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10 Measuring techniques

Since human beings do not possess any sense for the detection of ionizing radiation, they must entirely
rely on special instruments in order to prevent or control any harmful radiation exposure or intake of
radioactivity from the outset. Therefore, reliable instruments and methods for radiation detection and
measurement form the precondition for the safe handling of radiation and radioactivity in medicine,
scientific research, industry, and nuclear energy production. As summarized in Table 10.1, the primary
tasks of radiation protection measurements can roughly be divided into dose and activity measurements
employed to prevent and control hazard to man from ionizing radiation (external exposure) or the incor-
poration of radioactivity (internal exposure), respectively. The purpose of this Chapter is to give a short
overview of radiation detectors frequently utilized for these tasks (10.1) and of their application in prac-
tice to monitor and quantify external (10.2) and internal exposures (10.3).

10.1 Detectors for radiation protection

10.1.1 Overview and general characteristics of radiation detectors

The function of a detector designed of measuring ionizing radiation is to generate a measurable response
that is related to the energy deposited in the detector material or the number of particles entering into it —
such as the charge produced in a gas, the intensity of visible light emitted by some solid or liquid matter,
the degree of blackening of a photographic film, or the number of chromosome aberrations in a biological
sample. The most common radiation effects used for radiation protection measurements are summarized
in Table 10.2. In this Chapter (10.1) the emphasis is on how these detectors — and the instruments based
on them — respond to radiation and how this response can be interpreted to determine the desired quantity
such as dose, exposure, or activity. Clearly, radiation protection measurements are performed by means of
instruments common to other fields of radiation detection and measurement (e.g. nuclear and particle
physics, radiation therapy, diagnostic radiology, and nuclear medicine). Therefore, much has been pub-
lished about the design and operation of these devices. An enormous amount of information is provided,
among others, in the excellent textbooks by Attix [86Att], Kiefer and Maushart [72Kie], Knoll [00Kno],
Leo [94Leo], Lutz [99Lut], Shani [00Sha], Tsoulfanides [95Tso], and in the comprehensive three-volume
treatise edited by Attix, Roesch, and Tochilin [68Att]. These texts form the basis of the following brief re-
view and the reader is referred to them for supplementary information and an exhaustive bibliography.
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Table 10.1. Major objectives and categorization of radiation protection measurements.

Objective of External exposure Internal exposure

Measurement

Prevention of  Area monitoring Determination and identification

exposure Assessment of protective of radioactivity in air, water, and
measures food that may be incorporated

Environmental monitoring

Detection of surface or skin

contaminations
Control of Personal monitoring Determination and identification
Exposure of incorporated radioactivity by in

vivo and excretition measurements

Table 10.2. Radiation effects frequently used for radiation protection measurements (adapted from
[96Hoh]).

Radiation effect Type of instrument Detector material Determina- Determina- Identifica-
tion of dose tion of tion of
or dose rate activity or  radio-

particle nuclides
counting

Electrical Ionization chamber Gas ++ + +

Proportional counter ~ Gas + ++ ++
Geiger-Miiller counter Gas + ++
Semiconductor Crystalline ++ ++ ++
detector semiconductor

Optical Scintillation counter  Crystal, plastic, or liquid ++ ++ ++

Thermoluminescence Crystal ++
dosimeter

Radiophotolumines-  Glas +
cence dosimeter

Thermal Superheated drop Liquid drops +

detector

Chemical Film Photographic emulsion ~ ++

Etched-track detector Plastic foil +
Biological Scoring of chromo- Chromosomes +

somal aberrations

++: frequently employed, recommended procedure
+ : in specific cases usefully applicable

Before the different radiation detectors mentioned in Table 10.2 are described in more detail in the
sub-sequent Sections, two fundamental aspects which are relevant for all of them are outlined [68ALt,
86ALt]:

Absolute measurement and calibration. A device is regarded as ‘absolute’ if it can be constructed and
subsequently used to measure radiation without the necessity of calibrating its response in a known ra-
diation field. Such instruments are primarily installed and operated in national standards laboratories. For
radiation protection measurements it is sufficient to use devices that are properly calibrated by accredited
laboratories that guarantee traceability to an official standards laboratory. Calibration can be accom-
plished, for example, by exposing a device (in some cases in or in front of an appropriate phantom) in a
reference radiation field, and then determining a calibration factor N by which the detector reading R has
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to be multiplied to achieve the true value of the measurand. If the quantity to be measured is not linearly
related with detector response, a calibration curve has to be established by varying the considered para-
meter of the radiation field over the relevant range. It is important to note, that detector response generally
depends on the type and energy of the radiation (photons or particles) to be detected. Due to this reason,
calibration of a radiation measuring instrument is restricted to a specified range of both the quantity to be
determined and the energy of the radiation considered.

Repeatability, accuracy, and uncertainty. The repeatability of an instrument is its ability to yield the
same result for repeated measurements in a constant radiation field. Consequently, it can be stated in
terms of the standard deviation estimated from the readings of repeated measurements. On the other hand,
the accuracy of an instrument expresses the closeness of the reading to the true value of the quantity being
measured and, thus, mainly depends on the correctness of its calibration. In other words: repeatability
characterizes random errors due to instabilities of the instrument and the stochastic character of ionizing
radiation, whereas accuracy quantifies systematic errors of the measurement process. In general, the result
of a measurement is only an approximation of the true value of the measurand, and thus is complete only
when accompanied by a quantitative statement of its uncertainty, i.e. an interval within which the true
value lies with given probability [95ISO]. Possible sources of error in radiation dosimetry and procedures
for estimating the resulting magnitude of the uncertainties in the measurement results can be found in
[021SO].

10.1.2 Gas-filled ionization detectors

10.1.2.1 Ionization and gas amplification

Ionization detectors were the first electrical devices developed for radiation detection. They are still
widely used for radiation protection measurements. Radiation detection is based on the collection of elec-
trons and ions produced by ionizing particles in the detector material — preferential a gas because of the
high mobility of electrons and ions in this medium. An atom can be ionized in a variety of ways, but
collisions of charged particles with the atomic electrons via Coulomb interaction are the most important
mechnisms. For most gases of practical interest, the average energy W spent by a charged particle to
produce an electron-ion pair is between 20 and 40 eV [79ICR]. In air, for example, the value is about 36
and 34 eV for o and [ particles, respectively. Consequently, a charged particle will produce a large
number of electron-ion pairs if it deposits its energy completely in the gas.

As shown in Fig. 10.1, a typical detector configuration consists of an anode wire inside of a cylindri-
cal cathode. When an electric potential difference (voltage) is applied between the electrodes, electrons
and ions are attracted to the electrodes and generate an electric output signal, which is passed through a
series of electronic circuits for amplification, processing, and storage. There are two different ways to
process the signal. In the pulse mode, the electrical signal from each event is processed individually,
whereas in the current mode, the signals from individual interactions are integrated, yielding a net current
signal. Depending on the voltage between the electrodes, there are three basic types of gas-filled
ionization detectors taking advantage of different physical effects: the ionization chamber, the propor-
tional chamber, and the Geiger-Miiller counter. To understand the differences between these devices,
consider — under the assumption of a constant flux of radiation — the behavior of a gas-filled ionization
detector as the electrical voltage is increased. As illustrated in Fig. 10.2 for two different types of parti-
cles, six different regions of operation can be distinguished [00Kno, 94Leo]:

At very low voltages, the electric field is insufficient to avoid recombination of the electron-ion pairs.
However, recombination is lessened as the voltage is raised, giving rise to a saturation curve (region I).
Usually, the saturation curve reaches a more or less distinct plateau, where the number of ions collected is
nearly independent of the applied voltage. A detector operating in this region (II) is denoted as ionization
chamber.
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As the voltage across the device is raised further, the number of ions collected starts to increase again,
because the electric field is strong enough to accelerate electrons from the primary ionization to kinetic
energies that are sufficiently high to ionize further gas molecules by collisions (secondary ionization). In
the case of a cylindrical detector arrangement, the electrical field increases steeply near the anode wire
and thus the amplification process results in an electron ‘avalanche’ confined to a very small length of the
anode wire. Due to this reason, electron avalanches initiated by primary ionizations at different points in
the gas do not interfere and thus the output of the device is — for a given voltage — directly proportional to
the number of primary ionizations or, equivalently, to the energy dissipated inside the detector volume. A
detector operating in this region (III) is known as a proportional counter. Increasing the applied voltage
still more results in a nonlinear amplification process (region IV) since the gain is so large that space-
charge effects become relevant distorting the electrical field within the detector.

If the voltage between the electrodes exceeds the region of limited proportionality, the number of ions
collected becomes independent of the type and energy of the incident particles. The reason is that instead
of various independent avalanches confined to small Sections along the wire (as in regions III and 1V), a
chain reaction of many avalanches is triggered, which spread out along the entire wire. This transitory
electrical breakdown is initiated by excited gas atoms undergoing radiative de-excitation. Ultraviolet
photons emitted by these processes propagate to other parts of the gas volume and initiate secondary
avalanches. Detectors working in this region (V) are called Geiger-Miiller counters. As the voltage is
further increased, a continuous breakdown occurs (region VI).

E(r)~1/r

to electrometer  Fig. 10.1 Typical arrangement of a cylindrical ionization de-
or amplifier tector operated in the current mode. (r, radial distance from the
anode wire; E, transaxial electric field strength).

—— [ particle
----- o particle

Fig. 10.2 Schematic plot showing the relation between the
voltage applied to a gas-filled ionization detector and the
charge collected for two different types of particles
depositing different amounts of energy within the ion-
collecting gas volume. Six regions of operation can be
distinguished: 1, recombination region; II, ionization
I I I v V4 VI region; III, proportional region; IV, limited proportional
region; V, Geiger-Miiller region; VI, discharge region.

Number of ions collected per time
(logarithmic scale)

Applied voltage

10.1.2.2 Ionization chambers

Ionization chambers are frequently used for radiation protection measurements and are available in a
large variety of types. They are normally used in the current and not in the pulse mode. The electrical
current caused by a device operating in the ionization region, however, is much too small to be measured
using conventional galvanometer techniques. Therefore, a sensitive electrometer with a sufficiently high
impedance indirectly measures the electrical current in the circuit by detecting the voltage drop across a
high-load series resistor (cf. Fig. 10.1 and [00Kno]). Depending on whether the charge or the current is
measured, the chamber will register the total ionization that has occurred in a given time (exposure, dose)
or the rate of ionization at any instant (exposure rate, dose rate).
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To discuss the basic concepts, we first consider free-air ionization chambers, which are in operation
primarily in national standards laboratories. They form the standard against which simpler instruments are
compared to yield reliable calibration factors. A typical configuration of a parallel-plate ionization
chamber is shown in Fig. 10.3. An important feature of this device is that the sensitive volume, i.e. the
volume common to both the collecting volume defined by the electrical field between the plates and the
collimated beam (cf. Fig. 10.3), is defined electronically and not by the walls of the chamber. Free-air
chambers are specifically well-suited for the measurement of radiation exposure since this quantity —
according to the operational definition given in Section 4.4.2.3 — is directly related to the ionization
produced by collision interactions in air by charged particles resulting from interactions of photons (or
neutrons). However, exposure measurements require the detection of all the ionization produced in the
selecting volume. To this end, the lateral distance between each of the electrodes and the border of the
sensitive volume must exceed the range of the secondary electrons which originate in the sensitive
volume. This guarantees that electrons, the path of which remains within the collecting volume (like e, in
Fig. 10.3), can produce all their ionization in this region where it will be collected and measured. But
most electrons released in the sensitive volume will leave the collecting volume (like e,) and thus part of
the ionization they produce will not reach the collector. This loss, however, is of no relevance if as many
electrons from photon interactions elsewhere in the beam enter the sensitive volume with the same energy
(like e3) as leave it. A detailed discussion of this condition, which is known as charged particle equilib-
rium (or in the considered case of a photon beam as electronic equilibrium), can be found in [S6Att].
Charged particle equilibrium in the sensitive volume is attained when the photon flux remains constant
across the chamber and when the distance from the diaphragm of the chamber to the border of the sensi-
tive volume is greater than the maximum electron range. Since the maximum range of electrons in air in-
creases rapidly with the energy of incident X- or y-rays, the size of a free-air ionization chamber that can
be realized in practice limits the energy of photons to be measured to about 200 keV.

[3 to electrometer 0
Collector MAN
I , \ N\ .
) )
[ i L/”I [y hd ]
[ ) [ J
Guard
[ ] [
. ° electrodes /'\/ ° Fig. 10.3 Typical configuration of
Diaphragm e, Lo
° e ° a parallel-plate free-air ionization
Source ° ° - chamber. The grounded guard

electrodes and the electrically

. Sensitive ¢ _X:ry biased wires are used to produce a

° volume Collecting ® rays uniform electrical field within the

Wires //: volume : collecting volume. The ionization
° . measured is that produced by

[ ——— electrons in the collecting volume.

To avoid the use of large and cumbersome free-air ionization chambers, practical cavity ionization
chambers have been developed which basically consist of a solid wall surrounding a gas-filled cavity. In
this cavity an electric field is established to collect the ions produced by radiation entering the chamber
(cf. Fig. 10.1). The criteria that determine the dimension and the material of a chamber depend on both
the desired dosimetric quantity (exposure or absorbed dose) and the type and energy of the radiation to be
measured. Cavity ionization chambers can be designed and operated either as equilibrium or Bragg-Gray
chambers in which the local photon (or neutron) field or the local secondary charged-particle field is suf-
ficiently well characterized, respectively [86ALtt].

Dosimetric measurements in photon and neutron fields can be performed with cavity chambers oper-
ated under charged particle equilibrium conditions. The physical basis is described by the Fano theorem
which states that in an infinite medium of given atomic composition exposed to a uniform field of indi-
rectly ionizing radiation, the field of secondary radiation is also uniform and independent of the density of
the medium as well as of density variations from point to point [86Att]. That means that the ionization
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collected in the gas is not influenced by the density of the wall, provided that the materials of the wall and
the gas are matched with regard to their atomic composition — i.e. the effective atomic number Z — and
that the thickness of the wall exceeds the range of the charged secondary particles released in the wall.
The dimensions of the gas-filled cavity can be adapted to the flux of the radiation field to be measured in
order to generate a sufficiently high ionization. For exposure measurements, the wall should be made of
air-equivalent material with an effective atomic number of air, such as some plastics or graphite
with silicon additives. Although there is no material that is exactly air-equivalent, the deviations are of
minor importance for the purposes of radiation protection measurements. The use of cavity chambers
operated under charged particle equilibrium conditions is limited to photons with an energy of less than
about 3 MeV. At higher energies it is not possible to build a chamber that meets the two central condi-
tions, namely a sufficiently thick wall to establish electronic equilibrium and negligible attenuation of the
photon beam crossing the chamber. Chambers can also be made tissue-equivalent, which means that the
atomic composition of both the wall and the gas must be similar to that of tissue. Since the absorbed dose
in air or tissue (at a depth corresponding to the wall thickness) is directly proportional to the ionization
per unit volume of gas measured under charged particle equilibrium conditions with an air- or tissue-
equivalent chamber, respectively, these devices can be calibrated to directly read the desired dosimetric
quantity.

Dosimetric measurements can also be performed with cavity ionization chambers taking advantage of
the Bragg-Gray principle, which states that the absorbed Dose D,, in a given homogeneous medium can
be calculated from the ionization produced in a small gas-filled cavity suspended into this material ac-
cording to the equation D, =WS,,_.J , where W is the average energy dissipated in the gas per electron-

ion pair formed, S, _, the ratio of the average mass stopping powers of the medium and the gas for the

charged particles considered, and J the ionization per unit volume of gas. This principle holds under two
conditions: Firstly, the cavity must be small compared to the range of the charged particles striking so that
the flux and energy spectrum of the charged particles is not disturbed. Secondly the energy lost by the
charged particles in crossing the gas-filled cavity is equal to the energy deposited in the gas volume
[86ALtt]. In practice, the gas-filled cavity is part of a cavity chamber with a wall that separates the cavity
from the surrounding material. Therefore, the chamber wall should be either extremely thin to leave the
charged particle field unchanged or matched to the atomic composition of the surrounding medium.
Bragg-Gray cavity chambers can be used for dosimetry of charged particles, entering from outside the
chamber, and of high-energy photons (>3 MeV) liberating electrons in the chamber wall.

In practice, neither the idealized conditions of charged particle equilibrium nor that of the Bragg-Gray
principle can be fully realized and thus a variety of corrections must be applied in order to make absolute
dosimetric measurements possible. For radiation protection measurements, however, this complex task
can be avoided when chambers are used that are calibrated under conditions similar to those in which the
instrument will be applied and in terms of the desired dosimetric quantity (e.g., exposure, absorbed dose,
ambient dose equivalent, or the corresponding dose rates). As an example, Fig. 10.4 shows a portable
survey instrument with an air-equivalent chamber that can be used for dose and dose rate measurements
over a wide range of photon energies.

Fig. 10.4 Dose and dose rate survey meter with an air- equivalent
jonization chamber (volume 600 cm®) for the measurement of X- and
Y-rays in the energy range between 6 keV and 3 MeV. Using an
additional plastic shielding, even photons up to an energy of 7.5 MeV
can be measured. The probe is detachable for remote measurements.
(Courtesy Step Sensortechnik).

Landolt-Bornstein
New Series VIII/4



Ref. p. 10-25 10 Measuring techniques 10-7

- T Charging
+ o+ + o+ I_l__l electrode
+ o+ + + |
C Fig. 10.5. Schematic representation of a condenser-type
I — | Insulator ionization chamber.

Other types of portable ion chambers are based on the charge integration principle illustrated in
Fig. 10.5. In this case, the chamber electrodes are connected in parallel with a capacitor, which is initially
charged up to establish an electric field in the chamber. When the chamber is exposed to radiation, the
ionization caused in the gas-filled chamber is collected by the electrodes and the charge stored in the ca-
pacitor is reduced. The resulting drop in chamber voltage can be used as a measure of the total integrated
ionization charge. In the case of a self-reading ‘pocket dosimeter’ employed for personal radiation protec-
tion measurements, a simple rugged quartz-fiber is mounted inside the ionization volume which is
deflected when the device is charged. The position of the fiber, which varies as the charge on the capaci-
tor is reduced due to ionizing radiation, is observed through a small built-in microscope that has a scale in
the eyepiece (Fig. 10.6). The position against the scale can be calibrated in terms of the total radiation
recorded by the pocket dosimeter. Over a longer period of time, however, leakage currents across the in-
sulator surface can not be avoided and this limits the accuracy of the dosimeter.

Progress in integrated circuit technology resulted in the development of direct ion storage (DIS) dosi-
meters, which combine a gas-filled ionization chamber with a non-volatile electronic charge storage ele-
ment [96Kah, 00Kno, 99Wer]. A schematic representation of a DIS dosimeter is shown in Fig. 10.7. The
charge is initially placed on the floating gate of a standard EEPROM (electrically erasable and pro-
grammable read-only memory) cell by injecting electrons by a tunneling process through the silicon
oxide. Electrons are trapped at this gate for many years since at normal operating temperatures they have
no conductive discharge path when the silicon dioxide formation is made of high-purity material (cf.
Section 10.1.4). When the chamber is exposed to ionizing radiation, the ions produced in the fill gas are
collected by the charged floating gate, which results in a reduction of the charge stored. Assessment of
this quantity can be performed without changing the charge distribution by measuring the channel con-
ductivity of the field effect transistor (FET), which forms the basis of the EEPROM, by means of an
electronic readout unit. The passive electronic dosimeter thus makes it possible to instantly and non-
destructively readout the accumulated dose whenever required. The first commercial DIS personal
dosimeter consist of a series of separate dosimeter elements housed inside a small hermetically sealed
container. Three elements are used for the measurement of the personal dose equivalent H,(10) in the
range from 1 pSv to 40 Sv and two elements for the determination of /,(0.07) in the range between
10 uSv and 40 Sv [99Wer] (the definition of H,(d) is given in Section 4.5.3.4). The dose-rate linearity is
flat up to 40 Sv/h thus guaranteeing accurate dose assessment in accident situations.

Eye lens Field lens  Insulator  Electrode  Bellows
"'-""'"""""7,,,”,,,,,,,, ,,,,,,, p——— "‘
!,!L',,,,,’,,//Ml == . B—

Scale Fiber  lonization Charging
chamber pin

Fig. 10.6. Pen-size direct-reading ion chamber dosimeter for personal radiation protection measurements in a y- or
X-ray environment. (a) Simplified schematic representation. (b) Pocket dosimeters for different dose and energy
ranges. The nominal voltage required to ‘set the dosimeter to zero’ is adjusted with the charging unit (potentiometer).
A test source is used to check the correct function and calibration of the personal dosimeters. (Courtesy Thermo
Eberline ESM).
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Fig. 10.7. Schematic representation of a DIS dosimeter
/ consisting of combination of a gas-filled ionization
Source Channel Drain  Silicon chamber and an EEPROM.

10.1.2.3 Proportional counters

A serious limitation of ionization chambers is that they are not sensitive enough to detect individual ion-
izing particles and thus can not be used for particle counting. This limitation can be overcome by operat-
ing an ionization detector in the proportional region to take advantage of the gas amplification process
described in Section 10.1.2.1. However, proportional counters are not simply ionization chambers oper-
ated at high voltages (predominantly) in the pulse mode, but are specially constructed devices designed to
optimize the gas amplification effect [00Kno]. The most important difference is that proportional counters
always contain a thin anode wire to create a high electric field. Important geometrical factors are — among
others — the uniformity, smoothness, and centricity of the thin anode wire with a diameter of between 5
pm and 50 um. Specific demands on the gases are: low working voltage, high gas amplification, good
proportionality, and high rate capability. These conditions are met by using mixtures of a noble gas and a
polyatomic organic gas, such as 90 % argon and 10 % methane (P10 gas) or 96 % helium and 4 %
isobutane. The organic additives, denoted as ‘quenchers’, improve the stability and performance of the
counter by absorbing secondary ultraviolet photons — that are emitted from excited gas atoms — in a mode
that does not lead to further ionization and thus avoids a transitory electrical breakdown. In practice, gain
factors between 107 and 10° can be achieved.

For particle detection and counting, proportional counters are operated in the pulse mode. Fig. 10.8
shows the equivalent circuit of a proportional counter, which replaces the circuit plotted in Fig. 10.1 for a
current-type chamber. As mentioned above, the electrical field increases steeply near the central wire of a
ionization detector and thus the amplification process initiated by an ionizing event in the sensitive vol-
ume results in an electron ‘avalanche’ in a region extending only a fraction of a millimeter from the anode
surface. However, at the moment when the electrons are collected at the anode wire (within about 1 us),
the positive ions are still so close to the center wire that there is almost no change of the electric voltage.
The output signal — a voltage pulse V(¢) — is thus predominantly determined by the slower drift of the
positive ions outward towards the cathode. Most of this process develops while the ions are still relative
close to the wire and thus a sharply defined fast-rising electrical pulse can be observed. The subsequent
decrease of the voltage pulse depends on the relative time constant of the external load circuit, which is
given by the product of the resistance R and the equivalent capacitance C of both the detector and the
measuring circuit (usually a preamplifier). When the capacitance of the circuit is fixed, the height of the
voltage pulse is directly proportional to the charge generated within the detector and thus to the amount of
energy the incident particle deposited in the gas [00Kno].

Based on this feature, a discrimination between particles depositing different amounts of energy in the
gas volume — such as o~ and B-particles — can be achieved. This can be realized, for example, by means of
two separate read-out channels with different discriminator levels (cf. Fig. 10.8) in order to simulta-
neously detect either o-particles (high level) or both o~ and B-particles (low level). Alternatively, the
proportional counter can be connected to a multichannel analyzer, which records and stores pulses ac-
cording to their height and thus allows the direct discrimination between different particles. If the channel
number is related to the energy loss of the incident particles in the cavity by means of a suitable calibra-
tion procedure, a proportional counter can also be used for particle identification (particle spectroscopy).
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Fig. 10.8. Equivalent circuit of a counter operated in the pulse mode (cf. Fig. 10.1). Vp is the
discriminator level. Only pulses with a pulse height exceeding this level are counted.

In practice, it is not possible to record all types and energies of radiation with sufficient efficiency by
one detector only and thus different detector designs are used for o-, B-, and y-radiation. For the detection
of a- and low-energy B-particles, it is of particular importance to use counters with thin window foils
(such as metalized plastic) or windowless entrance cathodes made of a metal wire grid to reduce absorp-
tion or energy-loss of the particles transversing the entrance material as far as achievable. Since such
systems can be sealed only heavily, stationary counters are normally operated as gas flow units to avoid
gradual contaminations and loss of fill gas. To monitor for contaminations on floors and surfaces of
objects in laboratories or on hands, shoes, and clothing of personnel working with radioactive material,
large-area proportional counters are used such as those shown in Fig. 10.9. They consist of a cathode
container filled with gas, which encloses either a meander-shaped anode wire or multiple anode wires.

Proportional counters (PC) made of a tissue equivalent (TE) plastic wall (most often A-150 plastic)
and filled with TE gas mixtures (propane or methane gases mixed with carbon dioxide and nitrogen) are
standard instruments in microdosimetry [§3ICR]. An important feature of TEPCs, which are based on the
Bragg-Gray cavity theory described in Section 10.1.2.2, is that the pressure of the filling gas can be
adjusted so that a charged particle crossing the cavity deposits an identical amount of energy as a charged
particle crossing a real tissue volume of microscopic dimensions [95Wak]. Multichannel pulse-height
measurements with a low-pressure TEPC in radiation fields with an intensity low enough to allow the
detection of single events thus give the distribution of the energy deposited by individual primary charged
particles in a microscopically small tissue volume. Since the height of the recorded pulses strongly
depends on the ionization density along the tracks of the charged particles — which varies considerably
between different types of charged particles such as electrons, protons and heavier ions — a low pressure
TEPC not only acts as recorder of deposited energy, but also as a spectrometer able to distinguish charged
particles with a different linear energy transfer (LET) and thus provides an estimate on radiation quality
[95Wak, 02Wak].

Fig. 10.9. Large-area proportional
counters for contamination detec-
tion. a: Sealed handheld monitor
for detection of surface contamina-
tions with o~, B- and Yy-isotopes.
(Courtesy Thermo Eberline ESM).
b: Continuous gas-flow conta-
mination monitor for detection of
o~ and B-contaminations of hands,
shoes, and clothing. (Courtesy
b Berthold Technologies).
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Low pressure TEPCs have been an important laboratory tool in experimental microdosimetry for
many years. The recent availability of microelectronics and progress in digital electronics enabled the
development of portable TEPCs for area monitoring and thus the application of this microdosimetric
method in practical radiation protection [§9Men, 95Sch, 00Sha]. Particular advantages of these devices
are the possibility (1) to separate dose fractions due to photons and neutrons in mixed n-y fields, which
release weakly respectively densely ionizing secondaries in the TE wall of the counter, and (2) to directly
measure the operational quantity ambient dose equivalent [89Die].

10.1.2.4 Geiger-Miiller counters

Although the design and operation of Geiger-Miiller (GM) counters are in many respects similar to those
of proportional counters, there are three important differences: Firstly, GM counters are operated at sub-
stantially higher tube voltages (cf. Fig. 10.2) so that a particle entering the gas volume triggers an electron
avalanche extending along the entire length of the anode wire. As a consequence, the size of the output
voltage pulses is more or less independent on the number of original ion pairs that initiate the gas ampli-
fication process and thus on the type and energy of particle entering the sensitive gas volume. The voltage
between the electrodes that is required to sustain an avalanche ionization can be determined by exposing
the counter to a constant source of radiation and observing the counting rate as a function of the applied
voltage. Secondly, the UV absorbing quench gas used in proportional counters is omitted in GM tubes
since ultraviolet photons emitted from excited gas atoms are essential to the process of propagating the
discharge throughout the tube. Instead, other ‘quenchers’ such as gaseous halogens (ClI or Br) or organic
substances (ethyl alcohol or ethyl formate) are added with a typical concentration of 5-10 % to the
primary fill gas to prevent repeated or continuous gas discharge through the mechanism of charge transfer
collisions. A detailed description of the underlying complex mechanism can be found in [86Att, 00Kno].
Thirdly, immediately after a discharge, a dense cloud of positive ions exists near the central wire and re-
duces the electric field in the counter to a great extent. This space charge not only terminates the dis-
charge of the tube but also prevents that a further avalanche can be generated before the positive ions
have moved — at least part of the distance — towards the cathode. The time between the detection of the
initial pulse and the time at which a succeeding pulse can be counted because its amplitude exceeds the
discriminator level is denoted as resolving time. Typical values are between 100 to 300 ps. In contrast,
the resolving time of a proportional counter is less than a few microseconds. During the resolving time,
the GM counter is ‘dead’ and any particles entering the tube during that time are lost [94ICR1].

In practice, gain factors between 10° and 10" can be realized with a GM counter. The resulting volt-
age pulses have a height between 1 and 10 V and can easily be detected with simple electronic circuits —
often completely without external amplification. GM tubes are thus simple, rugged, and relatively inex-
pensive particle-counting instruments. As mentioned above, however, they suffer from extremely long
resolving times and are thus seldom used when accurate measurements are required at count rates greater
than a few hundred counts per second. In many cases, GM counters are provided with removable covers
on the entrance window in order to differentiate between penetrating (y- and high-energy B-particles) and
low-penetrating (o- and low-energy B-particles) radiation by measuring the difference between the count
rates with and without the cover in place. As in the case of proportional counters, the entrance window
must be sufficiently thin to permit passage of o-particles. For the detection of y-particles, on the other
hand, the thickness of the entrance window or of the cover should approximate the maximum range of the
secondary electrons produced in the window or cover to increase detection sensitivity.
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10.1.3 Scintillation detectors

The major limitation of gas-filled counters, namely the low detection efficiency for X- or y-rays, can be
overcome by the use of solid or liquid detector materials, which have a much higher density than gases.
Scintillation materials are frequently utilized for photon or neutron detection. In these materials a small
fraction of the energy deposited by charged particles will be emitted as visible or ultraviolet light on a
time scale of nanoseconds to milliseconds, whereby the intensity of the light flash is proportional to the
energy deposited in the scintillator. As shown in Fig. 10.10, a scintillation detector consists basically of
scintillator material that is optically coupled to a photomultiplier tube to convert the light photons
released in the scintillator into an electrical pulse which can then be amplified and analyzed electroni-
cally.

Scintillator  Light shield, reflector Semitransparent gas envelope
photocathode
HV )
it Photomultiplier ’/ Shield
Y- particle ynodes
e /
Analyzer [— Amplifier |— Pre - ,
amplifier Light Anode
photon

a b

Fig. 10.10. Schematic representation of (a) a pulse-mode scintillation detector and (b) a linear focussed
photomultiplier tube showing the cascade effect due to amplification of electrons from the pho-
tocathode by increasing secondary emission when the electrons strike the dynodes.

Scintillators fall into two major categories: inorganic and organic materials, the choice of which de-
pends strongly on the type of measurement to be performed. Physical properties of a few representative
scintillator materials are given in Table 10.3; a more comprehensive list can be found in [00Kno, 94Leo].

Inorganic scintillators are crystals of alkali halides (such as Nal, CsI) or oxides (such as Bi;Ge;0,,
‘BGO’) grown at high temperatures. In these materials, scintillation is a property of the electronic band
structure of the crystals: When an ionizing particle enters the scintillator, it can raise electrons from the
valence into the conduction band. The electrons and holes formed by this excitation process recombine
and emit a photon. In the pure scintillator material, however, de-excitation is an inefficient process due to
self-absorption. Therefore, small amounts of an ‘activator’ (e.g., thallium in the case of Nal) are added.
These impurities create energy states within the forbidden band gap of the scintillator over which elec-
trons can alternatively de-excite from the conduction band into the valence band. A more detailed de-
scription of the scintillation process can be found in [00Kno, 95Tso]. Since energy spacing between acti-
vator energy states is less than that between the conduction and valence bands of the pure solid, the
emitted photons do not have enough energy to raise other electrons from the valence band to the conduc-
tion band and thus cannot be effectively reabsorbed by the scintillator. Moreover, the change in energy of
the emitted photons results in a shift of the wavelength of maximum emission from the ultraviolet into the
visible region, where the sensitivity of most photomultiplier tubes is maximal. Inorganic scintillators tend
to contain elements with a high atomic number and have a relatively high density (cf. Table 10.3). Conse-
quently, the photoelectric effect is the main interaction mechanism for X- or y-rays in the energy range
between 10 keV to 1 MeV, making inorganic scintillators favorable for particle identification by means of
spectroscopic measurements (see below). They also have a high light output, but are hampered by a
relatively slow response.

Organic scintillators, on the other hand, are aromatic hydrocarbon compounds which contain benze-
noid rings. They are broadly classed into three types: crystalline, liquid, and plastic, all of which utilize
the ionization produced by charged particles to generate optical photons, usually in the blue to green
wavelength regions. Examples of pure organic crystals are anthracene (C;4H;¢) and trans-stilbene
(Ci4Hyy). Plastic scintillators are non-fluid solutions consisting of fluorescent organic compounds dis-
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solved in a solidified polymer matrix or fluid solutions with similar fluorescent organic compounds
[02Sai]. In contrast to inorganic scintillators, the fluorescence process in organic scintillators is an inher-
ent molecular property which is characterized by the excited states of the individual molecules. Therefore,
fluorescence can be observed independent of the physical state of the material. Organic scintillators are
generally faster in their response than inorganics and are more suitable for B-particle spectroscopy and
especially for fast neutron detection due to the high hydrogen fraction in their composition (cf. Section
10.1.7). Moreover, some organic scintillator materials (such as BC 501 / NE 213, cf. Tab. 10.3) offer the
possibility to discriminate between photons and neutrons due to differences in scintillator response. In
these materials, electrons released by y-quanta cause scintillations at a rate faster than that due to photons
created by neutrons.

Table 10.3. Physical properties of a few representative scintillator materials (data from [02Sai]).

Material Type Density Refrac-  Light Decay Wave-  Main application

tion output’  constant’ length®

index

[g/em’] [%] [ns] [nm]
Inorganic scintillators
Nal(T1) Crystal 3.67 1.85 100 250 415 v, X-rays
CsI(TI) Crystal 4.51 1.79 45 1005 550 v, heavy particles
CsI(Na) Crystal 4.51 1.84 85 630 420 v, heavy particles
BGO Crystal 7.13 2.15 20 300 480 v, X-rays
LSO Crystal 7.40 1.82 63 40 420 v, X-rays
Organic scintillators
Anthracene Crystal 1.25 1.62 100 30 447 General purpose
Trans-stilbene Crystal 1.16 1.63 50 4.5 410 v, fast n
BC 400/ NE 102 Plastic 1.03 1.58 65 2.4 423 General purpose
BC422/NE 111 Plastic  1.03 1.58 55 1.6 370 Ultra-fast timing
BC 501 /NE 213 Liquid 0.87 1.51 78 32 425 Fast n with vy dis-
crimination

BC 509/ NE 226 Liquid 1.61 1.38 20 3.1 435 v, insensitive to n

 Given relative to Nal(T1) for inorganic scintillators and relative to anthracene for organic scintillators. The light out-
put of anthracene is 40-50 % of Nal(T1). ° Main component. ¢ Maximum emission.

As mentioned above, photomultiplier tubes (PMT) have two different functions: conversion of ultra-
violet and visible photons emitted by the scintillator into an electrical signal and signal amplification. Fig.
10.10 shows the essential parts of a PMT, which are mounted inside an evacuated glass envelope, namely
a photocathode, typically 10 to 12 electrodes denoted as dynodes, and an anode. The photons from the
scintillator strike the photocathode — usually made of a semiconductor material formed from antimony
plus one or more alkali metals — and release photoelectrons with an efficiency of about 10-30 % [94Leo].
These photoelectrons are attracted to the first dynode, which is at a higher potential than the cathode, so
that the electrons strike the dynode with a sufficiently high kinetic energy to eject three to four secondary
electrons from the surface. Since each dynode has a more positive voltage than the preceding one, this
amplification process is repeated with each successive dynode, so that a multiplication factor of 10° or
more can be obtained with a twelve stage PMT. The average gain of the dynode chain is independent of
how many electrons are simultaneously ejected from the photocathode. As a consequence, the size of the
electrical output signal at the anode is proportional to the number of electrons leaving the photocathode.
To achieve a good performance, it is important to match the emission spectrum of the scintillator to the
quantum efficiency of the photocathode material. The current measured at the anode of the PMT is fed
into an RC circuit as shown in Fig. 10.8 to produce an electrical voltage pulse.
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The previous discussion reveals, that the output of a scintillator-PMT combination is proportional to
the amount of energy deposited by an incident particle in the scintillator and can thus be used for particle
spectroscopy. To this end, the voltage pulse goes into an amplifier and is then fed into a multichannel
analyzer, which records and stores pulses according to their voltage amplitude into different channels. By
using y-ray sources of known energy, the channel numbers can be related to energy. As an example,
Fig. 10.11 shows the pulse-height spectrum of “°Co recorded from a large Nal(T1) scintillator.
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Fig. 10.11. Pulse-height spectra of ®°Co measured with (a) a large Nal(Tl) scintillation detector and (b) a high-
purity germanium detector. The two characteristic photopeaks are at energies of 1.17 and 1.33 MeV. In (b) a
single (1) and a double escape peak (2) related to the incident 1.33-MeV-photons is apparent, as is an annihilation
peak at 511 keV (3) due to pair production interactions in surrounding materials. Note that incident 1.17-MeV-
photons do not give rise to escape peaks, since the photon energy is only slightly above the threshold for pair
production interactions where the cross section is still very low.

A pulse-height spectrum recorded from a radiation source depends not only on the characteristics of
the radiation to be measured but also on the type of scintillator used and the mechanisms by which the
incident particles transfer their energy to the detector material. Since the ranges of charged particles are
very short in most solid and liquid materials, they deposit their energy almost completely in the detector
material giving rise to a well-defined peak in the spectrum at the particle energy. In the case of y-quanta,
energy is deposited to the detector primarily by the photoelectric effect, Compton scattering, and pair
production. An incident photon undergoing a photoelectric interaction in the scintillator transfers (nearly)
all of its energy to an electron and thus contributes to the ‘photopeak’ in the pulse-height spectrum, which
is located at the energy of the incident photon. In Compton scattering, however, only part of the energy is
transferred to the detector, via the recoil electrons. The scattered photon may either be absorbed by a
photoelectric interaction within the scintillator or may escape from the detector. In the first case, the total
energy of the incident photon is absorbed and the event will contribute to the photopeak. In the second
case, however, the energy deposited by the recoil electron depends on the scattering angle. The ‘Compton
region’ in the spectrum thus ranges from near zero (small-angel scattering) up to a maximum energy
(‘Compton edge’) for 180° Compton scattering. If the energy of the incident photon exceeds 1022 keV,
pair production can occur. When the positron created by this process comes to rest, it combines with an
electron to create a pair of 511 keV annihilation photons. If one or both of these photons escape, the
energy deposited in the scintillator is reduced by 511 or 1022 keV, respectively. As a consequence, addi-
tional ‘photopeaks’ — denoted as single and double escape peaks — appear in the spectrum at energies of
511 keV and of 1022 keV below the corresponding full-energy photopeaks (cf. Fig. 10.11). Finally, low-
energy peaks may appear in the spectrum resulting from y-quanta that are scattered in material outside of
the scintillator, and enter the detector having lost most of their energy. However, these backscatter peaks
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area usually easy to identify due to their low energies (<250 keV). Since both the energy and relative
emission probability of y-rays released by a radioactive decay is a characteristic property of nuclides,
v-spectroscopy is widely used for the identification of nuclides in a sample or in the environment
[94ICR2]. A discussion of the various aspects related to particle spectroscopy can be found in [00Kno,
95Tso].

Scintillation detectors not only have a markedly higher detection efficiency for y- or X-rays than gas-
filled ionization detectors due to the higher density of the detector material but also a much shorter re-
solving time which allows them to respond more linearly to higher count rates than Geiger-Miiller count-
ers. Therefore, scintillation counters are frequently applied for particle counting and identification. As an
example, Fig. 10.12 shows a portable Nal spectrometer for the localization, identification, and meas-
urement of y-rays. A major limitation of scintillation detectors, on the other hand, is their poor energy
resolution. The reason is that an average energy loss of 100 eV or more in the scintillator material is re-
quired to release one photoelectron from the photocathode of the PMT and that, consequently, the average
number N of photoelectrons — or information carriers — produced by an incident ionizing particle is no
more than a few thousands. Due to the random nature of the interaction processes, the standard deviation

characterizing the statistical fluctuations in that number is proportional to /N and the relative un-
certainty proportional to 1/ JN . Therefore, there is a significant inherent limitation on the energy reso-

lution of scintillation counters [00Kno]. For example, scintillation detectors used in y-spectroscopy typi-
cally show an energy resolution in the range of 5-10 % (cf. Fig. 10.11a). The intrinsic statistical limit on
energy resolution can only be reduced by increasing the number of information carriers created per unit
energy lost by the incident radiation — as, for example, by the use of semiconductor materials.

Fig. 10.12. Portable Nal spectrometer with 496 channels for the
localization, identification, and measurement of y-rays with an energy
between 25 keV and 2 MeV. (Courtesy Berthold Technologies).

10.1.4 Semiconductor detectors

Semiconductor detectors have experienced a rapid development in the last decades. They are basically
solid-state analogs of gas-filled ionization detectors, in which electron-hole pairs are created by incident
ionizing radiation instead of electron-ion pairs.

Semiconductors are made of crystalline materials whose electrical conductivities are midway between
those of conductors and insulators. Their electrical properties are characterized by their crystal structure:
According to quantum theory, the energy of an electron in the crystal must fall within well-defined bands
— the valence or the conduction band, which are separated by a forbidden energy gap. The most common
semiconductor materials used are silicon and germanium which crystallize in the diamond structure
(Table 10.4). In this structure, the four valence electrons form covalent bonds with each of the four
nearest neighbor atoms in the crystal and are thus — at least at very low temperatures — immobile. The
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energy gap between the valence and conduction band is, however, much smaller in semiconductors (about
1 eV) than in insulators (more than 5 eV) and thus ionizing radiation, light, or heat can easily break
covalent bonds and raise electrons into the conduction band, leaving behind electron vacancies or ‘holes’
in the valence band. When an electric field is applied across a semiconductor crystal, ‘free’ electrons in
the conduction band and positive ‘holes’ in the valence band, which act as positive charge carriers, move
towards the positive and negative terminal, respectively, and establish a small current when the terminals
are connected to a detection circuit. The problem is, however, that at non-zero temperatures electron-hole
pairs will be thermally generated in the semiconductor material and that the random fluctuations that un-
avoidably occur in the resulting steady-state leakage current are too high, even in the highest resistivity
materials available, to permit the detection of the minute current caused by electron-hole pairs initiated by
an ionizing particle. This problem can be solved by using the favorable properties of a p-n semiconductor
junction, which acts as ‘blocking’ contact with an extremely high resistance and thus reduces the leakage
current through the bulk of the semiconductor material.

Table 10.4. Physical properties of silicon and germanium (data from [95Tso] and [99Lut]).

Property Silicon Germanium
Atomic number 14 32

Atomic weight 28.1 72.6
Density at 300 K [g/em’] 2.33 5.32
Energy gap at 300 K [eV] 1.11 0.67
Intrinsic resistivity at 77 K [Qm] oo 500
Intrinsic resistivity at 300 K [Qm] 2300 0.47
Average energy per electron-hole pair at 77 K [eV] 3.7 2.96

Average energy per electron-hole pair at 300 K [eV] 3.65 -

To this end, a pure semiconductor is doped on one side with pentavalent impurity atoms (for example,
phosphorus, antimony, or lithium) and on the other side with trivalent impurity atoms (for example, bo-
ron, gallium, or indium). When present in small concentrations, the impurity atoms will take the place of
a tetravalent normal silicon or germanium atom in the lattice and introduce only lightly bounded excess
electrons or additional electron vacancies (holes) in the crystal lattice, respectively. A semiconductor
material containing an electron-donor impurity is denoted as n-type material, material doped with a hole-
forming impurity as p-type material. As already mentioned, the essential part of a semiconductor detector
or diode is the region in the vicinity of the interface between the p-type and n-type material, which is
denoted as p-n junction. Due to the difference in the concentration of electrons and holes between the two
materials, electrons diffuse into the p-region and holes into the n-region. As a consequence, the diffusing
electrons fill up holes in the p-region while the diffusing holes capture electrons on the n-side, leaving a
region completely depleted of mobile charge carriers, as schematically shown in Fig. 10.13. Since p- and
n-type materials are originally electrically neutral, the diffusion process creates a net negative and
positive space charge on the p-side and n-side of the junction, respectively. At equilibrium, the electric
diffusion potential (about 0.5 - 1 V) across the p-n-junction results in the transport of charge carriers in
the opposite direction which precisely balances the diffusion process of charge carriers and limits the ex-
tension of the depletion region to rather small depths (about 50 to 100 um). However, the region where
the electric field exist — and thus the depletion depth — can be increased by applying a strong reverse-bias
voltage across the semiconductor, as illustrated in Fig. 10.13. It is important to note, that thermal gen-
eration of electron-hole pairs in the depletion region does not result in a considerable steady-state concen-
tration of carriers because removal of these carriers is a much faster process than their creation. There-
fore, the small concentration of carriers created by ionizing particles can easily be detected above the
highly suppressed concentration of thermally generated carriers [00Kno].
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Pure semiconductor crystals, referred to as wafers, are grown from the melt of high-purity polycrys-
talline silicon or germanium material with the help of a seed crystal of defined orientation. A p-n junction
detector is usually produced by depositing sufficient p-type impurities into one end of a uniformly
n-doped wafer so as to change that end into a p-type material. This can be done either by diffusion or
implantation of dopants, or by a combination of both processes. A more detailed description of the fabri-
cation and design of semiconductor detectors and of their application is presented in [99Lut].

Deplgtion Fig. 10.13. Schematic representation of a p-n detector or

%I region |<7 diode. At the junction, electrons diffuse into the
PO @E@ ®c e clectron p-region and fill up holes while holes diffuse into the
o o @E@ ® @). @). 44. o hole n-region and capture electrons. This process results in a

(© negative ion  region completely depleted of mobile charge carriers (grey

CHCHCICHORS) S @ positive ion area). By applying a reverse-bias voltage, the depth of the
depletion region is increased.

p — material n — material

For particle spectroscopy, semiconductor detectors are operated in the pulse counting mode. As in the
case of a scintillation detector, the charge created in the detector material is transformed by means of a
charge sensitive preamplifier stage into a voltage pulse, the height of which is proportional to the energy
deposited by an incident ionizing particle in the depletion region. The energy resolution of a semicon-
ductor detector, however, is much better than that of a scintillation counter, since the average energy re-
quired to produce an electron-hole pair in a semiconductor material (about 3 eV, cf. Table 10.4) is much
smaller than the average energy required to release a photoelectron from the photocathode of the PMT
(more than 100 eV). The superior energy resolution is demonstrated by the comparative pulse-height
spectra of “Co plotted in Fig. 10.11. Whereas silicon is the most widely used semiconductor material for
charged particle detection, germanium is the preferred material for y-spectroscopy because of its much
higher atomic number (cf. Table 10.4) and thus its greater photoelectric cross section. In contrast to
silicon, however, germanium must be operated at cryostatic temperatures because of its relatively narrow
energy gap between the valence and conduction band. A principal drawback associated with all semicon-
ductor detectors is the degradation in performance which can be brought about by radiation damage.

At low energies, the efficiency of semiconductors for y-detection is a function of photon cross-section
and window thickness, whereas at higher energies the total active detector volume becomes the most
important factor. Germanium detectors can be fabricated in many different geometries thus offering
devices that can be tailored to the specific needs of the measurement [cf. 95Tso]. With the exception of
the well-type configuration, the efficiency of germanium detectors is low relative to Na(Tl) scintillators.
This is, however, more than compensated for by the better energy resolution. As representative examples,
Fig. 10.14 shows detector efficiency and energy resolution curves for various types of germanium
detectors. To take full advantage of their intrinsic energy response, detectors with thin contacts — such as
low-energy germanium (LEGe) and reverse electrode germanium (REGe) detectors — are usually
equipped with a beryllium cryostat window.

In the last decade, compound semiconductors have gained increasing interest as detector materials
applicable to y-spectroscopy [00Kno]. Particularly cadmium zinc telluride (CdZnTe) based detectors have
been developed intensively and have recently seen significant improvements [01Tak]. These devices offer
some major advantages: operation at room-temperature due to the wide band gap of the material, a resolu-
tion that is intermediate between that of scintillation detectors and germanium devices, and a high density
of the crystal providing excellent stopping power over an energy range of a few keV to over 1 MeV.
Based on these features, portable y-spectrometers have been developed for radiation protection measure-
ments.
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Fig. 10.14. Typical performance parameters for various types of germanium detectors frequently used for y-spectros-
copy. (a) Absolute detector efficiency as a function of energy compared to that of a 37 x 37 mm? Na(TI) crystal at a
detector to source distance of 25 cm. (b) Energy resolution (full-width at half-maximum, FWHM) as a function of
photon energy. Well: well-type Ge detector, REGe: reverse electrode Ge detector, LEGe: low-energy Ge detector,
BEGe: broad energy Ge detector, Coaxial: coaxial Ge detector. (Figures adapted with permission from Canberra
Industries).

Fig. 10.15. Direct-reading electronic personal dose and
dose rate meter for measurements of X- and y-rays over
the energy range from 60 keV to 3 MeV with an
accuracy of the dose reading of = 15 % between 1 puSv
and 10 Sv. The detector system, which utilizes an
energy compensated silicon diode, is calibrated to give
directly the personal dose equivalent /7,(10). (Courtesy
Rados Technology).

With recent improvements in their applicability and reliability, silicon (PIN) diodes have also become
popular as radiation detectors in electronic pocket dosimeters (cf. Fig. 10.15). To measure the absorbed
dose, it is more appropriate to operate these devices in the current mode, since the current measured with
a silicon diode is nearly proportional to the absorbed dose rate in soft tissue for photon energies between
150 keV to well over 1 MeV. The reason is that the mass absorption coefficients for silicon is within
10 % of soft tissue values over the given range of photon energies and thus conversion of photons into
energetic electrons is similar in both cases [00Kno]. At lower energies, however, photon absorption in
silicon deviates considerably from that in tissue. It is thus necessary to compensate for this effect by
employing metallic filters around the detector. There are different approaches to realize energy com-
pensation: One approach, which is designed to measure both y-quanta and B-particles, is to use three
diodes in parallel with individual filters to produce an appropriate energy response that is approximately
energy-independent down to about 17 keV [95Hir]. A more cost effective solution is to use a single diode
with a simple filter, usually tin, to flatten the energy response — with the major disadvantage of giving up
response to photons with an energy below about 60 keV. By using a composite filter of two or more
filters together with several openings, however, it is not only possible to compensate the energy response
of a silicon diode but also to maintain an extended low energy response [960ls]. As compared to passive
personal monitoring devices such as photographic films or thermoluminescence dosimeters, described in
the subsequent sections, electronic personal dosimeters offer various advantages, such as real-time
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measurement and display of the dose rate and cumulative dose, audible warning of radiation fields at user
settable alarm levels, and the possibility to transmit data for remote readout and evaluation by dosimetry
management system.

10.1.5 Thermoluminescence and radiophotoluminescence detectors

The use of thermoluminescence detectors (TLDs) is another common method of solid-state dosimetry
based on the electrical properties of crystals. In these crystals, too, electrons are raised by ionizing radia-
tion from the valence into the conduction band. In contrast to scintillation materials, however, the elec-
trons and holes formed by the excitation process do not recombine immediately but are caught in ‘traps’
for long periods of time at room temperature, as shown in Fig. 10.16. Whereas in some natural materials
traps are formed by lattice imperfections and impurities inherent to the crystal, small concentrations of
impurity (e.g., Mn, Ti, Tm, Mg, Dy) must be added in others, which function as an activator. Some TL
materials commercially available are CaSO4:Mn, CaF,, CaF,:Mn, CaF,:Dy; Li,B,07,:Mn, LiF, LiF:Mg,
Ti, and LiF:Mg, Cu, P (activators are given after the colon). The choice among TL materials depends on
different factors: (1) the energy depth of the traps, which determines the number of charge carriers
trapped per unit of absorbed dose and thus the sensitivity of the TL detector, (2) the retention of the
trapped carriers for longer periods of time at normal temperatures, and (3) linear response over a large
dose range.
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Fig. 10.16. Energy-level diagram of a TLD crystal. & ,:' \\\
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would be thermally released first. The dashed lines from 5‘0 °C to 325 °C within 2_0 8. .The curves are
represent drift of charge carriers in the valance and normalized to the same maximum intensity.

conduction band.

The charge carriers stored in a TLD after having been exposed to radiation can be released by heating
the detector, e.g., by a stream of heated gas, by laser light, or by heating the support. As schematically
shown in Fig. 10.16, this process provides sufficient thermal energy to electrons or holes so that they are
raised back into the valence or conduction band, respectively. ‘Free’ electrons (or holes) can migrate
towards the position of a trapped hole (or electron) and recombine with the emission of light. The photons
emitted by the heating process are detected by a photomultiplier tube (PMT) as in the case of a scintilla-
tion detector (cf. Section 10.1.3). The PMT output signal, which is proportional to the number of photons
released in the TL material, is detected and plotted as a function of temperature or time during heating
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with a constant rate. The resulting plot is denoted as *glow’ curve, which may consist of various resolved
or unresolved glow peaks if there are several types of traps in the TLD material — each of which is
characterized by a specific depth or binding energy (Fig. 10.17). The area under either the entire curve or
individual peaks is a measure of the number of trapped charge carriers and thus of the amount of energy
absorbed in the crystal. Determination and analysis of glow curves are performed by dedicated devices
denoted as TLD readers (Fig. 10.18). Since the intrinsic TL efficiency, i.e. the ratio between the light
energy emitted per unit of detector mass and the absorbed dose, is in the order of 1 % only, TLDs must be
used under reproducible conditions to obtain consistent results. One important aspect is to thoroughly
deplete all traps in the detector before it is reused for dose measurements. To this end, the temperature of
TLDs must be raised to relatively high values over longer periods of time in an annealing oven (cf. Fig.
10.18). TLD dosimetry is a relative measurement technique and thus TLDs have to be calibrated
individually against absolute dosimetry systems such as a calibrated ion chamber. Details on TLD
dosimetry and calibration are presented in [86Att, 00Sha].

TLDs are available in diverse forms — such as loose powder, chips, rods, rings, or small wafers — and
are widely used as single element dosimeters or assemblies for a large variety of radiation protection
measurements (Fig. 10.18). They have found, for example, an important place in personal monitoring and
are rapidly replacing the use of photographic films discussed in the next section. In personal monitoring
devices, one or more small TLD elements are usually assembled into rigid aluminum cards and mounted
within shielded filter-holders. For this and many other purposes, LiF:Mg, Ti is the material of choice
because it is approximately tissue-equivalent (effective atomic number of 8.2 compared to 7.4 for tissue)
and almost energy-independent for photons with an energy between 0.1 and 3 MeV [86Att]. Moreover, it
is to some extent sensitive to thermal neutrons, since natural lithium (TLD-100) contains to 7.4 % °Li that
has a high (n,0:) capture cross section. The response to neutrons can be enhanced or reduced by using °Li
(TLD-600, with 96.5 % °Li) or "Li enriched material (TLD-700, with 99.99 % "Li) (cf. Section 10.1.7).

a C

Fig. 10.18. (a) TL detectors for radiation protection measurements (chips, rods, and ring). (b) TLD reader for the
evaluation of irradiated detectors. (¢) Annealing oven for the preparation of the detectors. TL detectors are placed
in a metallic container which comes into contact with two heating plates to ensure optimal thermal equilibrium.
(Courtesy PTW Freiburg).

In some substances — such as BeO, LiF, Al,O3;, CaSO,, and some alkali halides — electrons liberated
during the heating procedure may also have a chance to leave the material when the trap sites are located
in a thin (<10 nm) surface layer. This process, that is closely related with the conventional TL mechanism
[99Sak], is referred to as thermally stimulated exoelectron emission (TSEE). The low energy exoelectrons
can be detected, for example, by a windowless proportional or Geiger-Miiller counter (cf. Section
10.1.2.3 and 10.1.2.4, respectively). The number of exoelectrons detected is proportional to the dose in
the surface layer. TSEE dosimetry has gained interest since it can be used for the measurement of weakly
penetrating radiation, such as low energy y-quanta or o- and B-particles [86Sch].

A limitation of conventional TLD technology is the complete annealing of populated traps, when the
material is heated during the readout process. Therefore, alternative luminescence techniques have been
investigated that permit successive readouts and the construction of integrating dosimeters. An approach
that has been applied more frequently in health physics is based on the optical phenomenon of radio-
photoluminescence (RPL) [68Att, 87Per]. RPL is a property of certain substances to emit fluorescent light
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in the visible range upon irradiation with ultraviolet light, when the substance has previously been
exposed to ionizing radiation. Although various materials exhibit this property, silver-activated meta-
phosphate glasses are most commonly used. In RPL glasses, ionizing radiation results in the formation of
stable fluorescing centers that emit orange light (about 640 nm) under (pulsed laser) ultraviolet stimula-
tion (365 nm) [93Pie]. The intensity of fluorescence light, which is determined with a spectrally matched
PMT as in the case of traditional TLD readout, is proportional to the number of light centers and hence to
the radiation dose. Since the light centers are not destroyed by ultraviolet excitation, the readout proce-
dure can be repeated as often as necessary. For practical application as personal dosimeters, optimized
RPL (“Yokato’) glasses are covered with metal filters or capsules which provide largely energy-inde-
pendent dose measurements for y-quanta with an energy above 50 keV [72Kie, 96Hoh].

10.1.6 Photographic films

Film dosimetry is an attractive technique for many applications — especially in medical physics — due to
its high spatial resolution, wide accessibility, and the flexibility to place the film in humanoid phantoms
[00Sha]. Furthermore, photographic films are still widely used for monitoring radiation exposure of per-
sonnel although they do by no means meet the requirements of an ideal personal dosimeter in all respects.
Photographic films consist of an emulsion of microscopic grains of silver halides, usually silver bromide,
dispersed in a gelatine layer on one or both sides of a transparent film base of cellulose acetate or
polyester. The photographic process is very complicated. A thorough discussion of the complex ex-
perimental and theoretical aspects, which are considerably simplified in the following description, can be
found in [02Bus] and [81Bar], respectively. When the silver bromide grains in the emulsion are exposed
to visible light or ionizing radiation, bromide ions absorb energy and are oxidized. The electrons from this
oxidation process reduces silver ions to silver atoms. Experimental evidence indicates that a minimum of
three to five reduced silver atoms form a ‘sensitized’ grain, that can act as a catalyst for the chemical
amplification process during film development. When the film is placed in a chemical developer solution,
all silver ions in the grains will be reduced to silver atoms — independently of whether the grains were
affected by ionizing radiation or not. Silver atoms in ‘sensitized’ grains, however, greatly enhance the rate
of reduction of additional silver ions. Based on this fact, the chemical development process is terminated
after a time at which the reduction process in ‘sensitized’ grains is completed by taking the film out of the
developer solution and placing it in a fixing solution that neutralizes residual developer present on the
film. The chemical development process greatly increases the number of silver atoms and makes the
radiation effect measurable. To ensure reproducibility of the results, careful control of the developing
procedures is essential.

The degree of macroscopic blackening of the processed film depends on the number of silver atoms
deposited and thus on the amount of energy absorbed. It is usually expressed in terms of the optical den-
sity OD which is defined in terms of the transmission of light through the film as OD =log,,(1,/1),

where /, and / are the intensities of a light beam measured by an optical densitometer in front and behind

the film. The relation between the optical density of the film and the exposure is described by the ‘char-
acteristic curve’ for the particular film — typically a sigmoid-shaped curve with three characteristic re-
gions: At low exposures, the optical density is low and independent of exposure level. Next, there is a
segment over which the optical density and the logarithm of the exposure are approximately linear re-
lated. This is the region of normal operation. In the third segment, which corresponds to large exposures,
the film becomes saturated since all silver ions are converted to metallic silver [81Bar].

The response of photographic films is strongly dependent on radiation energy. For photon energies
below 100 keV, for example, the relative sensitivity is between 10 and 50 times higher than at higher en-
ergies [86Att]. In order to flatten the energy response, film badge dosimeters contain a set of metallic
filters of various materials and thicknesses over different regions of the film as shown in Fig. 10.19. By
comparison of the optical density behind these filters, it is possible to get rough spectral information
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which can be utilized to take the energy dependence of the film’s sensitivity approximately into account.
Disadvantages of film badge dosimeters are, firstly, the considerable angular dependence of the detection
efficiency and, secondly, fading of ‘sensitized’ grains in the period between exposure and development
[72Kie]. Both effects can result in a considerable underestimation of radiation exposure.

interior view Fig. 10.19. Film-badge dosimeter
for personal monitoring. The inte-
rior view of the holder shows at
the back and front an open
window, three copper filters of
different thickness, and a staggered
lead / tungsten filter to identify the
direction of the incident radiation.
The light-tight wrapping contains
two dosimetry films of different
sensitivities.

FI5948¢8

back film front

10.1.7 Detectors for neutrons

In the previous sections, devices for the detection of photons and charged particles have been described,
which deposit their energy in matter predominantly via electromagnetic interactions — in particular by
inelastic collisions with the atomic electrons. In contrast, the interaction of fast neutrons with matter
occurs through processes with the nucleus, e.g. elastic or inelastic scattering or various nuclear reactions.
The most important nuclear reactions for the detection of neutrons in the eV to keV region are (n,o) and
(n,p) reactions, such as °Li (n,0) °H, "°B (n,ot) 'Li, or *He (n,p) °H, in which a neutron is captured and a
charged particle is released. These substances have a high sensitivity at low neutron energies, which is of
particular advantage considering the low dose rate levels routinely encountered in radiation protection,
but become more and more ineffective at higher neutron energies E because the capture cross sections

vary as 1/4E . Instead, elastic scattering of neutrons at nuclei becomes the most relevant interaction
mechanisms, giving rise to recoil nuclei. Whereas the energy transfer to a recoil nucleus is very ineffec-
tive in the case of heavy nuclei, an incident neutron can transfer up to its entire energy in a single colli-
sion to a hydrogen nuclei (proton) because neutrons and protons have nearly the same mass. Therefore,
detectors with a high content of hydogen in the detector or cover material are used for neutron detection
by measuring the recoil protons. In addition, hydrogen-containing materials, so-called moderators, can be
utilized for slowing down of fast neutrons to thermal energies. A more quantitative discussion of the
various interaction processes, by which neutrons transfer all or part of their energy to charged particles
capable of exciting and ionizing, can be found in [72Kie, 00Kno, 94Leo].

A sensitive and simple counting device for slow neutrons is a proportional counter filled with BF; gas,
usually enriched to more than 90 % in '°B. In such a counter, BF; gas not only serves as the target for
slow neutron conversion into oi-particles via the above mentioned '°B (n,0) "Li reaction but also as filling
gas. Since o-particles yield a much higher output signal than y-particles, BF; counters can be used to
discriminate between the neutron and y-component in a mixed n-y field (cf. Section 10.1.2.3). By sour-
rounding the counter by a moderating material (e.g. paraffin or polyethylene) in which the neutrons are
slowed down, it can also be utilized for the detection of fast neutrons. An alternative approach for the
detection of slow neutrons is the use of proportional counter, the walls of which are coated with a layer of
B,0O; or BC4. Such ‘boron-lined counters’ offer the flexibility to use more appropriate filling gases than
BF; [00Kno, 95Tso].

A particular problem in neutron dosimetry is the broad energy range that can occur and the consider-
able variation of detector response over this range. Nevertheless, dosimeters for routine area monitoring
can be constructed in such a way that the shape of their fluence response as a function of energy approxi-
mate that of the fluence-to-dose equivalent conversion function and thus will give a reading approxima-
tely proportional to the ambient dose equivalent H*(10) over most of the energy range of interest
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(cf. Section 4.5.3.3 and [01ICR]). To this end, thermal-neutron detectors are surrounded by a moderator,
whose material and geometry is chosen to optimize the desired response function. A widely used survey
instrument is the ‘rem counter‘ shown in Fig. 10.20. It consists of a massive sphere with a diameter
between 25 and 30 cm of hydrogenous material — usually polyethylene with additional layers of cadmium
or boron — that serves as neutron moderator surrounding a thermal-neutron detector, e.g. a “He
proportional tube. An extension of this approach is the ‘Bonner sphere’ spectrometer, which uses
different moderator spheres with diameters ranging from 5 to 30 cm. Since the response functions for the
diverse moderator spheres differ in shape and position of the maxima, the energy distribution of a neutron
field can be derived from count rate measurements performed separately for each of the spheres [00Kno,
00Shal].

Shielding
Front window E ——Body
SLiF TLD f
"LiF TLD
Albedo window
Shielding

Fig. 10.21. Schematic representation of an albedo TLD
dosimeter consisting of two pairs of *LiF - "LiF detectors
that are shielded by cadmium- or boron-loaded material
either against incident thermal neutrons or albedo
Fig. 10.20. Dose rate monitor (‘rem counter’) for the  neutrons from the rear.

measurement of neutron ambient dose equivalent

H*(10) for neutrons up to an energy of 20 MeV. The

detector system consists of a proportional counter tube

centered in a moderator sphere with a diameter of 250

mm. (Courtesy Berthold Technologies).

As described in Section 10.1.2.3, tissue-equivalent proportional counters (TEPCs) are capable of
measuring absorbed dose to the sensitive gas volume and of determining an approximation of the dose
equivalent by its spectroscopic properties. They thus provide additional information normally not avail-
able from other neutron-measuring instruments. Due to practical limitations, however, TEPCs are not yet
readily usable in everyday routine monitoring [01ICR, 00Shal].

For personal monitoring in mixed n-y fields, the most commonly used devices today are albedo TLD
badges, containing TL detector chips with a high fraction of °LiF (such as TLD-600), that has a large
SLi (n,00) *H cross section for thermal neutrons, as well as chips with a high fraction of "LiF (such as
TLD-700), that is insensitive to neutrons. The dosimetry of fast neutrons becomes possible when the
batch is held closely to the body where it will be exposed to low energy neutrons that are backscattered
from the body as the result of the moderation of fast neutrons within the body. These scattered neutrons
are called albedo neutrons. As an example, Fig. 10.21 shows the schematic design of a TLD albedo do-
simeter that consists of two pairs of °LiF - 'LiF detectors. One pair is shielded from the rear with a ther-
mal-neutron absorber (e.g. cadmium- or boron-loaded plastic) the second from the front. The readings
obtained from the incident-neutron and albedo-neutron detectors are combined into an overall calculation
of neutron dose equivalent. It should be mentioned, however that the resulting dose equivalent response
of the dosimeter varies greatly with neutron energy at intermediate and high energies. Therefore, a single
calibration factor cannot be used in different neutron fields with widely varying spectra if accurate dose
results are to be obtained. In such cases, it is necessary to keep a record of the location in which the TLD
batch was used, and to apply the appropriate calibration factor for the reading [01ICR].
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Alternatively, etched-track detectors are used for neutron personal dosimetry. These passive devices
utilize the ability of some materials to register the tracks of (neutron induced) charged particles as damage
to their structure. The permanent damage tracks can be greatly enlarged by chemical or electrochemical
etching procedures. The resulting conical etched pits in the material at the damage sites are visible to the
naked eye and can be counted automatically by optical systems. Most frequently, plastic foils of
‘polyallyl diglycol carbonate’ (PADC, also known by the trade name CR-39) are used, which are
uniquely sensitive to recoil protons released by neutrons passing through the material. PADC is sensitive
to fast neutrons with an energy down to about 100 keV, and, by adding a converter layer, also to thermal
and epithermal neutrons. PADS foils are insensitive to photons and B-particles and are thus suitable to
measure the neutron component in a mixed n-y field [01ICR, 97Bar]. (Due to the same reason, PADC
detectors are used to estimate personal radon doses as well as integrated indoor radon concentrations by
detecting the o-particles from the decays of radon and its daughter products.)

Superheated-drop or bubble detectors can be employed for both area and personal monitoring. They
consist of microscopic droplets of liquid halocarbons and hydrocarbons dispersed in a gel or polymer
matrix. The liquid droplets are superheated and are thus in a metastable state. When a neutron interacts
with a nucleus inside or near a droplet, the resulting secondary charged particles locally increase the
temperature and thus cause local vaporization. By this process, small vapor bubbles are formed that begin
to expand by vaporizing adjoining liquid. If a vapor bubble reaches a critical size, all of the liquid in the
droplet will be vaporized resulting in a visible gas bubble with a diameter of up to a millimeter. If the
neutron energy exceeds a specific detector threshold — which depends on the atomic composition and size
of the superheated droplets and the temperature and pressure of the matrix — the overall absorbed energy
is correlated to the number of bubbles in a vial [01ICR, 00Kno, 00Sha]. Typical sensitivities are in the
range of a few bubbles per uSv. Bubble detectors can be constructed as passive or active devices. In the
first case, the superheated droplets are dispersed in a viscous polymer gel so that the bubbles remain fixed
and thus can be counted at the end of the measurement by eye or automatically using an optical scanner.
Active devices can be realized, for example, by placing an electro-acoustic transducer in contact with the
detector, so that each time a bubble is formed, the sound that is produced is converted into an electrical
pulse. An important feature of all superheated drop detectors is their almost complete insensitivity to
photons and electrons with energies up to about 6 MeV [01ICR].

Further types of neutron detectors for area and personal monitoring as well as guidance concerning the
measurement of operational dose equivalent quantities for neutron radiation are given in [01ICR, 99AIb].

10.1.8 Biological dosimetry

The human genome contained in the cell nucleus is physically carried by 46 chromosomes, each of which
is composed of an extremely long, double-stranded helical DNA molecule in a closely packed form.
Chromosomes are clearly visible through a light microscope during the metaphase — a certain stage of cell
division, in which the condensed chromosomes become attached to spindle fibers and lie in a central
plane of the nucleus. In this stage of cell cycle, chromosomes are already replicated (doubled). The newly
formed twin chromosomes, which are called chromatides, remain temporarily attached to each other at a
point, the centromere, located near the center of each of the chromatides (Fig. 10.22a).

There is a large body of evidence that biological effects of ionizing radiation result principally from
damage to DNA. The most important effects caused by ionizing radiation are breaks in the DNA double
helix. Single-strand breaks are restored immediately by molecular repair mechanisms using the opposite
DNA strand as a template. If the repair is incorrect, the genetic information is altered. Although such
point mutations may lead to inherited effects of offspring or the induction of carcinogenesis, they do not
result in chromosomal aberrations visible under the microscope. On the other hand, breaks at both strands
on opposite sides of the double helix that are juxtaposed may lead to a double-strand break. When this
happens, different types of chromosomal aberrations can be observed: If the radiation-induced damage
occurs before the chromosomes have been replicated, the lesion is dublicated during DNA synthesis and
thus both chromatides show the same aberration (chromosome aberration). If, on the other hand, the cell
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is irradiated after the DNA material has already been doubled, only one of the two twin chromatides is
damaged (chromatide aberration). Gross distortions that are clearly visible in the metaphase are di- and
tricentric chromosomes. They are formed when a break occurs in two or even three chromosomes and the
centric fragments — carrying the centromere — incorrectly join with each other at their broken ends. The
remaining acentric fragments are lacking a centromere and can thus easily be detected in the metaphase,
too. A detailed description of the various types of radiation-induced chromosomal aberrations is presented
in [OOHal].

Cytogenetic analysis of chromosomal aberrations is a valuable tool for retrospective dose assessment
of individuals that are accidentally overexposed to ionizing radiation. It fills a gap in dosimetry, since the
radiation effect on the human body is determined directly without the intermediary of dosimetric meas-
urements using technical devices. Scoring of chromosome aberrations in peripheral blood lymphocytes,
mainly the dicentric assay, is regarded as the most specific method and has become a routine component
of accidental dose assessment [02Voi]. Figure 10.22a shows representative chromosome aberrations in a
metaphase preparation of irradiated lymphocytes. Many studies in animals and humans have shown a
good relation between the results obtained in vivo and in vitro and this provides evidence that in vitro es-
tablished dose-effect relationships can be used as calibration curves [02Voi]. However, as shown in
Fig. 10.22b, the formation of dicentrics strongly depends on radiation quality and dose rate so that
information about these variables needs to be established for each investigation. As mentioned above,
DNA breaks must be induced in two different unreplicated chromosomes in order to form a dicentric
chromosome. Since this can be achieved either by a single particle breaking on occasion both
chromosomes or two particles each of which damaging only one chromosome, the frequency N of di-
centric chromosomes per cell can be well fitted as a function of dose D by a linear-quadratic model,
N=aD + D* At low doses, one-particle events (described by the linear term, zD) are more frequent,
whereas two-particle events (described by the quadratic term, #D?) dominate at high doses. Besides the
calibration curve used, the precision of dose estimation depends mainly on the number of cells observed
and the background level. In practice, detection of low LET radiation is possible for doses above 150
mGy [02Voi].
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Fig. 10.22. Radiation-induced chromosomal aberrations in human lymphocytes. (a) Metaphase preparation with
normal, dicentric (D), and tricentric chromosomes (T) as well as various fragments (F). (b) Frequency of dicentric
chromosome aberrations per cell for several types of radiation. The curves give the result of linear (low-energy
neutrons) and linear-quadratic fits to measured data. (Courtesy G. Stephan, BfS).
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