments with extra-
polation chamber and TSEE were calculated using a program made by Len van
der Zwan, NRC, based on the work by W. G. Cross et al. [13]. The calculated
spectra are shown in Fig. 1.

12 Risø-R-907(EN)
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Figure 1. The unnormalized calculated spectra for the isotopes used in this work.
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Table 1. Half-life, mean and max. energies and transitions for some isotopes. The
transition type is represented by 0 and 1 for allowed and unique first forbidden
transition, respectively.

Isotope Ti/2 E/j.mean E/3,mnI Transition
[keV] [keV]

63Ni
1 4 C

147Pm
204'pj

90gr

90y

100 y
5730 y
2.62 y
3.77 y
28.1 y
64.0 h

17.2
49.3
62.0
238

196.1
933.5

67
156

224.5
763.5
546
2270

0
0
0
1
1
1

2.2 P Particles' Interaction with Matter
The electron is surrounded by its Coulomb electric force field and interacts with
the electrons or the nucleus of practically every atom it passes [11]. In most of
the interactions, only minute fractions of the incident particle's kinetic energy is
transferred. The interaction processes may be seen as a frictionlike process, where
the electron loses its kinetic energy. This process is often referred to as the "the
continuous slowing-down approximation" (CSDA).

In principle there are three interaction processes:
1) Hard (or "knock-on") collisions:

inelastic scattering with atomic electrons resulting in excitation and sometimes
ionization of the atom, and in production of 8 rays (secondary electrons). The
probability for this interaction proces is proportional to Z.

2) Coulomb-force interactions with the external nuclear field:
inelastic scattering with nuclei resulting in bremsstrahlung (photons) produc-
tion. The probability for this interaction proces is proportional to Z2.

3) "Soft" collisions:
elastic scattering where the electron loses an insignificant amount of energy,
only what is necessary to satisfy conservation of momentum for the collision.
The probability for this interaction proces is proportional to Z2.

2.3 Stopping Power
The expectation value of the rate of energy loss per unit path length x by a
charged particle of type Y and kinetic energy T, in a medium of atomic number
Z, is called its stopping power, {dT/dx)Y,T,z- Dividing the stopping power by
the density p of the absorbing medium results in a quantity called the mass stop-
ping power (dT/(pdx)) [11]. The stopping power can be divided into "collision
stopping power" and "radiative stopping power". The former is the rate of energy
loss resulting from the sum of the soft and hard collisions, which are convention-
ally referred to as "collision interactions". Unless otherwise specified, radiative
stopping power may be assumed to be based on bremsstrahlung production alone.
Energy spent in radiative collisions is carried away from the charged-particle track
by the photons, while that spent in collision interactions produces ionization and
excitation contributing to the dose near the track.

The mass collision stopping power can be written as

-\pdx)J\pdx)c '

where subscript c indicates collision interactions, s being soft and h hard.

14 Risø-R-907(EN)



where B(T) for electrons and positrons is given by

Seltzer and Berger [14] has simplified the expression for the mass collision stop-
ping power to:

fdT\ _ 0.153536 Z

(6)

BQ(T), I (the mean excitation energy of the medium), moc2 (the electron rest
mass energy), 8 (the density-effect correction), and thus the collision stopping
power for electrons in a medium is evaluated using formulas and pre-tabulated
quantities in reference [14].

2.3.1 Limitations and Uncertainties

An error of ~ 1 % is expected to result from approximations in the derivation of
the Bethe stopping power formula. Additional uncertainties in the evaluation of
the collision stopping arise at low energies (where the theory is no longer fully ap-
plicable) and because of uncertainties in the values of the mean excitation energy,
/, and the density-effect correction, S [14].

2.4 Skin Dose
2.4.1 The Skin

The skin consists of two distinct layers, the epidermis and the dermis (Fig. 2).
The epidermis is situated at a depth of 20 - 500 fim and the dermis at 1 — 4 mm,
depending on the body dtes. The thickness of the epidermis is ~ 40 mg cm"2

on the palms of the hands and on the soles of the feet, ~ 10 mg cm"2 on the
arms and the legs, and ~ 5 mgcm"2 on the head and the trunk [15]. The basal
layer is a one cell thick layer in the epidermis, where the epidermal stem cells are
situated, and where most cell divisions take place. The International Commission
on Radiological Protection (ICRP) specifies in the publication ICRP 60 [16] a
range of 2 — 10 mgcm"2 for the basal layer depth, and recommends the skin dose
measured at a nominal depth of 0.07 mm tissue (or 7 mgcm"2).

Hair
Keratin

Epidermis " '
20-500 Jim; ;

Dermis
1-4 mm

Basal layer

Blood vessels

Figure 2. Schematic description oj the skin [15].
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2.4.2 Basic Dosimetric Quantit ies

The definitions and recommendations in the following are from ICRP 60 [16].

Absorbed Dose.
The fundamental dosimetric quantity in radiological protection is the absorbed

dose, D, being the energy (J) absorbed per unit mass (kg) and measured in Gy.

dm v '

Equivalent Dose.
The quantity of interest in radiological protection is the absorbed dose averaged

over a tissue or organ and weighted for the radiation quality. The weighting factor
for this purpose is called the radiation weighting factor, WR. It is selected for the
type and energy of the radiation incident on the body or, in the case of sources
within the body, emitted by the source. The equivalent dose in tissue T, #Ti is
given by the expression

k • ̂ T , R , (8)

where JDT,R is the absorbed dose averaged over the tissue or organ T, due to
radiation R. Equivalent dose is measured in sievert (Sv = J kg"1).

Effective Dose.
The probability of stochastic effects depends on which organ or tissue is irradi-

ated. The equivalent dose in tissue or organ T is therefore weighted with the tissue
weighting factor, wr, representing the relative contribution of the organ or tissue
to the total detriment due to stochastic effects resulting from uniform irradiation
of the whole body. The weighted equivalent dose is called the effective dose, E,
and is given by the expression

E = J2 «T • HT , (9)
T

where / / T is the equivalent dose in tissue or organ T and U>T is the weighting
factor for tissue T. Effective dose is measured in sievert (Sv = J kg"1).

2.4.3 Dose Limits

Dose limits are set for both skin and whole body, and the radiation types are
weighted depending on how damaging they are to the material they interact with.
For /? radiation and photons the radiation weighting factor is U;R = 1. Also each
organ in the body is weighted when estimating the whole body dose e.g., the skin
has a weighting factor of WT = 0.01. In Table 2, the dose limits recommended by
the ICRP are shown [16].

16 Risø-R-907(EN)



Talk 2. Dose limits recommended by ihe ICRP [16].

Application
Effective dose

Annual equivalent dose in
the lens of the eye
the skin
the hands and feet

Dose limit
Occupational

20 mSv per year,
averaged over defined

periods of 5 years*

150 mSv
500 mSv
500 mSv

Dose limit
Public

1 mSv in a year

15 mSv
50 mSv

-

* With the further provision that the effective dose should not exceed 50 mSv in
any single year.
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3 Monte Carlo Calculations

A brief introduction to the Monte Carlo calculation technique is given in this chap-
ter. The calculations with the EGS4 code is described, and the different usercodes
are introduced.

3.1 The Monte Carlo Method
The Monte Carlo technique is useful in radiation transport because there are basic-
ally no exact analytical solutions to almost anything we want to calculate. Even
the "straight-forward" situation of an electron depth-dose distribution in water
proves to be too difficult for analytical methods without making gross approxi-
mations, such as ignoring energy-loss straggling, large-angle single scattering and
bremsstrahlung production.

An electron being transported will undergo thousands of interactions which
means that direct analogue simulation, where every single interaction is simulated,
is impractical, even with the enormous computing power available today.

The MC technique uses the knowledge of the probability distributions governing
the individual interactions of electrons and photons in materials to simulate the
random trajectories of individual particles. There is kept track of physical quanti-
ties of interest for a large number of histories to provide the required information
about average quantities and their associated distributions [17].

The interaction processes for f3 particles (electrons) described in Sect. 2.2 can
be modelled in the MC code in the follow'mg ways:
1) Hard (or "knock-on") collisions are modelled using the inelastic Møller cross

section, which treats both the involved electrons as free.
2) Coulomb-force interactions with the external nuclear field:

The creation of bremsstrahlung photons is considered to have two components:
(a) a continuous process in which the electron produces soft photons below a
threshold photon energy and (b) discrete events which create bremsstrahlung
photons above that energy threshold.

3) "Soft" collisions are treated using the Moliére multiple scattering theory.

The MC modeling of the interaction processes are described in detail in refer-
ence [18]. Naturally, the interaction processes between photons and matter must
also be modelled in the MC code. This is done in a much simpler way than for the
electrons because the photon only undergoes discrete interactions such as photo-
electric effect, Compton and Rayleigh scattering, and pair production. In Figs. 3
and 4, the simplified flow charts for photon and electron transport in MC calcu-
lations are shown.

3.2 Calculations with EGS4
The EGS4 code (Electron Gamma Shower version 4) is a MC code simulating
coupled transport of electrons and photons in an arbitrary geometry for particles
with energies above a few keV up to several TeV [18]. The code is an analog MC
program i.e., it simulates the actual physical processes as closely as possible and
has no variance reduction techniques "built in", which makes it very time con-
suming. The .Parameter Reduced Electron-Step Transport Algorithm, PRESTA,
is used in the simulations to avoid step-size artifacts [19]. PRESTA consists of
three components: a path-length correction (PLC), a lateral correlation algorithm
(LCA) and a boundary crossing algorithm (BCA). The PLC accounts for the dif-
ferences between the straight path length and the curved path length for each

18 Risø-R-907(EN)
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Figure 3. Simplified flow chart for photon transport in MC calculations [17].

electron step. The curved path of the electron is caused by the elastic scatterings
from the nuclei and atomic electrons of the medium in which the transport takes
place. The coupling of the Moliere multiple scattering theory and the PLC has
been shown to be independent of the step-size in it's validity domain [19]. Since
the PLC algorithm allows large electron steps, the LCA becomes important. The
LCA performs a translation perpendicular to the direction of motion during an
electron transport step. Near the interface between regions the curved path of
the electron may result in transport in both regions though the straight path is
only taken in one region. For very short steps, the difference between the straight
path and the curved path is negligible, but for large steps it can be significant.
The BCA has been shown to be an efficient and reliable method for treating the
electron transport near the interface between regions [19].
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Each particle is followed down to a cutoff energy, which includes both rest mass
energy (511 keV for an electron) and kinetic energy of the particle. Values for
stopping powers were calculated from the data given in ICRU Report 37 [20].

Calculations were performed on the NRC SGI R4400 computers, and calculation
times stated in this report are for these computers.

3.2.1 EGS4 Usei-codes

The fluence spectra were calculated by use of the EGS4 usercode FLURZ [21] (see
below), which is to be used for fluence calculation in cylindrical geometries only.
Similarly, the EGS4 usercodes DOSRZ [17], SPRRZ [22] and PFLURZ3 calculates
the dose, the stopping power ratio, medium to air, and planar fluence, respectively,
in cylindrical geometries. The results are calculated per source particle, and each
particle is registered in a "bin" i.e., the energy interval including the particle
energy.

The correlated sampling (CS) variance reduction technique (see below) was used
to calculate the correction factors to be used for evaluation of the extrapolation
chamber measurement data. These correction factors were calculated as the ratios
of absorbed doses in various geometries irradiated by photon and electron beams.

Calculation of Fluence and Planar Fluence
Fluence is a point function formally defined as the number of particles entering a

sphere per unit cross-sectional area, when the sphere is reduced to an infinitesimal
i.e., a point. From this definition, it has been shown that the average fluence in a
given region is the sum of the particle track lengths in that region divided by its
volume [23, 24].

The planar fluence is defined as the number of particles crossing a fixed plane in
either direction per unit area of the plane [11]. It is thus important to distinguish
between fluence and planar fluence.

Correlated Sampling
Correlated sampling can be applied to problems where the ratio or difference

in certain quantities (e.g., absorbed dose) due to different geometries or media is
of interest [25]. Instead of performing two independent simulations (uncorrelated)
with the different geometries or media, the correlated sampling technique uses
the similar particle trajectories for the estimation for both geometries and the
respective estimates will be strongly correlated and are expected to deviate from
their expectation values in the same direction. In Fig. 5, the method is visualized.
For the two situations the particles follow the same trajectories in region 1 with
medium A. Entering region 2 with medium A in one case and medium B in an-
other, the particles follow different trajectories in the two cases. The ratio of the
two estimates is then expected to have a smaller uncertainty than the correspond-
ing ratio in the uncorrelated simulation. The calculation efficiency and accuracy
increases with the degree of correlation between the calculated doses in similar
thin-slab geometries.

In an earlier report [25] some limitations of the CS method have been pointed
out: "If the electron angular and spatial distribution cannot be simulated properly,
the chamber response is likely to be affected. This is a potentially serious limitation
for nonspherical cavities, such as those in pancake-like or long cylindrical ionization
chambers."

Since a simplified model of the source has been used in the calculations (Sect. 5.2),

3PFLURZ is a modified (Aug. 1991 by D. VV. O. Rogers, NRC, Canada) version of FLURZ.
It calculates the planar fluence instead of the fluence.
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Medium A Medium A

Medium A Medium B

Figure 5. Correlated sampling technique. In region 1, the trajectories of the par-
ticles are the same for the two MC calculations. When particles enter region 2,
they interact differently in the two media A and B.

the electron angular and spatial distributions may not be exactly those of the real
source. However, from a study of the spectra of the simplified source model com-
pared to those of the complete source model, it was concluded that the simplified
source model adequately represents the complete source model (Sect. 4.6).
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4 Spectra from a 14C Source

The spectra for the 14C source was measured with a (3 spectrometer and a Si(Li)
detector. MC simulations of the experiments were performed with the purpose of
validating the calculations with the EGS4 code for low-energy electrons (~ 1 -156
keV). To increase the calculation efficiency a simplified source model, implying a
normalization factor, was introduced (Sect. 4.6). The complex Si(Li) detector was
modelled and the simplified source model was used in this MC calculation. The
results of measured and calculated responses are discussed in Sect. 4.8.

4.1 CEA: (3 Spectrometer
The spectrum from the 14C source was measured with a /? spectrometer at CEA,
France, with 5 cm air between source and detector surface. The measured spectrum
includes both electrons and photons. The spectrometer consists of two coaxial Si
detectors (an IPT 150-300-16 and a LEC 200-5000 with Si thicknesses of 300 /xm
and 5000 /im, respectively) and a 2 mm thick Al-collimator with an aperture of 4.0
mm diameter placed in front of the detectors (Fig. 6). Electrons with energy below
about 200 keV are detected by the IPT detector only and electrons with higher
energy will reach the LEC detector with a residual energy Eres = Einc — A.E,
where Einc is the energy of the incoming electron and AE is the energy loss in
the IPT detector [26]. Both Si detectors must be calibrated individually, since
they do not measure in the same energy intervals. For the energy calibration 57Co
(E7 = 122 keV) and 137Cs (E7 = 662 keV) were used.

25 mm

4.0 mm

b v ^ Source

Y7~X PMMA holder

50 mm Y//A Al collimator

H H IPT diode

WMk LEC diode

Figure 6. 14C source and /? spectrometer consisting of two Si detectors.

The electrons emitted from the 14C source have a maximum energy about 150
keV. All electrons were then stopped in the IPT detector and the LEC detector
had no effect in the measurements. The /? spectrometer was assumed to measure
the kinetic energy of the electrons hitting the Si detectors. Therefore no unfold-
ing of the measured energy spectrum was performed. The measuring time in the
experiment was 60000 seconds.
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4.2 NRC: Si(Li) Detector
An EG&G ORTEC Si(Li) detector type SLP-06165 established at NRC was used
for measuring the energy spectra of the 14C source at 36 mm distance. The cross
section of the Si(Li) detector model is shown in Fig. 7. The cylindrical detector
has an active region with 6 mm diameter and 5 mm thickness [27], The Be-window
of the detector is 0.0127 mm thick, corresponding to 13 keV energy loss at 50 keV
and 8 keV at 100 keV electron energy. The resolution of this detector is 172 eV
at 5.9 keV.

The measuring time At in both experiments was 12000 s.
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Figure 7. Cross section of the Si(Li) detector model.

First the total response to electrons and photons was measured, and then the
photon response alone was measured. In the last case, the electrons were stopped
by a 254 fim thick sheet of mylar placed in front of the detector. The measured
photon response was then corrected for the attenuation in the mylar sheet and sub-
tracted from the total response to get the electron response. Some bremsstrahlung
may be created in the mylar sheet. However, based on MC calculations this will
only amount to about 0.2% of the total number of detected photons and does not
need to be corrected for.

Also in this experiment the measured response was assumed to be the kinetic
energy of the particles hitting the Si-region and no unfolding was performed.

4.3 The 14C Source
4.3.1 The Physical Source Configuration

The source used in this work is a quadratic (50 mm x 50 mm, 1.0 mm thick)
sheet of polymethyl methacrylate (PMMA) with the 14C radionuclides uniformly
distributed throughout the PMMA. It was purchased from Amersham Company
and has a quoted source strength Qo = 57 MBq. The half life of 14C is 5730 years,
so there is no need for correction due to decay since time of purchase (1977). An
emission rate of electrons i.e., the electron planar fluence rate, was measured by
Amersham to be d(j>p<e/åt =1.5 • 106 electrons cm"2 min"1 (or 2.5 • 104 electrons
cm"2 s""1). This type of source is normally used for radiographic examination
of paper and similar materials or for use as check sources for multichannel chro-
matogram analyzers [28]. A dose rate of about 2 /zGy s"1 was measured with an
extrapolation chamber without any absorbers in front of the entrance window and
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at a distance of 50 mm air from the source (Sect. 5.3).
The source is placed in a 1,0 mm deep recess in a 12 mm thick holder of PMMA.

The source is fixed in the holder by a 1.0 mm thick PMMA sheet with a 50 mm
diameter hole. The configuration of source and holder is shown in Fig. 8.

70 mm

Stem

12 mm

PMMA cover

Source

H I PMMA baching

Figure 8. Configuration of physical source including source holder (baching and
cover) of PMMA.

All /? particles emitted from the covered parts of the source are totally absorbed
in the PMMA cover, which simplifies the MC modelling of the source to a cylindri-
cal construction. However, duj to production of bremsstrahlung from the covered
part of the source, these regions cannot be completely ignored in the calculations.

Since only a circular part of the source is used, the actual source strength, Q, is
smaller than for the square source. The actual source strength being the number
of /? decays per second from the circular part of the source is obtained from

• (25 mm)2

Q~Qo- (50 mm)2 = 45 MBq (10)

The planar fluence of electrons (simplified initial electrons), $P i e , at the source
surface per source electron is then

<I>r,e = f — ~ I /Q = 5.G • 1O~"1 simp. init. elec. cm"2 per source elec. (11)

Risø-It-907(EN) 25



4.3.2 The 14C Source Model for MC Calculations

The modelled source for the MC calculations is a cylindrical piece of PMMA with
a diameter of 50 mm and a thickness of 1.0 mm. It is placed in a cylindrical PMMA
holder - see Fig. 9.

70 mm

|;gg|l PMMA holder

[ \ \ | Source

12 mm

Figure 9. Configuration of complete model of1A C source for calculations including
source holder (backing and cover) made of PMMA.

It can be seen from Fig. 8 that a part of the physical source is covered by the
sheet of PMMA denning the circular surface area of the source. This is not the
case for the modelled source. About 94 % of the bremsstrahlung (average energy
approx. 20 keV - see Table 4) escaping from the part of the source covered with
PMMA will pass through this layer of PMMA and thus increase the number of
photons to be detected in a measurement.

Assuming that no bremsstrahlung photons are created in the PMMA cover and
ignoring attenuation of the photons in the cover, the estimated ratio of photons
from the physical source, Nph.phys. > to photons from the modelled source, Nph.mod.,
is

(50 mm)2

(25 mm)
= 1.27 (12)
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4.4 Calculated Fluence Spectra
The fluence spectra at the source surface were calculated in 5 keV bins and with
a total electron cutoff energy of 512 keV (1 keV kinetic energy) and a photon
cutoff energy of 1 keV. The electron and photon fluence per source electron, $ e

and $ph, respectively, at the source surface were calculated for a disc and a ring
configuration both 10~3 mm high and placed in contact with the source surface.
The radius of the disc was 20 mm and the ring was located between radii 20 mm
and 25 mm. The results of calculations in 5 keV bins are shown in Tables 3 and 4.

Table 3. Fluence at source surface and the average energy of the fluence spectra.
The different values of the fluence in the two scoring regions are due to the edge
effect influencing the outer region.

Radii [mm]
Electrons:

<[>e [(cm2 sour, elec.)"1]
Average energy [keV]

Photons:
<I>P;, [(cm2 sour, elec.)"1]

Average energy [keV]

1.166
51

4.683
22

0-20

•io-3 ±
.86 ±0.3

•10"5 ±
.39 ± 1.7

0.6%

1.8%

1.096
52

3.836
21

2 0 -

•10"3

.22 ±

•10"5

.41 ±

25

± 0.4 %
0.1%

± 1.9%
1.3%

Table •{, The area weighted (0 < r < 25 mm) fluence at source surface and the
average energy of the fluence spectra.

Radius [mm] 0 - 2 5
Electrons:

$ e [(cm2 sour, elec.)"1] 1.141 • 10"3 ± 0.4 %
Average energy [keV] 52.00 ± 0.3 %

Photons:
$ph [(cm2 sour, elec.)"1] 4.378 • 10~5 ± 1.4 %

Average energy [keV] 22.04 ± 1.2 %

The ratio of electron fluence to photon fluence at the source surface (i.e., at
x = 0 mm distance from the source):

^ - ( 0 mm) = 26.1 electron photon"1 ± 1.5% (13)

*P = f (14)

In Fig. 10, the calculated electron and photon fluence spectra at the source
surface are shown.

Using FLURZ the total fluence per source particle (i.e., electron) was calculated
by S(pathlength)/volume (see Sect. 3.2.1). In an isotropic field of radiation the
planar fluence, $ p , is [11]

f
For a completely aligned parallel, normal beam <I>p = $, and for highly an-

gled particles the value of <&P/<b is very small. Using the usercodes PFLURZ and
FLURZ the ratios of planar fluence to fluence for both electrons and photons at
the source surface were calculated. The ratios were for electrons

% L \ =0.511±1.8% (15)
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Figure 10. The MC calculated fluence at source surface in 5 keV bins. Average
energies are 52 keV for electrons and 22 keV for photons.

and for photons

= 0.34 ±4% (16)
i

An almost isotropic field of electrons and photons were therefore assumed.
From the values in Table 4, the planar fluence of bremsstrahlung photons, %lPh>

created in the PMMA cover and the PMMA backing is estimated. The total
number, Nph, of photons produced per source electron is then

Nph = 2 • A • Q>PiPh = 7.4 • 10~4 photons per source electron , (17)
where A is the area of the physical source (25 cm2). It is assumed that the
bremsstrahlung is distributed isotropically meaning that half of it is directed into
the positive half plane. The ratio of bremsstrahlung created in the cover and
backing to bremsstrahlung created in the source material is then

\ • Nph • ®e • (Aback + Acover) = 1.8%, (18)
(%

where Aback - A and ACOver are the area of the back side surface and the covered
part of the source, respectively. The contribution of bremsstrahlung photons is so
small that it has been ignored in the further calculations.

For comparison with the spectrum measured with the /? spectrometer at CEA,
the fluence spectra were also calculated at 50 mm distance in air from the source
surface and the results are shown in Fig. 11. The ratio of electron fluence to photon
fluence at this distance was

—^(50 mm) = 14.1 electron/photon ± 2.7 % (19)
p

In Fig. 12, the electron and photon spectra on the source surface are compared
with the unmoderated spectrum for the 14C nuclide. The electron spectra have
been normalized to the peak values for comparison. It is obvious that the spectrum
for the 14C nuclide is modified when the /? particles travel through the source
material.
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Figure 11. MC calculated on-axis fluence at 50 mm distance in air from the source
surface in 5 keV bins. Average energies are 55 keV for electrons and 20 keV for
photons.

4.5 Result of (3 Spectrometer Measurement
The result of the measurement with the /? spectrometer at CEA, France, is shown
in Fig. 13. The measured average energy is 67 keV. The actual average energy of
the spectrum is lower than this value, since the detector has a threshold of about
35 keV. Part of the /? spectrum is below this threshold value and is not detected.
The normalized measured energy spectrum is compared with the normalized cal-
culated energy spectrum at 50 mm distance in air (the histogram). They show
very fine agreement though the spectrometer has a radius of r<iet = 2.0 mm, and
the calculated result is for a disc with 50 mm diameter. This indicates that the
spectrum is essentially homogeneous over the whole area of the disc.

The measurements with the spectrometer include both electrons and photons.
However, photons emitted from the source will only contribute with about 1 — 2%
to the measured spectrum (based on calculated fluence), since the ratio of electron
fluence to photon fluence is 14 (Eq. 19) and nearly 80 % of the photon fluence
spectrum is below 35 keV (see Fig. 11).

The total number of detected particles was ntotai = 3326175 particles. Detected
electrons per unit area (planar fluence, <J?P) and per source electron assuming that
all detected particles were electrons:

—r̂ - = 9.8 • 10~6 electrons cm"2 per source electron (20)

The planar fluence at x — 50 mm distance in air was estimated from MC
calculations, too. The estimation was based on fluence calculations in air and
vacuum and planar fluence calculations in vacuum, though a direct calculation of
planar fluence in air would give a more correct result. The planar fluence in the
energy interval 35 to 150 keV amounts to 85 % of the total planar fluence. The
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Figure 12. The spectrum for the 1 4C radionuclide and the MC calculated fluence
spectra for electrons and photons at the source surface shown in 5 keV bins. Ave-
rage P energy for the radionuclide is J,9 keV, and for the MC calculated spectra 52
keV for electrons and 22 keV for photons. The electron spectra are normalized to
the peak values for comparison. The photon spectrum has been multiplied by the
same normalization factor as the MC calculated electron spectrum.

MC calculated planar fluence, $>Plcai, per source electron in the interval 35 to 150
keV was

$p,ca/(50 mm) = 9.4 • 10~6 ± 10 % electrons cm"2 per source electron (21)

This agrees well with the detected planar fluence, though there may be some
unconsidered effects from the Al-collimator in front of the detector. The agreement
between measured and calculated planer fluence shows that the /? spectrometer is
a good fluence detector.

4.6 Complete and Simplified Source Models
Performing MC calculations with the complete source model having the 14C nu-
clides distributed in a 1 mm thick disc of PMMA most of the source electrons (the
/? decay of 14C nuclides) are stopped in the source material. To obtain better effi-
ciency in the MC calculations, the whole source configuration is therefore replaced
by a 1 ̂ m thick disc of air ( 0 50 mm) emitting electrons and photons isotropically
- from now on called "the simplified source model". Electrons and photons are dis-
tributed uniformly in this disc of air. The calculated electron and photon spectra
on the source surface are used as input spectra for the particles in the disc. The
source particles for the simplified source model are named "simplified source elec-
trons" (s.s.e.) and "simplified source photons" (s.s.ph.), respectively. The following
assumptions and simplifications were made, when making a simplified model of
the H C source to replace the physical source model:
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Figure 13. 14C spectrum measured at 50 mm distance in air at CEA, France. Ave-
rage energy is 67 keV. The spectrum is normalized to peak at 1. The histogram
shows the calculated energy spectrum also normalized to peak at 1. For uncertain-
ties associated with the histogram, see Fig. 11.

1) The physical source (Fig. 8) is assumed identical to the cylindrical source model
(Fig. 9) used in the MC calculations.
2) The cylindrical source model ("complete") is simplified to a thin isotropically
radiating disc source ("simplified") to improve the efficiency of the MC calcula-
tions. The spectra of the simplified source were the MC calculated spectra on the
surface of the complete source.

To verify that using the simplified source model agrees with the calculations
with the complete source model, the fluence spectrum at 5 cm distance from the
source was calculated for both cases. The fluences were calculated in 5 keV bins
except for the photon fluence calculated for the simplified source model, which
was calculated in 10 keV bins. The energy cutoffs were 512 keV and 1 keV for
electrons and photons, respectively.

The fluence at a distance from the source will be different for the complete and
simplified source models, because the fluence is calculated per source electron,
and for the complete model many of the source electrons are "lost" due to the
self-absorption in the PMMA source material. Therefore a normalization factor,
Fes i is introduced. It is calculated as the ratio of the total on-axis fluences at a
distance from the source surface for the complete to the simplified source model:

Fes = I s (22)

The normalization is performed for electrons with energy between 0 and 160 keV
and for photons with energy between 10 and 160 keV, since almost no photon has
an energy below 10 keV for the simplified source model. The factors are calculated
for a circular area with diameter 40 mm. The normalization factors for electrons

Risø-R-907(EN) 31



and photons are

Fcs,e = 2.90 • 10-2 ± 2.5%

and

h = 4.87 • lO"4 ± 3.2%

(23)

(24)

given in (s.s.e. per s.e.) and (s.s.ph. per s.e.), respectively.
The electron and photon fluence rate spectra calculated at 5 cm distance in air

for the complete and the simplified source geometry are shown in Figs. 14 and 15.
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Figure 1J,. Calculated on-axis electron fluence rate spectra in air at 50 mm distance
from the source surface. The spectra were calculated for a region with 25 mm
radius. Average energies are 55 fee V for both complete and simplified source.

The calculated electron fluence rate spectra for complete and simplified source
models agree for almost the whole energy range. The calculated photon fluence
spectrum for the simplified source model has no photons below 10 keV, because
the input spectrum for this source model has no photons below this energy. The
difference between the calculated fluence rates is due to the bin-size of 5 keV and
10 keV for complete and simplified source model, respectively. Since the fluence
rate spectra agree for both electrons and photons, the simplified source model is
accepted to replace the complete source model in the following MC calculations.

Using the complete source model the calculation of electron fluence at 5 cm
distance from the source with an uncertainty of 1 % will take about 27 hours
(~ 3.9 • 106 histories per hour) on the NRC SGI R4400 computers (1994). Sim-
ilar calculations using the simplified source model takes about 2.6 hours (also
~ 3.9 • 106 histories per hour). A 10 times increase in efficiency is achieved by
replacing the complete source model with the simplified source model.
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Figure 15. Calculated on-axis photon Jluence rate spectra in air at 50 mm distance
from the source surface. The spectra were calculated for a region with 25 mm
radius. Average energies are 25 keV and 27 keVfor complete and simplified source,
respectively.

4.7 Si(Li) Detector Response
1.7.1 MC Calculation of Si(Li) Detector Response

The Si(Li) detector was modelled using given dimensions and dimensions esti-
mated from X-ray photos of the detector. The model is fairly detailed though not
exactly equal to the physical detector. The cross section of the modeled detector
was shown in Fig. 7. The Be-window of the detector was 12.7 /mi (= 0.5 Mil) thick,
and the distance from source surface to the Be-window was 3.60 cm (4.30 cm to
active Si-material). The simplified source model was used in the calculations. For
the modeling of the detector the active Si-material was divided into three regions
in accordance with specific construction details of the detector (Fig. 16). The de-
tector response is then the sum of responses in each of these three regions. Regions
rl and r2 are covered by air, the Be-window, an Au layer (~ 200 A) and a Si layer
(~ 0.1 /im) and region r3 is furthermore covered by an Al layer (0.22 cm), which
means that hardly any electrons will get through to this region. The thickness of
these regions is 5 mm and the outer radii are 0.0575, 0.2850 and 0.575 cm. MC
calculations were performed with the user code DOSRZ and from the result, which
is absorbed dose, average pulse height and pulse height distribution, the response
(number of particles) is derived. In Table 5, the calculated average pulse height,
£", and absorbed dose, D', together with the mass, m, of each region are shown
for both electron and photon input spectra.

To obtain the absorbed dose rate, D, using the complete source model, the
normalization factor, Fes, and the source strength, Q, are applied.

D = Q-FCS-D' (25)

The number of electrons and photons detected per second, Re and Rph, are
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Figure 16. Si-region divided into 3 regions in the calculations. Radii of the regions
are rl = 0.0575 cm, r2 = 0.285 cm and r3 = 0.575 cm.

Table 5. Mass, calculated average pulse height, and absorbed dose in the three Si-
regions for electrons and photons, respectively. "Total" refers to the area (or mass)
weighted average pulse height and absorbed dose per simplified source particle for
the total Si-region. The calculations were made for an air distance of 3.6 cm
between the surface of the 14 C source and the De-window.

Region nr. Mass, m

[kg]

Average electron
pulse height, E'e

[keV]

Absorbed dose, D'e
[/zGy(s.s.e.)-1]

rl
r2
r3

Total

1.288-10"5

3.034 -10"4

9.712 -10-4

1.288-10-3

51.49
51.88
34.66
51.74

4.91
3.83
5.97

9.57-

• io-9

• io-9

• io-12

10-io

±
±
±

±

8.0%
1.7%
18%

0.41 %

Region nr. Mass, m

[kg]

Average photon Absorbed dose, D'ph

pulse height,
[keV]

M

rl
r2
r3

Total

1.288- 10~5

3.034-10-"
9.712-10"4

1.288-10-3

19.85
21.52
27.52
24.51

6
5
2
3.

.66-

.83-

.51-
33-

10"y

io-9

io-9

io-9

±
±
±
±

1.5
0.2
0.2
0.14

%
%
%
%

calculated from the total absorbed dose in the Si, the total mass and the average
pulse height by

where D is in Gy, m in kg, and E' in keV. The calculated total detector response
to electrons and photons in the Si at 3.6 cm distance:

Re = 194 electrons s"1 ± 2.5 % (27)

/?,,,, = 24.0 photonss"1 ±3.2 % (28)

The calculated total number of particles detected:

Rtotai.cal = 218 particles s"1 ±2 .6% (29)
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4.7.2 Comparison with Measured Si(Li) Detector Response

The counting rates (particles detected per second) measured without and with the
sheet of mylar placed in front of the detector were CRtotai = 75.9 counts s"1 and
CRph = 22.9 counts s"1 in the interval 5 to 140 keV. The background amounted
to CRbg — 0.5 counts s"1.

Measured total number of detected particles:

Rtotai,exp = (CRtotai ~ CR^g) = 75.4 particless"1 (30)

There is a significant difference between the calculated and the measured num-
ber of electrons. Assuming that this difference is due to the deadlayer of the de-
tector (a Si layer where particles interactions with energy-loss are not detected),
the thickness of this layer can be estimated through MC calculations to be about
(more than) 12 fim thick. The manufacturer reports the deadlayer to have a thick-
ness of 0.2 fim, which will not have any significant influence on the MC calculated
result.

An explanation of the difference between the measured and the calculated elec-
tron response may be that incorrect dimensions for the detector have been reported
e.g., the thickness of the Be-window. However, this is not considered very likely.
Another reason may be that the EGS4 code is not usable for calculations with
low-energy electrons (~ 1 — 150 keV). This explanation does not seem likely either
since low-energy electron transport has been studied with more agreeable results
before [29].

The calculated and measured energy responses are shown in Figs. 17 and 19.
It is assumed that the energy distribution of particles detected in regions r l and
r3 is the same as for particles detected in region r2. It must be noted that the
MC calculated electron response is multiplied by the ratio of measured electrons
to calculated electrons (53/194 = 0.27) to compare the shapes of the energy
spectra. Fig. 18 shows the measured and the calculated energy responses assuming
a Si deadlayer with a thickness of 12 /im. Furthermore, the calculated electron
spectrum is multiplied by the ratio of measured electrons to calculated electrons
(53/69 = 0.77) to compare the shapes of the energy spectra.

The measured and calculated photon response shows fine agreement. An addi-
tion of a 12 /im thick Si deadlayer will not influence the photon response at all.
The peak below 5 keV may be caused by the correction of the measured photon
response i.e., correction for attenuation in the mylar sheet, since the attenuation
coefficient is strongly varying at low energies. There will then be some uncertainty
on the corrected photon response especially at low energies.

Calculation of the Si(Li) detector response with an uncertainty of 1.7% took
about 43 hours on the UNIX system at NRC (1994). A similar calculation with
the complete source model would take 10 times longer - about 18 days. Reducing
the uncertainty by a factor of 2 would mean an increase in calculation time by a
factor 4, since the uncertainty is proportional to 1/\Z/V, where iV is the number
of histories. It is thus rather important to simplify the source model.
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Figure 17. Measured and calculated electron response as a function of energy for
the Si(Li) detector. The calculated response in 5 ke V bins is divided by 5 to make it
comparable with the measured response in 1 ke V bins. Furthermore, the calculated
response is multiplied by the ratio of measured electrons to calculated electrons
(^53/194 = 0.27^ to compare the shapes of the energy spectra. Average energies are
52 keV and 53.3 keV for calculated and measured response, respectively.

4.8 Conclusions from the Spectra Measurements
Calculation of the electron spectrum at 5 cm distance from the 14C source has
been verified by measurement with a /? spectrometer. A simplified source model
which includes the calculated electron and photon sp-:tra at the source surface
has been introduced to increase the calculation efficiency, and the fluence ratio
factor for complete to simplified source model, Fes, has been calculated for both
electrons and photons. It is concluded that the simplified source model is a good
simplification of the real source. Using this simplified source model increases the
calculation efficiency by a factor of 10, which means that calculations of detector
responses will be reduced to a few days instead of weeks.

The calculation of the electron response of a Si(Li) detector does not agree
with the measured electron response, which may be explained by an additional
Si deadlayer thickness of about (more than) 12 fim. However, this has not been
confirmed by the manufacturer.
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Figure 18. Comparison of measured and calculated electron response as a func-
tion of energy for the Si(Li) detector assuming a Si deadlayer 12 fim thick. The
calculated response in 5 keV bins is divided by 5 to viake it comparable with the
measured response in 1 keV bins. Furthermore, the calculated response is multi-
plied by the ratio of measured electrons to calculated electrons (53/69 = 0.77) to
compare the shapes of the energy spectra.
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Figure 19. Measured and calculated photon response as a function of energy for
the Si(Li) detector. The calculated response in 5 keV bins is divided by 5 to make
it comparable with the measured response in 1 ke V bins.
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5 Dose Rates from a 14C Source
using Extrapolation Chamber and
MC Calculations

In this chapter the extrapolation chamber measuring method of absorbed dose in
tissue is described (Sect. 5.1). The correction factors for this measuring technique
are evaluated through MC calculations (Sect. 5.2). Finally, the measured and
calculated dose rates are compared and the results discussed (Sect. 5.3).

5.1 The Extrapolation Chamber
The extrapolation chamber measurement method is the basic method for deter-
mination of dose rates in /? radiation fields. The extrapolation chamber measures
dose rates e.g., in air, which according to the Bragg-Gray formula can be converted
into absorbed dose rate in the material surrounding the air cavity using the stop-
ping power ratio, medium to air, 5m)O. In practice a number of corrections have to
be applied during various stages of the measurement due to differences between
tissue and the material surrounding the air cavity, and because the Bragg-Gray
conditions will be only more or less fulfilled for different chamber depths.

The extrapolation chamber is an ionization chamber in which the distance be-
tween the entrance window and the collector electrode can be varied i.e., the
chamber volume is variable. In Fig. 20, the extrapolation chamber used at NRC
is seen with the 14C source in front of it.

Figure 20. The extrapolation chamber set-up at NRC. The u C source is placed in
front of the extrapolation chamber.

The extrapolation chamber model used in the MC calculations is shown in
Fig. 21. It is similar to the extrapolation chamber at NRC, though screws and
connectors have been simplified to PMMA in the MC model.
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Figure 21. Extrapolation chamber configuration in MC calculations. It is similar to
the extrapolation chamber used at NRC, though screws and connectors have been
simplified to PMMA in the MC model.

The entrance window is a 3.4 /zm thick graphite coated mylar foil of total
thickness (0.954 ± 0.095) mgem"2 [30]. The collecting electrode has an effective
area of (7.093 ± 0.005) cm2, is made of PMMA and has a graphite coating 0.480
mg cm"2 thick. Also the sidewall is made of PMMA. The electrical field strength
in each measurement is 104 V m"1 . The extrapolation chamber is connected to a
Keithley 642 remote head and electrometer. The extrapolation chamber used at
Risø is similar to the one from NRC. However, the entrance window has a total
thickness of 0.66 mgem"2 mylar (equivalent to 0.62 mgem"2 tissue when using the
relative attenuation factors [31]) and the effective area of the collecting electrode
is (7.16 ± 0.02) cm2.

The measured quantity is the collected charge per second (= current / ) as a
function of the air mass in the collector volume, which is proportional to the
chamber depth / [^m]. The current, / , was measured with both positive (7+)
and negative (/_) chamber voltages to eliminate the polarity effect, though it
is only a small effect for 14C irradiations. Leakage current is also eliminated by
measuring with positive and negative voltage as long as it is constant during both
measurements. Under the assumption that polarity effect and leakage current do
not change with the polarity of the chamber voltage, the difference between 1+
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and /_ will be twice the ionization current, but reduced due to lack of saturation
resulting from volume recombination (/«), initial recombination (/,•), and diffusion
loss (fa). The ionization current, 7, is determined using the collection efficiency
/ [32]:

where / is

f = fvfi- fd (32)

and

fv = l-T0
2-l*-qm-U-2 (33)

fi = l-E1-l-U-1 (34)

fd = l-2-k*-T-e-1-U~1 , (35)

where
r 0

2 = (5.05 ± 0.25) • 1013 V2 A"1 m"1

/ = chamber depth
qm = measured ionization rate (collected charge per volume and time)

a = effective collector area
U = collecting voltage (absolute value)
£"x = 4.4 V m - 1

e = elementary charge
T = air temperature (in K)
k* — Boltzmann constant
2 • k* • T • e"1 = 0.0505 V at T = 293.15 K

If / < 10" fA, U/l =10-2 V nmrx and a « 7.2 • 10~4 m2, it can be evaluated
that / « C7 = 1 - 0.0505 • I/"1 = 1 - 5.05 • /-1 (/ in urn), i.e.,

7"pras (36)

The current, Icor (corrected due to deviation from reference air conditions (see
Sect. 5.2.1)), is obtained for chamber depths up to 2400 fim with intervals of 200
fim, and from these data the value of (d(/cor)/d/)/_tff (see Eq. (41)) is found by
fitting the data to a second order polynomial [10]:

Icor(l) = a + b - l + c - l 2 (37)

The fit is performed with the weight

where s and u are type A and type B uncertainties (see App. A). The chamber
depth, /, is included in the weighting procedure because the Bragg-Gray conditions
are best fulfilled for small chamber depths.

By extrapolating the curve to / = 0, the value of the charge collected pc* second
per /im just behind the window is found.

= 6 (39)

From the value of (d/cor(/)/d/)i->ø the absorbed dose rate in the air in the
chamber volume, Dc, at a depth, d (total thickness of entrance window and added
absorber in mgcm"2), at reference air conditions is evaluated from

^ ) (40)

preJ \ d/ y ,_ 0
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By multiplying by the stopping power ratio, tissue to air, si<a, and the correction
for backscatter difference between tissue and back wall material, ibtafc, the absorbed
dose rate in tissue can be obtained from

where

h e r = k - I (42)

and

k - k' • k}W = kpT • k,da • khum • k,dh • kiW (NRC) (43)

or

k = k1 • ktw = kad • kai, • kiw (Risø) (44)

kbak- correction for backscatter difference between tissue and back wall material
kde • correction for source decay
kpT' correction for air density (temperature and pressure) in chamber

- correction for air density (temperature and pressure) between source and
detector

'• correction for humidity in chamber
' correction for humidity between source and detector

kad'. correction for air density deviation (temperature, pressure and humidity) from
reference air density

kai,: correction for the absorption and scattering of /? rays between source and
detector

k,m'. correction for sidewall effect
W: the average energy required to produce an ion pair in air
e: the elementary charge
a: the effective collector area of the measuring volume of the extrapolation chamber
pref. the air density at reference air conditions

To obtain the dose rate in tissue, Dt(0), at the surface of the entrance window,
a correction factor, kwin, is applied. kw{n is the correction for the scattering and
stopping of /? rays in the entrance window and is applied only for measurements
performed without any absorber in front of the entrance window.

Dt(0) = kwin • Dt(dw) , (45)

where dw is the window thickness.

5.1.1 Current Measurement at NRC

Repeated measurements of the charge collected in very short time-intervals (400
ins = internal frequency of the Keithley electrometer) during one current mea-
surement has the advantage that the background current and the current without
the shutter in front of the source can be measured in a well defined time i.e., the
starting and ending time of the irradiation is well defined. This may be important
for relatively short-time measurements, but does not matter for measurements of
several minutes duration. In these experiments no shutter was used. The uncer-
tainty (1 st. dev.) on one current measurement was calculated by use of the data
obtained in the 400 ms intervals.

The current was measured at chamber depths ranging from 600 to 2400 /im
with intervals of 200 /an and with both positive and negative chamber voltage.
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5.1.2 Current Measurement at Risø

At Risø the collected charge was measured in time intervals of 200 to 2000 s
duration depending on the absorber thickness. At each chamber depth from 400
to 2400 (im with intervals of 200 pm, the current was measured 5 times with
positive and 5 times with negative chamber voltage. The standard deviation of
the mean was calculated from these results.

5.2 Correction Factors and Stopping Power
In this section a number of correction factors and parameters used in Eqs. (41)
and (45) in Sect. 5.1, to evaluate the dose rate in tissue from the measured current
data, are evaluated.

5.2.1 Correction for Changes in Air Conditions

As the measured current depends on the air density, it is necessary to correct
all measured current data to represent the current at reference air conditions.
Reference conditions used are temperature Trej = 293.15 K, pressure pref =
101.325 kPa and relative humidity vref = 45 %. The density of air at reference
conditions is prej = 1.1995 kgm""3 [33].

At NRC four correction factors for changes in air density from reference con-
ditions were used. Between the source and the detector surface the absorption
and scattering in the air is corrected for by the two factors, k,da and k,dh- In the
collector volume in the extrapolation chamber the correction factors are kpr and
khum. The factors k,da and kpx corrects for the change in pressure and tempera-
ture, and k,dh and khum for change in humidity. The air density as a function of
humidity is given by the expression:

p(r) ~ p0 • (1 - 0.3780 ' ( y ) • ' ' ) , (46)

where pa is the air density at r = 0, r is the relative humidity ( 0 - 1 ) , and pav

is the saturation vapour pressure of water, which is a function of air temperature
and has the values 2.34 kPa at 20 °C and 2.64 kPa at 22 °C [34].

The correction factors are calculated through following equations:

Pv) 1 - 0.3780 •

was assumed constant and equal to 1.0.
Let (iiai£-)air be the mass absorption coefficient in air and Ra(r be the distance in

air between source and detector. The correction for change in absorption between
source and detector due to changes in pressure and temperature, assuming that

air has practically the same value for mass thickness (Rair • Prej) as for
• p)< is then obtained from

*,««. = exp[- £2!i •Rair-{pre]-p{v,T))\ (49)
\ P / air

kada = A • exp{B • ̂ ) , (50)

where

j r I Pabs \ n i /c i \

J4 = exp[- I I • Rair • Prejl (51)
\ r / air
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and

Similarly, the correction for change in absorption between source and detector
due to change in humidity is obtained from

( ) .Rair.PrerTriL (52)
V P J air PJ

= exp[- ( ^ • Rair • (Pre} - p(r))} (53)
\ P

k,dh = exp[- ( ^ t ) • R^r • Pref • (0.3795 • r • 5i2. - 0.004)] (54)
\ P J air P

ft = C • exp(D • r) , (55)

where

C = exp[ ( ^ ) • Rair • pr$f • 0.004] (56)
\ P J air

and

D = _ftabA .Rair.p..Q.m5.Pil (57)
V /> Jair P

The four coefficients A, B, C and D were calculated using a value of (^)p)air =
0.252 cm2mg (see Table 6 in Sect. 5.2.2), a fixed distance of Rair = 5.0 cm, a value
of prej = 1.1995 kgm" 3 , and a value of ^ = 0.0231, resulting in the correction
coefficients

k,da = 0.221 • exp(4.37 • £ ) (58)

and

k,dh = 1.006 -exp(-1.32 • 10"2 • ?•) (59)

The total correction, &„(,, for the air change from reference conditions between
the source and the detector can then be written as

kab = ksda • k,dh = 0.222 • exp(4.37 • £ - 1.32 • 10~2 • r) (60)

At Risø a similar correction for temperature, pressure and humidity is used.
Here k' is

k = kad ' kat , (61)

where

kad — kpT • khum (62)

and

kab — k,da • k,dh (63)

However, another approximation for the calculation of air density is used. With
good approximation kad for the temperature interval 288.15 K to 298.15 K can be
calculated from [33]

bkad =
2.9053-p-2.
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The correction kab, used at Risø for change in air density between source and
extrapolation chamber is similar to the correction (Eq. (49)) used at NRC, but here
it includes both corrections for changes in pressure, temperature and humidity.

It is assumed that the measured current is directly proportional with the mass
of the air volume of the chamber i.e., an increase of the air density of e.g., 3% will
imply a correction factor of 1/1.03 = 0.971. The proportionality between dose rate
and air density was confirmed by direct MC calculations performed for a chamber
depth of 2000 /xm and with a total absorber thickness of 0.95 mgcm"2 .

A correction on — as a function of humidity has not been done. Instead the
value at reference air conditions (note rrej = 45%) was associated with an uncer-
tainty [32]:

— = 33.87 J C " ' ± 0.2% (65)
e

5.2.2 Absorpt ion Coefficient

For low-energy electrons (from e.g., 147Pm) most of the interactions that take
place in the entrance window result in a local absorption [10]. The depth dose
curve can, as a first approximation, be represented by an exponential function:

•(Pm-xm)} (66)

or
/ . . . \

• (pm • *m) , (67)
m

where (*— ) m is the mean mass absorption coefficient in cm2 mg"1 for the /? rays,
and (pm • xm) is the mass thickness in mg cm"2 of material, rn. Eq. (66) may
satisfactorily describe depth dose distributions whose shape is not significantly
influenced by scatter buildup at shallow depths and/or by degradation of the
spectrum at deep layers of the absorber. For I47Pm, a better description can be
achieved for {pm • xm) values up to 10 mg cm"2 by introducing the following
polynomial function [10]:

\n[D(pm • xm)] - a0 + ax • (pm • xm) + a3 • (pm • xm)3 , (68)

where do = \n(Do)-
By fitting the measured data obtained for the 14C source according to Eqs. (67)

and (68) it was found that the correlation coefficient was best for the last fit,
arid it can be concluded that Eq. (68) represents an adequate expression for the
absorption, also for radiation from the H C source up to a value of (pm - i m ) = 11
mgcm"2 .

The absorption coefficient of the material m can be derived from

^ d[ln(D(/?m • xm)/D0)] . 2 ,OQ\
- I = 77 ^ = ai + O • O3 • (pm • Xm) (09}

\P) m u\Pm ' Xm)
The Marquardt-Levenberg algorithm (in SigmaPlot) was used to determine the

parameters that minimize the sum of squares of differences between the dependent
variable values in the equation models and the observed values. A weighted least
square fit was done by using the weighting, to:

w = THTFJZ r^vT? (7°)

Depth-dose data were obtained with the extrapolation chamber at NRC using
different mylar filters in front of the chamber and using chamber depths ranging
from 600 /zm to 2400 fim with an interval of 200 //m. The measured dose rates
were corrected for pressure and temperature deviation from reference conditions,
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and the mass absorption coefficients were evaluated for each chamber depth. No
influence of chamber depth on the values of 01 and 03 was observed in these
evaluations, which indicates that depth-dose curves can be satisfactorily obtained
by use of a fixed chamber depth for all absorber thicknesses, and it is therefore
not required to obtain a complete extrapolation curve for each absorber thickness.
The average values of the coefficients a\ and 03 were

ai = 0.260 cm2 mg"1 ± 2.0% (71)

and

a3 = 4 .3 -10- 4 ( cm 2 rng- 1 ) 3 ±10% (72)

For filter thicknesses less than 2.5 mgcm"2 the mass absorption coefficient can
be described by ai, though resulting in a maximum deviation of 1 % from the
exact calculated value using Eq. (69).

For the 14C source, the absorption coefficients for small thicknesses (< 2.5
mgcm"2) of air, graphite, mylar and tissue are listed in Table 6. They have been
determined using the calculated absorption coefficient for mylar and the relative
attenuation to air, 77, for low Z media [31].

(73)

Table 6. Absorption coefficients for small thicknesses (< 2.5 mgcmT2) of different
media for irradiation with the 14C source.

Medium, m

Air
Graphite

Mylar
Tissue

rjm

1.00
0.96
1.03
1.10

(ii«

[cm2

0.252
0.242
0.260
0.278

—)m

mg"1]
± 2.0 %
± 2.0 %
± 2.0 %
± 2.0 %

The absorption coefficient is used for determination of the correction factor kab
(Eqs. (51), (52), (56) and (57) in Sect. 5.2.1).

5.2.3 Transmission through Entrance Window

In some situations it may be of interest to know the dose rate, D(Q), just in front
of the entrance window. To be able to estimate JD(0), a factor, kwin, correcting for
the absorption and scattering caused by the window material, is employed. The
value of this correction factor for a certain /? source depends on the degradation
of the /? spectrum, and it must be evaluated for each irradiation configuration
separately.

The entrance window of the extrapolation chamber used at NRC consists of a
3.4 fim mylar foil coated with a graphite layer for electrical conductivity. The total
thickness is (0.954 ± 0.095) mgcm"2. The correction factor kwin, the ratio between
the dose to the air cavity without and with the entrance window, was calculated
using correlated sampling and was evaluated from the fit for the measured data
as well. The calculations were performed for chamber depths ranging from 800 to
2400 /im with no fillers but the entrance window. The MC calculated average value
of kWin for all chamber depths, assuming no uncertainty in the window thickness,
was

kwin,cal = 1-211 ± 0 . 5 % (74)
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The graphite layer has a thickness equivalent to 0.446 mgcm"2 of mylar. The
total thickness of the entrance window was then 0.922 mgcm"2 of mylar with an
uncertainty on the thickness of 10%. The result of the measurement was calculated
from Eq. (68) according to

= exp[ai,m!//or • (p • x)myiar + azimyiar • (p • x)myi ]iar

= 1.27 ± 2 . 6 % (75)

The measured and calculated values of kWin agree reasonably well. For compari-
son, the value of kwin for 147Pm for a distance of 20 cm and with beam flattening
filter is 1.201 ± 2 . 0 % [30].

At Risø the window thickness is 0.66 mgcm"2 of graphite coated mylar. Using
Eq. (68), this results in a transmission factor through entrance window of

fc„,<B,J«.ø = 1-19 ± 1 . 7 % (76)

5.2.4 Backscatter

The difference in backscattering between tissue and collector electrode material
(PMMA and graphite layer) has been calculated using correlated sampling. The
backscatter from the PMMA with the graphite layer (collector electrode) results
in a dose to the air, which was 0.987 ± 0.4 % times the dose in the case of using
tissue as backwall material (without a graphite layer). To convert the measured
dose to a dose in an extrapolation chamber model of tissue, it must be multiplied
by a factor kbak = 1-013 ± 0.4%. Normally it is assumed that the difference in
backscattering properties is negligible for very low energy (3 particles from 147Pm.
For 204Tl and 90Sr/90Y the backscatter correction factor is 1.010 [30, 32].

5.2.5 Side-wall Effect

MC calculations using correlated sampling and with sidewalls of PMMA in one
case and of air in another, were performed to find the effect of the sidewalls. As
could be expected from considering the energy of the electrons and the distance
between collecting volume and the sidewalls, there is no effect. The result for
different chamber depths and filter thicknesses was ksw = 1.0003 ± 0.08% (ratio
of dose in case with air walls to dose in case of walls of PMMA).

5.2.G Stopping Power Rat io , Tissue to Air

Two methods of calculating the stopping power ratio, tissue to air, has been used.
One method is to calculate the stopping power ratio for the average energy of the
spectrum in the collector volume behind the entrance window. Collision stopping
powers for different media show similar trends as a function of particle energy, thus
the ratio for two media is a very slowly varying function [11]. This means that the
stopping power ratio is reasonably well approximated through simple estimation
by calculating, using tabulated values, the stopping powers for the actual media
at the average energy of electrons crossing the cavity.

Mass collision stopping power ratios, tissue to air, for a range of electron ener-
gies was calculated using the method described by Seltzer and Berger [14]. The
uncertainty on the calculated stopping power ratio was estimated to 1 — 2 %. The
air was dry air near sea level and the tissue is the ICRU four-component soft
tissue. The composition of this tissue related to mass is 76.18% O, 10.12% H,
11.1 % C and 2.60% N. Its density is 1.000 gem"3 . In Table 7, the calculated
stopping power ratios, tissue to air, Sji(1, are shown for different energies.
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The MC calculated average energy of the electron spectrum at a distance of 50
mm in air was 55 keV (Sect. 4.4). At this energy the mass collision stopping power
ratio, tissue to air, is

stia = 1.124 ± 2 % (77)

Table 7. Mass collision stopping power ratios, tissue to air, S(p0, for electrons of
different energies.

Energy [keV]
60
50
40
30
20
10
5
2

St,a
1.124 ±
1.124 ±
1.125 ±
1.126 ±
1.128 ±
1.132 ±

1.137 ±
1.146 ±

2%
2%
2%
2%
2%
2%

4.2%
10%

Another method is MC calculation. Using the EGS4 code SPRRZ the stop-
ping power ratio, tissue to air, in the collector volume in the extrapolation cham-
ber was calculated using the simplified source model. The SPRRZ code uses un-
restricted stopping powers for computation. The tissue material was also ICRU
four-component soft tissue. The ratio was calculated for chamber depths ranging
from 400 to 2400 /im with intervals of 400 /zm and with different filters (0 - 10.82
mgcm"2 tissue equivalent) in front of the window resulting in energy in the cham-
ber varying from 50 keV and down to a few keV. The electron cutoff energy was
521 keV. The average value of the MC calculated stopping power ratio was

s,,a = 1.133 ± 0 . 7 % (78)

The uncertainty of 0.7 % on s ( |0 is a minimum value due to uncertainties in the
stopping powers [35].

5.3 Measured and Calculated Dose Rates
5.3.1 Dose Rates in Air

The dose rate in the air of the extrapolation chamber (described in Sect. 5.1) was
calculated using a complete model of the chamber with different filters in front
of the entrance window. The extrapolation chamber was modeled with a chamber
depth, /, of 2000 fim, and individual calculations were performed with different
absorber thicknesses modeled in front of the extrapolation chamber window. The
dose rate to the air cavity, c, in the chamber at a distance of 50 mm from the source
was calculated using the simplified source model and by applying the normaliza-
tion factor, Fes , to correct for the difference in fluence at the detector position
calculated when using the simplified source model instead of the complete model
(Sect. 4.6). The dose rates De and Z),,;, from electrons and photons, respectively,
were calculated in Gys" 1 from the formulas

= Q • (2.90 • 10-2 ±2.5%) • D'e{d)

= (1.31 -10 6 ± 2.5 %)-D'e(d) (79)
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and

DPh(d) = Q • FCslPh • D'ph{d)
= Q-(7.35-10-"±3.4%)-D; / l(rf)

= (3-31 • 104 ± 3.4 %) • £^fc(d) , (80)

where D'e(d) and D'ph(d) are the calculated absorbed doses in Gy per simplified
source electron for calculations with the simplified source model, and d is the
absorber thickness in mgcm"2, D'h{d) is the dose due to the bremsstrahlung
photons generated in the source material. The source strength was assumed to be
Q = 45 MBq. In the calculations of the dose rates, the calculated uncertainty did
not include an uncertainty on the source strength.

The calculated dose rate to the air cavity, c, in the extrapolation chamber is
then

Dc,ca\{d) = De{d) + Dph{d)

= (1.31 • 106 ± 2.5 %) • D'e{d) + (3.31 • 104 ± 3.4 %) • D'ph{d) (81)

However, the dose contribution from photons is only about 0.02% for low filter
thicknesses (increasing to about 1 % of the total dose at a tissue depth of 10
mgcm"2) and can be considered insignificant compared to the dose from electrons.
The calculated dose rate in air can then be calculated from

DCtCal{d) ~ (1.31 • 106 ± 2.5 %) • D'e(d) (82)

The measured dose rate is obtained from Eq. (40) with ^ = 33.87 ±0.2% and
prej = 1.1995 kgm~3. For the extrapolation chamber at NRC, having an effective
collector area of 7.093 • 10~4 m2 ± 0.07%, the measured dose rate in /iGys"1, at
reference air conditions, is

33.87 ± 0 . 1 % /d(JJ c o r ) \

'' (7.093-10-4± 0.07%)-1.1995 V d/ /,_>„

= (39.81 ± 0.1 %) • ( ^ y ) ' (83^

where ( •^•)i-+o is measured in fA/im"1. Similarly, the measured dose rate for
the extrapolation chamber at Risø, having an effective collector area of 7.16 • 10~4

m2 ±0 .3%, is

. 33.87 ± 0 . 1 % fd(Icor)

) - 4 ± i

= (39.4 ± 0.2

In Table 8, the dose rates in the air cavity of the extrapolation chamber, obtained
from MC calculation and from measurements with no absorber in front of the
entrance window, is shown. The dose rate measured at NRC has a high uncertainty,
which makes the dose rate agree with both the MC calculated dose rate and the
dose rate measured at Risø. Comparing the MC calculated dose rate with the one
measured at Risø shows a difference of

£^Æ^ésl = 1.07 ±3.6% (85)
Dc,cal(dw)

In Figs. 22 and 23, the depth - dose-rate profiles measured at NRC and Risø,
respectively, are compared with the results of the MC simulations of the extra-
polation chamber measurements. The results obtained at the two laboratories
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Figure 22. Dose rate in air in the extrapolation chamber collector volume at 50
mm distance from the 14C source. The dose rates measured at NRC are compared
with the values calculated using EGSJ.
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Figure 23. Dose rate in air in the extrapolation chamber collector volume at 50
mm distance from the 14 C source. The dose rates measured at Risø are compared
with the values calculated using EGSJt.
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Table 8. Dose rates in the air cavity of the extrapolation chamber obtained from
MC calculation and from measurements with no absorber in front of the entrance
window (dw = 0.954 mg cm~'2). The dose rate given for the extrapolation chamber
measurement at Risø is transformed to a window thickness equal to the one for
the NRC extrapolation chamber for comparison.

Dc,Risg>(dw)

Dose rate [/iGy s~
1.50±3%
1.63 ± 9 %
1.61 ± 2 %

agreed very well within the uncertainty limits. The measured dose rates were
about 10 % higher than the MC calculated dose rates for experiments with ab-
sorber thicknesses below 1 mgcm"2 . However, the difference between measured
and calculated dose rates increased to about 40 % for a total absorber thickness
of 8 mg cm"2, which is seen in Fig. 24. Comparing the shapes of the measured

°l 1.20 -

1.00

Tissue depth, d[mg cm"2'

Figure 2Jt. Relative difference in dose rate in air in the extrapolation chamber
collector volume at 50 mm distance from the 14 C source.

and the calculated depth - dose-rate in air profiles, the calculated curve decreases
faster than the measured. An explanation for this may be that the EGS4 code is
not usable for simulating transport of electrons with very low energies. From the
particle pulse height distribution for the particles in the collector air volume in
the MC calculation with 7 mgcm"2, it was found that about 45% of the electrons
had an energy below 10 keV, whereas for no window or absorber only 2 — 3 % of
the electrons had an energy below 10 keV.

A reason for the difference between measured and calculated dose rates, even at
low tissue depths, may be that the dose rate in air evaluated from MC calculations
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were performed for a model of the extrapolation chamber with a chamber depth,
/, of 2000 /im and resulting in an average dose to this air volume. In the mea-
surements the dose rates were obtained by extrapolating to / = 0 i.e., just behind
the entrance window. This means that the dose to the air in the collector volume
will be smaller for / = 2000 fim than for smaller chamber depths, due to the at-
tenuation in the air volume. For comparison the dose rates measured with a fixed
chamber depth of 400 fim is 10% higher than the dose rates measured with a fixed
depth of 2000 ftm. However, the extrapolated values of the measured dose rates
were only 5 % higher than the measured dose rates at 2000 /im chamber depth.
The shape of the depth-dose curve was the same for all depths ranging from 600
to 2400 /zm. Performing MC calculations with a scoring volume just behind the
entrance window and only 100 /im thick is expected to result in better agreement
between measured and calculated values of the dose rates in air for small absorber
thicknesses (d < 1 mgcm"2) .

Another reason for the deviation between measured and calculated dose rates
may be an uncertainty on the source strength, which is not stated by the manu-
facturer.

5.3.2 Dose Rates in Tissue

To obtain the dose in tissue instead of air, the dose in air must be multiplied by
the stopping power ratio, tissue to air, st,a, and the factor, kt,ak, correcting for
the difference in backscatter between tissue and PMMA. stla has been calculated
earlier to be 1.133 ± 0.7% (Sect. 5.2.6), and kbak was calculated to 1.013 ± 0.4%
(Sect. 5.2.4).

The calculated dose rate in tissue is then

Dt,cai{d) = stia • kbak • DCiCa,(d) = (1.504 • 106 ± 2.6 %) • D'e{d) (86)

Similarly, the measured dose rates in tissue were calculated from

Dt,NRc(d) = a(i0 • kbak • Dc,NIiC(d) = (45.7 ± 0.8 %) • (^j^) (87)

and

bt,Ri„(d) = a,,a • kbak • De,mn{d) = (45.3 ± 0.9 %) • ( ^ % ^ ) (88)

To test the validity of the extrapolation chamber MC model for calculation
of absorbed dose rate in tissue, MC calculations were also performed using a
complete tissue phantom. The dose in tissue in a geometry similar to that of the
extrapolation chamber was calculated using the EGS4 code DOSRZ. The distance
from source to surface of tissue was 50 mm, the radius of the tissue cylinder was 100
mm and the height of this cylinder was 60 mm - based on a complete absorption of
20 keV bremsstrahlung photons. It was divided into radii of 15 mm (the radius of
the collector electrode), 25 mm and 40 mm and into slabs of equal thicknesses of
1.0 • 10~2 mm (= 1 mgcm""2). The dose in each slab was calculated as a function
of slab number and radius.

The dose from the electron spectrum was calculated as well as from the photon
spectrum (bremsstrahlung from the source). The total dose was calculated using
the ratio of fluences at 50 mm distance for complete to simplified model of source
(Eq. (79)). In Fig. 25, the calculated dose rates in tissue are shown for scoring
regions between different radii. The dose rate decreases as the radius of the scoring
region is increased, which is due to the inhomogeneity of the radiation field. The
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Figure 25. Calculated dose rate in tissue at 50 mm distance in air from the 14C
source for different radii of scoring regions of the tissxic phantom and for different
tissue depths.

dose contribution from photons amounts to less than 1% of the dose from electrons
for all data shown in the figure.

The calculated dose rates in tissue, using the extrapolation chamber model,
were all higher than the dose rates calculated for the tissue cylinder (Fig. 26). In
Fig. 27, the ratio of the dose rate calculated from simulating the extrapolation
chamber measurement, btiext.ch., to the dose rate calculated for the tissue phan-
tom with 15 mm radius, Dt,tu.cyl, ' s shown. There appeared to be a dose buildup
in the simulation of the extrapolation chamber measurement, which was not seen
for simulations with the tissue cylinder. The reason for this dose buildup should be
studied further, and corrected for when performing extrapolation chamber mea-
surements.

5.3.3 Transmission Factor

In dosimetry of weakly penetrating radiation, the dose in tissue at a depth of 7
mgcm"2 is of particular interest. The transmission factor, T(7 mgcm"2), is the
ratio of dose at 7 mgcm"2 depth to dose at 0 mgcm"2 (the surface of the entrance
window). 7 mgcm"2 tissue is equivalent to 7.48 mgcin"2 mylar using the relative
attenuation factors in Sect. 5.2.2. The uncertainty on the total absorber thickness
was assumed to be 0.2 mgcm"2 . Using Eq. (68), T(7 mgcm"2) was calculated to

TNRc(l mg cm"2) =
JD(7 mgcm"-)
D(Q mg cm~2)

= exp[oi • 7.48 mg cm"2 + a3 • (7.48 mg cm"2)3] = 0.119 ± 7 % (89)

From the MC calculations, using the extrapolation chamber model and the
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tissue phantom, the transmission factor was also found by fitting ln(.D) to

\n[D(pm • xm)] = ao + a\ • (pm • xm) + a3 • {pm • x m ) 3 , (90)

where ao = ln(Ai). The assumed uncertainty on the total absorber thickness was
0.2 mgcm"2.

% (91)

mg cm"2) = 0.091 (92)

The transmission factor for the measurement at NRC and for the MC calculation
with the extrapolation chamber model agrees well.

5.4 Conclusions from Dose Rate Comparisons
The extrapolation chamber measurement technique and the Monte Carlo calcu-
lation technique based on the EGS4 system have been studied for application for
determination of dose rates in a low-energy /? radiation field e.g., that from the
14C source.

Various details of the extrapolation chamber measurement method and evalua-
tion procedure have been studied and further developed, and a complete proce-
dure for the experimental determination of dose rates from a 14C source have
been presented. A number of correction factors and other parameters, used in the
evaluation procedure for the measured data, have been obtained by MC calcula-
tions. It can be concluded that the MC calculation technique is a valuable tool
in the development of a complete extrapolation chamber measurement method.
The theoretical correction for change in air density from reference density was
confirmed by MC calculations. Parameters, which have been achieved by MC cal-
culations, include factors correcting for transmission through entrance window,
kwin, backscatter difference, kbak, and sidewall effect, k,w. An interesting result
was obtained from the calculation of AJO*I showing a value of 1.013. Correction for
backscatter difference is usually considered negligible for low-energy /? radiation.
Also the stopping power ratio, tissue to air, s<|0, have been calculated by the EGS4
code and compared with data obtained by the method described by Seltzer and
Berger [14], The stopping power ratios obtained by the two methods showed fine
agreement.

The dose rate at 50 mm distance from the 14C source was measured with ex-
trapolation chambers at two laboratories, NRC and Risø, respectively. The results
obtained at the two laboratories agreed very well within the uncertainty limits.
It was confirmed by measurements of dose rates using different absorbers in front
of the extrapolation chamber that the fitting procedure previously reported for
depth-dose profiles for /? radiation from 147Pm [10] is suitable also for (3 radiation
from a H C source.

The EGS4 system was used for a complete modeling of the extrapolation cham-
ber measurement method, as well as for direct determination of depth-dose data
using a cylindrical model consisting of tissue. The results of calculations with the
extrapolation chamber model showed an increasing difference compared with the
measurements for increasing absorber thicknesses. For absorber thicknesses below
1 mgcm"2, the measured dose rates were about 10% higher than the calculated
dose rates, and at 7 mgcm"2 the difference was 35%. An explanation for this may
be that the EGS4 code is not usable for simulating transport of electrons with
very low energies. From the particle pulse height distribution in the MC calcula-
tion with 7 mgcm"2, it was found that about 45% of the electrons had an energy
below 10 keV, whereas for no window or absorber, only 2 — 3 % of the electrons
had an energy below 10 keV.
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Even at low tissue depths there is a difference between measured and calculated
dose rates, which can be explained by the calculated dose being an average dose in
the collector volume with / = 2000 fim, whereas the measured dose rate is found
by extrapolating to / = 0 fim.

MC simulations of the extrapolation chamber measurements showed a dose
buildup compared with the simulation with the tissue phantom. The reason for
this dose buildup should be studied further, and corrected for when performing
extrapolation chamber measurements.

To obtain the dose behind the entrance window at 2000 /mi chamber depth with
an uncertainty of 0.3 %, the calculation time was 50 hours (55 • 106 histories) on
the NRC SGI R4400 computers.
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6 Exoelectron Dosimetry
This chapter presents results from a study of thermally stimulated exoelectron
emission (TSEE) for application for (3 dosimetry. The chapter contains a short
introduction to exoelectron emission dosimetry (EED) including history, appli-
cations and mechanism. A detailed description of the experimental procedure is
given and results are presented from measurements of responses of BeO thin film
detectors from exposures in /? radiation fields from a number of /? sources (63Ni,
H C , 147Pm, 204Tl and 90Sr/90Y) with maximum/? energies ranging from 67 keV
to 2.27 MeV. In particular, results are presented from study of the applicability
of TSEE for obtaining depth-dose profiles in different materials.

6.1 Introduction to EED
6.1.1 History

Since the end of the last century the phenomenon of low energy electron emission
from surfaces of solids under some kind of excitation has been known. After the
discovery of radioactivity, Curie [36] in 1899 and Rutherford [37] in 1900 observed
the phenomenon, though they did not quite interpret it. In the 1930's it was ob-
served that freshly manufactured Geiger-Miiller counters exhibited an abnormally
high background count. The background was found to decrease with ageing and
increase after gas discharges or after mechanical treatment of the electrodes [38].
However, systematic investigations of the phenomenon first started after Kramer's
work published in 1949 [39]. He termed the emitted electrons as "exoelectrons",
because the electron emission would be either spontaneous or require thermal or
optical stimulation (exothermal process) [40]. Because of Kramer's outstanding
contribution to the field, exoelectron emission (EE) is also known in the litera-
ture as the "Kramer effect". A linear relation between the radiation dose and
the exoelectron emission from irradiated CaSO^Mn was indicated by Kramer in
1957 [41], and in 1958 Gourgé [42] discussed the possible use of this crystal for
practical measurement of low radiation dose. Later, the studies of TSEE for dosi-
metric purposes have focused more on other materials such as AI2O3 [43, 44],
LiF [45, 46] and BeO [47, 48, 49, 50].

Some distinct advantages of TSEE detectors such as a very thin effective de-
tector layer (less than 100 nm) combined with a high sensitivity and a broad
range of radiation dose measurement make the EE technique very interesting for
dosimetry purposes. However, compared to thernioluminescent dosimetry (TLD),
EED has gained relatively little interest. One of the main reasons for this is the
poor reproducibility often experienced with EED. In recent years, the interest has
increased because earlier difficulties in the manufacture of detectors providing re-
producible dose measurements have now been overcome to some extent. Also it is
now possible to purchase the read-out equipment [51, 52].

In the 1970's, TSEE studies of specially treated commercial ceramic BeO demon-
strated that this material offers excellent dosimetric characteristics with respect
to sensitivity, dose range and reproducibility for dose measurements under nor-
mal laboratory conditions [53], It turned out, however, that the TSEE of ceramic
BeO is strongly sensitive to the content of humidity of the surrounding air and to
condensation of water [54]. This led to the development of thin film BeO TSEE
detectors in cooperation between the Battelle Institute in Frankfurt and the I.
Institute of Physics at the University of Giessen during the first half of the 1980's.
For these detectors, prepared by evaporation of 75 nm Be film onto graphite discs
followed by oxidation and sensitisation in wet nitrogen at 1300 °C, the problems of
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reproducibility observed for ceramic detectors have been overcome [55]. This type
of BeO thin film detectors was used in the experiments reported in this chapter.

6.1.2 Application Fields

A major part of studies and development performed within EED have been aimed
at using the method for personnel dosimetry. The method offers obvious advan-
tages for dosimetry of low-penetrating radiations e.g., an extremely small effective
detector thickness, resulting in a minimal attenuation of the radiation to be mea-
sured, a low detection limit and a wide linear dose range (10 /zGy—100 Gy [55]),
a flat energy response, within ±10% for photons of the energy range 20 keV to
1.25 MeV [45, 50] and within ±15% for /? rays with maximum energies in the
range 67 keV to 2.27 MeV (see Sect. 6.3). In addition EE detectors offer a sim-
ple handling procedure as they can be re-used without need for any additional
treatment after the dose read-out [47]. In spite of these attractive characteris-
tics of EE dosemeters for personnel dosimetry they have not found application in
practical routine dosimetry today, maybe because the well-established TLD tech-
niques already satisfy the main requirements of individual monitoring. One may
expect that the EED technique in the future will find more application in radia-
tion protection dosimetry, at least for some specific tasks such as determination
of dose rates from contaminated surfaces e.g., hot-particle skin contaminations,
where other measurement techniques are not suitable [56].

Detector materials such as LiF and BeO emit both TL and EE. It is then
possible to measure both the TL signal and EE signal either simultaneously or
successively [46, 57]. The energy (or average energy) of the /? radiation can be
derived from the ratio of the readings and a /? correction factor for the TL signal
can be estimated.

TSEE seems very promising for interface dosimetry, where the dose can be
measured for a transition-zone on a near-microscopic scale [58]. E.g., the extension
of the transition zone in tissue for diagnostic X-rays reaches from a few /zm to a
few hundred /mi. The interface effects occur whenever a beam of radiation passes a
boundary between two media of different photon absorption and particle stopping
power.

EE dosemeters are well suited for detection of tritium on contaminated sur-
faces in difficult accessible areas, where only the small BeO detectors can be
introduced [59]. Kriegseis et al. [60] studied the TSEE of BeO thin film detectors
exposed to tritium contaminated air and found a lower detection limit of 3000
Bq cm"3 minute for tritium concentration in air.

Also for measuring the dose from 222Rn and its daughters the TSEE method
may prove useful [61]. BeO ceramic dosemeters exposed to radon were studied by
Gammage et al. [62] in 1978 and they indicated the possibility of measuring a
radon concentration of about 10 Bq m~3 in time periods of only a day or two.

BeO dosemeters are particularly attractive for dosimetry due to their tissue-
equivalence. The effective atomic number of BeO is 7.2 compared to 7.4 for ICRU
four-component soft tissue.

G.I.3 Mechanism

The emission of slow electrons from solid surfaces can be observed for a number
of materials when they are submitted to various kinds of excitation. This effect
is called "exoclectron emission". The excitation of the material may result in
trapping of electrons which can be released afterwards by a heating of the sample.
The phenomenon is then called "thermally stimulated exoelectron emission". The
increasing temperature results in the trapped electrons achieving large enough
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energies to overcome the potential barrier at the surface and also the attraction
of the image charges on the surface as they leave the solid. A "glow-curve" shows
the yield of this emission as a function of temperature. Visible or infrared light
may also stimulate an electron emission from many excited substances. This is
then called "optically stimulated exoelectron emission" (OSEE).

Externally induced excitation may be performed by e.g.,
a) mechanical deformation
b) exposure to ionizing radiation
c) exposure to ultraviolet light or high intensity laser light
d) phase transitions
e) production of polarization effects

The exoelectron emission can be considered a surfase phenomenon due to the
short range of exoelectrons (about 100 nm in most materials) resulting in a thin
sensitive layer [56]. TL (a volume phenomenon) and TSEE appear in some cases to
be related which can be seen by comparing the glow curves for the two phenomena.
The emission of TL light happens at around the same temperature as the emission
of electrons [40], indicating that the same traps are involved in both processes.
Electrons are released from the traps by the stimulation energy and reach the
conduction band. Some of the electrons recombine with the activator hole-traps
causing photo-emission. Electrons with higher energy may overcome the work
function, W, and leave the crystal surface (see Fig. 28). W is defined as the
minimum energy required to remove an electron from the interior of a solid to a
position just outside [63]. The energy of exoelectrons is distributed between about
0.1 and 4 eV with an average energy of about 1 eV [40].

EE

W

activation
energy

J^i
conduction band

stimulation

traps _J

luminescence

activators

energy

valence band

Figure 28. Band model for exoekctron emission and luminescence mechanism [JO].

Due to its surface character the TSEE detector is more easily affected by the
surrounding materials than other methods that use a much thicker detector layer.
Electric fields in the surface region of the dosemeter may be established by surface
charges [47]. This will alter the escape depth of the exoelectrons. Surface charging
during irradiations is prevented by placing an electrically conducting filter in front
of the dosemeter e.g., Makrofol4. Surface charging may also be induced during the
read-out process in GM counters of high gas amplification, where positive ions
from the avalanche zone around the counting wire can be directed to the surface
of the dosemeters.

4Makrofol is a polycarbonate with an addition of soot for electrical conductivity.
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6.2 Experimental Procedure

Figure 29. The ENDOVA - 50 TSEE counting system. In front the compact Geiger
counter with counting chamber, sample chamber and bubble chamber. The number
of bubbles per second is counted using the oscilloscope to the right. To the left is
the display with temperature profile, pulse height distribution and counting rate as
a function of time and of temperature (the glow-curve). Also some dosemeters and
the BeO detectors are shown.

All TSEE measurements were made with the ENDOS TSEE counting system
type ENDOVA - 50 [51], which is a windowless special compact Geiger counter
(see Fig. 29). A heating rate of 1 to 5 Ks"1 can be applied and in these experiments
the dosemeters were heated linearly with 5 Ks"1 . They were read-out in a counting
gas consisting of methane (CHU) with a purity of > 99.95%. The flow was adjusted
to "12 bubbles s"1" in the bubble chamber of the TSEE reader and measured at
the inlet of the counting chamber to ~ 1.5 1 h"1 .

Exoelectrons emitted from the detector enter an electric field with a field strength
of about 4 kV cm"1. The anode consists of a small gold sphere (0.25 - 0.30 mm
diameter) being the point electrode, located at the end of a short gold wire (0.1
mm diameter). The point anode is centered inside a guard ring (14 mm inner
diameter) serving as electrode to pick-up and transmit the counting pulses to the
electronics. In Fig. 30, a cross section of the counting chamber and the sample
position is shown.

The TSEE measuring system has not yet a built-in dead time correction, which
is a needed improvement of the TSEE equipment used in these studies to ex-
pand the dynamic range of the counter. However, all detectors were exposed to
doses near 2 mGy, which limits the error on evaluated response ratios to a few %
assuming a dead time of about 25 /is.

The glow-curves for the BeO thin film dosemeters exhibited a main peak at
about 275 °C and a very low peak at about 400 °C. A typical glow curve is shown
in Fig. 31. The registered TSEE pulses were integrated over the temperature range
from 175-350 °C.
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Figure 30. Cross section of the counting chamber and the sample position for the
TSEE Geiger counter.
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Figure 31. A typical TSEE glow-curve. This glow-curve was obtained from a 1 4C
irradiation with 6.73 mg cm~2 equivalent tissue in front of the BeO thin film
dosemeter.
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BeO detectors produced by the Battelle Institute in Frankfurt were used in
these experiments. They consist of an oxidized 100 nm thick beryllium layer with
a diameter of 7.0 mm deposited on a circular 12.5 mm diameter graphite substrate.
The sensitive layer is evaporated into a 0.5 mm deep recess in the substrate to avoid
contact with the covering material. Optical fading only occurs at wavelengths less
than 550 nm [48], so exposure to sunlight was reduced using special suncurtains
in the laboratory. Also light from gas discharge lamps was avoided.

The detectors were handled with a grounded pair of tweezers to prevent dark
discharges between the tweezers and the BeO surface in case the person handling
the detectors was charged-up. Such discharges can simulate considerable doses [64],

During the irradiations the dosemeters were placed in a special holder of perspex
shown in Fig. 32. The holder was mounted on the extrapolation chamber set-
up with the holder in front of the extrapolation chamber. The irradiations were
carried out at normal radiation incidence. The irradiations with 147Pm, 204Tl and
90Sr/90Y were performed with four dosemeters placed in the holder at the same
time. The irradiations with 63Ni and 14C were carried out with only one dosemeter
placed in the center of the holder due to the inhomogeneity of the radiation fields.
The 60Co exposures were carried out under secondary electron equilibrium behind
4 mm perspex. The 4 dosemeters were here irradiated at the same time.

The dosemeters were all given a dose close to 2 mGy, vhich was calculated as
doses behind the actual filters. The dose calculations were based on dose rates
measured with the extrapolation chamber for the G3Ni, 14C, 147Pm and 204Tl
sources and on the dose rates given by PTB 5 for the secondary standard source
90Sr/90Y. The /? spectra at the irradiation distance will be different from the
calculated spectra for the isotopes. The residual maximum /? energy, Eres, was
evaluated through the procedure described by ISO [65]. With a GM detector the
count rate behind different absorber thicknesses is obtained. The logarithm of the
count rate is plotted as a function of absorber thickness, and the residual maximum
/? particle range, Rres, is found as the absorber thickness at the intersection of the
extrapolated linear part of the measured signal and the lower level signal, which
is due to the residual photon background. Eres is then evaluated from

22A ( 9 3 )

where Eres is in MeV and Rrcs is in ingcm"2. The residual maximum/? energy
has been evaluated for the 63Ni and 147Pm sources by Christensen [66], and for the
204Tl and 90Sr/90Y sources by Herbaut [67]. For the 14C source, Eres was evaluated
for this work. The distances between source and detector, the maximum/? energy,
and the residual maximum/? energy are given in Table 9.

Table 9. Source-detector distances, maximum /? energy of the nuclide and residual
maximum (3 energy at the source-detector distance for each source.

Source Source-detector

63 N i

1 4 C

147Pm
204'jij

90Sr/90Y

distance [cm]
3.0
5.0
20.0
30.0
30.0

^Physikalisch Tcchnischc Bundesanstal

Itisø-R-907(EN)

Max. /? energy
[keV]

67
156
220
770
2260

t, Germany

Res. max. /? energy
[keV]

52
122
142
520
1870



(a) 1:1

3 cm

(b) 2:1
Graphite BeO Filter

/ • •

5 mm

Perspex

Figure 32. The special holder for the detectors is a 5 mm thick plate of perspex.
Five detectors can be placed in the 1.5 mm deep recesses (a), and a filter can be
placed above them (b).

The dose rate at 3.0 cm distance from the 63Ni source is measured using the
extrapolation chamber with a collector electrode diameter of 4.0 mm. The BeO
layer on the exoelectron dosemeters has a diameter of 7.0 mm, so due to the inho-
mogeneity of the radiation field the actual dose to the dosemeter is smaller than
that measured with the extrapolation chamber. The influence of the inhomogene-
ity of the radiation field was evaluated through MC calculation. A dosemeter of
7.0 mm diameter will receive an average dose about 5% less than dosemeters with
4.0 mm diameter.

Also for the 14C source the inhomogeneity of the radiation field is of importance.
The dose rate at 5.0 cm distance from the source was measured with the extra-
polation chamber with a collector electrode diameter of 30 mm. The ratio between
dose rate to BeO layers with 7.0 mm and 30 mm diameter, respectively, was also
evaluated through MC calculation. The dose rate to the dosemeter is about 14%
higher than the dose rate measured with the extrapolation chamber.

Correction for the inhomogeneity of the radiation field was done for both 63Ni
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and 14C. Also correction for changes in absorption in the air between the source
and the dosemeter due to changes from air reference conditions was performed
(see Sect. 5.2.1).

The response of BeO thin film dosemeters was studied for irradiation with the /?
sources given in Table 9. Irradiations were performed with different types of filters
placed in front of the detectors. A mylar foil with tissue equivalent thickness of
0.77 mgcm"2 was used, and also a Makrofol filter with tissue equivalent thickness
of 1.38 mgcm"2. Thicker filters were made from layers of the Makrofol and mylar
foils resulting in tissue equivalent thicknesses of 3.74 mgcm"2 and 6.73 mgcm"2 .
The tissue equivalent thicknesses were calculated using the relative attenuation
factors (r]air) given by Cross et al. [31].

In addition to filters with a thickness close to 7 nig cm"2 also other thicknesses
were used, since the dosemeters are intended to be used similar to the extrapolation
chamber for evaluation of depth-dose curves. Furthermore, the 63Ni radiation with
residual maximum /? energy of 52 keV is stopped in about 5 mg cm"2, so the
response can not be measured behind a 7 mgcm"2 filter. In particular, the response
to radiation from the 147Pm source was studied for filter thicknesses ranging from
0 to 6.7 mgcm"2 .

To measure dose to tissue with the BeO thin film dosemeters the surrounding
materials must have almost the same properties as tissue, since the attenuation and
scattering in these have great influence on the TSEE response [49]. The effective
atomic number of the filters are 6.7 and 6.3 for mylar and Makrofol, respectively,
and for the perspex holder it is 6.6. Also the effective atomic number of the
graphite substrate (6.0) is close to that of ICRU tissue (7.4).

The response ratio is calculated as the ratio of the TSEE signal per unit of
absorbed dose to tissue for a given radiation type to the same signal for 60Co (7)
radiation.

6.3 Results of TSEE Measurements
In Fig. 33, the response relative to G0Co response is shown as a function of the
residual maximum /? energy. The response was measured with two different cover-
ing filters, namely mylar and Makrofol, having different tissue equivalent thick-
nesses. All given uncertainties are calculated as standard deviations on a single
measurement.

In Figs. 34 to 38, the responses relative to response to 60Co are shown as function
equivalent tissue thickness for the five sources, respectively.

In Table 10, the numeric value of the response ratio for each of the five sources
is given. Also the average /? energy of the un-modified /? spectra for the sources
and the residual maximum /? energy at the irradiation distance are listed. The
stated response ratios are the mean values of response ratios measured for filter
thicknesses ranging from 0.62 to 6.73 mgcm"2 .

The responses of the BeO thin film dosemeters for the measurement of i/p(0.07)
from 147Pm, 204Tl and 90Sr/90Y have been studied and reported by Scharmann
and Kriegseis (1986) [47], Ambrosi and Bohm (1987) [68], Petel et «/.(1990) [49],
Kriegseis (1993) et al. [50] and Scharmann (1994) [69]. Their obtained values of
the responses relative to that for 60Co 7 radiation are shown in Table 11.

6.4 Discussion
The BeO thin film response relative to G0Co is 1.0 for 204Tl and 90Sr/90Y (Fig. 33).
For 63Ni, 14C and 1 4 'Pm the dosemeters show an underresponse, which is not fully
understood yet. It is not due to absorption in the covering filters, since the dose
to the dosemeters is calculated behind the specific filter thickness. One reason for
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Figure 33. Response of BeO dosemeters relative to response to 60Co. The response
ratio is shown for irradiations with mylar foil and Makrofol in front of the detec-
tors.
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Figure 3J,. Response of BeO dosemeters irradiated with 63Ni relative io response
io 60Co. The response ratio is shown for irradiations with mylar foil or Makrofol
in front of the detectors.
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Figure 35. Response of BeO dosemeters irradiated with H C relative to response to
60 Co. The response ratio is shown for irradiations with mylar foil, Makrofol or a
combination of these foils in front of the detectors.
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Figure 36. Response of BeO dosemeters irradiated with H7Pm relative to response
to G0Co. The response ratio is shown for irradiations with mylar foil, Makrofol or
a combination of these foils in front of the detectors.
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Figure 37. Response of BeO dosemeiers irradiated with 20427 relative to response
to 60Co. The response ratio is shown for irradiations with mylar foil, Makrofol or
a combination of these foils in front of the detectors.
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Figure 38. Response of BcO dosemeiers irradiated with 9 0 5 r / 9 0 y relative to re-
sponse to 60Co. The response ratio is shown for irradiations with mylar foil,
Makrofol or a combination of these foils in front of the detectors.
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the underresponse could be that the BeO has different sensitivities to low-energy
electrons (LET dependence). Another reason may be the larger backscattering for
low-energy electrons. Also exact knowledge of the filter thickness is very important
for experiments with the 63Ni source, since the very low energy electrons are
attenuated strongly in even thin filters. From Figs. 34 to 38, it can be seen that
there are no significant charging effects, since the response ratios are the same for
both types and different combinations of filters.

The transparency of the filters is of no importance in these experiments, since
the detectors are kept away from light with wavelength that might cause optical
fading.

A standard deviation better than 5 % on repetitive experiments under normal
laboratory conditions as reported by Kriegseis et al. [64] has not been achieved
in the experiments performed at Risø (6 — 7 %). The problems with the repro-
ducibility may be caused by the reader (stability of CH4 flow, CH4 purity and
keeping the anode clean) or by surface contamination or mechanical scratches of
the BeO detectors. Also there has not been corrected for dead time loss in the
measurements. However, the dosemeters were exposed to a dose of around 2 mGy,
which limits the error on evaluated ratios to a few % assuming a dead time of
about 25 (is. The dead time correction is a necessary improvement of the TSEE
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equipment used in these studies to expand the dynamic range of the counter. This
improvement will soon be carried out by the manufacturer.

The measuring equipment is useful for studying the TSEE phenomenon. How-
ever, it is not convenient for large scale experiments, since the reading of each
detector takes about 1.5 minute (20 to 500 °C with a heating rate of 5 "Cs"1) , It
also requires one persons complete attention performing a read-out. The dosemeter
is placed manually on the heater and the centering of the dosemeter is performed
by eye. The flow is kept as constant as possible by manual adjustment. The ma-
ximum variation in flow is ±5 %, which influences the response with only a few
percent. Increasing the flow with 33 % results in an increase in response of about
5% and lowering the flow with 20% results in a decrease in respc se of about 6%.
In the calibration position, where the GM response to a built-in 63Ni calibration
source is measured, an increase in response was observed for both higher and lower
flow. The reason for this dependency is a suggestion for further investigation.

Also the LET dependency of the BeO thin film detectors can be studied fur-
ther. E.g., the response to tritium having an average /? energy of 5.7 keV can be
measured.

6.5 Conclusion
The /3 response of BeO thin film TSEE detectors relative to that for 60Co (7)
doses has been determined for a number of /? radiation fields with residual maxi-
mum (3 energies ranging from 52 to 1870 keV. For 0 radiation fields with residual
maximum /? energies above about 500 keV (i.e., those of 204Tl and 90Sr/90Y) the
response relative to that for 60Co radiation was found to be equal to 1.0. For
lower P energies a decreasing response was observed. For 63Ni, 14C and 147Pm a
response ratio of about 0.8 was obtained. The residual maximum /? energies of
these sources are between 52, 100 and 150 keV, respectively. The underresponse
of the BeO thin film dosemeters for energies below about 400 keV may be ex-
plained by LET dependence i.e., the detector does not give the same reading for
the same amount of absorbed energy in its own sensitive volume, regardless of
radiation type and quality. "... LET dependence ... usually manifests itself as a
change in reading per unit dose as a function of charged-particle track density, due
to ionic recombination or other second-order effects that depend on the proximity
of radiation products in the dosemeter" [11].

Another reason for the underresponse at lower energies may consist in the dif-
ference in the behaviour exhibited by the TSEE detectors and the extrapolation
chamber for the measurement of doses from very low energy electrons as suggested
by Kriegseis [70]. From experiments with photons they have found, that "a signifi-
cant portion of exoelectron traps is filled by low energy electrons emitted from the
entrance window. Such electrons are also detected by the extrapolation chamber,
but in a manner less energy dependent than in the case of TSEE. The extrapo-
lation chamber also sees secondary electrons starting from the window with an
energy of only a few electron volts. However, only a few of these window electrons
are contributing to TSEE, because they are reflected at the BeO surface."

Although the BeO thin film dosemeter exhibits a linear dose response, the mea-
suring equipment needs to have a dead time correction built in to show a linear
reading of this response. This improvement is hoped to be carried out by the
manufacturer soon.

The BeO thin film dosemeter used with the TSEE measuring method is very
useful for measuring doses from ft radiation though the uncertainty on a measure-
ment (6—7%) is relatively high compared to uncertainties on TLD measurements.
The dosemeters can be used to measure dose from /? radiation at difficult acces-
sible places, where the extrapolation chamber is not practically possible. The EE
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dosemeter is able to measure the dose in a specific depth, whereas TL dosemeters
measures average dose, i.e., average energy deposited in the detector volume. For
measurement of depth-dose distributions the extrapolation chamber is preferred,
since the uncertainty on the readings of the detectors is too high.

With the BeO thin film dosemeter a 0 dose higher than about 10 /iGy can
be measured within -20 % independent of the /? energy for residual maximum
/? energies down to 50 keV. The dose measured with a TL dosemeter is energy
dependent due to the thickness of the dosemeter. Also for measuring the skin
contamination from a hot particle the dosemeter is useful.
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7 Conclusions

The four dosimetry techniques, /? spectrometry, extrapolation chamber dosimetry,
Monte Carlo calculations and exoelectron dosimetry, have been studied for dosime-
try of the /? radiation from a low-energy /? source i.e., 14C with Ep<max = 156 keV.

The spectra from the 14C source were measured with two types of detectors:
a /? spectrometer consisting of two coaxial Si detectors, and a Si(Li) detector.
These experiments were simulated by MC calculations with the EGS4 code. The
results of the measurements and the calculations were compared in order to vali-
date the EGS4 code for calculations with low-energy electrons. The experiment
with the /? spectrometer showed fine agreement with the MC calculation. Good
agreement was also obtained for the measured and calculated response to photons
(bremsstrahlung from the source) for the Si(Li) detector, whereas the difference
between measured and calculated response to electrons indicates that the Si(Li)
detector may have an extra deadlayer for electron detection in addition to that
stated by the manufacturer.

The dose rate at 50 mm distance from the 14C source was measured with ex-
trapolation chambers at two laboratories, NRC and Risø, respectively. The results
obtained at the two laboratories agreed very well within the uncertainty limits.
It was confirmed by measurements of dose rates using different absorbers in front
of the extrapolation chamber that the fitting procedure previously reported for
depth-dose profiles for /? radiation from M7Pm [10] is suitable also for /? radiation
from a 14C source.

The results of calculations with the extrapolation chamber model showed an
increasing difference compared with the measurements for increasing absorber
thicknesses. For absorber thicknesses below 1 mgcm"2 , the measured dose rates
were about 10 % higher than the calculated dose rates, and at 7 mg cm"2 the
difference was 35%. An explanation for this may be that the EGS4 code is not us-
able for simulating transport of electrons with very low energies. From the particle
pulse height distribution in the MC calculation with 7 mgcm"2, it was found that
about 45 % of the electrons had an energy below 10 keV, whereas for no window
or absorber, only 2 — 3 % of the electrons had an energy below 10 keV.

MC simulations of the experiments resulted in dose rates that were about 10 %
lower than the measured dose rates (for absorber thicknesses below 1 mgcm"2).
This can be explained by the dose rate being extrapolated down to 0 mm thickness
for the experiments, whereas the MC calculated dose rates were performed for an
extrapolation chamber with a 2 mm chamber depth, thus resulting in the dose
averaged over this air volume. Furthermore, an uncertainty on the nominal source
strength may be expected though not reported by the manufacturer.

Also the depth-dose distribution in tissue was calculated through MC simula-
tions with a cylindrical tissue-phantom model. These results were compared with
those obtained for the extrapolation-chamber model. The dose calculated with the
extrapolation-chamber model showed an additional dose buildup compared with
the dose calculated with the tissue phantom. The reason for this buildup should
be studied further and corrected for in the measurements with the extrapolation
chamber.

The MC code EGS4 is concluded to be a useful tool in /? dosimetry, though it
has some limitations for transport of very low-energy electrons i.e., electrons with
estimated energies less than 10-20 keV. However, MC calculations should always
be accompanied by control measurements at reference points to assure that there
is no error in the usercode or the input file.

The j3 response of BeO thin film TSEE detectors relative to that for 60Co (7)
was determined for a number of/? radiation fields with residual maximum/? ener-
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gies ranging from 52 to 1870 keV. For /? radiation fields with residual maximum
/? energies above about 500 keV (i.e., those of 204Tl and 90Sr/90Y) the response
relative to that for 60Co radiation was found to be equal to 1.0. For lower /? ener-
gies a decreasing response was observed. For 63Ni, 14C and 147Pm a response ratio
of about 0.8 was obtained, The residual maximum /? energies of these sources
are below 150 keV. The underresponse of the BeO thin film dosemeters for ener-
gies below about 500 keV may be explained by LET dependence. Another reason
for the underresponse at lower energies may consist in the difference in the be-
haviour exhibited by the TSEE detectors and the extrapolation chamber for the
measurement of doses from very low energy electrons. In the extrapolation cham-
ber measurement, secondary electrons starting from the entrance window with
an energy of only a few eV are contributing to the dose, whereas only a few of
these secondary electrons are contributing to the TSEE signal, because they are
reflected at the BeO surface [70].

It is concluded that with the BeO thin film dosemeters a /? dose higher than
about 10 fiGy can be measured within 0 to -20 % independently of the j3 energy
for Ep>max down to 67 keV.

7.1 Suggestions for Further Studies
The difference obtained between measured and calculated electron responses for
the Si(Li) detector experiment is a subject for further studies.

The data measured with the extrapolation chamber are fitted to a second order
polynomium. In this fitting procedure, the weighting should be studied further.
Putting too much weight on small chamber depths may result in too high a value
of the estimated dose rate.

MC calculation of the dose in a very thin air volume, just behind the entrance
window, would clarify whether the higher doses obtained by extrapolation chamber
measurements are due to attenuation in the air volume, or they can be explained
by the uncertainty on the source strength.

A dose buildup appeared in the simulation of the extrapolation chamber mea-
surement, which was not seen for MC simulations including a tissue cylinder. The
reason for this dose buildup should be studied further.
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A Measurement Uncertainties

The uncertainty on the measurements with extrapolation chambers consists of
type A and type B uncertainties. Type A uncertainties (s,-) are evaluated by
statistical methods, and type B uncertainties (u,-) are evaluated by approximations
to the variances (u,2) corresponding to known or assumed values [71].

The estimation s2(x) of the variance of any single random measurement x made
by a radiation detector should be determined from the data of n such measure-
ments by means of the equation [11]:

where

f> (A.2)

The estimated variance of the mean value x (or square of standard error) is
obtained from experimental data by

s2(x) = s2{x)/n (A.3)

Type B uncertainties (u{) are considered as approximations to the corresponding
variances, which are assumed existing. The quantities «;2 are treated like variances
and the quantities u,- like standard deviations.

The combined uncertainty or standard deviation on the value y = F(xi,X2, •••)
being a function of uncorrelated variables, æ,-, with respective standard deviations
Si and ui, is obtained approximately by

The values of the type B uncertainties are listed in table 12.

Table 12. Values and uncertainties of main parameters and correction factors used
for ihe determination of the dose rates in tissue equivalent material by use of the
extrapolation chamber.

Parameter

W/e
Sl,a

a (NRC)
a (Risø)

Pref

kbak

"'de

kad

kwin (NRC)
kwin (Risø)

Value

33.87 J C " 1

1.128
7.093 cm2

7.16 cm2

1.200 kgm"3

1.013
1.0003

1
-

1.27
1.19

Relative standard
deviation in %

0.1
0.02
0.07
0.3

0.04
0.4

0.08
0
-

2.6
1.7
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