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FOREWORD

In 1985, the International Commission on Radiation Units and Measurements (ICRU)
recommended the adoption of a new system of operational quantities for reporting
occupational exposure. The increasing need for worldwide individual monitoring services,
together with the recommended changes in the operational quantities, prompted the IAEA in
1988 to initiate a Co-ordinated Research Programme (CRP) on Intercomparison for Individual
Monitoring. The CRP was established to provide participants with an opportunity to assess
(1) their ability to measure external photon radiation fields and (2) the potential impact of
introduction of the new operational quantities on their dosimetry programmes.

The first phase of the programme (1988-1989) was conducted with 21 participating
laboratories from 19 Member States. Based on the results from this intercomparison and on
a subsequent revision of the ICRU recommendations for calibration procedures, a second
intercomparison was conducted in 1990-1991. Twenty-four laboratories from 18 Member
States and three international organizations, including the IAEA, participated.

The exposures were conducted in October and November 1990, and the dosimeters were
returned to the participating laboratories for processing. The results were returned to the
IAEA in the first quarter of 1991. Following review and compilation, each laboratory was
provided with data sheets for their participation, including the reference dosimetry values and
graphical presentations of the results.

The CRP concluded with a Research Co-ordination Meeting held in Vienna, 3-7
February 1992. The results of Phase II of the CRP are presented in this document, which
includes a compilation of the presentations and conclusions from that meeting.

The IAEA wishes to thank all the participants for their contributions to the
intercomparison. Special thanks are due to J. Böhm and to the Physikalisch-Technische
Bundesanstalt (PTB), Germany, for providing excellent technical co-ordination, compilation
and review of the CRP results, as well as publication of the results and proceedings from
Phase I.

Appreciation is also extended to the specialists and laboratories responsible for providing
the dosimeter irradiations: D. Herrmann (PTB, Germany), C. Strachotinsky (Österreichisches
Forschungszentrum Seibersdorf, Austria) and I. Thompson (Central Electricity Generating
Board, United Kingdom).

The success of the CRP depended on the availability of accurate operational quantity
conversion coefficients for the phantoms used in the intercomparison. The IAEA wishes to
thank B. Grosswendt (PTB) for performing the calculations and W. Will (Bundesamt für
Strahlenschutz, Germany) for performing the measurements that have resulted in excellent sets
of conversion coefficients for the PMMA slab and IAEA 30 cm water filled cubic phantoms.

V. Aleinikov of the IAEA's Division of Nuclear Safety initiated the CRP and guided
the programme until he left the IAEA in September 1988. R.V. Griffith, also from the
Division of Nuclear Safety, continued the work and was responsible for the final compilation
of this document.



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts as submitted by the authors and given some attention
to the presentation.

The views expressed in the papers, the statements made and the general style adopted are the
responsibility of the named authors. The views do not necessarily reflect those of the governments of
the Member States or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
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1. REVIEW OF THE
INTERCOMPARISON PROGRAMME



INTRODUCTION

R.V. Griffith
Division of Nuclear Safety,

International Atomic Energy Agency,
Vienna

In 1985, the International Commission on Radiation Units and Measurements (ICRU)
introduced a new set of operational quantities for radiation protection purposes [1]. These
quantities were introduced primarily to establish a unified system of quantities for operational
monitoring. A significant amount of additional information about the operational quantities
was presented at the end of 1988 [2], and guidance on the practical measurement
considerations related to their use has just been published [3].

In principle, the introduction and general acceptance of the ICRU operational
quantities is consistent with the International Atomic Energy Agency's objective to promote
harmonization in radiation protection. However, the IAEA has been concerned with the
impact of possible adoption of these quantities by its Member States. In an effort to assess
the potential degree of impact, and to begin defining recommendations for calibration
procedures using the new quantities, the IAEA implemented a Co-ordinated Research
Programme (CRP) on Intercomparison for Individual Monitoring in 1987.

The first phase of the CRP was conducted in 1988, and concluded with a Research
Co-ordination Meeting in April 1989. It consisted of exposing dosimeters (Fig. 1) of the
participants to photons at 11 energies over a range from 18 keV to 1.25 MeV. In addition
to an overall intercomparison of dosimetry systems and techniques, there were two primary
areas of concern related to implementation of the operational quantities: (1) phantom selection
for calibration and (2) identification of systematic differences in the quality of dosimetry due
to dosimeter type, design, interpretation, etc. The results of Phase I of the CRP have been
published by the Physikalisch-Technische Bundesanstalt [4].

As a result of the experience with Phase I of the intercomparison and pending
modifications of the ICRU guidance on practical use of the operational quantities, Phase II
was initiated to address issues of phantom and angular dependence, as well as energy
dependence, which had been an important aspect of the Phase I programme. One mixed
energy irradiation was included in Phase II in order to evaluate dosimeter response under
somewhat more practical conditions.

Definitions of the ICRU operational quantities were based on the 30 cm diameter
ICRU sphere of tissue equivalent material [1,2]. However, the relative unavailability of
proper tissue substitute, problems in fabrication, and other practical problems associated with
the ICRU sphere as a calibration phantom have been recognized [5]. These are of particular
concern to developing countries which generally have very limited resources.

Therefore, the recent ICRU guidance on practical application of the operational
quantities [3] recommends the use of a 30 cm x 30 cm x 15 cm PMMA phantom for
calibration of dosimeters to be used for individual monitoring.

In Phase I of the Intercomparison Programme [4], the IAEA was interested in the
possible use of a 30 cm water filled cube as a suitable backscatter phantom for dosimeter
calibrations. Such phantoms are in use throughout its network of 61 Secondary Standards
Dosimetry Laboratories (SSDLs) for calibration of individual monitors.

Phase II was undertaken to evaluate the practical application of the PMMA slab
phantom, including effects of energy and angular response. In addition, phantom related
considerations not addressed in Phase I were included, such as effect of dosimeter placement
of an anthropomorphic phantom, and comparison of response between the slab and
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FIG. 1. Dosimeters used by participants in the Co-ordinated Research Programme,
Intercomparison for Individual Monitoring: Phase I (photograph courtesy of Physikalisch-
Technische Bundesanstalt, Germany).
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FIG. 2. Dosimeters used by participants in the Co-ordinated Research Programme,
Intercomparison for Individual Monitoring: Phase II (photograph courtesy of Physikalisch-
Technische Bundesanstalt, Germany).
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anthropomorphic phantoms. Section 1 of this report contains details of the irradiations used
for Phase II of the CRP.

It was essential to the CRP that photon conversion factors be determined specifically
for the cubic and slab phantoms. Calculations of H(0.07)/Ka and H(10)/Kd from 12 keV to
1.3 MeV for the water filled phantom used in Phase I were provided by B. Großwendt
(Physikalisch-Technische Bundesanstalt (PTB), Germany) [4, 6]. W. Will (Bundesamt für
Strahlenschutz, Germany) provided confirming measurements [4,7]. Additional conversion
factor information for the water filled cube, including the effect of angular response, has also
been published [8-10].

The recommendation by the ICRU for use of a PMMA slab necessitated new
conversion factors, including angular dependence. The calculations and measurements used
to determine these conversion factors are outlined in Section 1 and have been published [11,
12]. Although a significant difference between calculation and measurement was noted at
high angles of incidence (< 85°), at smaller angles the effect is small, and the data can be
used for calibrations or type testing [13]. Even under conditions of rotation, the errors are
about 14% and 7% for 0.662 MeV 137Cs gamma rays and 57 keV X rays, respectively.

The irradiations in Phase II of the CRP were carried out at two standards laboratories
in Austria and Germany (the former German Democratic Republic). Again, technical co-
ordination was provided by the PTB, Braunschweig. The participants consisted of 24
laboratories from 18 countries and three international organizations. One set of data was
presented by two participants using different evaluation techniques, so 25 sets of results are
reported.

Twenty-four different dosimeter designs were submitted - 9 film, 12 TLD, 2
combination TLD/Film, and one phosphate glass (Fig. 2). In all, the participants used
7 different TLD materials (14 separate formulations including dopant variations) and films
from 4 different suppliers. The results are summarized and evaluated in Section 1 and
presented graphically in the Annex.

An important aspect of the CRP was the opportunity for the participants to exchange
information on their dosimetry programmes. Moreover, they represent a significant segment
of the international dosimetry community. Many of them contributed papers related to the
intercomparison during the Research Co-ordination Meeting, and these may be found in
Section 2. Additional details relating to the CRP can be found in Ref. [14].
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SCIENTIFIC AND TECHNICAL ASPECTS OF THE
IAEA INTERCOMPARISON PROGRAMME 1990/1991
FOR INDIVIDUAL MONITORING

P. AMBROSP, J. BÖHM*, R.V. GRIFFITH**,
D. HERRMANN*, C. STRACHOTINSKY***

* Physikalisch-Technische Bundesanstalt,
Braunschweig, Germany

** International Atomic Energy Agency,
Vienna

*** Österreichisches Forschungszentrum Seibersdorf,
Seibersdorf, Austria

Abstract

In 1985 the International Commission on Radiation Units and Measurements introduced a
new set of operational quantities for radiation protection purposes through Report 39. The In-
ternational Atomic Energy Agency has been concerned with the impact of possible adoption of
these quantities by its 113 Member States. In an effort to assess the potential degree of impact,
and to begin defining recommendations for calibration procedures using these quantities, the
Agency implemented a Coordinated Research Programme on Intercomparison for Individual
Monitoring in 1987.

In the first phase of this comparison programme the performance of dosimetry systems to
measure phantom related dose equivalent quantities was investigated. This paper concentrates
on the second phase which was initiated to obtain information that can be used to address the
specific question of phantom selection for dosemeter calibration. This includes support to de-
termine a set of conversion coefficients for a phantom consisting of a 30 cm x 30 cm x 15 cm
slab of ICRU soft tissue, and practical experience with a polymethylmethacrylate phantom of
the same dimensions for calibration. The scientific background of the intercomparison, details
of the irradiation procedure and the check of the irradiation procedure with the TL dosemeters
are described.

1 Introduction
In 1985 the International Commission on Radiation Units and Measurements intro-
duced a new set of operational quantities for radiation protection purposes through
Report 39 [1]. A significant amount of additional information about these quantities
was presented at the end of 1988 in ICRU Report 43 [2]. Recently the ICRU Report 47,
which was available only as a preliminary draft during the intercomparison, has
been published [3]. It is intended to provide practical information on the measure-
ment of these quantities for photons and electrons, and to include guidance on cali-
bration of individual monitors. In particular, the selection of a proper phantom for
calibration of individual dosimeters has received a great deal of attention.
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The International Atomic Energy Agency has been concerned with the impact of
possible adoption of these quantities by its 113 Member States. In an effort to assess
the potential degree of impact, and to begin defining recommendations for calibra-
tion procedures using the new quantities, the Agency implemented a Coordinated
Research Programme on Intercomparison for Individual Monitoring in 1987. This
programme was initiated

a) to identify and promote an internationally agreed concept for individual moni-
toring of external exposure in radiation protection, and

b) to identify ways of improving the accuracy of individual monitoring.

The first phase of the intercomparison programme concluded in 1989, with a Re-
search Coordination Meeting of the participants [4,5]. One of the main purposes of
the first phase of the intercomparison was to investigate the performance of dosime-
try systems to measure phantom related dose equivalent quantities in the light of
ICRU Report 39. It was realized that many countries irradiate their dosimeters free in
air, or report results in terms of free in air defined quantities. It was therefore de-
cided that irradiations should be made both free in air and in front of the water filled
IAEA cube phantom. This would enable participants who use free in air quantities to
check their calibration and testing procedures, while at the same time providing in-
formation on the suitability of their dosimeter to measure phantom dose equivalent
quantities.

When the ICRU quantities were initially proposed, it was envisaged that the 30 cm
diameter sphere of tissue substitute ("ICRU sphere") used for specification of the op-
erational quantities for environmental (area) monitoring should also be recom-
mended as the backscatter phantom to be used for dosimeter calibration. However,
serious questions have been raised among radiation protection specialists about the
practicality of using such a specialized phantom for calibration of dosimeters in op-
erational monitoring. This has lead some national and international authorities to
recommend the use of more simple backscatter phantoms, such as slabs of com-
monly available plastic.

Phase II of the IAEA Intercomparison Programme for Individual Monitoring is being
initiated to obtain information that can be used to address the specific question of
phantom selection for dosimeter calibration. This includes

a) support to determine a set of conversion coefficients for a phantom consisting of
a 30 cm x 30 cm x 15 cm slab of ICRU soft tissue, and

b) practical experience with a polymethyl methacrylate (PMMA) phantom of the
same dimension to calibrate a wide range of dosimeter designs, including evalu-
ation of energy and angular dependence of the response. The experience gained

16



from the intercomparison programme will be conveyed to the ICRU to help in
development of their guidance on use of operational quantities for radiation pro-
tection.

During an IAEA Consultants Meeting in January 1990, it was decided that the do-
simeters should be irradiated only on phantoms, and that the irradiations would be
conducted at two laboratories, the ASMW in the German Democratic Republic, and
the ÖFZS in Austria. As in phase one, the PTB in the Federal Republic of Germany
was responsible for coordinating and evaluating the intercomparison results. To
compare the calibration of the irradiating laboratories prior to the intercomparison,
thermoluminescence dosimeters should be sent to these laboratories by the PTB.

This paper describes the scientific background of the intercomparison, details of the
irradiations, and the check of the irradiation procedures with the thermolumines-
cence (TL) dosimeters. Results of the participants of the intercomparison are given in
another paper in this report [6].

2 Operational quantities and phantoms

ICRU has recommended to use the operational quantities for radiation protection in
the ICRU Report 39. For strongly penetrating radiation, the individual dose equiva-
lent, penetrating, HJW), was defined as the dose equivalent in soft tissue below a
specified point on the body at the depth 10mm. For weakly penetrating radiation,
the individual dose equivalent, superficial, Hs(0.07), was defined as the dose equiva-
lent in soft tissue below a specified point on the body at the depth 0.07mm.

The values of these operational quantities depend on the amount of backscattered
radiation that varies with the size and shape of the person as well as with the point
of interest on the person. Therefore, a unique set of conversion coefficients from air
kerma free in air, Ka, to one of these operational quantities cannot exist. However,
conversion coefficients are available for calibration and type-testing purposes, where
the person is replaced by a phantom.

It was decided for this intercomparison that the dosimeters would be irradiated on
the front surface of a phantom. The irradiations were conducted in a parallel photon
beam, incident on the phantom front surface at a specified angle. The photon fluence
produced by the irradiation device should be essentially constant over the front sur-
face of the phantom. For dosimeters worn on the trunk, the human body was repre-
sented by a PMMA slab phantom (dimensions 30cm x 30cm x 15cm).

The operational quantity for this intercomparison was chosen to be the dose equiva-
lent, Hsi(d), in soft tissue at the depths d = 0.07 mm and d = 10 mm respectively, be-
low the midpoint of the surface of the front face of a 30cm x 30cm x 15cm slab phan-
tom of soft tissue.
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The choice of this operational quantity, however, gives rise to two problems:

a) Material equivalence: the material of the phantom on which the dosimeters are
irradiated and in which the operational quantity is defined are different. At the
energy for maximum photon backscatter (about 40keV), the difference in back-
scatter factors for normal incidence is about 8 % between soft tissue and PMMA.

b) Shape equivalence: the shape of the human chest differs from the shape of a slab
phantom. It is important to know how much the angular response of a dosimeter
is affected by this difference in shape.

The severity of these problems is expected to depend on the construction of a dosi-
meter and its evaluation procedure. Therefore, a number of dosimeters were irradi-
ated on a PMMA slab phantom and on the chest of an anthropomorphic phantom at
various angles of incidence, and under rotation.

3 Radiation qualities, conversion coefficients
The decision to use Hsf(d) as the operational quantity was taken, although the avail-
able conversion coefficients Hsi(d)/Ka data for the soft tissue cube were rather limited
at that time, whereas a complete set of data for the sphere was available. For plan-
ning purposes, conversion coefficients determined for the IAEA 30cm cubic water
filled phantom used in the first phase of the intercomparison programme were dis-
tributed to the participants at the beginning of the second phase. In the course of the
intercomparison, data for the slab phantom consisting of soft tissue became avail-
able. The numerical data of the Hsi(d)/Ka values for a parallel photon beam incident
normally on the phantom (angle of incidence a=0°) are given, together with other
details of the radiation qualities used during the intercomparison, in Table 1 [7].

Table 1. List of radiation qualities used in this intercomparison. Each radiation quality is coded as given in column 1 and
characterized by its mean energy and conversion coefficients. For X-radiation, in addition, the tube high voltage, the filtration
and the first half value layer (HVL) are stated, and the 4 m irradiation distance is considered in the calculation.

Radiation

Quality

B20

B 37

B 57

B104

N 205

G 374

G 662

G1250

Tube

high

voltage
InkV

30

60

100

200 '

250

("2lr)

(WCs)

(60Co)

Fil trat ion

Inherent

3.6, Be

3.6, Be

4.0, Al

4.0, Al

4.0, Al

-

-

-

in mm

Addi t ional

Al
0.5

3.9

-

-

-

-

-

-

Cu

-

-

0.15

1.0

-

-

-

-

Sn

-
-

-
-

2.0

-

-

-

Pb
-

-

-
-

3.0

-

-

-

First HVL

in mm

Al

0.38

2.4

6.6

-

-

-

-

-

Cu

-

-

0.30

1.7

5.2

-

-

-

Mean

Energy

E

InkeV
20

37

57

104

205

374

662

1250

Conversion coefficients

for normal

Hs,(0.07)//Ca

in Sv/Gy
1.038

1.305

1.586

1.618

1.417

1.292

1.208

1.174

incidence

Wsl(10)/Ka

in Sv/Gy
0.536

1.218

1.688

1.740

1.478

1.317

1.215

1.164
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Table 2. Angular-dependence factors for an ICRU soft tissue slab phantom
(dimensions 30cm x 30cm x 15cm).

Radiation
Quality

B 20

B 57

B 104

G 662

H (0.07, d)

0°
1.000

1.000

1.000

1.000

30"

0.996

0.984

0.990

1.006

60°

0.976

0.906

0.924

1.022

Rot
-

0.533

-

0.709

R(io,o)

0°

1.000

1.000

1.000

1.000

30'

0.906

0.959

0.972

0.997

60°

0.540

0.762

0.810

0.955

Rot
-

0.472

-

0.678

The radiations used were, with the exception of 192Ir (referred to as G374), selected
from those specified in ISO 4037 [8]. The selected radiation fields included a filtered
X-radiation from the narrow spectrum series, having a mean energy of 205 keV
(referred to as N205); four filtered X-radiations from the broad spectrum series hav-
ing mean energies of 20, 37, 57 and 104 keV (referred to as B20, B37, B57 and B104);
and the gamma radiations from 137Cs and 60Co (referred to as G662 and G1250). For
four radiation qualities, angles of incidence other than 0° have been used (a=30°; 60°
and rotational irradiation). The Hsi/Ka values for a=0° of Table 1 have to be multi-
plied by angular-dependence factors R(d, a) to obtain Hsi/Ka for the angle a under
question. The R(d, a) values are listed in Table 2. All data except those for rotational
irradiation have been theoretically determined [9,10].

4 Dosimeter irradiations

4.1 Irradiations at the ASMW, Berlin

4.1.1 Irradiation facilities

Table 3 shows the radiation plan for the ASMW. Two X-ray machines manufactured
by Transformatoren- und Röntgen-Werk, Dresden, were used for the irradiations.

4.1.2 Irradiation conditions

For all irradiations a distance of 4 m was used. Each dosimeter was irradiated sepa-
rately and the irradiation times were between 10 and 20 minutes.

The dosimeters were fixed with adhesive tape at the center of the front face of the
slab phantom. For irradiations on the anthropomorphic (Alderson) phantom, the do-
simeters were positioned over the left lung (symbol / in the irradiation plan) or over
the center of the abdomen (symbol a).
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Table 3 Irradiation plan for the ASMW

Dosimeter
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Radiation
quality

B 20
B 20
B 20
B 37
B 57
B 57
B 57
B 57
B 57
B 57
B 57
B 57
B 57

B 104
B 104
B 104
N205

Reserve
Background
Background

Angle of
incidence

0°
30°
60°
0°
0°

30°
60°

Rot
0°
0°

30°
60°

RoL
0°

30°
60°
0°

K*
in mGy

6.0
9.0
8.0
3.0

18.0
15.0
16.0
20.0
8.0

10.0
12.0
9.0

11.0
3.0
6.0
5.0
3.0

0.0
0.0

Phantom

Slab
Slab
Slab
Slab
Slab
Slab
Slab
Slab

Alderson//
Alderson / a
Alderson / 1
Alderson//
Alderson//

Slab
Slab
Slab
Slab

The variation of the angles of incidence was performed by turning the phantom
about a vertical axis through the front face of the phantom, i.e., approximately
through the reference point of the dosimeter. The irradiations with rotating phantom
consisted of one 360° turn of the rotation device. After one complete turn, a relay
stopped the irradiation. The irradiation time was controlled by the step frequency of
the motor drive.

4.1.3 Calibration

The air kerma was measured at the reference point by means of secondary standard
ionization chambers calibrated by means of free air primary ionization chambers.
For the B37 and B20 irradiations, an 80kV parallel plate primary standard chamber
with an electrode distance of 130mm was used. A 400kV parallel plate primary
standard chamber with 400mm electrode distance was used for the N205, B104 and
B57 irradiations. The combined uncertainty of the air kerma Ka at the reference point,
expressed as the coefficient of variation and calculated as the quadratic sum of all
category A and B uncertainties, is estimated to be between 0.2 % and 0.3 %.
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Table 4 Irradiation plan for thé ÖFZS

Dosimeter
No.

2l
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
38

Radiation
quality
G 374
G 662
G 662 -
G 662
G 662
G 662
G 662
G 662
G 662
G 662
G 662
G 662
G 662
G1250
G 662
B 37

Reserve
Background
Background

Angle of
incidence

0°
0°

30°
60°

Rot
0°

30°
60°

Rot
0°
0°
0°
0°
0°
0°
0"

K*
in mGy

5.0
12.0
16.0
14.0
18.0
3.0
8.0
6.0
5.0

10.0
10.0
8.11
8.11
15.0
10.0
10.0

0.0
0.0

Phantom

Slab
Slab
Slab
Slab
Slab

Alderson / /
Alderson 11
Alderson//
Alderson//

free in air
free in air

Slab
Slab
Slab
Slab
Slab

4.2 Irradiations at the OFZS Seibersdorf

4.2.1 Irradiation facilities

Table 4 shows the irradiation plan for the OFZS. Two irradiation facilities were used.
The first system is a multi-source facility in which the selected source is raised from
an underground storage container to the irradiation position in a cubic lead shield,
having a conical ring-collimator (ISO 4037) with an angular aperture of 15°. For the
intercomparison the following sources were used:
137Cs (3.6 TBq), 60Co (530 GBq) and 192Ir (1.1 TBq).

The second system is a constant potential X-ray system, MG324 from PHILIPS, using
a metal-ceramic tube MCN321 with a 2 mm Be window.

4.2.2 Irradiation Conditions
The irradiations with the radioactive sources were made in a distance of 150 cm,
those with the X-ray tube at 250 cm. A carriage system was used to position the do-
simeters' reference points at the calibration distance from the source center. For rotat-
ing irradiations with the Alderson phantom, the vertical axis was 3 mm in front of
the surface of the phantom.
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Each dosimeter was irradiated separately, the irradiation time being between 90s
and 750 s. For irradiations with the rotating phantoms a device with adjustable rota-
tional speed was used and the number of full rotations was at least 5. The field ho-
mogeneity over the dosimeter was better than 0.3 %.

The dosimeters were fixed from the backside with scotch-tape at the center of the
front face of the PMMA phantom and over the left lung of the Alderson phantom,
respectively. To provide electronic equilibrium for all irradiations with the radioac-
tive sources, a 5 mm thick PMMA shield covering the whole dosimeter was used.
The mean distance between the shield and the dosimeter was a few centimeters.

For a 4 mm thick PMMA plate the influence of this distance has been measured by a
separate experiment using carbon loaded TLDs for gamma radiation of the radio-
isotope Cs. The source-detector distance was 1 m. The combined type A and B un-
certainty for these measurements is about 5 %. The results are shown in Fig. 1. They
indicate that for separation distances less than 50 mm between plate and dosimeter,
the separation distance influence can be neglected.

4.2.3 Calibration
The air kerma at the reference point was determined by means of a 30 cm3 air
equivalent ion chamber, type TK30, operated at -300 V chamber voltage. The energy
dependence of this standard chamber is very well known from measurements at the
BEV (Bundesamt für Eich- und Vermessungswesen). The calibration factors for the
radiation quantities B37, G662 and G1250 were directly taken from the certificates,

100 200 300 400 500 600 700 mm 800

Figure 1 : Relative response, r, of a carbon loaded TLD detector to gamma radiation of the radio-
isotope 137Cs versus distance, d, between the detector and a PMMA plate with 4 mm thickness in front
of the detector. The response is normalized to 1 at d= 0.
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the calibration factor for G374 was determined from the energy dependence of the
calibration factor considering the emission probability for each photon energy.
The combined uncertainty of the air kerma Ka at the reference point is estimated to
lie between 0.4 % and 0.8 %.

5 Check of Irradiation Facilities
As in phase one of the IAEA intercomparison, a check of the two irradiating labora-
tories was performed using a thermoluminescence dosimetry (TLD) system of the
Physikalisch-Technische Bundesanstalt (PTB). The check was carried out between
June 1990 and December 1990 as a quality control measure to reduce the likelihood
of serious errors in the irradiations by the irradiating laboratories. It was not the aim
of the check to detect differences of a few percent in Hsi(d) values stated at different
laboratories. It was done to demonstrate that, if the dosimeter irradiations had been
performed at the PTB, the dosimeter readings would be the same, within the limits
of uncertainty.

TL dosimeters were used for the check of the irradiation facilities. They were irradi-
ated on the phantoms in all the positions that were intended to be used during the
intercomparison. The TLD values from the on-phantom irradiations at the PTB were

•p«-pr>

designated as M . The air kerma stated by the PTB as conventional true value in
the absence of the phantom is Ka . They are related as follows:

K™ = Jtph(E, a, phantom) • MPTB .

The "phantom factor" k ^(E, a, phantom) depends on the radiation quality (charac-
terized by the mean photon energy E), the angle of radiation incidence, a, and the
phantom type used to expose the dosimeter. kph(E, a, phantom) has been determined
for all the irradiation conditions of the intercomparison.

The check of the irradiating laboratories focused on comparison of the air kerma
values Ka

 a , stated by the irradiating laboratory for the TL dosimeter irradiations,
and the corresponding TL dosimeter indications M a , evaluated at PTB . The quo-
tient Ka

 a/M a should be, within the limits of uncertainty, the phantom factor k h

determined at PTB. Errors in the air kerma calibration and, possibly, on E, a and the
phantom type would result in different phantom factors and therefore lead to the
discovery of errors.

5.1 Description of the dosimetry system used
The TLD system is different to that used for the check during the 1988 IAEA inter-
comparison but very similar to the type T 001 system with which the PTB partici-
pated in that intercomparison [11]. The system uses TLD-700 detectors (LiF with

799.93% Li, dimensions 3.2mm x 3.2 mm x 0.38 mm) manufactured by Harshaw,
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now STI, Solon Technologies, Inc. Each badge has one TL detector that is completely
contained in an aluminium casing made from two disks and one ring. The front and
back disks are 1 mm thick, the wall thickness of the inner ring is 2 mm. In addition
the aluminium casing is surrounded on all sides by about 3 mm PMMA. Details of
the badge are shown in the sketch in Figure 1 in [11].

For all the radiation conditions of this intercomparison, the kph(E, a, phantom) values
were determined at PTB by at least 5 measurements. The type A uncertainty of all
fcph values is about 1 %, whereas the type B uncertainty is larger and depends on the
phantom type and the radiation conditions (beam diameter, phantom material and
position, distance between dosimeter and phantom). In general the type B uncer-
tainty for measurements on phantoms turned out to be greater than for measure-
ments free in air. For fcph this uncertainty is at least of the order of 2 %. An additional
type B uncertainty of 2 % (G 662 radiation quality) to 4 % (B 57 radiation quality)
was estimated for the Alderson phantom, compared with the PMMA phantom. In
case of oblique radiation incidence further type B uncertainties between 2 % (30°)
and 4 % (rotation) are estimated.

For mean energies below 40 keV the phantom correction factor k^(E, a, Phantom)
increases rapidly. If an appreciable part of the dose arises from photons of this en-
ergy region additional type B uncertainties of up to 8 % are considered. This is be-
cause of the differences in spectrum from one radiation unit to the other and because
of the change of the spectrum with distance from the focus. For example, the mean
photon energy E for B 20 radiation is higher by about one keV if the irradiation dis-
tance is increased by one meter. The type A uncertainty of a single measurement of
M is about 2 %, the type B uncertainty about 1 %. Thus, the combined uncertainty
of fcph'M a , expressed as coefficient of variation and calculated by quadratic addi-
tion of all type A and B uncertainties of fcph and M a , is between 3.2 % and 9.1 %

5.2 Results of the Check of the Irradiation Facilities
Table 5 shows the results of the check of the irradiation facilities for all radiation
conditions used in this intercomparison. The first column gives the irradiating labo-
ratory, the next three columns give the radiation quality, the angle of radiation inci-
dence a and the phantom type. The next two columns show the phantom correction
factor feph measured at PTB and the value of the quotient q = Ka

 a%ph'Ma
La . The last

column shows the combined uncertainty LZQ of the a value expressed as coefficient of
T 1-k

variation. The combined uncertainty of the Xa
 a values is of the order of 1 % or

lower, therefore, it can be neglected compared to that of the fcph and Ma
 a values

and the combined uncertainty Uq is given by the combined uncertainty of A:ph-Ma
 a .

All q values are within 1 ± 2-LL so that the check of the irradiating facilities demon-
strates the conformity of the irradiating facilities at the ASMW, the ÖFZS and the
PTB. The mean value of all q values is 1.02 and the coefficient of variation of a single
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Table 5: Results of the check of the irradiation facilities

Irrad-
iating

labora-
tory

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW

ASMW
ASMW

ASMW

ASMW

OFZS

OFZS

OFZS

OFZS

OFZS

OFZS

OFZS
OFZS

OFZS

OFZS

OFZS

OFZS

Radiation
quality

B 20
B 20

B 20

B 37

B 57

B 57

B 57

B 57

B 57

B 57

B 57

B 57

B 57

B 104

B 104

B 104

N 205

G 374

G 662

G 662

G 662

G 662

G 662

G 662
G 662

G 662

G 662

G 1250

G662 + B37

Angle of
radiation
incidence

a
i n 0

0

30

60

0

0

30

60

rotation

0

0

30

60

rotation

0

30

60

0

0

0

0

30

60

rotation
0

30

60

rotation

0

0

Phantom
* type

PMMA slab
PMMA slab

PMMA slab

PMMA slab

PMMA slab

PMMA slab

PMMA slab
PMMA slab

Aid. lung

Aid. abdom.

Aid. lung

Aid. lung

Aid. lung

PMMA slab

PMMA slab

PMMA slab

PMMA slab

PMMA slab

free in air

PMMA slab

PMMA slab

PMMA slab

PMMA slab

Aid. lung

Aid. lung

Aid. lung

Aid. lung

PMMA slab

PMMA slab

Phantom
correc-

tion
factor

k»h
2.67

3.09

6.05

0.67

0.50

0.51

0.62

1.06

0.58

0.56

0.58

0.62

1.05

0.57

0.58

0.64

0.70

0.80

1.00

0.89

0.91

0.91

1.71

0.89

0.91

0.91
1.71

0.92

0.78

Value of the
quotient

q~ kph~M%ab

l.ll
1.15
1.13

1.08

1.03

1.04

1.03

0.97

1.00

1.00

1.08

1.13

0.86

1.03

1.02

1.06

1.00

1.01

1.00

1.01

0.96

0.96

0.94

0.94
1.00

1.00

0.90

1.03

1.00

Combined
uncer-

tainty of q

in %
8.6

8.8

9.1

5.1

3.2

3.7

4.4

5.1

5.1
5.1
5.9

6.8

7.7

3.2

3.7

4.4

3.2
3.2

2.4

3.2
3.7

4.4

5.1

3.7

4.2

4.8
5.5

3.2

4.0

measurement of ^ is 6.7 %. These values are higher than the comparable results of
the 1988 IAEA intercomparison. This is mainly caused by the use of the PMMA and
Alderson phantom and the different irradiation geometries.

But, within the stated limits of uncertainty, there is no evidence of any systematic
irradiation errors during this intercomparison.
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THEORETICAL CONVERSION COEFFICIENTS FOR
CALIBRATION AND TYPE TESTING OF INDIVIDUAL
PHOTON DOSEMETERS ON THE ICRU SLAB PHANTOM

B. GROSSWENDT
Physikalisch-Technische Bundesanstalt,
Braunschweig, Germany

Abstract
By means of the Monte Carlo method, the conversion coefficients between dose
equivalent and air collision kerma for the ICRU operational radiation protection
quantities for individual monitoring were calculated for external parallel extended
photon beams of both perpendicular and oblique incidence on the front face of a slab
phantom (front face 30 cm x 30 cm, 15 cm thick) of ICRU tissue discussed by the
ICRU to be recommended as phantom for calibrating individual dosemeters. The results
for this ICRU slab are compared with those of a slab of PMMA of the same dimensions,
those of the IAEA water cube, and those of the ICRU sphere.

1. Introduction

The ICRU [1] recommends two quantities for the purpose of individual monitoring, both
defined as dose equivalents in soft tissue below a specified point on the body at a
depth d: first, the individual dose equivalent, penetrating, H (d) at a recommended

M
depth of 10 mm and secondly, the individual dose equivalent, superficial, Hc(d) at a

o

recommended depth of 0.07 mm.

The need for calibration of individual dosemeters, provided to indicate inbody quantities
while being usually worn on the trunk, raises the question of what kind of phantom
should be used rationally in the calibration procedure.
Having in mind the calibration of a large number of dosemeters in terms of individual
dose equivalents it is obvious that it is not reasonable to use complicated and therefore
very expensive heterogeneous phantoms such as, for instance, the Alderson phantom

[2] or Mr. Adam [3], the physical equivalent of the well-known MIRD-phantom [4,5]
which is the mathematical representation of the ICRP reference man [6]; the use of a
homogeneous phantom of simple geometrical shape (see Figure 1) seems to be
sufficient instead.
A phantom, considered adequate in principle in routine radiation protection for individual
monitoring is, for instance, the ICRU sphere of 30 cm diameter and density of 1 g/cm3

composed of 76.2 % 0, 11.1 % C, 10.1 % H, and 2.6 % N (by mass).
The advantage of using this sphere as calibration phantom is: first, it is the defining
phantom for such important operational radiation protection quantities as the
ambient dose equivalent and the directional dose equivalent for purposes of
environmental monitoring and secondly, the transport properties of photons through
this phantom are very well known and therefore also the conversion coefficients
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relating dose equivalents defined within the sphere and customary standards such as

exposure or air kerma necessary to determine an instrument's calibration factor.

sphere diameter: 30cm
density: Jg/cm3

composition by mass:
7B.2V.fl. 11.1V. CJ0.1V.H.
and 2.6V. N

cube side length:30cm

density: 1 g/cm3

composition: water

stab front side length:30cm
thickness :15 cm
density: 1g/cm3

composition:ICRU tissue

Figure 1: Overview of homogeneous phantoms of simple geometrical shape used for
purposes of radiation protection against photon irradiation.

The main disadvantage of using the sphere is the fact that because of its shape only one
dosemeter can be calibrated at once. This is a serious drawback if large numbers of dosemeters
are to be calibrated.
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Therefore for practical reasons, a few years ago the IAEA recommended the water
cube phantom of 30 cm side length (see lower part of Figure 1) for the calibration
procedure. This was the phantom used in the first international intercomparison
programme of the IAEA [7].
But the time passes and there is another phantom in competition with the IAEA water
phantom also shown in Figure 1. This is a slab of 30 cm x 30 cm front face, 15 cm
thick. Its density and composition are the same as those of the ICRU sphere (a
substitute of this phantom is a slab of PMMA of the same dimensions).
The ICRU tissue slab phantom was chosen as the basis for the calibration of
dosemeters for individual monitoring during the second intercomparison programme of
the IAEA.
From the physical point of view the main problem at the beginning of the programme

was the lack in data of the conversion coefficients necessary in the calibration
procedure.
This was the reason why the photon transport through the slab phantoms under
discussion was simulated using the Monte Carlo method. A short overview of the
method and the results are given in the following.

2. Calculational procedure

Because of the fact that the calculational method based on the kerma approximation
has been described in detail elsewhere [8-10] a few words here may suffice. To start
with, Figure 2 shows a view from the top on the irradiation geometry simulated in the
calculation: It was assumed that the phantom was irradiated by an extended
unidirectional monoenergetic photon beam, the direction of which was parallel to its
base and intersected the principal phantom axis at an angle a.

30cm

- -i- — ̂  — -- O30cm

Figure 2: Schematic diagram of the irradiation geometry simulated in the photon
transport calculation, the base of the phantom is parallel to the plane of projection.
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Having this geometry in mind, the objective of the Monte Carlo simulation was to
determine the conversion coefficient h(d,<7) relating the air collision kerma Ka in free air
of the primary photon beam and the dose equivalent H(d,a) at a depth d below the
phantom's front face on its principal axis in case of an irradiation at an angle a. The
conversion coefficient for the calibration procedure is that for or = 0° which means
that of an irradiation of perpendicular incidence. In the case of type testing the angular
dependence factor R(d,a) is of interest which is defined as the ratio of h(d,ff) and
h(d,0°).
The calculations have been performed in the energy range between 2 keV and 1 MeV
taking three different photon interaction processes into account: first, the photoelectric
effect, secondly, the Rayleigh scattering with electron binding and thirdly, the Compton
scattering again with electron binding. The energy transport by moving secondary
electrons and the creation of fluorescence radiation and of bremsstrahlung were not
taken into account, because for the purpose of the present work these effects are of
minor importance in the energy range studied.

In the frame of these assumptions the dose equivalent H(d,a) is given by the following

equation:

H(d,a) = / (d0/dE)d/a E t//en(E)/p],CRu dE (1)

where (d0/dE)d Q is the spectral photon fluence at a depth d (see Figure 2) in case of
an irradiation with an angle of incidence a and U/en^^iCRU is tne mass energy
absorption coefficient for photons of energy E and ICRU tissue. Instead of using
Equation 1 directly in the Monte Carlo simulation. Equation 2 was used which is better
suited for the transport calculation.

H(d,a) = A'1 J J n(E,0;d)ff (E/|cos0|) U/en(E)/p],CRU d0dE (2)
o o

Here, n(E,0;d)a d0dE is the number of photons with energies between E and E -f dE
penetrating a circular area A which is parallel to the phantom's front face and has its
central point at the depth d on the principal phantom's axis in the direction of polar
angle between 0 and 0 + d0 relative to the normal of area A.
H(d,a) has been determined for 29 energies between 2 keV and 1 MeV at four depths
d = 0 mm, 0.07 mm, 3 mm, and 10 mm in case of an area A of 4 cm diameter.
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O ICRU slab ]

+• IAEA cube L d=0.D7mm
• ICRU sphere]
— PMMAstab d*0.1mm

,ll
ID 10' keV 103

Figure 3: Conversion coefficient H(d)/Ka near the phantom's front face as a function
of photon energy E; the data for the ICRU slab, the IAEA water cube, the ICRU
sphere, and the PMMA slab are taken from References [12], [8], [11], and [12]
respectively.

3. Results and discussion

3.1 monoenergetic photons

As an example of the results at small depths Figure 3 shows the conversion coefficient
H(d,0°)/Ka at a depth of 0.07 mm as a function of the primary photon energy for the
slab in comparison with that of the IAEA water phantom [8], the ICRU sphere [11], and
a PMMA slab of the same dimensions but at d =0.1 mm [1 2]. One can recognize from
the figure that (i) the conversion coefficient increases with increasing energy in the
very low energy region because of the increasing ability of the photons to penetrate, (ii)
it reaches a step near 10 keV, (iii) it increases again up to a maximum near 70 keV,
and (iv) it decreases for further increasing values of the photon energy.
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This curve shape around 70 keV can be explained by the strong scattering ability of the
photons in this energy region which is apparent from Figure 4. In this figure the so-
called kerma factor E[/L/en(E)/p] which is one essential part in Equations 1 and 2 is
shown for ICRU tissue as a function of photon energy E (the data for the mass energy-
absorption coefficients are taken from Hubbell [13]). On a glance one can recognize the
deep minimum of the kerma factor near 70 keV demonstrating the small photon ability
to transfer energy which at the same time proves the strong ability of photons to be
scattered in this energy region.

10'
MeV-cm:

10'

10,-2

10
,-3 i i i hull i i i hu!-_i i i lmil i i i Inn
iou 10' 103 keV 104

Figure 4: Kerma factor E&c/en(E)//o] for ICRU tissue [1] as a function of photon energy
E. The mass energy-absorption coefficients [juen(E)/p] are taken from Hubbell [13].

If one turns back to Figure 3 to compare the absolute values of the conversion
coefficients for the four different phantoms with each other one can see that they
agree very well for the ICRU slab and the IAEA water cube. In contrast, the data for
the PMMA slab near the maximum are greater by about 7 % than those for the ICRU
slab and those for the ICRU sphere are smaller than the latter ones by up to 7 % again.
Similar results can be observed for other phantom depths. As an example Figure 5
shows the conversion coeffcients at a depth d = 10 mm as a function of photon
energy in case of perpendicular incidence again for the four different phantoms.
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As is apparent from the figure the conversion coefficients for the four phantoms at a
larger depth differ from each other like those for near the phantoms' surface: the data
for the ICRU slab agree well again with those for the IAEA water cube, they are

smaller, however, than those for the
PMMA slab and greater than those for
the ICRU sphere.
To demonstrate this latter fact more

A clearly, Figure 6 shows the ratio of the

2.5

Gy

2

1.5

//no;
K*
i

05

o ICRU slab
+ IAEA cube
• ICRU sphere

— PMMA slab

IOC 10' 102 keV ID3

Figure 5: Conversion coefficient H(d)/Ka at a
depth of d = 10 mm as a function of photon
energy E; the data for the ICRU slab, the IAEA
water cube, the ICRU sphere, and the PMMA slab
are taken from References [12], [8], [11], and
[12] respectively.

In the energy region around 70 keV
there is a distinct minimum in the shape
of the curve representing the energy
dependence of the ratio of the both dose
equivalents. This is caused by the larger
scattering contribution in case of the
slab phantom due to the plane
phantom's front face as compared to
the shape of the sphere phantom.

directional dose equivalent H'(d) at a
depth d of the ICRU sphere and the dose
equivalent H(d) in the ICRU slab as a
function of photon energy E and equal
irradiation conditions.

o—o 10mm
-I—.-it- 0.07mm

10

Figure 6: Ratio H'{d)/H(d) of the directional dose
equivalent H'{d) recommended by the ICRP [11]
for the ICRU sphere and dose equivalent H{d) for
the ICRU slab phantom as a function of photon
energy E and the depth d as a parameter.
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After having discussed some aspects of the conversion coefficients in case of an
irradiation with a perpendicular photon incidence, in the following a few results for the
angular dependence factor R(d,a) are presented. Figure 7 shows R{d,a) at a depth
d = 10 mm for the ICRU slab as a function of the angle of incidence a and the photon
energy E as a parameter. On a glance, one can recognize that the half width of R(d,a)
as a function of a increases with increasing photon energy. Moreover, the influence of
the photon beam direction on the values of R(d,o) is striking, especially for low energies
where the attenuation of the photons is considerable even for small penetration depths
and increases with increasing values of a according to the reciprocal of cos a.

a.

Figure 7: Angular dependence factor R(d,or) at a
depth of 10 mm in the ICRU slab as a function of
the angle a of photon incidence with the energy E
as a parameter.

10

0.9

0.8

07

a=30°

10' 102 keV 103

Figure 8: Angular dependence factor R(d,o) at a
depth of 0.07 mm in the ICRU slab as a function
of photon energy E and the angle a of incidence
as a parameter.

To study the influence of the photon energy on R(d,a) in detail. Figure 8 shows the
results for the ICRU slab at a depth of 0.07 mm as a function of photon energy E and
the angle or as a parameter. As can be seen from the figure, in the energy range greater
than 10 keV the deviation of R(d,a) from unity is less than or equal to about 20 % for
angles smaller than 75° and less than about 10 % for angles smaller than 60°.
Though the energy dependence of R(d,a) for fixed values of a looks rather complicated,
it can be simply understood from the scattering and attenuation behaviour of photons
as a function of energy: In the very low energy region where scattering plays only a
minor role, the photon attenuation decreases with increasing energy for fixed values of
the penetration depth in a phantom leading at the same time to an increase in
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Figure 9: As Figure 8 for the angular dependence factor at a depth of 10 mm.

R(0.07,a); if the energy is further increased, the photon scattering becomes more and
more important leading to a minimum of R(d,a) in the energy region near 70 keV, the
energy region of largest backscattering [9,14], due to the large part of photons
scattered out of the phantom; for still higher energies the scattering grows less causing
increasing values for R(d,a) as a consequence.
To give an impression of the energy dependence of the angular dependence factor for a
greater phantom depth, Figure 9 shows a few results at d = 10 mm in the ICRU slab.
The curve shape of R(10,ff) versus energy is much simpler than that of near the
phantom's surface due to the larger penetration depth which leads to a nearly complete
attenuation of the photons and therefore also to a vanishing angular dependence factor
in the very low energy region. For higher energies the deviation of R(10,or) from unity is
less than 20 % for photon energies E > 20 keV and a < 45 ° and by less than 30 %
for E > 30 keV and a < 60°.

3.2 X-ray beams

Because of the fact that in most practical situations the photon irradiation is performed
using X-ray beams instead of monoenergetic photons, from the Monte Carlo results
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also the conversion coefficients and angular dependence factors of X-rays have been
calculated. This has been done for 42 radiation qualities from the ISO [15] 'narrow
spectrum series', the 'low exposure rate spectrum series', the 'wide spectrum series',
and the 'high air kerma rate spectrum series' using the spectral fluence distributions of
Seelentag et al. [16] and weighting the conversion coefficients for monoenergetic
radiation by the air collision kerma corresponding to the spectral photon fluence.
As an example, Figures 10 and 11
represent the conversion coefficients
h(E,d,0°) near the phantom's surface
and at a depth of 10 mm respectively as
a function of the mean photon energy E
for the 'narrow spectrum series'. Again
the results of four different phantoms
are compared with each other.

2.0
iv
Gy

1.5

1.0

0.5

0

10 102 keV I03

10' 10Z keV 103

Figure 10: Conversion coefficient h(E,d,0°) near
the phantom's front face in an irradiation of
normal incidence (a = 0°) as a function of the
mean photon energy Ë for the 'narrow spectrum
series': (D) PMMA slab at a depth of d = 0.1
mm, ( + ) ICRU slab at d = 0.07 mm, {o| IAEA
water cube at the same depth, (•} ICRU sphere
again at d = 0.07 mm.

Figure 11: As Figure 10 for the conversion
coefficient at a depth of d = 10 mm.

As already shown for monoenergetic
radiation the data for the ICRU slab
agree very well with those for the IAEA
water cube whereas those for the
PMMA slab are up to about 10 %
greater and those for the ICRU sphere
up to about 10 % smaller in the energy
range around the maximum.

To give an impression of the angular dependence factor for X-ray beams, Figure 12
shows R(E,d,a) near the surface of the ICRU slab, the IAEA water cube and the PMMA
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Figure 12: Angular dependence factor R(E,d,a) near the phantom's front face for the
'narrow spectrum series' as a function of the mean photon energy E and the angle a
of incidence as a parameter: (D) PMMA slab at d =0.1 mm, ( + ) ICRU slab at
d = 0.07 mm, (o) IAEA water cube at the same depth.

slab as a function of the mean X-ray energy Ë of the 'narrow spectrum series';

parameter is the angle of incidence a. Again one can recognize that the data for the
ICRU slab agree very well with those for the IAEA water phantom whereas the results
for the PMMA slab are smaller by a few percent showing the larger scattering ability of
photons in PMMA as compared to that in ICRU tissue or water.

4. Conclusion

To sum up, one can say that most of the problems of the calibration and the type
testing of individual dosemeters, as far as they are referred to fundamental physical
transport data, can be solved using the theoretical data basis summarized in the
present work. The only thing that has to be done else is to check the reliability of the
Monte Carlo results. This has been performed by Will for a series of X-ray beams of
perpendicular indicence on the IAEA water cube [17] and the PMMA slab [18] at
depths d = 0.07 mm and 10 mm. The comparison of the experimental conversion
coefficients and those of the photon transport simulations shows a very nice agreement
for the IAEA water cube [19] and for the PMMA slab phantom [18].
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Figura 13: Angular dependence factor R(10,a) at a depth of 10 mm in the PMMA
slab for X rays of the 'high air kerma rate spectrum series' of 57 keV mean energy
and 100 kV X-ray tube potential as a function of angle a: (o—o) experimental data
of Ambrosi et al. [20], (---} theoretical data of Grosswendt [12].

The situation with respect to the angular dependence factor is less satisfactory. At
present, the only published complete exerimental angular dependence factors for cube
or slab phantoms are those of Ambrosi et al. [20] for a PMMA slab at a depth of 10
mm in case of an irradiation with 137Cs-gamma radiation or an X-ray beam of the 'high
air kerma rate spectrum series' of 57 keV mean energy and 100 kV tube potential.
Figure 13 shows a comparison of the experimental and theoretical results of R(10,a).
The data agree very well for angles less than about 85° but show larger deviations
between 85° and 135°.
The reason for these deviations are probably due to the only approximate nature of
fluence calculation for large angles (see Equation 2); for 137Cs-gamma radiation the
agreement was even better for a < 85° but worse for larger angles. Because of the
fact, however, that for calibration or typ testing an irradiation at angles greater or equal
90° seems not to be very appropriate, one can say that these discrepancies have no
practical significance apart from rotational irradiations. For the angular range of
relevance the experiment has shown the validity of the theoretical results.
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EXPERIMENTAL CONDITIONS FOR THE CALIBRATION
OF INDIVIDUAL DOSEMETERS WITH RESPECT TO THE
INDIVIDUAL DOSE EQUIVALENTS ON THE
PMMA SLAB PHANTOM

W. WILL
Bundesamt für Strahlenschutz,
Berlin, Germany

Abstract

The backscatter and depth dose factors as well as the conversion
coefficients between „the air kejcma free-in-air and the dose
equivalents in 7 mg/cm and 1 g/cm depths on the central axis of
the PMMA slab phantom (front face 30 cm * 30 cm, thickness
15 cm), which is now recommended for calibrating individual dose-
meters in terms of the operational dose quantities of ICRU report
39, were measured in parallel with ionisation chambers and TLD.
The results obtained correspond well with those of comparable
Monte Carlo calculations. Futhermore, spatial dose rate distribu-
tions of calibration fields were measured free-in-air and in
front of the phantom. Inhomogeneities of primary X ray fields
only unessentially effects the surface doses in the central field
section. The dose rate at the front face of phantom is constantly
within 5 % in the area extending at least up to the half edge
length.

1. INTRODUCTION

The measuring quantities for individual monitoring according to
ICRU report 39 [1] are related to the person wearing the indivi-
dual dosemeter and to the real radiation field existing at the
dosemeter position. The calibration of dosemeters has to be
done, however, under simplified conventional conditions: on a
phantom sufficiently representative for all persons and in
defined reference radiation fields.

For penetrating radiation the ICRU sphere was first recommended
as calibration phantom and the directional dose equivalents as
calibration quantities (conventional true values of individual
dose equivalents). For practical reasons ICRU now prefers a slab
phantom (dimensions 30 cm x 30 cm x 15 cm) from ICRU tissue or
- easier to realize - from PMMA (polymethyl methacrylate, Plexi-
glass ). Even for such simple phantoms the dose equivalents at the
two reference depths (0.07 mm and 10 mm) cannot easily be measu-
red with the required accuracy. Therefore, in practice they are
determined from doses measured free-in-air by means of conversion
coefficients which are carefully determined once and for all.

The definition of directional dose equivalent implicates that the
radiation field for calibrating individual dosemeters has to be
expanded over the phantom volume. That means that the phantom has
to be exposed homogeneously with respect to photon fluence and
its energy and angular distribution.

Therefore, for the calibration of individual dosemeters with
respect to the individual dose equivalents two practical problems
arise:
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1. the determination of conversion coefficients (see section 2
and 3 of this paper) and

2. the realization of homogeneous calibration fields {see sec-
tion 4 ) .

For the first stage of this IAEA intercomparison program the
conversion coefficients for the cuboid water phantom applied
there (edge length 30 cm) were in parallel calculated by GROSS-
WENDT [2] and measured by WILL [3]. The agreement was very satis-
factory. In preparing the second stage - now by using the PMMA
slab phantom - IAEA initiated again the theoretical and experi-
mental determination of conversion coefficients to establish a
reliable metrological basis for the future application of the
phantom. The experimental results will be presented here.

2. MEASUREMENTS
At the slab phantom made of PMMA (density 1.19 g/cm~ ) were measu-
red
1. backscatter factors and conversion coefficients at dephts d of

7 mg/cm2 and 1 g/cm2 on the central axis and
2. spatial distributions of dose rate near the whole front face.
Dose rate stands here for air kerma rate. Nearly the same distri-
butions can be supposed with respect to dose equivalents because
the ratio of energy absorption coefficients of tissue to that of
air changes by only 15 % between 10 keV and 10 MeV.
The conversion coefficients were determined from the air kerma
Ka(d) at the two depths, d and Ka, free-in-air, according to

jïen ICRU
H(d)/Ka = Ba- Ta(d) • (---)S a,d

representing
Ba = Ka(0)/Ka the backscatter factor related to the aird cl x 7 d kerma,
Ta(d) = Ka(d)/Ka(0) the depth dose factor for depth d, and
pen ICRU the ratio of mass energy absorption
( —— ) coefficients of ICRU tissue to those of air
R a,d averaged over the energy fluence spectrum

at the depth d.
In this way, the determination of conversion coefficients was
reduced to the measurement of backscatter and depth dose factors.
The backscatter factors Ba and the depth dose factors Ta(10) weremeasured for the 3 sets of differently filtered X rays and for
gamma radiations specified in ISO-Standard 4037 [4]. The X ray
irradiations were performed by using a modern very stable X ray
equipment (Seifert Isovolt 420 D) provided with a metal-cera-
mics-tube (AEG MB 420/1 with inherent filtration of 7 mm Be, two
focal spots of 1.8 mm x 1.8 mm and 4.5 mm x 4.5 mm, maximum
opening angle of 40°). By four conical collimators the beam was
narrowed successively to the required field size. Mostly, this
was some centimetres larger than the cross-section of the
phantom, so that the steep decrease of the dose rate towards the
field borders occurred outside the phantom. For the measurement
of dose rate profiles a source-phantom distance of 2 m was
chosen.
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In the interest of exact irradiation conditions and comparability
of the results with those of other authors, the tube voltages of
the X ray equipment were calibrated by gamma spectrometry and the
half-value layers carefully checked. The latter agreed well with
the values given by SEELENTAG et al [5] whose X ray spectra were
used in the calculations of GROSSWENDT [6]. This allowed to use
the ratios of energy absorption coefficients of ICRU tissue to
those of air (data by HUBBEL [7]) averaged by GROSSWENDT over the
energy, fluence spectra at both reference depths of the PMMA
phantom. Data by HUBBEL were also used for calculating Ta(0.07).
To ensure reliable results, the backscatter and depth dose
factors were all measured with both ionisation chambers and TLD.
Two types of ionisation chambers were used: on the one hand, at
high dose rates of weakly filtered radiations - a micro-chamber
with a measuring volume of only 0.05 cm3 -and - at highejr filtra-
tion - a spherical ionisation chamber with 1.5 cm3. On the
other hand, a flat ionisation chamber made of PMMA with a measu-
ring volume of only 1.5 mm depth (13 mm in diameter) and with a
thin entrance window (2.5 mg/cm ) was used which fitted exactly
into the phantom. These chambers had been calibrated free-in-air,
together with the dose rate meter MKD-2300, by a reference
laboratory. The micro-chamber and - if not avoidable - also the
spherical chamber were used for the measurement of field distri-
butions .
Harshaw LiF TLD chips (TLD-100) with the dimensions 3.2 mm x
3.2 mm x 0.8 mm were used as a second measuring system. They were
evaluated with a Harshaw 2000 B/D reader.
The main problem at the measurement of conversion coefficients
consists in the careful determination of a number of corrections.
These allow e.g. for
- different detector response to the spectra at the different
measurement positions free-in-air and within the phantom,

- extrapolation to the readings to be expected on the phantom
surface and with a zero width of the gap necessary to insert
ionisation chambers into the phantom and

- extrapolation to a homogeneous parallel field.
The determination of the corrections as well as the error analy-
sis were described in detail in [8] and shall therefore not be
repeated here.
The backscatter and depth dose factors obtained after all correc-
tions from the readings of the different ionisation chambers and
from the TLD were averaged, taking into account the reliability
in dependence of energy range and the accuracy of readings. The
total errors of these factors and of the conversion coefficients
depend on the photon energy and on the dose rate at the measu-
ring position. At mean energies above 20 keV they range from
3 % to 6 %.

3. BACKSCATTER FACTORS AND CONVERSION COEFFICIENTS
Figure 1 shows backscatter and depth dose factors for the very
heavily filtered X ray spectra of series A (narrow spectra) and
for gamma radiation. The results measured with ionisation cham-
bers and TLD agree well. Average deviations are below 1 %. The
same goes for the other spectra series.

43



2.0

1.5

OÙ

1.0 -

( a)

10
l l l l l l l M_____| | I I I I I 11_____|

2 310 10

i. 0

0.5

< b )

l l l l t l l l l l 11
10 l 0C 10

Mean photon energy (keV)
Figure 1:
(a) Backscatter factor Ba, and(b) Depth dose factor Ta(10)measured as a function of mean photon energy for narrow spectra
series A

Table I contains all results and the main characteristics of the
photon spectra. The backscatter factors are given for the air
kerma (B̂ ) as well as for the kerma in soft ICRU tissue (BICRU).Both differ only in the ratios of energy absorption coefficients
of ICRU material to those of air for the energy fluence spectra
on the phantom surface and free-in-air. The values of H(0.07)/Kafor gamma radiation were extrapolated assuming secondary electron
equilibrium at 7 mg/cm depth.
Figures 2 and 3 show the conversion coefficients compared with
the results of the Monte Carlo calculations by GROSSWENDT [6]
(H(10)/Ka interpolated for 1 g/cm2 depth). For the narrow spectraof series A the coefficients are practically identical, with
average deviations of less than 1 %. For the more weakly filtered
spectra our measured values are some percent lower compared with

44



Table I. Backscatter factors, depth dose factors and conversion coefficients
for different types of photon spectra

Series A. Very heavily filtered radiations (narrow spectra).
High

voltage
(kV)
15
20
30
40
60
80

100
120
150
200

250
300
350
400

Additional
filtration*
(mm)
0.3 Al
0.8 Al
3.8 Al
0.2 Cu
0.6 Cu
2.0 Cu
5.0 Cu
5.0 Cu+ 1.0 Sn
2.5 Sn
2.0 Cu + 3.0 Sn

+ 1.0 Pb
2.0 Sn+ 3.0 Pb
3.0 Sn + 5.0 Pb
3.0 Sn+ 7.0 Pb
3.0 Sn+ 10.0 Pb

'"Cs gamma radiation
MCo gamma radiation

Series B.
High

voltage
(kV)
15
20
30
40
60
80

110
150
200
250
300
350
400

Series C.

High
voltage
(kV)

20
30
40
60
80

100
150
200
250
300
350
400

Heavily filtered radiations

Additional
filtration*
(mm)
0.3 Al
0.8 Al
1.8 Al
3.8 Al
0.3 Cu
0.5 Cu
2.0 Cu
1.0 Sn
2.0 Sn
4.0 Sn
6.5 Sn
2.0Sn+1.5Pb
3.0 Sn + 2.0 Pb

Weakly, filtered radiations

Additional
filtration*
(mm)

0.3 Al
0.8 Al
3.0 Al
3.2 Al
O.lSCu
0.5 Cu
1.0 Cu
1.6 Cu
2.2 Cu
3.0 Cu
4.0 Cu

l .HVL
(mm)

0.15 Al
0.34 Al
1.11 Al
0.09 Cu
0.25 Cu
0.60 Cu
1.11 Cu
1.74Cu
2.4 Cu
4.2 Cu

5.4 Cu
6.3 Cu
7.0 Cu
7.8 Cu

10.8 Cu
14.6 Cu

l.HVL
(mm)

0.15 Al
0.34 Al
0.87 Al
1.74A1
0.19Cu
0.36 Cu
0.95 Cu
1.91 Cu
3.2 Cu
4.4 Cu
5.4 Cu
6.2 Cu
6.8 Cu

(broad spectra).

l .HVL
(mm)

0.12 Al
0.36 Al
0.83 Al
2.4 Al
4.8 Al
0.3 ICu
0.85 Cu
1.66Cu
2.6 Cu
3.5 Cu
4.1 Cu
4.8 Cu

Mean
energy
(keV)

12
16
24
35
48
66
85

102
120
178

220
263
300
360

662
1250

Mean
energy
(keV)

12
16
23
30
46
57
80

109
148
179
219
255
290

Mean
energy
(keV)

13
19
25
37
49
58
80

100
127
148
170
195

Ba BICRU Ta(10)

.02

.07

.23

.48

.76

.84

.75
1.64
1.57
1.41

1.32
1.28
1.24
1.21

1.10
1.06

.02 0.18

.07 0.44

.23 0.85

.48 1.01

.74 1.09

.79 .11

.70 .11

.61 .08

.54 .07

.40 .05

.31 .05

.27 .04

.24 .03

.20 .03

.10 1.01

.06 0.99

Ba BICRU Ta(10)

1.02
1.07
1.20
1.36
1.68
1.80
.74
.62
.47
.39
.33
.29
.25

.02 0.18

.07 0.44

.20 0.79

.36 0.93

.67 .08

.76 .10

.69 .1!

.58 .10

.45 .08

.38 .05

.32 .04

.28 .04

.24 .03

Ba BICRU Ta(10)

1.01
1.09
1.22
1.47
1.68
1.74
1.74
1.63
1.53
1.45
1.40
1.36

.02 0.16

.10 0.50

.23 0.76

.47 0.96

.65 1.06

.69 .08

.67 .09

.56 .08

.47 .07

.42 .07

.37 .06

.35 .05

H(0.07)
Ka

Sv.Gy-1

0.96
.01
..15
.38
.68
.82
.80
.72
.67
.53

.44

.40

.36

.32

1.21
1.17

H(0.07)
Ka

Sv.Gy-1

0.96
1.01
1.12
1.27
1.59
1.75
1.77
1.70
1.58
1.51
1.44
1.40
1.37

H(0.07)
Ka

Sv.Gy"1

0.97
.03
.15
.38
.60
.68
.74
.68
.60
.55
.51
.48

HHO)
Ka

Sv.Gy-1

0.18
0.45
0.99

.40

.83
2.02
.98
.85
.78
.60

.51

.45

.41

.36

1.22
1.16

H(10ï
Ka

Sv.Gy-1

0.18
0.45
0.89
1.18
1.72
1.91
.95
.85
.69
.59
.50

1.46
1.41

HflOl
Ka

Sv.Gy-1

0.16
0.51
0.87

.33

.70

.82

.90

.81

.71

.65

.59
1.53

Inherent filtration of 4.0 mm Al above mean energy of 30 keV.

45



2.0 r

1.5
u

CO
V-"

<$ 1.0

0.5 • m« asur e d (W l l l )
x c a l c u l a t e d (Grosswendt)

i_t t i
10 10

M e a n p h o t o n e n e r g y ( k » V )

Figure 2 :
Conversion coefficient H ( 0 . 0 7 ) / K a as a function of mean photon
energy for narrow spectra series A

those calculated by GROSSWENDT. At heavily filtered spectra of
series B the deviations are about 2.5 % and at weakly filtered
spectra of series C about 4.5 %. Although the deviations are
systematical, they are still within the error limits of both
methods.

On the whole however, this is a good agreement between measured
and calculated values.

4. HOMOGENEITY OF CALIBRATION FIELDS

To irradiate the slab phantom completely a field diameter of
about 45 cm is necessary (for the cuboid phantom more than
50 cm) . Such large homogeneous fields can be generated, in
principle, by using large distances from the source. But, for
practical reasons that is often not possible. The backscattering
from the rear walls of the radiation room has to be negligible
and the dose rate of useful radiation should be high enough to
perform testing and calibration of dosemeters also with very
heavily filtered X rays. Therefore much broader beams are
required than at irradiating only the dosemeters free-in-air.
Because X rays are often emitted rather anisotropically from the
X ray tube, a sufficiently homogeneous irradiation of the above
large phantoms is not always realizable.
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Furthermore, at calibrating individual dosemeters on a phantom,
the total field immediately in front of the phantom has to be
considered the calibration field. Because of the locally varying
backscatter effect of phantom that is sufficiently homogeneous
only in a central field section.
Therefore, for X and gamma radiation the spatial dose rate
distributions of primary calibration fields free-in-air and the
secondary one in front of the PMMA slab phantom were investi-gated .

4.1. Field distributions free-in-air

4.1.1. Lateral distribution
While the emission of photons from gamma irradiation units is
generally rather isotropical, the angular distribution of photons
emitted from the target of a X ray tube depends on the energy of
accelerated electrons [9]. Though construction details of X ray
tube and housing are also of importance, the dependence of local
dose rate from the emission angle of photons is thus mainly
caused by the character of basic interaction processes within the
tube and is thus of general nature.
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Figure 4 :
Dose rate distribution free-in-air perpendicular to the beam axis
and parallel to the tube axis for different tube voltages (broad
spectra series C)

As can be seen from Figure 4, therefore the angular distribution
of dose rate in the direction parallel to the tube axis depends
on the tube voltage. With increasing voltage the distributions
become more asymmetrical and the dose rate maximum shifts to the
anode side.
Besides, also the mean photon energy increases from the kathode
to the anode side. Consequently, at fixed tube voltage the dose
rate profile across the beam axis depends on the filtration.
Figure 5 demonstrates the effect of filtration at 300 kV tube
voltage. Indeed, 7 mm Be and 4 mm Al are inadmissible low filtra-
tions for the calibration of dosemeters. But, even at usual
filtrations the distributions differ considerably. The most
unfavourable dose rate distributions exist in the direction
parallel to the tube axis at very heavy filtration and high tube
voltage.
In the direction perpendicular to the tube axis, the field is
almost symmetrical, however, the decrease of dose rate to the
sides also becomes steeper with increasing voltage and fil-
tration .
It can be assessed from all distributions measured for different
radiation qualities, focus spot and field sizes and directions
across the central beam, that the dose rate integrated over the
phantom volume is always somewhat less compared to that at a
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Distance (cm)
Figure 5 :
Dose rate distribution free-in-air perpendicular to the beam axis
and parallel to the tube axis for different filtrations at 300 kv
tube voltage

homogeneous irradiation. Therefore, the actual doses at the
surface and at the two reference depths on the central axis of
the phantom should be somewhat lower than calculated from the
kerma measured free-in-air by using conversion coefficients for
the ideal field.

4.1.2. Longitudinal distribution
The inhomogeneity of primary radiation field in beam direction
due to geometrical attenuation causes a lower contribution of the
phantom back layers to the surface dose at the front face than
expected at a spatially constant dose rate. This effect was
investigated - in connection with the above described determi-
nation of conversion coefficients - by extrapolation of back-
scatter factors measured at different distances to that of an
infinite distance. In this way the homogeneity of the radiation
fields is of course changed in longitudinal as well as in lateral
direction. But, at source-phantom distances above 2 m both
effects together result only in a 1 % at most lower surface dose
at the central axis than at an infinite distance.
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Figure 6 :
Dose rate distribution in front of the PMMA slab phantom perpen-
dicular to the beam axis and parallel to the tube axis for
different tube voltages (broad spectra series C)

4.2. Field distributions in front of the PMMA phantom
4.2.1. Lateral distribution
A decisive aspect for the preference by the ICRU to the slab
phantom was the fact that - more conveniently than on a phantom
with a curved surface - several dosemeters can be simultaneously
exposed on it. This raises the question, how homogeneously the
radiation field near the front-side of the phantom really is.
The total field there is the sum of primary and of backscattered
radiation. At mean photon energies between 30 keV and 250 keV the
contribution of backscattered radiation to the surface dose rate
at the axis point amounts to more than 30 %. In this energy range
the dose rate profiles across the beam axis therefore are consi-
derably influenced by the local distribution of backscattered
radiation.
The backscattering is highest at a mean photon energy of about
70 keV. As can be seen from Figure 6, indeed, for the corres-
ponding X ray spectrum (e.g. ISO broad spectrum C 150) the dose
rate shows the steepest side-decrease. At lower and at higher
tube voltages the primary radiation profiles dominate increasing-
ly resulting in flatter distributions. In the direction parallel
to the tube axis they are partially less symmetrical, mainly at
heavily filtrations - a consequence of the profiles observed
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free-in-air. At gamma radiation the dose rate decreases only by
some percent from the centre to the phantom edges ( e.g. at °uCo
gamma radiation by just 4 %). In the direction perpendicular to
the above (i.e. at right angle to the tube axis) again nearly
symmetrical distributions were measured.
Furthermore it was investigated, how far an inaccurate irradi-
ation of the phantom (e.g. too small field size or incorrect
collimation and adjustment) affects the central field area.
Obviously, these are insignificant conditions. Even if a 3 cm
broad side-zone of the phantom is not at all exposed by primary
radiation of the highest scattering probability (mean photon
energy at 70 keV), the surface dose at the central axis is only
2 % lower and the lateral distribution is unessentially steeper
than at a nearly homogeneous irradiation. From that it can be
supposed that the inhomogeneity of primary fields only unessen-
tially effects the surface doses in the central field area.
The distributions observed at heavily scattered X rays characte-
rize the worst homogeneity of calibration fields in front of the
phantom. Thus it can be concluded that the dose rate across the
axis changes by not more than 2 % up to a distance from the
central beam of about 5 cm and by less than 5 % up to 8 cm. The
latter distance is about half the width of the phantom. These
guiding values are practically independent from the source-
phantom distance. According to ISO standard 4037 [4] an inhomoge-
neity of calibration fields of 5 % is permissible.
Within the latter area nine dosemeter badges of standard dimen-
sions (e.g. film badges of 4 cm x 5 cm) can be placed. In the
area, where the dose rate varies by not more than 2 %, four of
these badges can be irradiated simultaneously.
At the example of the film badge it was tested to what extend the
dosemeter influence one another when they are closely positioned
in the above field areas. One, four and nine badges,respectively,
were irradiated together - with the radiation of the highest
scattering probability - free-in-air and on the phantom. In that
case no significant differences were observed between the
readings of dosemeters irradiated alone or together.

4.2.2. Longitudinal distribution
Since individual dosemeters of different thickness may be exposed
on the phantom, apart from dosemeter badge for instance penholder
or digital pocket dosemeters, the decrease of dose rate of
backscattered radiation with the distance from the phantom is of
interest, too. Figure 7 shows the decrease of dose rate for some
photon radiations within the first 3 cm before the phantom. The
highest decrease is observed again for the radiation with the
highest albedo. The dose rate can decrease by up to 5 % from the
surface to 1 cm distance.

5. CONCLUSIONS
The measured backscatter factors and conversion coefficients
confirm the results of Monte Carlo calculations by GROSSWENDT
[6]. Thus, a reliable metrological basis now exists for the
application of the PMMA slab phantom for calibrating dosemeters.
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Figure 7 :
Dose rate decrease from the phantom surface for different photon
spectra

The dose rate near the front surface of the phantom is constantly
within 5 % for an area extending at least up to the half edge
length. Thus, a greater number of individual dosemeters (e.g. up
to nine standard size badges) can be simultaneously exposed on
the phantom. Experimental conditions of primary radiation fields
mainly affecting the irradiation of outer phantom layers influen-
ce the usuabie field section only insignificantly. Therefore,
from the practical point of view the PMMA slab phantom is well
suited for the calibration of individual dosemeters.
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Abstract

Results are reported from the second phase of the IAEA Co-ordinated Research Programme for
individual monitoring. Irradiations of the dosimeters were made with photon radiation on a PMMA slab phantom
(30 cm x 30 cm x 15 cm) or on an Alderson phantom, where a dosimeter was positioned either on the lung or
on the abdomen. Twenty-five laboratories from 18 countries participated with film, thermoluminescence (TL),
photoluminescence (PL) and film/TL combination dosimeters. The results of the programme indicated that the
operational quantities proposed in the draft of ICRU Report 47 can be measured with each type of detector
mentioned above. Participants with TL dosimeters obtained, on the average, better results than participants with
film dosimeters. This can be explained by the fact that many TL detectors consist of material that is sufficiently
tissue equivalent but film dosimeters do not. Larger corrections in the evaluation algorithms must therefore be
applied for film dosimeters than for most of the TL dosimeters. The experience necessary for the new evaluation
algorithms is in some cases lacking for film dosimeters. Difficulties arose with some TL dosimeters in the
measurement of low-energy photons (mean energy 20 keV) and with some film dosimeters in mixed fields (Cs-
137 gamma radiation and X rays of 37 keV mean energy). Rotational irradiations on an Alderson phantom
(dosimeter position: lung) very often lead to higher measuring values than comparable rotational irradiations on
the PMMA phantom. However, lower values were obtained on an Alderson phantom for exclusively frontal
irradiation.

1. INTRODUCTION

The results reported here stem from the second phase of the IAEA Co-ordinated
Research Programme for individual monitoring. The first phase was concluded in 1989 with
a Research Co-ordination Meeting in Vienna [1]. From the first to the second phase the
general scientific and technical aspects changed appreciably as a result of ICRU's proposal
for a new phantom on which dosimeters are to be irradiated for calibration purposes. The
ICRU Report 47 is still in the draft stage, and the results of the intercomparison will hope-
fully yield further information on the practicability of the ICRU's proposal.

The more general scientific and technical aspects of the intercomparison are presented
in one of the foregoing papers [2]; this paper describes the evaluation of the data obtained
from the participants. The results are presented in a form allowing conclusions to be drawn
while preserving the anonymity of the participants. The evaluation procedure was computer-
assisted and carried out as described in [3, 4].

2. CHARACTERIZATION OF THE PARTICIPANT'S DOSIMETRY SYSTEM

Before the irradiations, every participant received a questionnaire to be filled in to
provide information on his dosimetry system. The data obtained were used to prepare a table
with all the relevant details which was then sent to every participant for amendments. The
corrected data are summarized in the Appendix.

Thirteen participants used only thermoluminescence (TL) detectors, nine participants
used only films, and one only photoluminescence (PL) detectors; two participants used a film-
TL detector combination. The TL materials are LiF, LiF/PTFE, Li2B4O7, BeO, A1PO4,
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MgB4O7 and CaSO4. The films are from four different manufacturers. All but two dosimeters
differ in construction. The raw data of one film dosimetry system have been evaluated
independently by two different groups and lead to significantly different results. Both
evaluations are included in the analysis of the intercomparison.

3. EVALUATION OF THE SUBMITTED DATA

The dosimeters of every participant's dosimetry system were irradiated according to
the irradiation plan in [2], where a detailed explanation of the radiation qualities and the
conversion coefficients can also be found. Together with the irradiated dosimeters, every
participant received a form to be filled in with results for his dosimetry system in terms of
the slab dose equivalent Hsl(d) at the depths d = 0.07 mm and d = 10 mm, abbreviated as
Hsi(0.07) and Hsl(10). Hsl(d) is defined as the dose equivalent in soft tissue [5] below the
central point of the front face of a 30 cm x 30 cm x 15 cm phantom of soft tissue at the
depth d. Besides the two columns for Hsl(0.07) and Hsl(10), three columns in the form were
provided for the angle of incidence 0, the mean radiation energy E and remarks.

For every radiation the participant was informed of the irradiation date and whether the
irradiations of the dosimeters were made on a PMMA slab phantom (30 cm x 30 cm x
15 cm) or on an Alderson phantom, where the dosimeter was positioned either on the lung
(abbr. Al/1) or on the abdomen (abbr. Al/a). No information was provided about the radiation
quality or the angle of incidence, except for dosimeters 30 to 33. Two of these (30 and 31)
were irradiated for calibration purposes with Cs-137 gamma radiation free in air (air kerma
10 mGy), the other two with the same source on the slab phantom (HJ10) = 10 mSv). The
irradiation data on these four dosimeters were given to each participant, who could use either
type of irradiation to normalize his data. The participant was asked to indicate by a cross
which irradiation he had used.

As the dosimeters of every participant had to be divided into groups to enable
dosimeter irradiations to be carried out at two different institutes, two dosimeters from each
group were preserved unirradiated for background corrections. A third dosimeter was reserved
to enable any mistake possibly occurring during the irradiation or elsewhere, to be corrected.
In most cases it was possible also to use this third dosimeter for background corrections.

Depending on the type of dosimetry system used by the participant, the columns in the
form were more or less fully filled in. One participant included his own routine dose values
based on his own measurand in the column reserved for Hpart.

The participant's data of HJ0.07) and Hsl(10) corrected for the appropriate background
were filled in on a completed form (Fig. 1) together with the data provided from the
irradiating institutes. This completed form contains also all the radiation quantities and
phantoms used during this intercomparison. The column headed Hpart for the participant's
own routine dose values based on their own measuring quantity is found on this form together
with columns for the mean energy, the angle of incidence 0 and the quotients Q(0.07) and
Q(10). Q(0.07) is the personal dose equivalent HJ0.07) assessed by the participant divided
by the personal dose equivalent to which the dosimeter was exposed by the irradiating
laboratory (taken as the conventional true value). Q(10) is defined by analogy.

Every participant received the completed form with his results for inspection. If the
participants so wished, the data on the completed form were modified, for example to
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The appropriate background has been subtracted for the data of the participants if necessary.
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FIG. 1. Example of a completed form with all the participant's results from the intercomparison. Such a form
was sent to every participant.

eliminate the participant's writing errors or to take into account a more sophisticated
background calculation. If corrections had been made, the completed form with the modified
data was sent to the participant for further inspection. The (possibly modified) data in the
completed form are the basis for the diagrams in Section 4 and further interpretation of the
results.

4. GRAPHICAL REPRESENTATION OF THE RESULTS OF EVERY PARTICIPANT

The results of every participant are clearly arranged in the same way in three diagrams
to facilitate comparison of the data sets of several participants (see Figs 2-4 as examples):

The first two diagrams (Figs 2 and 3) clearly illustrate the dependence of the response
on the photon energy in the case of normal incidence of the photon radiation, and the
dependence of the response on the angle of incidence. The data on the quotients Q(0.07) and
Q(10) are divided between the two diagrams. The third diagram (Fig. 4) illustrates the
phantom's influence on the reported value, the investigation of which was one of the
objectives of this intercomparison.
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FIG. 2. Example of the graphical representation of the first part of the results of a participant (first diagram)
showing the energy and angular dependence of the response for the measurand Hsl(0.07).
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FIG. 3. Example of the graphical representation of the second part of the results of a participant (second
diagram) showing the energy and angular dependence of the response for the measurand HJ10).

Details of the diagrams

In the upper left corner of the first diagram (an example is given in Fig. 2) the
number and type of dosimetry system are given. W means "whole body dosimeter", R or X
after the oblique means "routine" or "experimental" dosimeter.
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FIG. 4. Example of the graphical representation of the third part of the results of a participant (third diagram)
showing the phantom influence on the measured values.

Each quotient Q(0.07) between 0 and 2 is represented by a horizontal bar. Q(0.07)
values exceeding 2 are indicated by arrows. The area between the bars and the line
representing a quotient value equal to unity is shaded, thus providing a visual indication as
to whether the assessment by the dosimetry system is an overestimate or an underestimate.
A complete data sheet for a measurand consists of:

- one data set for the energy dependence of the response measured on the slab for
normal incidence of the radiation on the slab (angle of incidence 0°); the data set
consists of nine quotients Q(0.07) which are plotted from left to right with increasing
mean energy of the respective primary photon radiation (Table 1) with one exception:
the last quotient was obtained for a mixed field radiation (radiation qualities G662 and
B37);

TABLE 1. ARRANGEMENT OF THE Q(0.07) AND Q(10) VALUES FOR THE ENERGY DEPENDENCE
IN THE FIRST AND SECOND DIAGRAM

Number of the bar representing a
Q value

1
2
3
4
5
6
7
8
9

Radiation quality

B20
B37
B57

B104
N205
G374
G662

G1250
G662 + B37

Mean photon energy/keV

20
37
57
104
205
374
662
1250
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- four data sets for the angular dependence of the response for the B20, B57, B104 and
G662 radiation qualities, some measured on the slab and some on the Alderson
phantom on the lung (Al(l)). If four quotients (i.e. bars) are shown in a subsection of
the diagram, they refer to the angles of incidence 0°, 30°, 60° and to rotational
irradiation. In the case of only three quotients in a subsection, the quotient for the
rotational irradiation is lacking.

If any quotient which should have been obtained in the regular intercomparison
program is missing, its value is set to one in the diagram, and the bar is marked by //. In the
example of the first diagram in Fig. 2, two data points are lacking. For every subsection of
the diagram the mean value of the quotients is given together with the corresponding
coefficient of variation.

In the second diagram (see Fig. 3) the data are arranged in the same way as in the
first, but for d = 10 mm.

The third diagram (see Fig. 4) shows differences in the results caused by using
different phantoms or different positions on a phantom in the same radiation field. The
quotients given in the diagram were calculated by dividing the result obtained for a dosimeter
irradiation on a certain phantom by the result obtained on the lung of the Alderson phantom
(reference value).

The quotients are graphically presented as in the first two diagrams, but in the third
diagram the space is divided between the quotients pertaining to the depths d = 0.07 mm and
those for d = 10 mm. Each of these is then divided into three subsections. The first two
subsections for the B57 and G662 radiation qualities contain four quotients obtained on the
slab phantom and for the angles of incidence 0°, 30°, 60° and to the rotational irradiation. The
third subsection contains only one quotient referring to a dosimeter irradiated on the abdomen
of the Alderson phantom obtained with the radiation quality B57.

Two examples of results for dosimetry systems with good performances are shown in
Figs 5-7 for a film dosimetry system, and in Figs 8-10 for a TL dosimetry system.

Graphical representations of all the results were distributed to all participants in the
form of the three diagrams about 3 weeks before the seminar, thus enabling them to compare
their results with the others. The anonymity of the results was, of course, preserved.

5. GENERAL SURVEY OF THE RESULTS FOR ALL DOSIMETRY SYSTEMS

A discussion of the results shown in each of the graphical representations described in
Section 4 is beyond the scope of this paper. Instead, Table 2 is a compilation of the results
obtained with all the participating dosimetry systems, giving the following data:

mean value R of all the quotients Q(0.07) or Q(10);

- coefficient of variation v belonging to /?;

- number of outliers O, i.e. the number of quotients which lie outside the ICRP interval
for high doses (explanation see below);
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FIG. 5. Results for dosimetry system No. 8 (first diagram).
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FIG. 6. Results for dosimetry system No. 8 (second diagram).

double irradiation: whether or not the quotient obtained for the double irradiation
(radiation qualities G662 and B37) lies outside the ICRP interval for high doses is
indicated by + or -;

rotational irradiation: whether more or less than 50% of the quotients obtained for
the rotational irradiations lie inside the ICRP interval for high doses is indicated by +
or - ; if 50% lie inside this interval, this is indicated by o;
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FIG. 7. Results for dosimetry system No. 8 (third diagram).
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FIG. 8. Results for dosimetry system No. 21 (first diagram).

- capability of measuring E: whether or not the dosimetry system is capable of
estimating the mean energy of the incident radiation is indicated by + or - ;

capability of measuring 0: whether or not the dosimetry system is capable of
estimating the mean angle 0 of radiation incidence is indicated by + or - .

Some dosimetry systems have not been designed to measure low-energy photon
radiation of about 20 keV, therefore a second italicized value is given in Table 2 for R, v and
O referring to all quotients except those obtained for the radiation quality B20 (mean photon
energy 20 keV).
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No. 21 TLD / W / R Hsi(10)
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FIG. 9. Results for dosimetry system No. 21 (second diagram).
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FIG. 10. Results for dosimetry system No. 21 (third diagram).

The term ICRP interval for high doses has been introduced here as the ICRP has stated
an acceptable overall accuracy in individual monitoring in paragraph 109 of the ICRP
Publication 35 [6]. Applying this to the new ICRU quantities, it reads:

"The uncertainty acceptable in routine individual monitoring for external radiation can
best be expressed in relation to the estimates of Hst(10) and HJ0.07) that are
measured. The uncertainty of the measurement of the annual value of these quantities
(or of the upper limits if a cautious interpretation is being conducted) should be
reduced as far as reasonably achievable. If these quantities are of the order of the
relevant annual limits, the uncertainties should not exceed a factor of 1.5 at the 95%
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TABLE 2. GENERAL SURVEY OF THE RESULTS FOR ALL DOSIMETRY SYSTEMS
(further explanations see text)

System
Type
Film

TLD

Others

H5|(0 07)

R

0,88 0,91
0,90 0,91
0,82 0,85
1,51 1,60
1,25 1,36
1,08 1,18
0,80 0,88
1,22 1,26

0,91 0,95
1,00 1,03

0,90 0,95
1,09 1, 09
1,03 1,04
1,20 1,24

1,28 7,25
0,45 0,27
1,17 1,21
1,06 7,05
1,24 1,24
0,82 0,55

1,38 r,50

V

m%
21 ta
18 18
23 2?
36 31
38 27
39 28
40 25
43 43

19 15
14 S

17 7
14 8
12 77
23 19

20 19
74 43
26 25
17 77
22 20
17 12

40 31

O

4 2
1 7
3 2

14 13
11 8
7 4
6 3
5 5

1 0
1 0

3 0
1 0
0 0
3 2

9 6
6 5
6 6
0 0
7 5
5 2

17 74

Double
Irrad

+
-

-
+
-
.
4-

+

+

+

+

+

+

+

-

+

+

-

-

-

Rotat
Irrad

o
+

0

+
+
+
+

+
+

+
+
+
+

o

0

+
+
+

+

H,,(10)

R

0,96 0,95
0,95 0,96
0,94 0,93
1,61 1,69
1,26 7,37
1,05 1,13
0,85 0,93
1,35 7,28
1,19 7,25
0,94 0,93
1,04 7,05
1,14 7,72
0,96 7,07
1,08 7,05
1,05 7,06
1,10 7,75
1,04 1,10
1,11 1,18
1,09 7,76
1,17 7,27
0,85 0,93
1,35 7,24
0,89 0,97
0,95 0,99
1,46 7,58

V

in %
16 77
17 77
21 20
34 37
36 26
37 28
38 26
45 45
50 49
10 9
12 9
13 73
16 6
16 11
16 12
21 14
22 11
24 73
26 75
26 25
29 9
31 79
15 72
16 8
42 34

O

2 2
1 r
4 4

15 15
12 9
6 3
5 2
a s
3 3
0 0
1 0
0 0
2 0
1 0
1 0
2 1
3 0
5 2
4 2
6 6
3 0
8 5
1 0
2 0

17 14

Double
Irrad

+
-
-
-
+
-
-
+
-
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Rotat
Irrad

0

+
+
0

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
0

+
0

+
+
+

Capab hty to
measure

E

+
+
+
+
+
+
+
+
-
+
-
-
+
-
-
-
-
-
-
-
-
-
+
+
+

0

+
+
+
+
+
+
+
+
-
-
-
-
-
-
-
-
-
-

-
-
+

(+)
+

confidence level. Where they amount to less than 10 mSv an uncertainty of a factor
2 at the 95% confidence level is acceptable. This uncertainty includes errors due to
variations in the dosimeter response with radiation energy and angle of incidence, as
well as intrinsic errors in the dosimeter and its calibration. It does not include
uncertainties in deriving tissue or organ dose equivalents from the dosimeter results."

As the doses applied in this intercomparison can be regarded as doses of the order of
the relevant annual limits, i.e. high doses, the quotients Q(0.07) or Q(10) are said to fall into
the ICRP interval for high doses if they are larger than 1/1.5 and lower 1.5. However, the
ICRP requirement should be applied in this intercomparison with some restrictions. It is
obvious that the results:

- have not been obtained in routine radiation surveillance;
- have possibly been corrected to indicate the same mean value for Cs-137 gamma

radiation; and
- have been partly obtained by new evaluation procedures to determine the phantom-

related quantities.

In Table 2 the systems are subdivided into film dosimetry systems, TL dosimetry
systems and others (film + TL, PL dosimetry systems), and the results in every subsection are
arranged according to the value of v for Hsl(10) beginning with the smallest value. The table
illustrates the great variety of the results reflecting the different performances of the dosimetry
systems for the measurands HJ0.07) and HJ10).
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FIG. 11. Frequency distribution of all the v values for the measurand E^O 07) for the film dosimetry systems.
In the dotted columns results for all irradiation conditions are taken into account, in the hatched columns results
for the radiation quality B20 are omitted.

FIG. 12. Frequency distribution of all the v values for the measurand HJ0.07) for the TL dosimetry systems.
In the dotted columns results for all irradiation conditions are taken into account, in the hatched columns results
for the radiation quality B20 are omitted.

6. FREQUENCY DISTRIBUTIONS OF THE VARIATION COEFFICIENT

The frequency distributions of the variation coefficient v are given in Figs 11-14 for
film and TL dosimetry systems. All the figures clearly show the larger frequency of smaller
v values if the results obtained for the radiation quality B20 are not considered (hatched
columns). While there are no film dosimetry systems with v < 10%, there are 4 TL dosimetry
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FIG. 13. Frequency distribution of all the v values for the measurand HJ10) for the film dosimetry systems. In
the dotted columns results for all irradiation conditions are taken into account, in the hatched columns results
for the radiation quality B20 are omitted.

50
v in %-

FIG. 14. Frequency distribution of all the v values for the measurand HJ10) for the TL dosimetry systems. In
the dotted columns results for all irradiation conditions are taken into account, in the hatched columns results
for the radiation quality B20 are omitted.

systems with this low coefficient of variation for the measuring quantity H',{10) if the results
for the radiation quality B20 are not considered.

7. FREQUENCY DISTRIBUTIONS OF THE OUTLIERS

An impression of the irradiation conditions under which the doses have been most
difficult to measure can be obtained from the frequency of the outliers for the various
irradiations.
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irradiation No.
FIG. 15. Frequency distribution of all the outliers for the measurand Hs/(0.07) for the film dosimetry systems.
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Irradiation No.

28 34
29 35

FIG. 16. Frequency distribution of all the outliers for the measurand HJ10) for the film dosimetry systems.

Figures 15 and 16 show the frequency distributions for the film dosimetry systems for
the measurands HJ0.07) (8 participants) and HJ10) (9 participants). The irradiation numbers
given in the abscissae are the same as in the completed form of Fig. 1. It is apparent that the
gamma radiation (radiation quantities G374, G662 and G1250) used in irradiations Nos 21
to 34 can be measured quite well by every participant for both measurands. For the mixed
X/gamma radiation (No. 35), however, there are 4 (Fig. 15) and 5 (Fig. 16) outliers. Although
many of the participating film systems were of relatively poor quality for measuring X
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1 3 5 7 9 11 13 15 17 22 24 26 28 34
2 4 6 8 10 12 14 16 21 23 25 27 29 35

Irradiation No. ——l̂ -
FIG. 17. Frequency distribution of all the outliers for the measurand H^O.07) for the TL dosimetry systems.
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1 357 9 11 13 15 17 22 24 26 28 34
2 4 6 8 10 12 14 16 21 23 25 27 29 35

Irradiation No. ——l̂ -
FIG. 18. Frequency distribution of all the outliers for the measurand H^IO) for the TL dosimetry systems.

radiation in general, the results for the radiation quality B57 at angles of 0°, 30° and 60°
(Nos 5, 6, 7) seem to be slightly better. This becomes apparent in the minimum of the
frequency distribution at these irradiation numbers.

Figures 17 and 18 for TL dosimetry systems (11 systems are contained in Fig. 17, 13
in Fig. 18) present quite a different picture. For radiation qualities with mean energies of
104 keV and above, almost no outliers are seen. Nor does mixed radiation pose any problems.
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However, Hsl(10) seems to be difficult to measure for the radiation quality B20 (irradiation
Nos 1 to 3), especially at an angle of 60° (irradiation No. 3). For the measurand Hsl(0.07),
too, most of the outliers are at irradiation No. 3.

Another question is how many dosimetry systems in this intercomparison fulfill the
ICRP requirement, that is, how many exist all of whose results with the exception of one at
the most (5% of 28 results, rounded off, is one result) lie within the ICRP interval for high
dosesl This question is answered by the figures in Table 3. Table 4 gives the equivalent
figures if the radiation quality B20 is excluded. While only one participating film dosimetry
system fulfills the ICRP requirement, roughly half of all TL dosimetry systems do so.

TABLE 3. RELATIVE NUMBER OF DOSIMETRY SYSTEMS FOR WHICH ALL QUOTIENTS, OR ALL
BUT ONE, LIE BETWEEN 1/1.5 AND 1.5. THE TOTAL NUMBER OF DOSIMETRY SYSTEMS IS GIVEN
IN BRACKETS

Detector

TLD
Film

Film + TLD, PLD

Measurand

H„ (0.07)

45% (11)
13% (8)
0% (2)

Ha (10)

38% (13)
11% (9)
33% (3)

TABLE 4. RELATIVE NUMBER OF DOSIMETRY SYSTEMS FOR WHICH ALL QUOTIENTS, OR ALL
BUT ONE, LIE BETWEEN 1/1.5 AND 1.5 IF THE RADIATION QUALITY B20 IS OMITTED. THE
TOTAL NUMBER OF DOSIMETRY SYSTEMS IS GIVEN IN BRACKETS

Detector

TLD
Film

Film + TLD, PLD

Measurand

Ha (0.07)

55% (11)
13% (8)
0% (2)

H,, (10)

69% (13)
11% (9)
67% (3)

To what extent do constructional features influence the results in Tables 3 and 4? One
would expect that for a relatively complicated dosimeter with many detectors and filters, the
number of parameters which can be adjusted in the evaluation procedure is high, and success
is therefore more likely than for a simple dosimeter. Here, film dosimeters with numerous
filters, and TL dosimeters with more than two detectors are regarded as complicated. It is
remarkable that, irrespective of the measurand or the inclusion of the results for the radiation
quality B20, about half the TL dosimetry systems fulfilling the ICRP requirement and
contained in Tables 3 and 4 are simple dosimeters, whereas the one film dosimeter is a
complicated one. Two of the three complicated TL dosimetry systems give the mean photon
energy, but none give any information about the angle of radiation incidence.

8. PHANTOM INFLUENCE

As described in Section 4, every participant received a graphical representation of his
results (third diagram in Fig. 4) showing the influence of positioning the dosimeters at
different locations on the Alderson and the slab phantom. All the quotients given in the third
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FIG. 19. Quotients of doses obtained on different phantoms or at phantom positions, averaged over 6 TL
dosimetry systems for the measurand Hs£0.07) and over 9 TL dosimetry systems for the measurand H^IO) (for
more details see text).

diagram are dose values obtained on a slab phantom or on an Alderson phantom on the
abdomen, divided by the dose value obtained on the Alderson phantom on the lung under the
same irradiation conditions. The results presented in the third diagram differ from one
dosimetry system to the other as they depend, for example, on the dosimeter construction.

However, one may look for typical features in the third diagram common to a number
of dosimetry systems. The influence of the various scattering properties of the phantoms are
expected to change the indicated dose values by a maximum of about 10% to 20%. To detect
changes of this order of magnitude, only precise dosimetry systems with few outliers are
expected to give results which could be effectively combined. It was decided to combine the
results of the TL dosimetry systems which have a maximum of one outlier if the results
obtained for the radiation quality B20 is not considered. The dosimeters of all these systems
are more or less symmetrically constructed, so that their response is the same regardless of
whether the dosimeters are irradiated from the front or from the back.

Figure 19 shows the 18 quotients of the third diagram in the same sequence but
averaged over 6 systems for the measurand Hsl(0.07) and over 9 systems for the measurand
Hsl(10). The bar between the two dotted areas represents the mean value, the (vertical) length
of the dotted area its standard deviation. The first four-bar group for each measurand (i.e. the
quotient Nos 1 to 4 and 10 to 13) pertains to the radiation quality B57, the second four-bar
group (i.e. the quotients 5 to 8 and 14 to 17) to the radiation quality G662. Obviously, the
mean values of every four-bar group vary in a similar way. The first three bars for the angles
of incidence 0°, 30° and 60° tend to be somewhat above 1: their mean of the three bars is
about 1.10 for the radiation quality B57 and about 1.05 for the radiation quality G662. The
fourth bar in every four-bar group pertaining to rotational irradiation is always the lowest in
the group. It is about 10% to 15% lower than the mean value of the preceding 3 bars of the
group.
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The results for the radiation quality B 57 obtained on the abdomen of the Alderson
phantom (quotient Nos 9 and 18) are on average about 5% higher than on the lung.

It must be stressed that the above-mentioned results are mean values obtained for a
number of selected TL dosimetry systems. They indicate the trend of a group of results; in
every individual case, however, the results may look somewhat different, depending on the
dosimeter construction, the evaluation procedure, or simply caused by measurement errors,
for example. However, the results given above show that symmetrically constructed TL
dosimeters with a relatively flat energy response tend to indicate:

- values about 10% higher on the ICRU slab phantom for frontal X-radiation of the
radiation quality B57,

- values about 5% higher on the ICRU slab phantom for frontal gamma radiation
(radiation quality G662),

- values about 5% higher on the Alderson phantom on the abdomen for frontal radiation
of the radiation quality B57,

- values about 5% lower on the ICRU slab phantom for rotational radiation (radiation
qualities B57 and G662),

compared with the same irradiation on the Alderson phantom on the lung.

9. SUMMARY AND CONCLUSIONS

The irradiations of the dosimeters of the 25 participants during the intercomparison was
very time-consuming because of the relatively low dose rate at the irradiation distance of at
least 2.5 m. This distance turned out to be necessary in order to irradiate the slab phantom
uniformly. Moreover, only very few dosimeters could be irradiated at the same time,
especially at oblique radiation incidence, due to the unknown variation of the dose rate over
the front face of the slab phantom. The slab phantom turned out to be easy to use for
horizontal beams; in the case of vertical beams some extra equipment is needed, especially
for oblique irradiations.

The results obtained from the intercomparison showed that it is possible to measure
H\i(0.07) and HJ10) with film, TL, PL and film+TL dosimetry systems with sufficient
accuracy. Most participants with film dosimetry systems, however, found difficulty in
fulfilling the requirement stated in ICRP Report 35, namely that for the conditions of this
intercomparison, all results but one at the very most, should not exceed a factor 1.5. While
only one film dosimetry system fulfilled this requirement, roughly half of all TL dosimetry
systems did so. About every second system had dosimeters with only two TL detectors.

The relatively high number of outliers for film dosimetry systems in the case of mixed
radiation (X-radiation of the mean energy of 37 keV and Cs-137 gamma radiation) is
remarkable. On the other hand, numerous TL dosimetry systems were not able to measure X-
radiation of the mean energy of 20 keV accurately, especially at a 60° angle of incidence.
Coefficients of variation pertaining to the mean values of all the quotients (measured
value/conventional true value) of this intercomparison of the order of 10% were obtained by
several TL dosimetry systems if the results for the X-radiation of the mean energy of 20 keV
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were omitted. The inclusion of these results (4 results out of 28) increases the coefficient of
variation to about 15%.

Several dosimeters were not only irradiated on an ICRU slab phantom but also on an
Alderson phantom in the position of the lung or the abdomen. Compared with the results
obtained in the position of the lung, those obtained on the ICRU slab phantom for frontal
(angles of incidence 0°, 30° and 60°) X-radiation of the mean energy of 57 keV tended to be
about 10% higher (about 5% higher for Cs-137 gamma radiation). The results obtained for
the abdominal position tended to be about 5% higher. For rotational radiation the results on
the ICRU slab were 5% lower. A better agreement of the results obtained on the ICRU slab
with those on the Alderson phantom for the lung position (where the dosimeters are most
frequently worn) could have been reached by reducing the thickness of the ICRU slab
phantom. The agreement of the results obtained on the ICRU slab with those on the Alderson
phantom for the abdominal position is much closer.
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Appendix

LIST OF PARTICIPANTS' DOSIMETRY SYSTEMS

The participants are responsible for the information given: the composition and thickness
of the detectors, front and back filters, and the remarks. Whether the mean photon energy
has been measured and for which measurand results have been obtained is also indicated.

No.

1

2

4

5

6

8

use

R

R

R

R

R

R

De-
tec-
tor

1

1

1

1

1

1

Detector

deposition

Personal Honi-
tonng Fil«

Personal Honi-
tonng Filii

Personal Hom-
toring Fil«

Personal Honi-
tonng Fil«

Personal Honi-
tonng Filii

Personal Honi-
tonng Fil«

Thick
in

«g/en2

4

4 to
10

Filter
front

Composition

Plastic
Cu
Cu
Cu
Pb

Paper
Plastic

Cu
Cu
Pb
Cu

Plastic
Plastic
Plastic
OURAL

Cd(605)+Pb(340)
Si)(5tO)+Pb(34fl)
Plastic + Al

Plastic
Al
Cu
Cu

b(454)«n(510)
b(454)tCd(692)
b(454)tSn(582)

Sn
Al

Plastic
Plastic
Plastic
Paper
Cu
Cu
Cu
Pb

Plastic

Thick
in

ng/cn2

45
268
1070
SOI

150
45
448
568
1434

50
300
2ÎO
945
850
46
250
270
268
1070
964

1146
1036
146
162
54
143
357

45
445
1427
565
150

Filter
back

Composition

Plastic
Cu
Cu
Cu
Pb
Paper

Plastic
Cu
Cu
Pb
Cu

Plastic
Plastic
Plastic
DURAI

Cd(605)tPb(340)
Sn(51D)+Pb(340)
Plastic t Al

Plastic
Al
Cu
Cu

Pb(454)+Sn(510)
b(454)+Cd(692)
Pb(454)tSn(582)

Sn
Al

Plastic
Plastic
Plastic
Plastic

Cu
Cu
Cu
Pb

Plastic

Thick
in

«g/en

45
268
1070
907

150
45
448
568
1434

50
300
270
945
850
90

250
270
268
1070
964

1146
1036
146
162
357
357
357

300
45

445
1427
565
150

Pho-
ton

ener-sy»eas-
ured
*

*

*

*

*

*

Heasurand

«s,

(0,07)
*

*

*

*

*

*

H,i
(1Û)
*

*

*

*

*

*

Renarks

TKO filns in one package

TKO fi Ins in one package

TKO fi Ins in one package

TKO filns in one package

Three fi lus in one package

TKO fi lus in one package
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Ho,

9

11

Ose

R

R

De-
tec-
tor

1

1

Detector

Composition

Personal Honi-
tonng Film

Personal Honi-
tonng Fil«

Thick.
in

mg/cm2

4

Filter
front

Composition

Plastic
Plastic + Al

Paper
Sn
Pb
Cu

Plastic
Plastic, paper

Plastic
Cd
Cu
Cu
Pb

Thick.
in

ng/c«2

80
89

1070
12(0
1150
355
32
100
865
134
892
1134

————————————————
Filter
back

Composition

Plastic
Plastic + Al

Hakrolon
Sn
Pb
Cu

Plastic
Plastic + Paper

Plastic
Cd
Cu
Cu
Pb

Thick.
in

»g/c»2

ao
89

30D
1070
1260
830
355
32
100
865
134
892
1134

Pho-
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2. INDIVIDUAL MONITORING, QUALITY CONTROL
AND INTERCOMPARISON



NEW EUROPEAN TECHNICAL RECOMMENDATIONS
FOR INDIVIDUAL MONITORING

H.W. JULIUS
Radiological Service TNO,
Arnhem, Netherlands

P. CHRISTENSEN
Ris0 National Laboratory,
Roskilde, Denmark

T.O. MARSHALL
National Radiological Protection Board,
Chilton, Didcot, Oxfordshire,
United Kingdom

Abstract
Document EUR 5287 "Technical Recommendations for Monitoring the Exposure of Individuals to
External Radiation", published by the Commission of the European Communities in 1975, has
been revised. In this report an overview is given of the content of the revised document.

1. Introduction
The Commission of the European Communities (CEC) support the member states in establishing
and exercising individual monitoring programmes that comply with the requirements laid down in
the CEC Directives on Basic Safety Standards. In 1975 the CEC published the first edition of
"Technical Recommendations for Monitoring the Exposure of Individuals to External Radiation",
EUR 5287. Since then the concepts and methods of individual monitoring have changed substan-
tially. As a result, the CEC decided to revise this document with the help of a small drafting group
consisting of the above authors. The group has recently finished its task and prepared a report for
the CEC, entitled: "Technical Recommendations for Monitoring Individuals Occupationally
Exposed to External Radiation". The new document will soon be published.

The revised CEC document addresses a larger part of the radiation protection community than did
the previous version. It is intended to provide guidance for those operating individual monitoring
services, for those responsible for individual monitoring programmes, for those involved in
dosemeter and personal dosimetry system design and for those responsible for the formulation of
legislation in this field. Therefore the scope of the revised document has been extended, as a result
of which new chapters on specific topics, e.g. dose record keeping, quality assurance and manage-
ment and administration of individual monitoring services, have been added.

The major changes in the document stem from new recommendations by ICRP and ICRU. The
dosimetric quantity, effective dose equivalent, which is the basic quantity used for assessing the ra-
diation risk to the individual for stochastic effects was introduced by ICRP in Publication 26
(1977). Recently ICRP have modified this quantity and changed its name to effective dose
(Publication 60, 1991). Furthermore a reduction of the annual dose limit from 50 mSv to 20 mSv
and a new relationship between Quality Factor and Linear Energy Transfer implying an increase of
the Quality Factor for neutrons have been recommended (ICRP Publication 60). New recommenda-
tions by ICRU on operational quantities for individual monitoring (Publication 39,1985,
Publication 43, 1985 and Publication 47,1992) have a major implication for dosemeter design,
dose evaluation methods and type testing procedures.

The current legal situation is set out in the CEC Directive dealing with the Basic Safety Standards.
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The recommendations given in ICRP Publication 60 will in due course be incorporated in a new
version of this directive. However this is likely to take several years. In view of this, the document
on technical recommendations is based, at present, on the above mentioned CEC Directive with the
exception of the reduction in the annual dose limit from 50 mSv to 20 mSv since it is reasonable to
assume that this will be adopted by CEC in due course.

In addition to an introductory chapter the revised document contains the following chapters:
- Objectives and Principles of Individual Monitoring
- Dosimetric Concepts in Individual Monitoring
- Requirements for Personal Dosemeters
- The type Testing of Personal Dosemeters
- Performance Testing
- Dose Record Keeping and Information Systems
- Aspects of Management and Administration
- Quality Assurance in Individual Monitoring

These chapters will be briefly discussed below. References are given in the document itself at the
end of each chapter

2. Objectives and Principles of Individual Monitoring

This chapter deals with the following subjects:
2.1 General Aspects

2.1.1 Objectives
2.1.2 Compliance with Dose Limits
2.1.3 Scale of Individual Monitoring

2.2 Special Aspects
2.2.1 Monitoring for Strongly Penetrating Radiation
2.2.2 Measurement of Dose to the Skin
2.2.3 Measurement of Extremity Dose
2.2.4 Monitoring Period
2.2.5 Qualitative Information Additional to Dose

A description is given of primary objectives of individual monitoring. In addition a range of bene-
fits that accrue from an individual monitoring programme are mentioned.
It is emphasised that radiological protection should be based on the three well known principles:
justification, optimisation and limitation. As the primary dose quantities, effective dose equivalent
and organ dose, can not be measured in practice by an individual monitoring system it is recom-
mended that simpler operational quantities (as defined by ICRU), i.e. H (0.07) and H (10), should
be used to give an estimate of the primary dose quantities. It is further stated that in isolated cases
where the doses approach the dose limits it may be worthwhile to make additional analyses of the
radiation field to get a more accurate estimate of organ dose and effective dose equivalent
The classification of radiation workers into A and B Categories is retained in the revised document.
Systematic individual monitoring is required for Category A workers. For Category B workers in-
dividual monitoring is not strictly required; however it may be beneficial to issue individual
dosemeters also to this category of workers.
Monitoring for strongly penetrating electron and photon radiation can in most cases be performed
satisfactorily by using only a simple dosemeter capable of providing a measurement of Hp(10). For
monitoring for neutron exposures more than one dosemeter is normally needed for measuring
H (10) when a broad energy range must be covered. In the case of high exposures with significant
neutron contribution additional spectral analyses at the workplace may be needed.
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For monitoring for skin doses a dosemeter capable of providing a measurement of Hp(0.07) is rec-
ommended.
Also for the measurement of extremity doses a dosemeter measuring H (0.07) is recommended. In
special situations, e.g. for exposure to neutrons where the maximum dose may occur at depths
greater than 0.07 mm, additional information on depth dose profiles may be helpful for the dose
evaluation.
The monitoring period for individual monitoring is recommended not to exceed one month, unless
exposures are particular low or uniform.
The information in addition to dose that can be obtained from a discriminating dosemeter may be
useful in determining the source of the exposure or to provide a better estimate of effective dose
equivalent for cases when doses approach the dose limits or when an accidental overexposure has
occurred.

3. Dosimetric Concepts in Individual Monitoring

This chapter deals with the following subjects:
3.1 General
3.2 Operational Quantities

3.2.1 Quantities for Area Monitoring
3.2.2 Quantities for Individual Monitoring

3.3 Relationships Between the Operational Quantities and the Limiting Quantities
3.4 Advantages of the Quantities Hp(10) and Hp(0.07)
3.5 Required Characteristics of Dosemeters Used to Measure Hp(10) and Hp(0.07)
3.6 The Quantity to be Measured for Extremity Monitoring
3.7 Categories of Dosemeters

3.7.1 Basic Dosemeter
3.7.2 Discriminating Dosemeter
3.7.3 Extremity Dosemeter
3.7.4 Direct Reading Dosemeter

A review is given of the development of important dosimetric quantities for individual monitoring,
starting with effective dose equivalent introduced by ICRP in Publication 26 in 1977, followed by
the development by ICRU of the operational quantities to represent the primary quantities, de-
scribed in the three ICRU publications No. 39 (1985), No. 43 (1988) and No. 49 (1992), and fi-
nally ending with the recent recommendations by ICRP introducing the new quantity effective
dose, the radiation weighting factor, and new Q-L relationships (ICRP Publication 60) (1991).

A detailed description is given of the three operational quantities, the ambient dose equivalent,
H (d), the directional dose equivalent, H'(d,ß), and the personal dose equivalent, H (d). The two
first mentioned are intended for use for area monitoring and they are defined in relation to the ICRU
sphere. H (d) is intended for use for individual monitoring and is defined in relation to the individ-
ual.
A number of calculated data presented in ICRU Publication 43 have demonstrated that the quantity
H (10) provides a reasonable estimate of effective dose equivalent and organ dose, provided that
H (10) is measured at an appropriate location at the body. It can be assumed that this will also hold
for the new quantity effective dose. It can be demonstrated from calculations for photon irradiations
that only small differences are observed whether the dose quantity for type testing against H_(10) is
defined as the dose at 10 mm depth in a MIRD-5 phantom, an ICRU sphere or a tissue equivalent
slab phantom.
The link between the operational quantities H (10) and H (0.07) and the primary limiting quantities
has been established by ICRU. From a practical point of view the new quantities present a unified
system of measurement irrespective of radiation type or energy so that neutron, photon and beta ray
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doses are additive. The quantities have the advantages that it will not be difficult to design doseme-
ters to measure them.
It is therefore recommended to use Hp(10) to provide an estimate of effective dose equivalent and
organ dose for the deeper organs and H (0.07) for the dose to the skin. It is also recommended to
use H_(0.07) for the dose to the extremities for exposures to beta and photon radiation. For expo-
sures to neutrons H (10) may provide a better estimate of the extremity dose.
In the final section a description is given of categories of dosemeter used for individual monitoring.
The categories are, basic dosemeters, discriminating dosemeters, extremity dosemeters, and direct
reading dosemeters.

4. Requirements for Personal Dosemeters

This chapter deals with the following subjects:
4.1 General
4.2 Requirements on Accuracy
4.3 Analysis of Uncertainties
4.4 Performance Criteria
4.5 Other Requirements

It is stated that the basic requirements for personal dosemeters are to provide a reliable estimate of
H (10) and H (0.07) independently of type, energy, and angle of the radiation, and with a pre-
scribed accuracy.
The ICRP overall accuracy requirements for individual monitoring (ICRP Publication 35, 1982)
have been adapted for implementation in practical routine monitoring. As a result it is recommended
that for doses near the annual dose limits the estimate of tL(10) and H (0.07) should not differ
from the annual dose value indicated by an ideal dosemeter by more than -33% or +50% at the
95% confidence level. For lower doses larger uncertainties are allowed.
The overall accuracy of a dosimetry system is determined from the combined effects from a number
of systematic and random errors. A method is described for evaluating the overall accuracy of a
dosimetry system by combining systematic and random uncertainties.
By stating that the overall accuracy of a dosimetry system should comply with the above ICRP
overall accuracy requirement the following expression for the performance criteria of the system
can be evaluated:

where 5r, 5Q /-p ̂ \ and 8Ç (o\ represent uncertainties due to effects from random errors, combined
L o j \JL-f, Y/ ^ i \\J /

energy and angular dependencies and all other systematic errors, respectively.
It is finally emphasised that also requirements important for the practical use of personal dosemeters
should be considered.

5. The Type Testing of Personal Dosemeters

This chapter deals with the following subjects:
5.1 General
5.2 Type Testing for Energy and Angular Response: Basic Concepts
5.3 Type Testing for Energy and Angular Response: Interpretation of Results
5.4 Type Testing for Other Important Characteristics

Type testing aims at determining under a series of irradiation and storage conditions, of the perfor-
mance characteristics of the dosimetry system as a whole and in particular at quantifying the
sources of random and systematic errors as given in chapter 4.
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Although it is clearly indicated that dosimetry systems ought to be type tested for a variety of influ-
ence quantities (such as linearity, fading, zero dose variations etc.), it is recognised that the crucial
characteristics of a system are its response with respect to radiation energy and angle of incidence.
It is required that, to type test for E and (f> response, dosemeters should be irradiated on an appro-
priate phantom to simulate the presence of the human body. ICRU, in Report 47, have recommend-
ed to use a 30 x 30 x 15 cm tissue equivalent slab phantom. This is based on the assumption that,
for type testing purposes, Hp(10)slab = Hp(10)peraon and Hp(0.07)slab =

The document not only provides a detailed outline of the procedures for type testing for E and <|> re-
sponse, it also lists the specifics of the ISO reference radiation that should be used and the conver-
sion coefficients for these radiations for the tissue equivalent slab phantom at incident angles of 0,
20, 40 and 60°.
Performance criteria for the energy and angular response of a dosemeter are usually specified for
each parameter separately (e.g. for the energy response at normal incidence and for the angular re-
sponse at 60 keV or lower energy). However, as the effects on the uncertainty caused by these two
parameters are correlated, the criteria should be specified for both parameters in combination. How
this can be done and how the results of the tests are to be interpreted is explained in detail. It is also
explained that a combined E, <(> response curve can be constructed by, for each energy, calculating
and plotting the average response:

RE = 0.25 (RE Q + RE 20 + REAQ + RE(60)

6. Performance Testing

This chapter deals with the following subjects:
6.1 General
6.2 Approval Performance Testing
6.3 Routine Performance Testing or Calibration
6.4 Quality Assurance Testing

In addition to the type testing of a personal dosimetry system, in which the whole performance of
the system is carefully analysed in order to verify its capability of meeting the accuracy criteria (see
Chapter 5), it is necessary to demonstrate that this standard of performance is maintained continu-
ously. In the document, three categories of testing are described:
a. Approval performance testing. Tests in this category are usually based on an official protocol

and carried out by an external facility. The results should confirm the type testing data and pro-
vide the information on the basis of which legal authorities can decide on approval of the
dosimetry service.

b. Routine performance testing. The purpose of this is to test the sensitivity, precision and bias of
the dosimetry system, using a single radiation energy. These tests should be repeated at regular
intervals, e.g. once a month, and are normally carried out by the service itself.

c. Quality assurante testing. A personal dosimetry service must maintain an on- going QA pro-
gramme involving extensive testing of equipment, calibration facilities, materials and processes.
One way of testing the overall quality of the service is to arrange for a "dummy" subscription
which should include the entire routine procedure (like a customer's subscription) except that
some of the dosemeters should be exposed to known doses.

7. Dose Record Keeping and Information System

This chapter deals with the following subjects:
7.1 Objectives and Principles
7.2 Techniques
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7.3 Dose Record Data
7.4 Reference Levels

7.4.1 Recording Level
7.4.2 Reporting Level
7.4.3 Investigation Level

7.5 Reporting of Dose Information
7.5.1 General
7.5.2 Special Reports
7.5.3 Classification of Data
7.5.4 Retention of Dose Data
7.5.5 Privacy

7.6 Setting up a DRÏS

Dose record keeping is discussed extensively as can be seen from the sections listed above. It is
emphasised that keeping individual dose records may never be a purpose in itself, but should serve
the protection of the worker. The latter can be achieved only, if all records of an individual can un-
ambiguously be retrieved, combined and reported at any time. Hence, a dose record keeping sys-
tem is more than just a computer based data storage system, and should rather be a "Dose Record
and Information System" (DRIS). It is crucial that a DRIS is informed of up-to-date dose data of
the individual worker, which is especially difficult for those workers moving from one employer to
another and even more so if they switch from one monitoring service to another. In view of the lat-
ter, it is an advantage if local record keeping systems are linked to a centralised or national DRIS.
Because of increasing cooperation and exchange of personnel between countries, the time may
come when this could be extended internationally. This would then require international harmonisa-
tion of dose record keeping systems. To this purpose suggestions are made in the document for set-
ting up a dose record and information system. Details are given on the elements which may be in-
cluded to identify: a. the establishment/employer, b. the site and c. the individual. Additionally, a
list is given of dose data that should be included in the individual's record, and how these can be
combined to provide useful information.

For the sake of statistical analysis to find trends in exposure of personnel - which is an essential
basis for developing radiation protection policy - it is suggested to distinguish between various cat-
egories of employers work activities and between various occupational categories of individual
workers. Possible choices are given.

8. Aspects of Management and Administration
This chapter deals with the following subjects:
8.1 General
8.2 Organisational Structure and Personnel
8.3 The Laboratory Accommodation and Environment

8.3.1 Spatial Arrangements
8.3.2 Environmental Conditions
8.3.3 Technical Conditions
8.3.4 Security

8.4 Customer related issues
8.5 Handling and Processing of Dosemeters
8.6 Automation
8.7 Financial Considerations

8.7.1 General
8.7.2 Subscription Rates
8.7.3 Capital Investment

8.8 Scientific Research
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Often individual monitoring services, and particularly the smaller ones, give insufficient thought to
the many aspects of management and administration. It is recognised that the complexity of dosi-
metric concepts, the technical facilities needed and the problems involved in setting up proper struc-
tures for organisation and administration require more scientific knowledge, effort and money than
one would expect at first sight. However, this is the price that is to be paid by a service that wants
to operate at a professional level.
In this chapter the various aspects as listed above are discussed in some detail. Several potential
problems are identified, practical checklists and suggestions for good operational practice are given.
Special attention is drawn to the fact that the monitoring laboratory is often expected to provide ra-
diation protection advice for those customers (usually the smaller ones) who are no experts in the
field.

9. Quality Assurance in Individual Monitoring

This chapter deals with the following subjects:
9.1 General
9.2 Development, Implementation and Management of QC
9.3 Documentation of Methods and Test Results
9.4 Quality Awareness and Training of Personnel
9.5 Acceptance and Compliance of Newly Supplied Materials
9.6 Maintenance and Testing of Equipment, Materials and Processes
9.7 Verification of Calibration Facilities
9.8 Testing the Overall Performance of the System

In to-days society there is a growing consciousness of quality assurance (QA) and quality control
(QC), not only for industries but also for public services. It is therefore important that any individu-
al monitoring service includes a QA programme as an integral part. Such a programme may even be
required for approval by the legal authorities.

In this chapter an attempt is made to roughly outline some aspects that may come into play when
QA is applied to routine individual monitoring, a subject which has hardly been dealt with in the
professional literature on radiation dosimetry. Although QA is mainly a matter of common sense,
the development of a strategy for it, as well as setting the rules for a QA programme and imple-
menting them in the service, requires considerable thought. It must be borne in mind that the main
objective of a balanced cost effective QA/QC programme is to achieve and maintain and thereby
continuously assure the quality standard of the service. How to approach the details, depends on
the local situation, sometimes on national regulations and often on personal views. In this chapter
some useful ideas are provided which, though perhaps rather obvious, may serve as a general
guide and help stimulate creativity for those in charge of individual monitoring services.

Next page(s) left blank 85



THE ICRU QUANTITIES AND THEIR RELATION TO
EFFECTIVE DOSE AS DEFINED IN
ICRP RECOMMENDATION 60

M. HÖFERT, G.R. STEVENSON
European Laboratory for Particle Physics,
European Organization for Nuclear Research (CERN),
Geneva

Abstract
The relation between operational quantities and risk quantities in radiation

protection is discussed. Measurements made in the operational quantities ambient and
personal dose equivalent, as defined by ICRU, are understood to provide an upper
bound for the limits on radiological risk as recommended in Publication 60 of ICRP.
These limits are actually expressed in effective dose, a quantity that is different from
the previously used quantity effective dose equivalent.

1. INTRODUCTION

Radiation protection activities are based on the recommendations of two
international committees, ICRP and ICRU. Whilst the former committee proposes
radiation protection standards and dose limits in the form of recommendations that
usually find their way into national regulations, the latter defines physical and
operational quantities to be used in radiation protection measurements. The basis
behind all operational quantities is that measurements performed in terms of these
quantities should assure that protection limits are not exceeded.

2. THE BASIS OF RADIATION PROTECTION

The basic radiation protection standards are defined, and were recently revised, by
ICRP [ICRP91]. Dose limits for a whole-body exposure are expressed in terms of a
risk quantity called effective dose E with £=£. H>T//T, where AVT are the weighting
factors for tissue or organ T, and HT are the equivalent organ doses both for external
and internal irradiations. Other dose limits for particular organs put forward by ICRP
that are not expressed in terms of Hr concern the lens of the eye, the skin, and the
hands and feet.

The equivalent doses in an organ are given by //T = WR D^^ where Z)T R is the
average absorbed dose caused by radiation R in tissue or organ T. The radiation
weighting factors WR are based on the type and quality of the external radiation field
incident on the body, and are presented in ICRP60 in the form of a table for various
radiation types.

Tables and graphs for an estimation of the radiation risk, effective dose £, are
published in ICRP51 for a multitude of radiation types and irradiation conditions
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[ICRP86]. They are mostly calculated in the MIRD-5 phantom used as a model for a
person, but are based on a previous set of tissue weighting factors WT and quality
factors Q as published in ICRP26 [ICRP77]. As long as no new set of data is available
these published values can still be used to estimate effective doses for individuals in
given radiation situations with sufficient accuracy. Both weighting factors WR and VVT

have changed between 1977 and 1991 and are likely to change in the future. This is
already one good reason not to consider effective dose as an operational quantity.
Furthermore, any set of data relating physical quantities of an external field such as
fluence with effective dose will always be based on calculations performed in
anthropomorphic phantoms that can only be an approximation to human bodies, the
latter showing quite a variety in shape. For practical purposes it is therefore necessary
to employ a set of operational quantities in radiation protection which can be
considered to provide a safe estimate of effective doses in persons exposed to external
radiation.

3. OPERATIONAL QUANTITIES IN RADIATION PROTECTION

The International Commission on Radiation Units and Measurements (ICRU) is
"aware of the need for preventing the emergence of different interpretations of the
same quantity, or the introduction of undesirable, unrelated quantities or units" in
radiation protection [A1191a]. Indeed definitions of operational quantities for practical
measurements have come a long way. In the early days of dosimetry, when radiation
protection was mostly concerned about X-rays, exposure in free air was considered to
be sufficient as an operational quantity. The necessity of performing a proper
dosimetry for other types of radiation has eventually led to the definition of dose
equivalent and the introduction of phantoms in the dosimetry of radiation fields. It is
obvious that the determination of the earlier proposed maximum dose equivalent
(MADE) in anthropomorphic phantoms will lead, in most practical circumstances, to
an overestimation of the effective dose in a person.

In order to arrive at a unique set of operational quantities in radiation protection tor
all types of radiation, ICRU eventually proposed a 30 cm diameter sphere made from
tissue equivalent material of density one as a surrogate for the human body and defined
in a first attempt the maximum dose equivalent in the ICRU sphere, the dose
equivalent index, as the operational quantity for radiation protection measurements
[ICRU73]. Since, however, dose maxima occur at different depths in a sphere (and a
human body) irradiated externally by different types of radiation and energies the
Commission had to come back on the definition. The dose equivalent index is not
additive, the latter feature being an important criterion for record keeping. In Report
39 ICRU kept the sphere as a phantom, but based the definitions of dose equivalent on
fixed depths where for strongly penetrating radiation a depth of 10 mm was chosen
[ICRU80, ICRU85]. In the following the quantities the ambient dose equivalent,
//*(d), the directional dose equivalent, /y(d,u), and the personal dose equivalent,
//p(d), will be considered in the latest revision of their definitions which are found in
reference [A1191b].
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4. DESIRABLE PROPERTEES FOR OPERATIONAL QUANTITIES USED EN RADIATION
PROTECTION

The first and most desirable property of the ICRU sphere quantities is that they
present a unified system of operational quantities for all types of radiation. Area doses
are expressed in units of ambient dose equivalent H*(d). In the case of the quantity for
individual monitoring - the personal dose equivalent //p(d) - the specification of the
depth ü is required with two distinct values of 0.07 and 10 mm for a determination of
surface (skin) and depth dose respectively. Ambient dose equivalent and personal dose
equivalent are considered as upper bounds of effective dose E. The operational
quantities will serve to define dose constraints in a particular radiation situation and
thus ensure that dose limits expressed in effective dose are not exceeded.

The radiation protection community accepted the introduction of //*(d) as an
operational quantity for strongly penetrating radiation with only minor reservations, as
it consecrates the long time-practice of measuring with instruments that have a
response approaching isotropy and are calibrated in a near-parallel beam geometry but
are used in radiation fields of unknown angular distribution. One disadvantage of the
new quantity is that the relation between the reading of an individual dosemeter
(calibrated in directional dose equivalent as described below) and ambient dose
equivalent depends on the angular distribution at the point of interest in the radiation
field. This is shown in figures 1 and 2 for the extreme case of isotropic radiation
incidence of photons and neutrons on the ICRU sphere as a function of energy. Hence
estimations of personal doses based on measurements with survey instruments could
become extremely conservative.

10°

10"

Monoenergetic photons
Isotopic field

Grosswendt, Hohlfeld (1981)

Dimbylow&Franci>[NRPBR92](1979)

Kramer and Drexlar (1979a)

1 1

10'2 IQ'1 10°
Photon energy / MeV

10'

Fig. 1: Ratio r of maximum dose equivalent in the ICRU sphere to ambient dose equivalent at a
depth of 10 mm for an isotropic incidence of photons as a function of energy [GroSl, Dim79,
Kra79].
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Fig. 2: Ratio r of maximum dose equivalent in the ICRU sphere to ambient dose equivalent at a
depth of 10 mm for an isotropic incidence of neutrons as a function of energy [Che79, SM83].

Most of the criticism of the ICRU quantities concerned the definition of //p(d),
called initially individual dose equivalent which has now become personal dose
equivalent. Although //p(d) is the dose equivalent in soft tissue at a depth d below a
specified point on the body ICRU states that it "can be measured with a detector which
is worn at the surface of the body and covered with an appropriate thickness of tissue
equivalent material". Such a detector measures a dose equivalent which is different
from, although in many cases numerically close to, the dose equivalent inside the body
at depth d. Furthermore, it is not necessary that the cover for TLDs is made from tissue
equivalent material, and in the case of film dosemeters a depth dose is rather evaluated
from optical densities by using a sometimes elaborate set of filters. The old
formulation of ICRU: "The calibration of the dosemeters is done under simplified
conventional conditions at the depth d in an appropriate phantom"[ICRU85, ICRU88]
has eventually been replaced by a "calibration on a phantom" [A1191b]. Finally it
should not be forgotten that personal dose equivalent and effective dose are defined for
individual persons and hence share the fundamental drawback that they cannot be
measured.

Therefore the problem of the calibration of personal dosemeters arises. Whilst
//p(10) always refers to a dose in a person, dosemeters that "measure" personal dose
equivalent must necessarily be calibrated in an operational quantity on appropriate
phantoms. In the case of penetrating radiation the quantity initially proposed for the
calibration of individual dosemeters is the directional dose equivalent, //'(10,£l), as
defined in the ICRU sphere. In figure 3 the ratio of //'(10,ß) to air kerma in free air as
a function of energy for an anterior-posterior irradiation is compared with the ratio of
two calculated "personal" dose equivalents in the MIRD-5 phantom to air kerma
[ICRU88]. It was confirmed in analysing personal dose results at CERN that the ICRU
sphere is a suitable phantom for dosemeters worn on the thorax [Hoe89]. The reason is
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Fig. 3: Directional dose equivalent, Hp(10,Q), and personal dose equivalent, Hp(10), in the
MIRD-5 phantom per unit air kerma (in free air), K, as a function of photon energy for a parallel beam
irradiation from front-to-back (AP) [ICRU88].

obviously the smaller backscatter of photons, particularly visible in the range around
100 keV from the chest comparable with the effect of the sphere, whilst the abdomen
presents a bigger mass with a more important backscatter. The heated debate on the
choice of the phantom on which dosemeters should be calibrated could have been
avoided considering the information in figure 3 since the réponse of the detector
depends on how it is worn. Also discussions on the accuracy of conversion factors lead
nowhere. Rather everybody should use the same agreed set of data for a conventional
phantom in the calibration as is now common practice in Switzerland [Eid86]. In
practical radiation protection work it is more important that dosemeters are properly
worn in the field, i.e. in close contact with the body and facing the person with their
correct orientation to provide results that bear some relation to their calibration.

5. OPERATIONAL QUANTITIES AND EFFECTIVE DOSE

It is shown in figure 4 that for many irradiation conditions personal dosemeters
calibrated in //'(10,ß) will provide a conservative estimate of effective dose. Whilst on
the one hand, it is necessary that operational quantities hi radiation protection keep a
sufficient degree of overestimation considering the uncertainty in the evaluation of
effective dose for an exposed individual it was stated, on the other hand, that these
overstimations could be too important in view of the lower dose limits as recently
recommended in ICRP60 and hence would jeopardize work in radiation areas [Dre90].
This is true for photon energies below 40 keV but the approach in the past, where the
system of operational quantities was based on a limitation of the maximum dose
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equivalent in a body, which in the case of soft X-rays corresponded to the body
surface, led to even worse overstimations than the new system based on a dose at
10 mm depth. If conservatism in personal dosimetry is a problem or if individual
exposures are likely to reach dose limits the price to pay for a closer estimation of
effective dose is to wear more than one dosemeter. The use of multiple dosemeters will
also kill the argument that a single dosemeter worn on the front of the body will, in the
case of an exposure from the back greatly underestimate the effective dose of the
wearer, as shown in figure 4. This could happen in unknown radiation situations but in
radiation environments that are well understood the reading of a single dosemeter
carried on the body in a place that is representative for the exposure of the person will
provide a conservative estimate of effective dose.

The calibration of individual dosemeters in //'(10,Q) implies a reduced response of
the detectors to a lateral incidence of radiation. The required angular response depends
on energy and is shown for photons in figure 5. At present considerable efforts are
being made to develop new individual dosemeters or modify existing ones to match
the required angular response. Considerations of the practical use of dosemeters
should, however, rather lead to detectors with a more isotropic sensitivity. If a
dosemeter responds properly to normal radiation incidence it should be perfectly
acceptable if it posseses a somewhat higher response laterally than shown in figure 5.

It was said that with the introduction in particular of //p(d) the information on the
irradiation condition gets lost which in the past was kept to a certain extent when X-
ray doses were recorded in exposure, beta doses in absorbed dose in tissue, and
neutron doses hi MADE [Dre90]. Evidently additional information about the radiation
field is needed should it become necessary to determine, in a particular case, effective
dose equivalent, but it is not the objective of routine radiation monitoring to assess
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Fig. 5: Angular dependence of the ratio H(10,ß)/H (10) for photon radiation of various energies as
a function of the angle of incidence ft [Gro82].

effective dose precisely. As long as a defined value, an action level, is not exceeded
the recorded value of //p(10) on the dosemeter is usually set to be equal to the effective
dose of the wearer. The ICRU quantities are operational quantities with the
understanding that recorded doses stay in the great majority well below legal limits
that are expressed in terms of E. There is an interest in choosing the action level as
liigh as possible to avoid the tedious task of determining effective doses. The authors
on two occasions went through such exercises always keeping in mind that the
published data in ICRP51 are those valid for a MIRD-5 phantom and not for the
individuals involved in the incidents.

In one case a dose caused by hard gamma radiation exceeding the annual limit was
recorded on a film. The additional information drawn from the optical density pattern
behind the filters was that the exposure had possibly been caused by a 6°Co source and
that the dosemeter had been exposed in a fixed position. The person concerned could
not or did not want to cooperate in the investigation. In fact, he had not been involved
in radiation work. Although being convinced that the dosemeter had been accidentally
or voluntarily exposed the recorded dose on the film was entered as effective dose in
the person's record.

The other case is more typical for the CERN radiation environment as it concerned
the exposure of two persons in a pencil-like high-energy secondary particle beam.
Since during the exposure the beam never touched the dosemeters obviously no
information could be drawn from them. Following a meticulous reconstruction of the
incident, organ doses //y and extremity doses were estimated which both eventually
turned out to be trivial.
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In conclusion, the recorded value of //p(10) can be used in nearly all cases as a safe
upper bound for E. If, in a few rare cases, effective doses must be determined the
information recorded by the dosemeter alone is never sufficient to establish them with
confidence.

6. EFFECTIVE DOSE OR EFFECTIVE DOSE EQUIVALENT ?

Previously ICRP have defined dose equivalent //as a product between the absorbed
dose D and the quality factor Q, where the latter was presented as a function of
collision stopping power in water. On this basis, the dose equivalent in tissue
HT = -JJT I I Q(L)DLdL din could be calculated, where Q and D are averaged over
the volume7 of the tissue or organ. Subsequently, the effective dose equivalent
J7E =]T H'T//Twas defined with H'T the tissue weighting factors [ICRP77]. In their
recent Publication ICRP changed the definition and rather recommended the quantity
equivalent dose //T =£R wRD,.K in an organ, where DTjR is the absorbed dose
averaged over a tissue or an organ, and VVR are the radiation weighting factors that are
related to the external radiation R incident on the body [ICRP91]. Consequently, the
quantity effective dose E = ]£ WT //T was introduced which is different from the
previously defined effective dose equivalent //E. Effective dose can be written in the
following form: E = 2^ WR^IT

 U'T A-R • ^ tn^s waY tne fundamental importance ICRP
gives to the physical quantity, absorbed dose, which is averaged over a tissue or an
organ, is emphasized. It is important to note that ICRP have abandoned the concept of
the quality factor Q as a point quantity in an organ in favour of the radiation weighting
factors WR. They have been selected and are proposed by the Commission based on
values of relative biological effectiveness (RBE). ICRFs remark that the WR should
not be considered to have the spurious precision previously given to the quality factor
Q is pertinent. The new attitude is emphasized by the fact that for radiations that are
not included hi the table of the recent recommendation it is stated that an
approximation! ofwR can be obtained by calculating a mean quality factor Q at

,.„,—, i01*

10mm depth in the ICRU sphere using the following relation: Q = l/ DI Q(L}DLdL
*s 0

[ICRP91]. Hence the argument made that there is no weighting factor for a mixed
radiation field is no longer valid [Kel90]. ICRU have defined Q^ as the mean quality
factor in an organ or a specified tissue but apparently there is no need for such a
quantity following ICRFs new approach.

ICRP had a good reason for proposing the present definition of effective dose since
this risk quantity has at its basis the physical quantity absorbed dose that will not
change in an organ or tissue whilst the last word on radiation and organ weighting
factors may not yet have been said. The International Commission on Radiological
Protection is regarded as the authority in setting radiation protection standards; hence
their recommendations should be followed. In a rearguard action ICRU point out that
their definitions of organ dose equivalent and effective dose equivalent are different
from ICRP's quantities, equivalent organ dose and effective dose. Further, they state
that effective dose is often approximately equal to effective dose equivalent. One
should go a step further and say that ICRU's organ dose equivalent and effective dose
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equivalent are simply no longer needed. Occam's razor should likewise be used to cut
out ICRU's definitions of mean dose equivalent and of mean quality factor in an organ.

7. CONCLUSIONS

The operational quantities already proposed by ICRU in 1985 are only slowly
entering into routine use but will surely find their way into national regulations. The
approach of defining unique quantities for all types of ionizing radiation is particularly
appreciated in radiation environments prevailing at CERN. Operational quantities such
as ambient or personal dose equivalent will, however, always provide an upper bound
for the risk quantity, effective dose, that is traditionally defined by ICRP and will
assure that individual exposures stay within given dose limits.
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Abstract
The U.S. Department of Energy conducts the DOE Laboratory
Accreditation Program (DOELAP) for personnel dosimetry to ensure
the quality of whole-body personnel dosimetry systems at DOE
facilities. As implemented over the last 7 years, it has had a
significant impact to improve dosimetry practices and technology
at those facilities. Performance testing results have markedly
improved in recent sessions, and actions taken to prepare for
onsite assessments and then correct the findings and deficiencies
that were identified have represented a considerable effort on
the part of DOE facilities to upgrade their dosimetry programs.
As a result, efforts are in progress to expand DOELAP to include
extremity dosimetry and internal dosimetry, including in-vivo and
in-vitro bioassay measurements and internal dose assessment
methods.

1. INTRODUCTION
Personnel radiation dosimetry programs represent an important
element of operational radiation protection. Personnel dosimetry
data enable workers, managers and radiation protection
professionals to evaluate and control work practices to eliminate
unnecessary exposure to ionizing radiation. The usefulness of
the data produced, however, depends on its quality. That depends
not only upon the dosimeter that is worn, but also on numerous
other factors. To ensure the quality of personnel dosimetry data
in the United States, two accreditation programs [1] have been
established: The National Voluntary Laboratory Accreditation
Program (NVLAP) and the Department of Energy Laboratory
Accreditation Program (DOELAP). Accreditation by one or the
other is now required for most dosimetry programs. Specifically,
NVLAP accreditation is required for licensees of the Nuclear
Regulatory Commission (NRC). These consist primarily of
commercial nuclear power plants and medical facilities. DOELAP
accreditation is required of facilities operated for the
Department of Energy (DOE). This paper describes the DOELAP
program and lessons learned to date from conducting this program.
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2. BASIS FOR DEVELOPING DOELAP
There are a wide variety of facilities operated for DOE. These
include such diverse facilities as multipurpose national
laboratories, high-energy accelerators, and facilities that
process special nuclear materials. Although the NVLAP
accreditation program based on the American National Standards
Institute's Criteria for Testing Personnel Dosimetry Performance.
ANSI N13.11-1983 [2] was already in place in the U.S. by the
early 1980's, DOE developed its own accreditation program to
better address the additional dosimetry needs of DOE facilities.
The performance standard that was developed, was the Department
of Energy Standard for Performance Testing of Personnel Dosimetry
Systems [3]. It was based on ANSI N13.11-1983, on
recommendations made to DOE following a study of DOE needs [4],
and on comments received during peer review by DOE and DOE
contractor personnel. Additional beta, X-ray, and neutron
sources and test categories were added to better correlate test
and field conditions. In general, the performance criteria that
were chosen were more demanding, but were based on
recommendations by the NCRP [5], the ICRU [6], and the ICRP [7].

3. THE ACCREDITATION PROCESS

There are two principal performance evaluation elements in the
DOELAP accreditation process: performance testing and an onsite
assessment by technical experts. These are to be repeated every
two years. Accreditation is required of most DOE contractor
dosimetry programs by DOE Order 5480.15 [8],

3.1. Performance testing
Performance testing evaluates the processor's ability to
accurately and reproducibly measure dose equivalent for a set of
dosimeters irradiated over a period of several months by a
performance testing laboratory. DOELAP performance tests are
conducted in accident level categories for low- and high-level
photons, beta particles, neutrons and mixtures of these. A
complete list of the test categories (and subcategories),
radiation sources, and test ranges are shown in Table 1. Each
facility chooses the categories that are appropriate for their
particular work environment. This choice is verified by the
responsible DOE field office representative. The performance
test for each category requires the evaluation and reporting of
the dose equivalent for 15 dosimeters irradiated at the
performance testing laboratory. They are irradiated in 3 groups
of 5 dosimeters over a period of about 4 months. In general, a
participant that submits dosimeters for a number of different
categories does not know what category a particular dosimeter
belongs to.
The accuracy of the measurements for each category is determined
by comparing the dose equivalents reported for the 15 dosimeters
by the processor to the conventionally true dose equivalents
delivered by the performance testing laboratory. The latter is
derived from calibrations that are traceable to national
standards. For each dosimeter, a performance quotient (P.) is
determined, where
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TABLE 1
Performance Test Categories, Radiation Sources and Test Ranges
Category Radiation source Test range

Low energy photons
(high dose)

High energy photons
(high dose)

Low energy photons

NIST X-ray
Beam code Ml 50
137,Cs

0.1-5 Gy

0.1-5 Gy

(broad beam)

(monoenergetic)*

High energy photons
Beta particles

Neutrons
Photon mixtures
Photon/beta mixtures
Photon/neutron mixtures

NIST X-ray
Beam codes:

M30
S60
M150
H150

15-20 keV
55-65 keV
137CsrTi9o
Uranium (slab)
252Cf moderated
See ref 3
See ref 3
See ref 3

0.3-100 mSv

0.3-50 mSv

0.3-100 mSv
1.5-100 mSv

1.5-50 mSv
2.0-50 mSv
0.5-50 mSv
2.0-50 mSv
3.0-50 mSv

*K-fluorescent X-ray beams. 241Am(59 keV photons) may be used in place of
the monoenergetic photon (55-65 keV) K fluorescent X-ray source.

_ Hi (reported) -Hi (delivered)
1 Hi (delivered)

and Hi is the dose equivalent of the i-th dosimeter. The bias
(B) is the average of the performance quotients for the 15
dosimeters. Reproducibility, or the precision of the processor's
measurements, is determined by evaluating the standard deviation
(S) of the 15 measurements.
Performance in a given category is considered satisfactory if the
performance statistic

|B| + S - |E| < 0.30 or 0.40 (mixtures)
or

IB < 0.40 (low-energy betas)
where E is the estimated fractional uncertainty in the delivered
dose equivalent.
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Performance testing is conducted as specified in a performance
standard [3], a participant handbook [9], and a quality assurance
manual [10]. Irradiators include collimated 137Cs gamma sources;
point geometry 90Sr/90Y and 204T1 beta sources based on the design
of the Physikalisch-Technische Bundesanstalt (PTB) beta source
sets; uranium slabs for slab geometry beta irradiations; a 252Cf
neutron source used in both a D20-moderated and bare
configuration; and 320 kVcp X-ray machines. Dosimeters are
mounted on rectangular solid polymethylmethacrylate (PMMA)
phantoms, 40 cm x 40 cm x 15 cm for neutron irradiations, 30 cm
x 30 cm x 15 cm for photon irradiations, and 30 cm x 30 cm x 5 cm
for beta irradiations. As many as 4 different dosimeters are
mounted in the central portion of the phantoms, and irradiated
along with a quality control dosimeter. Simultaneously
irradiating dosimeters from different participants provides
additional quality assurance and it also reduces the time
requirements for the testing laboratory.

3.2. The onsite assessment
The onsite assessment is initially conducted after the
performance testing is successfully completed for the first time.
After that, it is repeated every two years at the time of or
following completion of the performance testing. These
assessments consist of a complete evaluation of the dosimetry
program by two dosimetry experts [9]. Different assessors are
assigned each time. Since each assessor brings a different
experience base, this ensures better coverage of important
program elements and greater transfer of ideas and experience
from one facility to another. During an assessment, they
evaluate the dosimetry program to ensure that quality assurance
is adequate; that documentation of significant procedures and
practices is adequate and current; that training is provided and
personnel are required to periodically demonstrate their
competency; that facilities and equipment are adequate; that
procedures are in place to ensure proper calibration and
maintenance of that equipment; and that recordkeeping and
reporting are adequate.
To help them accomplish this, they use a checklist that was
developed to ensure that all assessments thoroughly cover all
requirements. In a close-out meeting at the conclusion of the
assessment, the assessors meet with appropriate members of
management who are responsible for the dosimetry program. They
present a report of their findings, and discuss any program
deficiencies they may have identified. Management must respond
in writing to the DOELAP Program Manager, describing their plan
for correcting those deficiencies, which must be approved by the
DOE Field Office representative. Accreditation is granted once
significant deficiencies have been corrected or an adequate plan
to correct minor deficiencies is in place.

3.3. One time only tests
In addition to the above, each participant is required to perform
or have performed studies of the angular response characteristics
and lower limit of detection of the dosimeter(s) for the
different types of radiation for which accreditation is required.
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The standard requires only that these be evaluated once, and
there are no performance requirements. The purpose for this
requirement is to ensure that these basic performance
characteristics of the dosimetry system are studied and
understood.

3.4. The performance testing laboratories
Two laboratories perform test irradiations for DOELAP: the
Radiological and Environmental Sciences Laboratory (RESL) near
Idaho Falls, Idaho; and the Pacific Northwest Laboratory (PNL) in
Richland, Washington. Both maintain traceability to standards
maintained by the National Institute of Standards and Technology
(NIST). Currently, RESL provides high-energy photon and beta
particle irradiations, and PNL provides low-energy photon and
neutron irradiations. RESL will eventually take over the low-
energy photon and neutron irradiations, to consolidate all
irradiations at one location, while PNL will continue to provide
a backup capability.

4. CURRENT STATUS

A pilot DOELAP performance test session was conducted in 1985. By
the end of 1991, a total of 12 test sessions (sessions 2 - 12)
were completed and results were reported to the participants. For
those that passed the performance test requirements, onsite
assessments followed and as appropriate, accreditation was
granted. To date, about 3/4 of the participants have passed the
performance testing at least once, and about 1/2 have been
accredited. Almost all dosimetry programs now use
thermoluminescence dosimeters (TLD's), although film may be
acceptable for participants that require accreditation in a
limited group of categories.
4.1. Performance test results
The results of performance test data for sessions 2 - 1 2 are
summarized in Table 2. The cumulative average of the
participants' performance (requirements were shown in 3.1) and
the percentage of participants that have passed each category are
shown. It should be noted, however, that some participants have
achieved test results significantly better than the requirements
in all categories. The results have been divided into two parts,
those for test sessions conducted before DOE Order 5480.15 [8]
that required accreditation was issued (sessions 2 - 6), and
those since that time (sessions 7 - 12). This is done to
demonstrate that generally, performance has been improving
significantly.
Most participants did not pass the performance tests on their
first try. The DOELAP performance criteria have in fact proven
to be a rigorous test, particularly for the low-energy photon,
neutron, and low-energy photon/beta mixture categories. In many
cases, participants requiring accreditation in these categories
have changed to a multielement TLD dosimeter with a more
sophisticated dose algorithm before passing the performance
testing requirements.
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TABLE 2
DOELAP Performance Testing Results

Test cateqory

Low energy photons(high dose)
High energy photons
(high dose)
Low energy photons

High energy photons

Beta particles
Neutrons
Photon mixtures
Beta/low energy photonmixtures
Beta/high energy photon
mixtures
Neutron/low energy photon
mixtures
Neutron/high energy photonmixtures

Session 2 - 6
Average
Performance

0.31(d)

0.19{d)

0.33(s)
0.34(d)
0.20(s)
0.17(d)
0.23(s)
0.33(d)
0.28(s)0.24(d)
0.49(s)
0.52(d)
0.27(s)
0.18(d)
0.25(d)

0.19(d)

Percent
Passed

62

82

38

86

68
60
79

29

76

93

100

Sessions 7 - 1 2
AveragePerformance

0.21(d)

0.13(d)

0.25(s)0.27(d)
0.16(s)O.ll(d)
0.19(s)
0.34(d)
0.26(s)
0.25(d)
0.24(s)
0.38(d)
0.17(s)0.15(d)
0.35(d)

0,27(d)

PercentPassed

79

95

69

92

86
56
74

61

91

76

77

Note: (s) = shallow depth (0.007g.cm'2) (d) = deep depth (l.Og.cm"2)

Principal reasons for performance test failure have been inherent
limitations in the dosimeter being used, incorrect or inadequate
calibration methods, inadequate dose calculation algorithms, and
inattention to detail.

4.2. Common observations by onsite assessors
The onsite assessments have proven to be equal in importance to
performance testing in identifying areas where each dosimetry
program can be improved. The correction of findings or
deficiencies identified by the assessors, and the adoption in
many cases of their recommendations, result in technically better
programs.
The assessors have observed that programs often lack adequate,
well-documented QA programs; field data to document source terms;
adequate training and retraining; routine preventative
maintenance and calibrations; well-written operating procedures;
adequate storage areas; adequate acceptance testing procedures;
dosimeter contamination surveys; and adequate communication with
and QA of services provided by commercial vendors.
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5. FUTURE DIRECTIONS

From DOELAP's inception, an applied research program, conducted
by PNL for DOE-HQ, has been a key element. It was recognized
that DOELAP requirements should evolve as dosimetry technology
improves or as the needs of DOE facilities change. In
particular, PNL continues to play an important role in
identifying, evaluating and recommending improved tests and/or
performance criteria. A committee will be convened in the near
future to consider some of these recommendations, and possible
other changes in the performance standard, handbook and DOE
order.
The DOELAP program is being expanded beyond the DOELAP for whole-
body dosimetry to include accreditation of extremity dosimetry
systems, and internal dosimetry including both in-vivo and in-
vitro measurements. After an initial study by PNL of the need to
test and accredit extremity dosimeters [11], a pilot performance
test session has recently been conducted by RESL. It is likely
that a separate performance standard for extremity dosimetry
systems will be published and that DOE Order 5480.15 will be
modified to include both whole-body and extremity dosimetry.
Performance testing of both systems will be conducted every two
years and assessors will evaluate both when they conduct onsite
assessments. Pilot test sessions for both in-vivo and in-vitro
bioassay are also being conducted at RESL using a draft ANSI
performance standard [12]. It is anticipated that a DOELAP
program for internal dosimetry will include these as well as
internal dose assessment methods, and that like the dosimetry
DOELAP it will include both performance testing and onsite
assessment by technical experts.
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PROBLEMS IN INTERCOMPARISON ORGANIZATION
IN COUNTRIES WITH MANY DOSIMETRY SERVICES

A. CAVALLINI, L. LEMBO
ENEA,
Bologna, Italy

Abstract
More than 80 individual Dosimetry Services are presently operating in Italy.
This large number causes many difficulties in the organization of intercomparison and

accreditation programs.
The needs for this kind of activities are here reported and analysed.
On the basis of Italian experience, the existence of an " ad hoc " institution, whose legal

and scientific authority be nationally accepted, should be necessary in order to develop and
manage these programs in presence of a great number of Dosimetry Services.

1. INTRODUCTION

Personal dosimetry controls of workers exposed to ionizing radiations are generally
performed by a small number of nationwide services operated by public agencies of known
reliability.

This may not be true everywhere because of geographic situations, and/or specific
bureaucratic difficulties which may cause large numbers of dosimetry services to be set up. As
an example, in Italy, in the early 70s there were 10 services, of which 3 (operated by public
agencies ) covered about 80 % of the demand. Later on, the situation greatly changed since one
of the largest public services ceased operation. This has promoted the entrance of many more
services into the market, now totalling more than 80, of which 30 are publicly operated (fig. 1).

In such a situation it is more difficult to realize a running program for:
the intercomparison campaigns for the improvement and quality assurance of dosimetry
services.
the accreditation ( approval performance testing ) of dosimetry services.
The amount of effort and resources needed to these aims when a large number of

services is operating in a Country are here analyzed.

2. INTERCOMPARISONS

2.1. General remarks

This program aims at offering to the operators a reliable and referable tool for
systematic quality assurance testing of their own service and for check of the result of any
improvement introduced. This tool should require no fee and should be simple enough to
encourage access to all services, regardless of their size, and possibly once a year. It should be
capable of analysing the most relevant characteristics, regardless of the technique or the
detector used.

2.2. Types of test

Identification of the relevant parameters to be followed is fundamental in the
intercomparison protocol.

In the authors' opinion the tests on the dosemeters should be the followings:
1 - checking energy dependence of response on the phantom for ISO [1] reference

radiations.
2 - checking the response for mixed radiation energy fields
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Total Number = 77

W

Figure 1 1990: distribution of Dosimetry Services throughout the country

3 - checking the nominal dose range, including uncertainties and evaluation of the
minimum detectable dose

4 - checking the angular dependence of the response
As for items 1, 2 and 3, on the basis of the experience gained in the intercomparisons

organized by the IAEA [2] and the results of accreditation activities in Italy [3-4], it is
considered essential to cover the range from 20 to 1250 keV, using 2 dosemeters for each
exposure condition and performing 5 irradiations with reference beams and 2 with mixed
fields. The energy values could be selected taking into account the methods to be tested.

At each energy setting, dosemeters should be exposed at two dose values one in the
range 1 to 2 mSv the other 10 to 15 mSv.

As for item 3, a reference energy should be used, typically Co-60. Six other couple of
dosemeters should be exposed to this source, in addition to those exposed for the energy
dependence tests, so as to cover in total, the dose values listed in table I.

In this framework each dosimetry service should supply 40 dosemeters for the tests,
6 spares and 5 control dosemeters.

As for item 4, an " ad hoc " campaign every third year should be sufficient. These tests
could include irradiations at 0°, 30° ,60° and a rotational exposure, at each energy setting
previously mentioned before and at a selected dose value of around 5 mSv. These tests require
a total of 20 dosemeters for irradiations, 4 spares and 4 control dosemeters.

2.3. Engagement of the involved Institution

Following this program, it is possible to predict the level of engagement of the involved
Institution for each dosimetry Service. The irradiations of dosemeters, performed by a
Secondary Standard Dosimetry Laboratory (SSDL), will take about one day of work if a high-
current x-ray tube is used ( two days for a low-current x-ray tube ) while two more days will
be required for organizational operations and analysis and interpretations of data. So the whole
intercomparison activity will require around four day's man-work, with a cost of almost 1000
dollars, without including the cost of the irradiation facility.
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Table I
IRRADIATION CONDITIONS AND NUMBER OF
DOSEMETERS SUGGESTED FOR INTERCOMPARISON
PROGRAM

DOSE
EQUIVALENT
(mSv)
0.2
0.7
1.5
3.5
5.0
12.0
25.0
50.0

ENERGY (keV)

20

-
-
2
-
-
2
-
-

37

-
-
2
-
-
2
-
-

57

-
-
2
-
-
2
-
-

104

-
-
2
-
-
2
-
-

1250

2
2
2
2
2
2
2
2

20+
104

-
-
2
-
-
2
—

-

37+
1250

-
-
2
-
-
2
—
-

TOTAL NUMBER OF DOSEMETERS = 40

Supposing 30 Services take part in the intercomparison: the engagement expected for
the Institution should be around one year's man-work. It must be noted that the requirements
of management and maintenance of the irradiation facility do not allow any significant
reduction in this amount of man-work.

2.4, An alternative program

When a country has no sufficient resources to carry out the previous program, an
alternative approach could be the organization of mini- or micro-intercomparison, as was done
some years ago in Italy [5-6]. In this case intercomparisons among the Services were based on
the test of a small number of dosemeters, exposed to only two energies e. g. Co-60 and 80
keV and for two dose values.

Even if it is not a systematic and complete quality assurance check, this program, more
easily realizable, permits however the dosimetry services to have external periodic tests of their
own system and allows good relations between the research dosimetry laboratories and the
routine services to be maintained.

3. ACCREDITATION

3.1. General remarks

The first condition for a dosimetry service to be operational is to perform trough a legal
authority both type and approval performance testing, here defined as accreditation test. This
criterion adopted world-wide is easily realized at national level without significant problems
when a small number of services is involved. However, in the case of a great number of
services many kinds of difficulties arise, due to the large amount of work related to the
complexity of the accreditation-protocol which includes more experimental tests and
inspections at the Service.

3.2. Italian Situation

As an example we can mention the Italian experience gained by a group of experts,
named ENEA-EDP, created in 1984 [7]. This group was legally recognized to organize
accreditation of the services. Lacking a specific law, participation of the Services in the
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Table. II
ACCREDITATION OF DOSIMETRY SERVICES IN ITALY

TYPE OF
ORGANIZATION

Government
Agency

Hospital

University

Others

TOTAL

NUMBER OF DOSEMETER

ACCREDITED

FILM

1

1

-

5

7

TL

3

8

-

5

16

FILM
+TL

_

1

1

-

2

NOT YET ACCREDITED

FILM

_

10

.

4

14

TL

_

12

4

5

21

FILM
+TL

1

2

-

1

4

TYPE
NOT

KNOWN

_

9

2

10

21

TOT.

5

43

7

30

85

accreditation tests is done on a voluntary basis; however, up to now (table II), 60 out of 85
operating services have been tested and 25 of these have obtained accreditation [3-4]. The test
is annually organized and includes two different parts:

a) a deep discussion between the ENEA-EDP' experts and those responsible for the Service
on methods, procedures and the facility employed by the service with reference to a
previously filled questionnaire.

b) an experimental test, involving the irradiation of 130 dosemeters in accordance with the
procedures proposed by DIN-Germany [8]. These procedures have also been
successfully compared with the American ones defined by ANSI [9] .

The cost of the accreditation tests is charged to each Service.

3.3. Engagement of the involved Institution

The engagement for ENEA-EDP accreditation activity in Italy, to carry out the
organizational aspects and the elaboration and analysis of data, corresponds to about two
graduates and a secretary for one year with a consequent cost of about 250.000 dollars/year
and the employment of a SSDL irradiation facility for 4-5 months/year.

4. DISCUSSION AND CONCLUSION

The above described requirements show that in the case of a large number of personal
dosimetry services operating in a country, the accreditation and intercomparison activities
cannot be included in the routine activity of a dosimetry or metrology research institute but, due
to the great deal of man-work involved they require the existence of a specific Institute or
Laboratory whose scientific authority is nationally accepted.

In addition, it must be considered that in some cases private services have shown some
perplexity about taking part in the intercomparison program, being afraid of receiving
commercial damage trough the possible lack of data or uncorrected use of the results. This
could be another reason for creating an "ad hoc" completely unbiased Institution, nationally
accepted.

The main problem for this kind of approach concerns the high cost of realizing this
idea. In fact, as reported above, this structure should include at least two graduates and a
secretary plus a SSDL managed by a graduate along with a technician.
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It is very important to assure a closely connection of such institution with the
International Organizations involved in the activities of this kind, in order to adopt analogous
experimental criteria and compare the state of the art between different countries. This could
also offer the opportunity to reduce the amount of work at national level by addressing the
biggest services to the international intercomparison programs ( in the Italian case considering
only services with more than about 2000 users, this would mean 11 out of 80 services).

Table III shows the suggested structure and the engagement for such reference
Institute.

Table III
ESTIMATED ENGAGEMENT FOR A COUNTRY WITH
MANY DOSIMETRY SERVICES

ENGAGEMENT

Graduates
Technicians
Secretaries
Irradiation Fadlities
(months/year)

INTERCOMPARISON
PROGRAM

1

1

1

6

ACCREDITATION
PROGRAM

2

—

1

6

The same Institution should also organize periodic meetings to analyse and discuss the
intercomparison results and inform on the more recent dosimetric techniques, thus assuring a
continuous improvement and updating of the dosimetry Services.

As a conclusion it appears that the presence of a great number of dosimetry services in
a Country gives the advantage to facilitate the connection with users and the managements of
the service itself and in addition ensures constructive and stimulating competition leading to
"natural", continuous improvements in efficiency.

Unless to adopt reduced protocols for accreditation and intercomparisons program, all
mentioned needs gives rise some doubts about the real economic convenience for a country to
have a such great number of dosimetry Services.
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RESULTS OF THE FIRST PHASE OF THE IAEA/RCA
PERSONAL DOSIMETER INTERCOMPARISON PROGRAM

K. MINAMI, H. MURAKAMI
Department of Health Physics,
Tokai Research Establishment,
Japan Atomic Energy Research Establishment,
Tokai, Japan

Abstract
A five-year RCA program for s t rengthening the radiat ion protect ion in

the region of Asian-Paci f ic area was conducted by IAEA. The program was
started in 1988. In th is program, the f i r s t phase of the IAEA/RCA
Personal Dosimeter Intercomparison was done in 1990. Th i s paper b r i e f l y
describes the results of the intercomparison.

1. Introduction

As is we l l known, In terna t ional Atomic Energy Agency ( I A E A ) conducted
the Regional Co-operative Agreement ( RCA ) for the purpose of spreading
nuclear-related technologies such as radia t ion u t i l i z a t i o n in Asian and
P a c i f i c count r ies , and thereby has extended its technical aid to the
member states. The RCA plans for the Asia and Pac i f i c region became
e f f e c t i v e in 1972, and Japan par t ic ipa ted in the agreement in 1978. At
present , its m e m b e r s h i p is 14 count r ies ( See Table 1 ). The RCA plans
consists of 14 projects i n c l u d i n g beans breed ing , food i r r a d i a t i o n , etc.
A l o n g w i t h the p o l i c y of the Japanese Government , the Science and
Technology Agency has p o s i t i v e l y cooperated in such UNDP ( U n i t e d N a t i o n s
Deve lopmen t P lan )- f u n d - a i d e d projects such as the UNDP isotope and
r a d i a t i o n u t i l i z a t i o n and the UNDP food i r r a d i a t i o n .

Table 1 Countries Participated in the IAEA/RCA
Personal Dosimeter Intercomparison

Australia Malaysia
Bangladesh Pakistan
China Philippines
India Singapore
Indonesia Sri Lanka
Japan Thailand
Korea Vietnam
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In recent years, much attention has been paid to the problems on
"Radiation Protection" in parallel with the spread of such radiation
utilization technologies. In November, 1987, the Project Formulation
Meeting for Strengthening the Radiation Protection Infrastructures was
held in Tokyo under the intense desires of RCA member states and a five-
year program on radiation protection was set up. In April. 1988,
therefore, the training course on Development of Infrastructures for
Ensuring Radiation Protection was held in Sydney. Australia, within the
framework of this program. Following the training course, the Workshop
on Personnel and Environmental Dosimetry Intercomparison Study was held
in Tokai. Japan, in October of the same year, to raise the quality of
radiation protection technology. In the workshop, participants had a
practice on the techniques of personal dosimeter calibration and therefore
a proposal of personal dosimeter intercomparison in the South-East Asian
district was made by a number of countries. Then the plan and the
schedule for the first phase IAEA/RCA personal dosimeter intercomparison
were discussed and approved at Technical Advisory Group Meeting in Tokyo
in February. 1989.

2. Scope

Individual monitoring in each Asian country is made extensively in the
medical field and in industries such as non-destructive inspection. The
radiation sources causing the exposures are principally X-ray generators
and y sources of 60Co and 13 Cs. There
planned to be made for X-rays and y-rays.
and y sources of 60Co and 13 Cs. Therefore, the intercomparison was

The first step of the intercomparison is to clarify the accuracy of
measuring "Exposure" values with a personal dosimeter by irradiating it
in the free air space. The further step will be to clarify the accuracy
of measuring Hp(10) with the personal dosimeter by irradiating it on a
phantom.

The main objectives of the intercomparison program are as follows;

1) To establish the comparability of the individual monitoring results
throughout the RCA member states.

2) To confirm an internationally agreed quantity and dose evaluation
method on individual monitoring

3) To improve a calibration technique of personal dosimeters
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3. Procedures

3-1. Schedule

The first phase of IAEA/RCA personal dosimeter intercomparison program
was done according to the following schedule.

March
Apr i l

1990
1990

May 1990
May - July 1990

August 1990
October 1990

Notify IAEA about the participation
Send 21 dosimeters to JAERI ( 3 for each of 6
irradiation categories; 3 for control )
Irradiation of dosimeters by JAERI
Measurement and dose evaluation by participants.
Report of measurement results to JAERI
JAERI sends irradiation data to the participants
Submission of report,
Discussion on the results at workshop

Fifteen participants from 14 member states participated in the program.
The presented personal dosimeters were divided into two types, film (5
participants ) and TLD ( 10 participants ). The specification of each
dosimeter is shown in Table 2.

Table 2 Detector Type of Dosimeters

Type

TLD

Film

Specification of Detector
LiF
L IF: Mg, Cu, P
CaS04: Dy
CaF2
Li2B4O7: Cu
CaS04: Tm

Kodak Type 2
AGFA-GAEVERT

3-2. Irradiations

The irradiations of the dosimeters were carried out at the irradiation
facility in JAERI ( Facility of Radiation Standard : FRS ). An X-ray

60,machine and two y sources ( Cs. Co ) were used for the irradiations.
Six different qualities of radiations ( 4 X-rays and 2 Y rays ) in
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Table 3 Irradiation Data of 1st Phase of IAEA/RCA Personal Dosimeter
Intercomparison

I rradi at ion
Number

1

2

3

4

5

6

Source,
Effect i ve
Energy
( keV )

'37Cs
662

X-ray
32. !

X-ray
161

60-Co
1250
X-ray
95. 5

X-ray
64. 1

Distance
( m )

1. 94

2. 5

2. 5

2. 31

2. 5

2. 5

X-ray
Character ist ics

Tube Voltage
( KV )

40

200

120

80

First HVL
( mm )

Cu 0. 087

Sn 1.90

Cu 1.55

Cu 0. 585

Homogeneity
Coefficient*

0. 89

0. 94

0. 86

0. 90

Del ivered
Dose
( mR )

90

129

297

2500

70

58

* Homogeneity Coefficient ( = 1st HVL / 2nd HVL )

3on Pb Shutter

Collinator

Filter case

Support table
2.5cm R>
shield box
Pedestal

Fig. 1 Cross section of X-ray machine

different exposure values were irradiated to each of 3 dosimeters. Table
3 shows the irradiation data such as photon energy, irradiation distance,
dose and etc.

The X-ray machine used for dosimeter irradiations was Pantak HF-420C.
Cross section of the machine is shown in Fig. 1. The reference dose
measurement of the irradiation field was made with an ionization chamber
( Victoreen 550-3 ) which has a traceabiiity to the Electro-Technical
Laboratory ( ETL: the primary standard laboratory in Japan ). In this

114



y-ray irradiation apparatus

Beam center marker
using a He-Ne laser

I2L

Fig.2 y-ray irradiation apparatus

intercomparison program, narrow spectrum series2 were used for the
irradiations. Each quality of the X-ray is also shown in Table 3. The
field measurements were done before and after the dosimeter irradiations.
The variation of the measured exposure rate values at the reference point
was less than 1 K throughout all X-ray irradiations.

Two y sources are equipped in the irradiation apparatus ( Fig. 2 ) and
each irradiation field was also calibrated with the ionization chamber
mentioned above. The reproducibi1ity of the irradiation fields by such
apparatus proved to be quite good ( variation is negligible ).

Since the condition of dosimeter irradiation was determined to be in-
free-air for this intercomparison program, a set of special irradiation
tool, which consists of a styrofoam support box and a dosimeter frame (
made of PMMA 2 mm in thickness ), was prepared. The uniformity of the
irradiation fields was checked by the film ( radiography method ) and the
variation was less than 3 X. Most of this variation is considered to be
caused by scattering effect of the support and the frame.

Reference point was the center of the dosimeter frame. Uncertainty of
the irradiation distance ( the distance between the center of X-ray tube
or y source and the dosimeter's reference point ) for every type of
dosimeter was less than ± 2 mm in maximum. Therefore, the effect of the
distance uncertainty to delivered dose values was considered to be
negligibly small.

Even if other factors such as the precision of ionization chamber
measurement, timer error and so on were taken into account, the total
uncertainty of the reference dose values must be less than 5 5«.
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3-3. Problems on process

Though some small troubles, such as the t roubles on m a i l i n g ( de lay
or m i s s i n g ) and a t rouble on i r r ad ia t ion ( mis take on t imer control )
happened to be made in processing the program, the a d m i n i s t r a t i v e
procedures and the i r r a d i a t i o n of dosimeters were w e l l done.

4. Results

The results of every participant are clearly arranged on a diagram.
An example of the results is shown in Fig. 3. The graphs are mostly drawn
using average value of the doses obtained from three personal dosimeters.
Table 4 shows the overall results related to the performance of the
dosimetry systems for free air irradiation. Figures 4-a. b, c are the
examples of the results compiled on each photon energy. No remarkable
difference was observed on the deviation of the errors of 15 dosimeter
systems among 6 photon energies. Figures 5-a. b show the frequency

Table 4 Result of IAEA/RCA Personal Dosimeter Intercomparison

Condition

within ± 25 *

within ± 50 X

Number of
Dosimeter Systems

3

6
( Not includes 3
systems above )

Dosimeter
Type

TLD *** 3
Fi 1m *** 0
TLD *** 5
Film *** 1
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Fig. 4 Results of ÏAEA/RCA Personal Dosimeter
Intercomparison for each photon energy

distribution of all the values of quotients ( reported dose / delivered
dose ) for each of two types of dosimeters, respectively. The difference
is clear between the two graphs. These results prove that TLD systems
were superior to film dosimetry systems in the scope of this RCA personal
dosimeter intercomparison program.
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5. Discussions

Discussions on the results of the 1st RCA personal dosimeter
intercomparison were done at the meetirrg ( workshop ) held in Tokai,
Japan, October 22-26, 1990 with attendance of all participants. In the
discussions, some causes of the dose evaluation errors were revealed.

5-1. Problems on calibration for low energy photons

Table 5 shows the calibration sources which are used by the
participants. From the table, a cause of the evaluation error in this
intercomparison can be considered to be the lack of calibrations with the
proper sources. Actually, some dosimeter systems were not calibrated with
low energy photon emitter or X-ray machine. However, some TLDs such as
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Table 5 Calibration Source in RCA Member States

Participant
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Source
137Cs

0
0
0

0
0
o

0

0
0
0
0

60Co

0

0

0
0

0

0

X-ray

0
0

0

0

0

Others

241Am

226Ra

226Ra

226Ra

LiF or Li2B407 gave good results without calibration for low energy
photons. This is because such TLDs have relatively good energy
dependence against exposure. On the other hand, since film has a large
energy dependence in low energy region ( especially in the region of lower
than 100 keV ), the calibration in this energy region is absolutely
important for good dose evaluation. Some film dosimeters, however, were
not calibrated for low energy photons. From the facts mentioned above,
the authors conclude that the difference in calibration procedures is one
of the main causes of the dose evaluation errors.

5-2. Problems on traceability and standard transfer

107Even if calibrated with Cs, some results have large error for the
i *j 7category of Cs. It is considered that this may be caused by the lack

of traceability and/or the problems on standard transfer from primary or
secondary laboratory to each participant's facility. It's also considered
the difference of reference standard values may happen to exist between
Japan and the other RCA countries. ( The primary standard in Japan proved
to be less than a few percent in deference from other primary standards
of USA and European countries. ) Therefore, check of the reference
standard values is required in the following intercomparison program.

5-3. Fading

Some RCA member states are in tropical or semi-tropical zone. If film
dosimeters are used without any protection against high temperature and
humidity, fading effect is quite significant. Some results obtained from
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film dosimeters in this intercomparison must have been affected by the
fading. So it is recommended that the unsealed film should not be used
in tropical area.

5-4. Other problems

It is revealed that a few participants do not have the temperature
control apparatus for processing film dosimeters. This is also considered
to be another cause for the poor results of film dosimeters.

5-5. Proposals for the future

The meeting ( Workshop ), which was held in October, 1990, made
conclusions that the IAEA/RCA intercomparison program is quite helpful to
know the present participants' capability and is hoped to be continued to
improve the personal dosimetry technique in the member states. Some
themes related to future intercomparison program were proposed as listed
below;

1) Investigation and normalization of calibration source and field
calibration technique in the member states

2) On phantom calibration technique and measurement of ICRU's new
operational quantity Hp (d)

3) Investigation on the further capability of each dosimetry system: a)
determining the mean photon energy, b) measurement of low doses
( detectable limit for each radiation quality ). etc.

At the IAEA/RCA Technical Expert Advisory Group Meeting held in
December, 1990, the 2nd and 3rd IAEA/RCA Personal Dosimeter
Intercomparison Programs were proposed and approved to be done in 1991 and
1992, respectively. These programs are now undergoing and the overall
results will be reported and discussed in the final meeting to be held in
October, 1992, and then also planned to be published.

6. Conclusion

One of the basic techniques for radiation protection is to measure
radiations precisely and evaluate individual dose of radiation workers
accurately. For this purpose, it is necessary to calibrate the personal
dosimeters and maintain the accuracies at specific levels. In this
connection, it is important to make the comparative calibration of the
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reference standard dose values, on which the calibration of personal
dosimeters is based, directly or indirectly with the corresponding primary
standards. However, even though an excellent reference value may have
been transferred to the sites from primary standard laboratory with high
accuracy, it is impossible to calibrate the personal dosimeters precisely
unless the engineers possess the sufficient knowledge and skills to
maintain the reference radiation field. In this point of view, the
authors think that the IAEA/RCA program surely gives each participant a
good opportunity to know their technical capability on personal dosimetry
and will be quite helpful to improve their calibration techniques
consequently.

It is also hoped that the quality of techniques in the field of
radiation protection is enhanced through IAEA/RCA program in the region
of Asia and Pacific and then the utilization of nuclear energy shall
progress by trust of general people.
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Abstract
The variety of the dosemeters participating in the first and 'second phase of this IAEA

COORDINATED RESEARCH PROGRAM and their different performances permit the
conclusion that great possibilities for optimization do exist. It seems feasible that an optimized
dosemeter might be recommended by the IAEA as a standardized dosemeter. The essential
features of such a dosemeter and possible future action are discussed.

1. Introduction
In the second phase of the IAEA COORDINATFX) RESEARCH PROGRAM for

individual monitoring 1990/1991, for the first time the question of whether the
ICRU's proposal for a new slab phantom for calibration purposes is reasonable in
practice, was examined on a wide international scale (for the description of the
scientific aspects of the inter comparison see [1]). The ICRU report with the
description of this slab phantom is not yet published, and there remain several
unresolved problems such as:

(a) Shall the proposed polymethylmethacrylate (PMMA) slab phantom be used also
for type-tests though the measurand is defined in a slab phantom of soft tissue
equivalent material?

(b) Shall a slab phantom be used for rotational radiations in type-tests though it is
only a crude approximation of a trunk?

It is not within the scope of this paper to discuss possible supplements of the
ICRU's proposal. It is expected that pragmatic procedures will be established in the
near future to get rid of the shortcomings.

This paper concentrates on the optimization of the design of dosemeters, i.e. for
example, the appropriate selection of detector types and materials, filter combi-
nations and evaluation procedures. The variety of the dosemeters participating in the
first and second phase of this IAEA COORDINATED RESEARCH PROGRAM and
their different performances (see [2]) permits the conclusion that great possibilities
for optimization do exist It is our impression from this IAEA COORDINATED
RESEARCH PROGRAM that better adapted dosemeters can be designed that are
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relatively simple, dispensing with complicated evaluation procedures and
complicated automatic equipment, that are cheap and robust, and that need only
little maintenance. Some dosemeters taking part in the intercomparison are very
promising. It seems feasible that an optimized dosemeter might be recommended by
the IAEA as a standardized dosemeter. The essential features of such a dosemeter are
summarized in the following.

2. Desirable features of a new standardized dosemeter

In principle it is sufficient to stipulate that a standardized dosemeter fulfils the
minimum requirements stated in ICRP Report 35 [3] for all ranges of application.
This may imply, for example, that all dose equivalent values must lie within the
trumpet curves of figure 1 [4]. But this demand alone leaves open many options for
realization. Other requirements are that

malfunctions of the dosemeter should be clearly perceptible;

dosemeters should be simple in construction (with only a few detectors and
filters) and robust (see e.g. requirements for military and civil defense purposes);

the dosemeter should be cheap, almost maintenance-free and offered by several
competing dosemeter manufacturers;

the evaluation procedure should be simple and equally well suited for test
radiations and radiation fields occurring in practice (e.g. additivity of doses [5]).

2.0

1.0

0.5

0.0
0.1 1 10

Dose equivalent
100 mSv 1000

Figure 1. The ratio r of the measured dose-equivalent value and the conventional true value of the dose
equivalent should lie between the solid lines for whole body dosemeters and between the dashed lines
for extremity dosemeters (trumpet curves).
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It must not be forgotten that in some work-places, so-called discriminating
dosemeters are regarded as being necessary to provide additional information on the
radiation type (photon, beta, neutron radiation), the radiation energy or the angle of
radiation incidence.

3. Possible future action
The designs of the dosemeters used during this intercomparison should be

carefully analyzed in the light of the latest developments and compared with the
designs of other approved dosemeters. The list in chapter 2 should be carefully
checked and completed; items should be assessed according to the importance
attached to them. Dosimety services should be asked (e.g. in questionnaires) about
their opinions.

One question which remains unanswered, for example, is how much radiation of
very oblique incidence contributes to the dose value in individual monitoring
surveillance. If this radiation turns out to be a significant part of the whole radiation,
this will strongly influence the dosemeter design. This is also of great importance for
standardizing the shape of the phantoms for type-testing. Measurements of the
angular and spectral distribution of photons at work-places may turn out to be
necessary. Data obtained from these measurements could help to decide whether the
measuring range of a standardized dosemeter should extend down to photon energies
of about 20 keV. We know from this IAEA COORDINATED RESEARCH
PROGRAM that TL dosemeters may have difficulty in measuring doses at these low
photon energies.

The results of the above investigations are expected to lead to an optimized
dosemeter which could possibly be a standardized dosemeter for many services. Of
course, prior to its introduction it must be thoroughly type-tested, and prove itself in
practical use in a dosimetry service. If such a dosemeter were developed on the basis
of the findings of this intercomparison, it would be a tremendous success for this
IAEA COORDINATED RESEARCH PROGRAM.
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Abstract

The development in Pldosimetry recently resulted in a full automatic PLD system
consisting of a one-element photoluminescent glass and the readout system
Toshiba FGD-10 and FGD-20, respectively. It turned out within routine monitoring
and during intercomparison experiments that the PLD system was found to be su-
perior to TLD systems.

Under the aspect of routine application, the paper discusses the evaluation and
calibration technique and the glass specific properties including ambient parame-
ters affecting the dose measurement. The dosimeter properties such as the low
pre-dose of (30 ± 1) jiSv, the low coefficient of variation of 2% at 0.1 mSv and the
optimized energy and angular response for the simultaneous indication of diffe-
rent dose quantities (Hp(0.07), Hp(10), X) over a wide photon energy range up to
12 keV -1.3 MeV will significantly improve the precision of measurement also un-
der elevated ambient temperature within individual and environmental monito-
ring.

1 INTRODUCTION

In the past, one of the major limiting factors of photoluminescent dosimetry (PLD)
has been the significance of pre-dose and thus the inaccuracy in the measurement
of small doses at levels of 0.1 mSv. First observations with pulsed UV laser excita-
tion by Kastner in 1967 showed, that differences in the decay time constant may
be used to separate the pre-dose component of the signal [1]. Further studies in
the Seventies created the basis for a better evaluation technique of glasses [2-6].
The project of developing a modern, full automatic readout system then became
reality in the middle of the Eighties, when pusled UV laser tubes of high intensity
were available [7-9].

In cooperation with Toshiba Glass, KfK developed a full automatic evaluation
technique using a one-element glass dosemeter and the Toshiba reader FGD-10.
This system was presented at the Nineth International Conference on Solid State
Dosimetry in 1989 [9, 10]. Experiences with this complete system within routine
monitoring are now available.
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Fig.1: Frequency distribution for the coefficients of variation of the dose
measurement for the individual dosemeter systems participated at the
IAEA tntercomparison 1990.

The development of the modern PLD system is now completed. The capability of
the system was recently demonstrated at the IAEA Intercomparison 1990 (Fig. 1)
[11]. With respect to other systems such as thermoluminescent and film dose-
meters, it is evident that today the photoluminescent dosemeter seems to be su-
perior in its dosimetric properties. In the photon energy range 20 keV to 1.3 MeV,
the coefficient of variation for the measurement of Hsi(10) was found to be ± 5%
for frontal irradiations and ±11% for all irradiations including angles of 30° and
60°, respectively, and the rotation of the slab and the Alderson phantom.

KfK has applied for a pattern approval test at the Physikalish-Technische Bunde-
sanstalt (PTB). In Germany, this test is the legal basis for a large-scale use in rou-
tine monitoring. Commercial systems, PTB type tested, will be available in 1992.
Thus, the PLD system is now ready to act as a routine system in individual and envi-
ronmental monitoring.

2 DOSIMETRIC PROPERTIES OF MODERN PLD SYSTEMS

The actual progress in the field of photoluminescent glass dosimetry and thus the
break through of a so far unattractive technique is based on a modern readout
technique using a pulsed high intensity new UV laser excitation and a full auto-
matic readout.
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Fig. 2. Subtraction of the residual dose reading of glass dosemeters using
pulsed UV laser excitation.

What are the essential advantages and attractive features of the new PLD sys-
tems? This can be answered now at the end of an extensive development in the
last years on the basis of first experiences with a commercial system. These are the
intrinsic pre-dose subtraction resulting in a low value and scatter of pre-dose, the
negligible scatter in the individual detector response, the low coefficient of vari-
ation for dose measurements, the simultaneous indication of different dose quan-
tities and additional information on radiation quality.

2.1 Intrinsic pre-dose subtraction resulting in low pre-doses

During the pulsed UV laser excitation, the intrinsic individual pre-dose of glasses is
simultaneously measured together with the radiation induced reading. Fig. 2
shows typical PL intensitiy curves I (t) of an annealed and irradiated glass, respec-
tively, immediately after UV pulse excitation of 4 ns. The time dependent PL in-
tensity !(t) is integrated in two different periods, namely the radiation indepen-
dent long-term component of the residual reading in the period 2 between 40-45
ps and the short-term component in the period 1 between 2-7 ps. A multiple fps

of the measured residua! dose is subtracted from the total reading resulting in the
radiation induced reading M. The pre-dose suppression factor fps is measured
once after the first annealing and may be provided by the manufacturer.

This so far unusual readout technique using an internal suppression of the residu-
al dose reading reduces the conventional pre-dose of annealed glasses to a value
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Fig. 3: Frequency distribution for the pre-dose of annealed glasses (a) and the
standard deviation of measurement for different batches (b).

of about 30 pSv (Fig. 3a) and also glass cleaning is no longer necessary. The stan-
dard deviation of the pre-dose measurement shows for different batches a high
consistency of measurement, because one digit of the indicated readout corre-
sponds to 1 yiSv (Fig. 3b).

2.2 Scatter in the individual detector sensitivity

Within a batch in the individual sensitivity of glasses scatters not more than 0.5%.
An individual correction of the detector response is therefore not necessary.

2.3 Low value of the coefficient of variation

After dose accumulation, the HQ value will be subtracted automatically from the
actual readout (H + HQ). On the basis of 10 readouts the experimental coefficient
of variation is shown in Fig. 4 as a function of dose. For the measurement of
0.1 mSv it was found to be 2% for annealed glasses and about 17% for glasses
which have accumulated before a total pre-dose of 3 mSv. In the dose range
above 0.6 mSv the values for annealed glasses are about 0.5%. Within routine
monitoring, therefore, the dosemeters will be re-used up to a total accumulated
dose of 3 mSv.

2.4 Simultaneous indication of different dose quantities

The routine readout mode of the FGD-10 reader, which is that for the pattern ap-
proval test at the PTB, allows for the simultaneous indication of the quantity
HS|(10) down to photon energies of 12 keV as well as of Hs<(0.07) and the exposure
free in air both down to photon energies of about 25 keV (Figs. 5 and 6).
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Fig. 7: Simultaneous indication of different dose quantities using the routine
readout mode and the threshold mode in the Toshiba readout system
FGD-IOand FGD-20.

In Germany, the choice of the dose quantity is limited up to now to the exposure
and a calibration of personal dosemeters "free in air". After the PTB type test the
flat glass dosemeter and the FGD-10 system will be introduced into individual
monitoring as an official German dosemeter system for a large-scale use for mea-
suring the quantity exposure free in air. When the new ICRU dose quantities will
be introduced in the near future, then a change of the dosemeter capsule or the
readout mode is not necessary. By changing the calibration factor for Cs-137 gam-
ma rays, the dose quantity of interest Hp(10) will then be indicated (Fig. 7).

As shown earlier, the flat glass dosemeter allows in the case of an external whole
body irradiation the direct interpretation of the readout in terms of the mean
dose equivalent in most of the organs of the MtRD phantom at least above
50 keV, if appropriate calibration factors at 662 keV are used (see also Fig. 7).

2.5 Additional information on radiation quality

During routine readout, a variable threshold value may be chosen, above which
the so called threshold readout mode starts immediately after the routine rea-
dout. In addition to the dose values, the actual range of the radiation quality will
be printed out.
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Automatic readout technique
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Fig. 8: Readout modes in the automatic reader FGD-10 and FGD-20.

Using the threshold mode in Fig. 8, automatically movable diaphragms in front of
the UV light source and of the photomultiplier, respectively, allows

(a) the vertical scanning of the PL intensity in the "near" and "rear" glass parts,
where the near part is facing the radiation incidence. The ratio M(near) /
M(rear) is the parameter to indicate radiation quality in the photon energy
range below 30 keV;

(b) the horizontal scanning of the PL intensity in 7 steps along the flat glass sur-
face, which during irradiation is partially shielded by tin and plastic filters.
The ratio of the maximum and minimum value of 7 readouts is used to esti-
mate the radiation quality in the photon energy range 30 keV to 150 keV
(see also Fig. 9).
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In the case, that the angle of radiation incidence is in the plane, which crosses the
tin-plastic füter combination, it might be possible to indicate the direction of the
radiation incidence. Horizontal scanning profiles are shown in Figure 9 for differ-
ent irradiation conditions.

3 AMBIENT PARAMETERS AFFECTING THE READOUT WITHIN ROUTINE
MONITORING

Parameters which may affect the precision of measurement due to ambient influ-
ences are in detail the build-up of the PL intensity immediately after exposure, the
humidity, the temperature during exposure, storage (fading) and readout as well
as the quenching due to UV light excitation (Table 1).

Build-up after irradiation: Assuming exposures between the first and last day of
the monitoring period, the build-up effects of the PL intensity in the period be-
tween 7 to 40 days after exposure are of interest. As shown in Figure 10, the build-
up of the PL intensity in the first 20 days is not sufficient to reach the saturation
value. Similar to the post-irradiation treatment of TL detectors for fading reduc-
tion, glass dosemeters may be stored before readout at 35 °C for two days. A 1 %
lower readout at 3 mSv may thus result in an uncertainty of measurement of
0.03 mSv.
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Table 1 : Ambient parameters affecting the precision of measurement.

Parameter Change in
read-out

Build-up of PL intensity + 2%
at 20 *C between 7d / 40d
after irradiation

Humidity
90% R.H./80'C/7 days no effect

Temperature T du ring
irradiation <0.1%/°C

storage at
63°C/100days <0.5%
30 'CIS years -2%

readout -0.56%/°C
i T between
calibration glass
and routine glasses

UV quenching and recovery
of readout
after 3.500 readouts -1%

Effect

negligible if
thermal treatment
before readout

glass washing
not necessary

<2%up tolO'C

fading correction
negligible

negligible
because same T
during readout

negligible

.e 1°°
_>.
1 90

Q>

0
0>

J2 70
o>
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Build-up of PL intensity

35°C

22°C

10°C

7d 40 d

0.04 0.1 1 10

Time after irradiation in days
100

Fig. 10: Build-up of PL intensity in the period after irradiation and storage at
different temperatures.

Temperature and humidity during storage: Glass dosemeters are solid state detec-
tors with the best fading characteristic. There are no humidity effects after 8 days
of storage at 90% R.H. at80°C, and also no fading effects for 100 days of storage
at 63 °C Earlier experiments indicated a long-term fading of -2% after 8 years of
storage at 30 °C [8].

Temperature during irradiation: Experiments recently performed at KfK have
shown that the temperature dependence during irradiation may affect the read-
out not more than 0.1 %/°C Assuming a temperature range of + 15 °C to + 35 °C
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within personal monitoring, the maximum deviation for the readout is expected
to be smallerthan 2%.

Temperature during readout: The highest temperature dependence of 0.56%/°C
is expected during readout. Within routine monitoring, differences in the ambi-
ent temperature between the calibration glass and routine dosemeters used in
the same magazine can be avoided by a short-term storage in the laboratory envi-
ronment some hours before readout. Thus, routine large-scale evaluations are al-
lowed in laboratories with a more or less constant ambient temperature ranging
between about 15 °C and 35 °C

UV light during evaluation: UV light exposure during readout results in a quench-
ing of the TL intensity of the glass followed by a recovery and thus for pulsed UV
laser excitation in the overall loss of about 1% after 3,500 repeated readouts,
which is negligible for external calibration glasses.

4 ASPECTS OF ROUTINE MONITORING

4.1 Annealing of glasses

For measuring low doses, the random uncertainty increases with increasing pre-
dose. In the readout system, therefore glass cards will be automatically ex-
changed by an annealed one immediately when a readout exceeds 3 mSv. Thus,
thedosemeter can be used again with another glass card. The accumulated dose is
correlated to the capsule number and not changed by exchanges of glass cards.
Before annealing, the glass cards in the card magazines are cleaned and then
stored in an oven at 400 °C for 1 h. The oven capacity allows to anneal about 1,400
glasses at the same time.

For a readout capacity of 30,000 dosemeters per month, the number of dose-
meters to be annealed monthly is about 1,800 assuming an annealing rate of 3%
per month for the occupational irradiations and the same number for the accu-
mulated background doses (every 3 years,distributed over 36 months). Fora num-
ber of about 100 repeated annealings a change of the glass properties has not
been observed within routine monitoring up to now. Furthermore, the glass is
hold in a stainless steel card and highly protected against scratches and surface
damages during long-term use.
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4.2 Calibration of the PLD system

For the automatic calibration of the reader once a day, an external calibration
dosemeter in one of the capsule magazines transfers the reference dose daily to
an internal control glass. In order to control the daily reader calibration, the inter-
nal glass will be evaluated after each 50 dosemeter readouts, for instance. Using
the same calibration glasses over periods of several months, this calibration tech-
nique offers a high constancy. The readout of the external calibration glass is cor-
rected automatically for the dose component due to the natural background radi-
ation using the preset value for the relevant number of the natural dose rate.

4.3 Ambient temperature effects within the monitoring period

Within routine monitoring, the accuracy of dose measurement is essentially af-
fected by the ambient temperature during the irradiation, the storage as well as
the readout. For elevated ambient temperatures within individual and environ-
mental monitoring up to 35 °C, we expect an increase in the readout of glasses of
about 2% only during irradiation. For the same conditions, the fading of TLD700
chips was found to be about 10% taking into account a dosemeter irradiation be-
tween 7 and 40 days before the readout.

20

10
"Oo

oo

0)

.2 -20

Effects of ambient temperature during the monitoring period

UF:Mg,Ti

+0.1% per fC

Readout between 7 ond 40 days
öfter irradiation

For TID only: Reader calibration ot 20*0
1 d after exposure
with treatment ot 100°C/1h

-•• 7d

TLD

'*- 40d

-20 0 20 40
Temperature in °C

60

Fig. 11 : Ambient temperature effects on PLD and TLD systems within routine
monitoring on a monthly basis.
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Fig. 12: Random uncertainty for a s\x month monitoring period for the flat
glass dosemeter.

4.4 Long-term dose accumulation

The capability of repeated readouts, unlimited in number, allows within routine
monitoring the re-use of dosemeters without annealing of glasses up to an accu-
mulated dose of about 3 mSv. As discussed before the coefficient of variation at
0.1 mSv is about 17% for un-annealed glasses with apre-doseof 3 mSv (see Fig. 4).

Using the same personal dosemeter for a long-term monitoring of the person, for
instance over a period of 6 months, the readout due to the natural radiation Hnat
is expected to be above a value of 0.4 mSv in those periods. Assuming an addition-
al estimation of the natural background by a reference dosemeter, occupational
exposures of about 0.1 mSv within 6 months can be monitored with an acceptable
random uncertainty of 4% for annealed glasses and 25% for glasses with a pre-
dose of 3 mSv (Fig. 12).

4.5 Experiences within routine monitoring

In order to simulate ambient conditions in routine monitoring, dosemeter batches
of unirradiated and periodically irradiated glass dosemeters were evaluated after
each irradiation during a monitoring period of 3 months. Under these routine
conditions, the precision of measurement was found to be within ±1.3% for ac-
cumulated doses between 0.2 mSv to 1.7 mSv (Fig. 13) and the corresponding co-
efficient of variation for the batches of 10 dosemeters was about 2% .
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Fig. 13: Mean values of the relative accumulated dose reading after con-
secutive irradiations of glass dosemeters.

Within personal monitoring on a monthly base, glass dosemeters are able to mea-
sure small doses above 10 y.Sv with a sufficient accuracy. Because of the relatively
higher value of the lowest detectable dose of thermoluminescence dosemeters
and film dosemeters, respectively, the agreement of the dose results for the dif-
ferent dosemeters has been found to be sufficient for higher exposures, but mak-
es a comparison difficult in the dose range at 0.1 mSv and below.

In the light of the ICRP 60 recommendations, the PLD system offers, in principle, a
low random uncertainty in the dose range of 10 to 100 ySv, and combined with a
long-term stability the estimation of lowest occupational exposures for prolonged
monitoring periods. In the case of the annual dose, the limit of detection is here
given mainly by the uncertainty for measuring or estimating the relevant natural
background dose Hnat-

5 CONCLUSIONS

The first experiences with the modern PLD system, consisting of a flat, one-
element glass dosemeter and the commercially available Toshiba reader FGD-10,
confirm the excellent dosimetric properties of a so far not available solid state
dosimetry system. Phosphate glass dosimetry is now comparable with thermolu-
minescent dosimetry in the full automatic readout within routine monitoring but
superior in its glass specific properties, such as simplicity as well as stability of
readout and calibration, good batch uniformity, individual pre-dose subtraction,
unsensitivity against ambient temperature and humidity effects and the capa-
bility of repeated readout combined with long-term dose accumulation.

After the pattern approval test at PTB, the system will be ready for a large-scale
use at the official dosimetry service at KfK. The simultaenous indication of differ-
ent dose quantities in a wide range of photon energy allows for a change from
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the exspoure free in air, which until now has been the legal quantity in Germany,
to the new ICRU quantity Hp{10) at the person itself. On the other hand, the expo-
sure results may be transferred to Hp(10) at any time or conversely.
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OPTIMIZATION OF THE WEARING TIME
FOR INDIVIDUAL DOSIMETERS

V.E. ALEINIKOV
Joint Institute for Nuclear Research,
Dubna

Abstract

The paper describes the application of quantitative optimization to the
wearing time for individual dosimeters. It was shown that the optimal wear-
ing time depends not only on the individual dose distribution, but it depends
also on both the lower detection limit for the detector used and the quotient
of the cost assigned to the unit collective dose by the cost of the dosimeter.

1. INTRODUCTION

Even after the proposal of the principle of "as low as reasonably achievable" (ALARA)
in Publication 26 of the International Commission on Radiological Protection (ICRP)
[1], most radiation protection has been carried out qualitatively and/or intuitively in the
light of social and economic considerations, and not positively practised on the basis of
quantitative optimization. Examples of optimization of radiation protection are provided
in the appendices of ICRP Publication 37 [2], In each case, the calculations are based on
fairly well defined parameters and assumptions that were well understood. This paper
describes the application of quantitative optimization techniques to the wearing time
for individual dosimeters. The optimization is based on empirical data and less certain
assumptions and it may represent typical application of ALARA principle to evaluation
of specific elements of radiation monitoring programmes.

2. USE OF COST-BENEFIT ANALYSIS IN THE OPTIMIZATION OF THE
WEARING TIME FOR DOSIMETERS

Routine individual occupational radiation monitoring is necessary to ensure that
exposure are kept as low as reasonably achievable (ALARA) and that the authorized dose
limits are not exceeded. The type and extend of the monitoring required depends on the
nature and magnitude of occupational radiation exposure. Optimal choice of the wearing
time for individual dosimeters, T, has important consequences for achievement of the
individual monitoring objects. The choice of T depends on individual dose distribution,
the lower detection limit for the detector used,the cost of the measurements and the
benefits associated with the results.

The net benefit from the introduction of a practice involving ionizing radiation is the
gross benefit minus the cost of the practice [2], This is expressed by the equation

B = V-(P + X + Y) (1)

where B is the net benefit of the introduction of a practice, V is the gross benefit of the
introduction of such practice, P is the basic production cost of the practice, excluding
the cost of radiation protection, X is the cost of achieving a selected level of radiation
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protection and Y is the cost of the detriment resulting from the practice at the selected
level of radiation protection.

For an occupational individual monitoring programme, the optimal frequency of in-
dividual monitoring is achieved when B, the net benefit, is maximized. Assuming the
relevant independent variable is the wearing time for individual dosimeters T, the max-
imum benefit would be attained when

dV UP dX dY\ _
" " ( 2 )

Considering V and P to be independent of T, the optimization condition is fulfilled
when

dX
IT

To

dY_
' dT (3)

where TO is the optimum wearing time for dosimeters.
The form of the functions X(T) and Y(T) in (1) for an individual monitoring pro-

gramme is now determined.
The expenditures of the individual monitoring are composed of the cost of the indi-

vidual dosimeters and the cost of the equipment and operation of the centralized system
of individual monitoring, called the "control center", for the sake of brevity. In first ap-
proximation, it may be assumed that the cost of such a center does not depend greatly
on the wearing time for individual dosimeters T, and is given by the constant A. The
cost of the dosimeters, conversely, is directly proportional to the number of dosimeters
distributed, to the cost of a single dosimeter and inversely proportional to the wearing
time T. If C is the cost of a single dosimeter, TV is the number of workers shall be subject
to individual monitoring within one year and T is the wearing time for dosimeter, then

X(T) = A + k, I ^-) (4)

and
dX

= -*,£ (5)
TO 0

where ki — I year/person is a dimensional constant. Optimization assessment requires
radiation detriment to be expressed in terms of a cost. Since the objective health detri-
ment is proportional to the collective dose, it is appropriate to conclude that the cost
of the objective detriment resulting from the practice at the selected level of radiation
protection, Y", is also proportional to the collective dose [2]:

Y = aS (6)

where a is a dimensional constant expressing the cost assigned to the unit collective dose
for radiation protection purposes, S is collective effective dose equivalent due to practice
under consideration.

The cost of the detriment resulting from a selected frequency of individual monitoring
is related to the reliability of the assessment of doses and to the principle that dose limit
must not be exceeded.

If P(H) is distribution of annual individual doses H, D is the lower detection limit
for the dosimeter used, and T is the wearing time for the dosimeter, then the average
undetectable dose is
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k2D/T

HP(H] dH

and the average dose exceeded the dose limit L is

HP(H) dH

(7)

(8)
k2L/T

where ki = 1 year is a dimensional constant.
The average annual collective dose from undetectable doses and those exceeded dose

limit L is

S = N H- l HP(H}dH
k2D/T

(9)

where H is average annual individual dose.
Then substituting (9) into (6):

Y(T} =
k2L/T

HP(H) dH
k2D/T

and
dY_
Or T3

To J0

L*P

Substituting (5) and (11) into (3) we obtain the optimization condition

= 0

(10)

(H)

(12)

3. DOSE DISTRIBUTION AND NUMERICAL EXAMPLE

The United Nation Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) suggested [3] a reference distribution of occupational individual doses in
the log-normal form:

P(H) = 1
(13)

where £3 = 1 rem"1 is a dimensional constant, <r = 0.86641, /A = —1.0684, if the average
dose equivalent H = 0.5 rem.

The log-normal form of the distribution is meant to reflect the fact that in many
occupations involving radiation exposure the majority of workers receive low doses and
only a few are exposed to relatively high doses.

For the log-normal dose distribution (see (13)) (12) has analytical solutions in two
specific cases: 1) the lower detection limit for the dosimeter used D = 0, 2) the
ratio C/a equals to 0.
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In the first case (D = 0) the result is

and in the second case the solution is

or taking into account that

we obtain

A plot of TO as a function of D calculated by (15) for L
er = 0.8664 is shown in Fig.l.

(14)

(15)

(16)

(17)

= 5 rem, fj, — —1.0684 and

1.00

o.oo
0.00 0.02 0.04 0.06

D, rem
0.08 0.10

Fig. 1. The optimal wearing time To as a function of the lower detection limit D,
if C/a = 0.

In order to calculate the optimal wearing time TO for individual dosimeters, based on
ALARA principle, (12) shall be solved. The results of the numerical solution of (12) for
L = 5 rem, ~H = 0.5 rem, fj. = -1.06849, a = 0.86641 and for different D are given in
Fig-2

4. CONCLUSIONS

The optimal wearing time for individual dosimeters, TO, depends not only on the
dose distribution, but T0 depends also on both the quotient of the cost assigned to the
unit collective dose, a, by the cost of the dosimeter, (7, and the lower detection limit for
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10

Fig. 2. The optimal wearing time To as a function of the quotient a/C.
1 - D = 0.00 rem,
2 - D = 0.01 rem,
3 - D = 0.02 rem,
4 - D = 0.05 rem,
5 - D = 0.10 rem.

the dosimeter, D. If the ratio C/a is infinitesimal, then the optimal wearing time, TO,
is directly proportional to the vDL and inversely proportional to the average annual
individual dose H.
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Abstract
Development of Operational Individual Dosimetry (OID)

Programs is the principle rationale for any national
radiation protection regulatory program in both developed
and developing countries. Individual dosimetry for external
radiation means making exposure measurements by equipment
carried out on the persons or workers. An operational
individual dosimetry (OID) program is defined as
development of a program in an operational state to provide
national or institutional dosimetry services; i.e. to cover
routine, operational and special monitoring as defined by
ICRP 35.

The development of an OID program depends on many
legal, administrative, psychological and technical factors
such as number of institutions and radiation workers or
persons to be monitored, radiation types and conditions of
the workplaces, the state of related sciences and
technologies, radiation protection infrastructure as regard
to laws and regulations, the existence of qualified leader
and manpower, desire to develop such a program, degree of
self-dependency required, etc. Although development of such
a program is fairly easy with a proper arrangement, some
problems still exist in particular in a developing country.
In this paper, the stated points and recommendations for
development of OID programs in developing countries based
on the experiences of the Islamic Republic of Iran and some
other countries are presented and discussed.

1. INTRODUCTION

In countries where basic radiation protection
infrastructure is not yet established or at least not well
understood, it is rather difficult to convince the
authorities and policy makers for passing any radiation
protection laws and regulations. However, development of
operational individual dosimetry (OID) or monitoring
programs which is the basis for a national radiation
protection infrastructure can be established in a small
institution or in a university, even in the lack of
radiation protection laws and regulations. For example, in
the Islamic Republic of Iran, an operational film badge
dosimetry program was started early in 1960 at the Nuclear
Research Center of the University of Tehran to provide
services to the institute as well as to other institutions,
about 30 years be'fore the Radiation Protection Law of Iran
was legislated in 1989 [1]. In particular, external
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individual monitoring for beta, gamma and x radiations is
fairly easier and justified since the majority of radiation
workers in developing countries work in medical
applications including diagnostic radiology, nuclear
medicine and radiotherapy and to a lesser extent but more
important in industrial radiography.

The term individual dosimetry or monitoring is defined
by ICRP-35 [2], by IAEA Safety Series No. 14 [3J7 and byICRP-60 [4] with some differences in the definitions and
philosophies which are criticized by Wagner [5]. It means,
the making of measurements by equipment carried out on the
persons or workers, i.e. external monitoring, as is
concerned here. In principle, development of an OID program
is to monitor the doses received by individuals, to provide
information in confirming the conditions of workplaces, in
detecting fluctuations in working conditions, to give a
useful reassurance and to probably provide data of use in
receiving optimization programs. Further, operational
individual dosimetry is treated here as a general term to
cover routine, operational and special monitoring as
defined by ICRP-35 [2].

According to the data given by Becker [6], prediction
of future number of radiation workers in third and fourth
world countries by the year 2000 is about 1.8 million
radiation workers. Therefore, development of such programs
are of great importance and of a vital need in developing
countries if they have not yet been developed. In this
paper, the objectives, program infrastructure and
management, dosimetry characteristic requirements,
dosimetry system selection, education and training
requirements, records and reports, research and
development, experiences in Iran, the problems associated
and general recommendations made as well as the role of the
international agencies like IAEA in development of such
programs are presented and discussed.

2. OBJECTIVES
The objectives of an OID program in a developing

country is to develop a program in an operational state to
provide institutional or national services depending on the
number of radiation workers, types of radiation, the state
of radiation protection infrastructure and regulatory
enforcement, etc. By operating an individual monitoring
program one demonstrates in fact the effectiveness of
radiation protection measures and compliance with the
system of dose limitation rather than a yield to effective
dose equivalents or mean organ doses. Thus, the terms
monitoring and dosimetry are considered exchangeable for
external radiation protection purposes.

According to ICRP-35 [2], individual monitoring is
classified into three groups: routine monitoring; regularly
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repeated or continuous measurements made on an individual
worker, (b) operational monitoring; that is individual
monitoring during particular operations, for example by
provision of additional dosimeters, and (c) special
individual monitoring; that is monitoring to be carried out
in actual or suspected abnormal conditions including
accidents. The objective of an OID program here is to
generally cover routine, operational and special monitoring
in a program at an operational state. Also individual
dosimetry as regard to external radiation should take into
account the ICRU quantities with special regard to
"personal dose equivalent, H,p(d) used for both strongly
and weakly penetrating radiation; i.e. the dose equivalent
in soft tissue below a specified point on the body at an
appropriate depth, d, including Hp(0.07) and Hp(3) forweakly ionizing radiation and HK>(10) for strongly
penetrating ionizing radiation [7-9]. The program should be
developed such that to cover beta, gamma and x radiations,
neutrons as well as radon monitoring as an external
contaminant being capable to be measured by an individual
dosimeter or monitor on the body, although it is basically
an internal monitoring concept.

3. OPERATION OF INDIVIDUAL DOSIMETRY PROGRAMS
For development and operation of an OID program for

external radiation protection, many different factors
should be taken into consideration and should be
incorporated into the program as follow:
3.1. Program Infrastructure and Management

There are many scientific, technical, legal,
administrative and psychological parameters which should be
considered to establish the basic infrastructure for proper
development and operation of a dosimetry program in a
developing country. For a good management, a qualified
leader with adequate education and training in the field is
necessary. Otherwise, it would be very difficult and
sometimes impossible to correct an established program in
the later stages.

Having a regulatory infrastructure already been
developed in a country will also assist in many aspects on
the success of a program. At any rate, the program should
be first introduced in a logical manner to the
administration, to the workers to be monitored and to
others by having effective lectures to introduce the
benefits of a program. The program should have an overall
plan for manpower development, material support, etc.

Before development of an OID program, the workplace
radiation type and conditions and the group of radiation
workers; i.e. working under conditions A or B (according to
ICRP-35), should be fairly identified. Although the purpose

151



of individual monitoring is to provide information about
the trends of the doses received by the workers, from
psychological point of view it is sometimes necessary to
provide dosimeters to persons who even do not need to be
monitored, for example those working under conditions B,
where even potential for an accident does not exist.

3.2. Dosimetry Characteristics Requirements
A dosimetry system should be selected or be developed

with a potential to measure the absorbed dose or dose
equivalent of radiation type received by a worker with a
reasonable accuracy and precision over the entire energy
and dose range. A comprehensive review of different
dosimetry systems and their characteristics is explored by
Becker [10]. Although each dosimetry system has certain
characteristics, many of them are common among different
dose measuring systems as are summarized below:

- A dosimetry system should be simple, having a low cost,
small and light to be carried on the personnel, easy to
be developed and being processed and it should be
easily produced locally.

- It should have a rapid readout system so that proper
information can be obtained quickly after an accident.
For example, dosimeters having a response easily
detectable by the unaided eyes, such as film dosimetry
for x and gamma radiation and track etch dosimeters for
neutrons and alphas, are preferred.

- A dosimeter developed for a high risk group should
provide detailed information on dose received, the
quality of radiation and possibly the spectrum.

- The dosimetry system should be sensitive to the type of
radiation to be monitored and it should cover the dose
range likely to be encountered in normal and abnormal
operating conditions. In general, it should cover the
dose range required by national and/or international
regulations and standards.

- The dosimeter should be insensitive to other types of
radiation. If it is, it should have at least a proper
separation mechanism; e.g. TLD albedo dosimeters.

- The energy response should be adequate for the type of
radiation to be monitored; for example a flat energy
response for x and gamma radiation and ICRP rem
response for neutrons. Further, for neutrons, it should
be capable of measuring thermal neutrons, intermediate
neutrons and fast neutrons depending on the spectrum;
e.g. Neutriran albedo neutron personnel dosimetry.

- The dosimetry system should have a stable response with
time at extreme temperature and humid environmental
conditions such as in tropical countries; i.e. having a
negligible fading rate.

- A dosimeter should have a potential to give information
on the dose equivalent both at the surface and at a
fixed depth covering the ICRU dosimetry quantities
[7-9]. However, if due to some limitations, the
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dosimetry system does not correct for the stated
quantities, it will overestimate the dose equivalent to
most organs and tissues. But the consequences of this
overestimate are unlikely to be serious except for
radiation of low penetrating power [2].

- It is recommendable that a dosimeter can also have an
audible response.

- Under working conditions where exposure to all types of
radiation is possible, a complex dosimeter having
different dosimetry components should be used.

- The dosimeter should be such that it can be filed for
further repeated measurements for legal and
administrative purposes (e.g. film badge or track etch
dosimeters). If not, the results should be filed; e.g.
the printout or the glow curve for TLDs.

3.3. Dosimetry System Selection
For development of an OID program, depending on the

type of radiation, a dosimeter should be selected so that
it can meet the above characteristics. For beta, gamma and
x radiations, the only choices seem to be film badge
dosimetry, TL dosimetry, pocket chambers and audible
personal monitors and to a lesser extend glass dosimeters.
If a known type of radiation is considered, a single TLD
system might suffice for a simple service. However, for
detailed information on the quantity and quality of the
radiation, film badge dosimetry or TL dosimetry with
multi-filter badges can provide some required information.

Although there are strong debates against using film
dosimetry, the author strongly feels that film badge being
"the senior citizen of personal dosimeters" according to
Becker [10] and a "poor man's" dosimeter according to
Krishnamoorthy [11] can serve as a relatively reliable
means of personal dose measurements in developing
countries. This is due to having some unique properties
such as ease of dose and direction classification by the
unaided eye detection, low cost of film, simple processing
and readout system by densitometry, record keeping
potential, determination of radiation quality, simplicity
in automation, possible contamination detection of nuclear
medicine staff, etc. However, the potential for TL
dosimetry could not be ignored. The TL dosimetry should be
established in parallel to film badge dosimetry for many
different operational dosimetry programs such as individual
monitoring to special groups, environmental dosimetry, etc.
Other dosimetry methods such as glass dosimetry, TSEE, etc.
should also be considered in the development program. The
pocket chambers and audible personal dosimetry also can
serve as an auxiliary personal dosimeter for quick daily
dosimetry checks if properly used and recorded.

For neutron dosimetry, several strong alternatives to
the old NTÄ films have been developed since 1970; mainly
23"7Np-10 ^im polycarbonate films coupled with spark
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counting [12], electrochemical etching of recoil particle
tracks in polymers like polycarbonate [13,14], bubble
damage detectors [15], TL albedo dosimetry [16] and
Neutriran albedo dosimetry [17-19]. By considering the
advantages and disadvantages of each dosimetry approach, it
seems that the Neutriran albedo personal neutron dosimetry
having a number of advantages over the other existing
dosimetry methods, meets most of the requirements of an
ideal dosimeter stated above; It has been developed for an
operational neutron dosimetry program for a national
service in Iran.

3.4. Education and Training
For development of OID programs, two groups of workers

should be educated and trained; first the staff members
operating the dosimetry program and second, the radiation
workers using the services. The staff members should be
trained under an expert supervision and possibly in
advanced programs in developed or developing countries
having such a program. The radiation workers and in
particular their top management should be educated on the
philosophy of using a personal dosimeter and they should be
trained on the proper use of the dosimeter. Both are
necessary for a successful program. In particular,
education and training through research are the best
approach for fulfillment of the manpower development.

3.5. Records and Reports
The individual dosimetry results should be recorded

properly. It is recommended that the program be
computerized from the beginning. In developing countries,
it is also advisable that the results also be recorded on
papers to be filed as records. The individual monitoring
results if they are computerized and if they are organized
properly can serve as good indicators for the radiation
conditions of workplaces and the state of regulatory
enforcement. Therefore, the results should be properly
analyzed and prepared as reports for further reviews of the
programs as well as serving as a guide on the state of
enforcement of radiation protection in the country.

4. EXPERIENCES IN THE ISLAMIC REPUBLIC OF IRAN

In the Islamic Republic of Iran, the first OID program
using film badge dosimetry was initiated in 1963 soon after
the establishment of the Tehran University Nuclear Research
Center which was later became a part of the Atomic Energy
Organization of Iran [1]. It was started with 62 persons
from four institutions leading to about 10664 persons from
1570 institutions in 1992 from which about 70% are from
medical centers involved in radiology and respectively to a
lesser extent in dental practices, nuclear medicine, and
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radiotherapy. The services were provided on a voluntary
basis up to 1974 when the AEOI act of Iran ascribed
radiation protection supervision and control to AEOI [20].
However, it was not until 1989 when the Radiation
Protection Act of Iran ascribed the responsibility of
radiation control and supervision in the entire range of
radiation activities in different disciplines and
environmental radiological protection to AEOI and in turn
to NRPD, when personal radiation protection became
compulsory by law for any individual radiation worker [21].
The laws and regulations with special provisions on
individual monitoring and personal protection made such a
program more regulated and effective.

The above service has been the only choice at that
time. Although there are debates whether to use film badges
or TLDs, as stated above, the author strongly feels that
for developing countries, even with strong financial
support, film badge dosimetry should be considered as the
primary choice. Nevertheless, other dosimetry programs such
as TL dosimetry for special services to a particular group
of workers or for extremity dosimetry or for environmental
monitoring as well as other dosimetry methods should be
developed in parallel. In the Islamic Republic of Iran, an
OID program based on TLDs was also initiated in 1976 which
is in operation for personnel and environmental dosimetry.
It has not been, however, as successful as the film badge
dosimetry service due to some limitations. Only recently
based on extensive research, development and equipment
support, it is now in a proper operational stage for a
wider scale services.

Research and development have been an integral part of
the OID programs at NRPD in AEOI. Such activities have been
focused on different aspects of OID programs some of which
include OID on film badge dosimetry [22], OID on TL
dosimetry [23], OID on radon monitoring for indoors [24]
and for miners being under development, track etch methods
in radiation protection [25], neutron OID program [17-19],
field parameter studies [26], development of the new DYECET
method [27,28] as well as other fundamental physics
research [25,29], In particular, radiation dosimetry
calibration equipment and facilities have been established
for protection and therapy levels which is in an
operational state. Also a SSDL laboratory has been
established to support the above dosimetry services in
cooperation with IAEA.

Generally speaking, based on such experiences, the
author strongly believes that research and development
should be taken a serious matter in parallel to the
operational programs in developing countries, although it
is hard to compete with the flow of rapid developments in
developed countries. Of course the scientists in developed
countries should bear in mind that research and development
in developing countries are relatively more difficult and
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more time consuming. Therefore, any developments made in
developing countries should be considered with careful
understanding.

5. ASSOCIATED PROBLEMS
Many problems associated with the development of OID

programs in developing countries are not far from the
problems in research and developments in physics, in
general, and in radiation protection, in particular, which
have been the subjects of some interesting papers by Abdus
Salam [30], Becker [6], Krishnamoorthy [H]/ Vose and
Cervelini [31], and Kämmende [32]. However, some specific
and related problems can also be elaborated with a hope to
be considered in development of such programs in a
developing country.

-If the basic infrastructure of radiation protection is
not yet established in a country, the OID programs
become questionable compared to many other risks
encountered daily and/or lifetime.

- In countries where the basic radiation protection
philosophy is not well understood, it is difficult to
convince the policy makers to pass any laws and
regulations.

- Some developing countries are located in tropical belt
which require special OID programs not usually applied
in regular climates.

- Lack of proper technical communications and limited
education and training of users cause problems for
providing proper radiation protection services.

- Many developing countries usually lack well-established
and closely connected universities, adequately funded
research programs, ample libraries having updated
scientific journals, quick and reliable mailing
systems, etc.

- Purchasing and preparation of materials for research
and development are usually considered a major problem.

- The salaries in developing countries are not usually
comparable with developed countries. Therefore, in some
countries with limited national income, it is difficult
to absorb and/or keep highly trained and qualified
manpower to prevent "brain drain".

- Frequent electric blackouts and large voltage and
current fluctuations in particular during high load
seasons can become troublesome in many cases.

- Lack of proper-technical support, maintenance, repair,
electronic and machine shops, etc.

- The companies do not mostly understand the problems of
developing countries to provide the real equipments and
proper advise.

- The limited time of scientists in developing countries
for research, development and mass production as well
as education and training will even prevent them from
getting updated with the main stream of ideas flowing
in the developed world.
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- Any publications, reports, etc. should usually prepared
in two or more languages which are usually double
efforts.
Generally speaking, by considering the above problems,

any scientific and industrial research and development,
production, publication, etc. in a developing country will
take at least 10 times more efforts than those required in
a developed country. Any thoughts on such programs should
be well planned in advance.

6. RECOMMENDATIONS

By reviewing many problems associated with research and
development on OID programs, the following recommendations
can be made:
- In countries with a low justifiability to pass
radiation protection laws and regulations, development
of an external individual dosimetry program can assist
to form the infrastructure for a national program.

- In developing countries depending heavily on nuclear
energy for raising their standard of living, external
individual dosimetry programs should be taken seriously
well in advance together with the development of
manpower.

- The low standard of living, a low salary, lack of
proper scientific infrastructure, unreliable means of
communication and low education and training for
personnel should not heavily effect the decision for
development of an OID program.

- Education and training of radiation workers is
necessary in general as regard to the philosophy of
using such a dosimeter and its proper application.

- The IAEA efforts on programs such as RAPAT and expert
missions can be very fruitful for the development of
such a program and/or upgrading the existing programs.

- Production of proper illustrated brochures, posters,
pamphlets, etc. should be carefully considered in an
OID program.

- An adequate electronic and mechanical workshop is
necessary to support development of such programs, to
provide maintenance and repair as well as technical
support to assist in research for development of new
programs.

- Simple and easy operating dosimetry systems should be
preferred to modern complicated systems due to limited
worldwide experiences, limited representatives
worldwide in particular in developing countries,
unavailability of parts and materials, complexities in
maintenance, etc.

- Although the IAEA's efforts in development of
intercomparison programs are appreciated, more emphasis
should be stressed on increased number of fellowships,
coordinated research programs, expert missions, etc. to
low income developing countries.
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- The developed countries should provide more generosity
in technology transfer and development of science and
technology in developing countries in particular in the
areas related to the health, education and welfare of
people.

- A developing country should make efforts to develop
qualified manpower needs, necessary equipment,
necessary infrastructure for provision of institutional
and/or national services as well as to promote research
and development in the field.

- It is in particular recommended that in order to
provide adequate services and proper national
attention, the national programs in developing
countries should be centralized and development of
multi-institutional services should be prevented.

- An OID program should be computerized at the beginning
when number of institutions and individuals to be
monitored are limited.

- Efforts should be made on provision of expertise, a
qualified leader, trained manpower, budget and in
particular regulatory support. Such requirements should
be planned at the beginning of the program and it
should be corrected from time to time.

- It is usually difficult to keep bright manpower with
local salaries in particular in developing countries
with limited natural resources. This can be prevented
by moral support and development of scientific
incentives as well as training of more number of
personnel. Otherwise it would be difficult to provide
national services with assurance.

- An OID program should provide services such that the
users trust the evaluation and appreciate the efforts
being made.

7. THE ROLE OF INTERNATIONAL AGENCIES

Many developing countries lack the basic requirements
and scientific infrastructure to even develop a small OID
program. The problems include none or limited budget, none
or unqualified manpower, etc. The international agencies
and in particular IAEA's technical and scientific
assistance can play a major role in the development of such
programs and it can serve as the basic requirement for
further developments. Such assistance include RAPAT
Missions, provision of priorities for such developments,
allocation of more budget, provision of more number of
fellowships for training in proper institutions, expert
services, book donation, establishing national or regional
courses, scientific visits, such intercomparison programs,
etc. In particular, the IAEA can be very effective in
convincing authorities on the need for such developments.
It is also recommended that a simple step by step
instructive brochure be prepared on applications of ICRU
operational quantities for developing countries which could
also be well served in many services in developed
countries.
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8. CONCLUSIONS
The development of OID programs can be easily

achieved in developing countries by proper management and
planning, even in the absence of laws and regulations.
Research and development should be an important part of
such programs. Such efforts can bring a flow of interest
into the program for establishing an infrastructure for
regulatory enforcement. Taking proper advantage of the
IAEA's technical and scientific assistance can make such
programs energetic and effective. Although this paper is
addressed to a developing country, it can be well applied
also to a developed country.
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Abstract

The usual way to check the performance of individual dosemeters is a test using well defined
test radiation fields inciding from well defined directions. In realistic exposure situations,
however, the person monitored is exposed to unknown radiation fields (e.g. stray radiation)
inciding from many directions simultaneously. For one-element dosemeters the performance
in practice is directly linked to the test performance if the rated ranges of the influence
quantities are not exceeded. In general this does not apply to multi-element dosemeters if the
information received from the dosemeter elements is not properly combined. This paper
describes criteria to ensure the compliance of a dosemeter with given requirements even in
those cases where the additivity of doses originating from radiations of various energies and
angles of incidence is not fulfilled. Advice is given on how to find an optimized evaluation
procedure for a given dosemeter. The method is illustrated by simple examples taken from film
dosimetry.

1 Introduction

The evaluation procedure of individual dosemeters is decisive for their performance.
The usual way to test the performance is by type tests and intercomparisons. All
these checks only test the ability of dosemeters to measure the dose produced by
well defined test radiation fields inciding from a few well defined directions. In
realistic exposure situations, however the person monitored is exposed to unknown
radiation fields (e.g. stray radiation) inciding from a number of directions simul-
taneously. How can the performance measured in test radiation fields be linked to
that in real fields, or in other words, can the performance obtained in various inter-
comparisons or type tests be extrapolated to the performance in practice?
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From Figs. 15 and 16 in the paper of Böhm and Buchholz [l] describing the results of
the IAEA Intercomparison Programme 1990/91, it can be seen that for film dosime-
try systems the number of outliers for the (more realistic) mixed field irradiation is
among the highest, although each irradiation with one of the two radiation qualities
of which the mixture is composed shows far fewer outliers. These film dosemeters
contain more than two filters, and the readings of these filters are combined to obtain
an adequate energy response. Obviously the extrapolation of the performance to the
radiation fields in practice may result in difficulties.

Other dosemeters are equipped with one element only. The performance of these
dosemeters determined in type tests can be well extrapolated to their performance in
practice. The maximum values of the error of measurement determined during the
type test cannot be exceeded even under realistic exposure conditions if the rated
ranges of the influence quantities are not exceeded. Type tests and intercomparisons
are therefore good ways of checking the performance of such dosemeters. This also
applies to those multi-element dosemeters which use a linear combination of the
measured values for evaluation. Many TL dosemeters belong to these two kinds and
therefore arbitrary combinations of test radiations create no problems. In fact, the
number of outliers for the TL dosimetry systems obtained for the mixture of two
different radiation fields is much lower in the IAEA intercomparison mentioned
than for the film dosimetry systems.

This paper explains the principle reason for this difference in behavior and describes
a method of evaluating the performance of a dosemeter in practice and finding the
best evaluation procedure for a given dosemeter. The method can also be used to
improve the design of dosemeters.

2 Test radiation fields

First, the realistic radiation fields must be linked to the test radiation fields. A set of
test radiation fields is considered to be a complete set of test radiation fields if the
particle fluence of any realistic radiation field, <E>reai, can be approximated from the
particle fluence of the test radiation fields, <Dtest. This means that

Ytest ' test ' Ytest

test rad. fields

Ytest are the factors describing the contribution of each test radiation field. The
parameters of the realistic radiation field must, of course, be within the rated ranges
of photon energy and of directions of radiation incidence. In the following it is
always assumed that a complete set of test radiation fields is given.
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3 Additivity

Every dosemeter contains one or more detector elements and each of these elements
gives an indicated value which is used for the further evaluation procedure. In the
case of a TL dosemeter, for example, each element is a single TL detector together
with the surrounding filters, and in the case of a film dosemeter each element is a
field on the film between the filters of the badge. The indicated values of all these
elements are corrected for detector and reader-dependent influences, e.g. zero dose,
day-to-day variation of reader sensitivity and non-linearity. In the following this
corrected indicated value will be called the element value. An element value, m(H),
produced by the dose, H, is additive with respect to H if for a given radiation field,
characterized by the spectral distribution of the photon particle radiance, and
various numbers ô it is:

m(o-H) = O-m(H). (2)

This will be called type 1 additivity.

For most elements a second type of additivity, type 2, is also fulfilled: if a single
dosemeter is exposed in two different photon radiation fields, characterized by two
different spectral distributions of the photon particle radiance, with doses H: and H2,
then the element value m(H^ + H^) is equal to the sum of the two corresponding
values, m(H]) and m(H^), obtained from two dosemeters exposed separately in the
two radiation fields with the same doses Hj and H2:

= m(Hj) + m(H^. (3)

4 General considerations on the evaluation procedure

Let us consider a dosemeter with i elements, i ̂  1. The measured dose value, Hm, of
this i-element dosemeter may be obtained by the following expression:

The function g must at least fulfill the type 1 additivity defined by Eq (2), which
means that

lf a-m^ ... , 0-mj) - a-g(mlt m^ ... , m-^ (5)

is always valid. Furthermore, let

mkrk = -jf. (6)

be the response of the fc-th element to H, where H is the conventional true value of
the dose. It then follows from Eqs. (4) to (6) that
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'a,...,rj). (7)

As the dosemeter is intended to measure H, the quotient Hm/H should be close to
unity. The deviation from unity is EEQ, and we then have

If = ! + £EQ- (8)

8EQ is the error of measurement and depends on the spectral distribution of the
photon particle radiance, i.e. the energy (E) and direction (Q) of the inciding
photons. From Eqs. (7) and (8) we have

1 + EEß = &(r\> r2> ••• ' ri)- (9)

For every test radiation condition one set of response values rl7 r^ ..., r-v is obtained.
In an z-dimensional space each set of response values defines a response point with the
coordinates (rlr r^ ..., r^). Considering the type 2 additivity of the element values
(see Eq. (3)) and a complete set of test radiation fields, then all realistic radiation
fields are represented by response points which can be superimposed from the
response points obtained for the test radiation fields using Eq. (1). All these response
points are within a limited volume, the response volume. Its surface is defined by (z'-l)-
dimensional hyperplanes connecting the "outer" response points which define the
greatest volume. This response volume is the key to evaluating the performance of
the dosemeter in practice. Depending on the dimension i, the response volume can
also be a response segment or a response area.

In the i-dimensional response space the equation

1 = gfri, r^ ..., rj). (10)

defines a (z-l)-dimensional hypersurface, i.e. only for points on this hypersurface is
the value of g unity, for all other points it is g = 1 + eEQ with EEQ x 0. The function g
should be selected to minimize | EEQ | for the set of points in the response volume, or
in other words, the (z'-l)-dimensional hypersurface defined by Eq. (10) should be
centered in the response volume. The best evaluation procedure possible is then
given by this function g.

The basic principles outlined above are not further discussed here; a detailed
description is given by Kragh and Nitschke in [2]. Instead, the application of this
method to dosemeters with one or two elements (ie. i=l and z=2) will be given as an
example in the following section.
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5 Examples

All examples will be based on the film dosimetry system F011/X/DO/2, with which
two of the authors (K.-H. Ritzenhoff and P. Ambrosi) participated in the IAEA
intercomparison. The open-window element and the lead element will first be
considered separately as two examples of one-element dosemeters, and then
combined, as an example of a two-element dosemeter. The measuring quantity will
be termed simply Hp although dosemeter irradiations were performed on an ICRU
sphere, on a PMMA slab (dimensions 30cm x 30cm x 15cm) and on an Alderson
phantom. Differences in the measured dose values due to differences in material and
shape in the phantoms are regarded unimportant here compared with the large
variation of the data of the response with photon energy and angle of incidence.

As the basis for all further examples, Figures 1 and 2 show the measurement results
for the two elements mentioned above. Each result is presented as the well-known
energy response curve, that is, the response of the element to Hp ,termed row or rpb,
as a function of mean photon energy £. The data shown stem from dosemeter
irradiations on an ICRU sphere as phantom using the ISO narrow spectrum series.
The photon energies ranged from 20keV to 1.3MeV and the angles of incidence
from 0° to 30°. The open-window element is calibrated using X-rays of 35 keV mean
energy (70 kV tube voltage, 5.4 mm Al filter). The lead element is the film area
between the two 0.8 mm Pb filters and is calibrated using Co gamma radiation.
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Figure 1: Response row of the open-window element of the film dosemeter to Hp as a function of the
mean photon energy Efor an ICRU sphere phantom. Radiation incidence is from 0° to 30°.
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Figure 2: Response rpb of the 0.8 mm Pb element of the film dosemeter to Hp as a function of the mean
photon energy E for an ICRU sphere phantom. Radiation incidence is from 0° to 30°.

5.1 One-element dosemeter

For i = 1 the response space is a straight line. The response volume becomes a re-
sponse segment and the (z-l)-dimensional hypersurface defined by g is a point.
Therefore the only function g(r-^ possible is

g(ri) = ilrrj . (11)

The constant ijj should be chosen to minimize | E^Q |, the error of measurement. This
is done by defining an appropriate point, rcent/ centered in the response segment and
calculating ip by means of Eq. (10): 1 = ty'T^ent- It is evident that g is compatible with
the requirement of type 1 additivity given by Eq. (6). In both examples of one-
element dosemeters the element value mlf of which the response rj is calculated,
exhibits type 2 additivity. The performance of the dosemeter in practice is therefore
the same as that obtained in the tests using a complete set of test radiation fields.

Figure 3 shows the response segments for the two one-element dosemeters. Each
response segment is represented by the bold segment. Each centered revalue, rcent/ is
calculated as the geometrical mean of the endpoints of the response segment and is
indicated by the open circle (O). The response for the open window element varies
from 0.04 to 0.99 . This leads to row cent = 0.20, to ^ = 5.0 and finally to Hm = 5.0-m,'OW
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Figure 3: Response segments of the two one-element film dosemeters. row is the response of the
open-window element and rpb that of the lead element. Each response segment is represented by the
bold segment, each centered response value is marked by the open circle (O) and the maximum and
minimum response values of each dosemeter are indicated.

For the lead element the response varies from 0.08 to 1.34. The calculation leads to
rpb/cent = 0.33, to ijj = 3.0 and finally to Hm = 3.0-mpb.

Both examples are, of course, unsatisfactory for practical use.

5.2 Two-element dosemeter

For i = 2 the response space is a plane. The response volume becomes a response area
and the (f-l)-dimensional hyperplanes connecting the outer response points are
straight lines. The (z-l)-dimensional hypersurface defined by g is a line which may
be straight or curved. Many choices for g are possible, of which we will consider
only two: first a linear combination, see [3],

> rPb) = (12)

where the constants TJOW and T]Pb are to be determined appropriately, and secondly
the function

1
*Pb) = 2 ,

'ow T (13)

with (j> = arctan(row/rpb). $ is the angle between the rpb axis and direction of the re-
sponse point with the coordinates (rpb, row) and /z(<j>) is a new function which has to
be determined appropriately. Angles <j> close to 0° indicate high energy radiation,
whereas <j> close to 90° indicates low energy radiation.

In Fig. 4, the response, row, of the open-window element is plotted versus, rpb/ the re-
sponse of the 0.8 mm Pb element for all the irradiations shown in Figs. 1 and 2. The
response area is indicated by the shading.
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Figure 4: Response plane of the two-element film dosemeter. Open-window response, row plotted
versus the 0.8 mm Pb response, rpb, for all the irradiations shown in Fig. 1 and 2. See text for details.

For the linear combination one obtains from Eqs. (9) and (12):

row - "
"Pb

' rPb (14)
^low l̂ow

With 8EQ = 0 this equation describes a straight line, which means that any linear
combination of the element values is represented by a straight line in the response
plane. One proposal for a line centered in the response area is shown in Fig. 4. It cuts
the row-axis at 1.25 and the rpb-axis at 1.5. From Eq. (14) it follows that r]ow = 1/1.25
and Tjpb = 1/1.5 leading to the equation for Hm

Hm = 0.80-mow + 0.67-mPb. (15)

Because of this linear relationship, type 2 additivity which is valid for the element
values mow and mpb also holds good for the measurement value, Hm. Therefore, as
for all one-element dosemeters, the performance in practice of all two-element dose-
meters with a linear combination as the evaluation procedure is the same as the per-
formance obtained in the tests.

A disadvantage of this linear combination can be found at high and at low photon
energies where the error of measurement, EEQ, always has the same sign. The
measured value therefore always underestimates the conventionally true value for
these photon energies. The maximum error of measurement is of the order of ±50%.
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Consider now the second function, Eq. (13). When polar coordinates are used all the
response points can also be characterized by the angle «j> and the radius
r = Vrow2 + rPb2- From Ecls- (9) and (13)ii: follows that

This means that the response line is now defined by the equation r = h(§) instead of
1 = g(rlf TZ ... , 7"i), see Eq. (10). At a first guess, all the measured response points
might be summarized by the solid curve in Fig. 4. This function is termed h-^) and
plotted in Fig. 5. For the measurement value Hm it follows that

1 , -,———-, (17)TT _ ————————

m - ^1(arctan(mow/mPb))

This function for Hm clearly exhibits type 1 additivity, but not type 2.
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Figure 5: Function ^(<j>) describing the solid line in Fig. 4. 4> is the angle between the rpb axis and the
direction of the response point.

Fig. 6 shows the response, rfiim = Hm/Hp, of this two-element film dosemeter as a
function of mean photon energy E. All values from the irradiations on the ICRU
sphere (•) are included, together with all those from the intercomparison (•) on a
PMMA slab and on an Alderson phantom, and from some irradiations at PTB on a
PMMA slab(Q). The angles of radiation incidence ranged from 0° to 30° to normal.
Apart from the two points marked (13), the result looks quite satisfactory and it may
be concluded that the maximum error of measurement for this dosemeter is of the
order of + 40 % to - 33 %. This is much better than the results obtained for the linear
combination, although three different phantom types are considered.
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Figure 6: Response rfi|m of the two-element film dosemeter to Hp as a function of the mean photon
energy £ Irradiations on the ICRU sphere (•) and on a PMMA slab or an Alderson phantom (•)
performed in the course of this intercomparison are included, together with some irradiations at PTB on
a PMMA slab (Q and gl), all for angles of radiation incidence of 0° to 30°.

Unfortunately, the two points marked by the open square with the cross (Ê3) at
137 keV and 178 keV cannot be neglected. They indicate errors of - 52 % and -42%.
These points were obtained by mixed field irradiations using the qualities B 20 and
N 250 on the PMMA slab. Mixing two radiation qualities with single responses of
0.76 and 0.81 results in a response of the mixed radiation of 0.48 and 0.58. In Fig. 7
the response points of all irradiations shown in Fig. 6 are plotted in the response
plane. As mentioned in chapter 5.1, type 2 additivity is valid for row and rpb. A
mixture of two test radiation fields therefore results in a response point which is on
the straight line between the two response points corresponding to the single test
radiation fields. This is demonstrated by the two response points for the radiation
qualities B 20 and N 250 (marked Q) together with two response points representing
two mixtures of these (marked 3). The distance between a response point and the
line representing the function /i(<j>) is a measure of the error of measurement. This
distance is much greater for the function h-^) for the response points of the two
mixtures than for all the other response points. This is because the response line is
not centered in the response area.

The best possible evaluation procedure for this two-element film dosemeter is given
by the solid line, marked h^tf) (see Fig. 7). The measurement values are similar to
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Figure 7: Response plane of the two-element film dosemeler. All the irradiations shown in Fig. 6 are
included. See text for details.

those of the linear combination for angles 30° < (j> < 60° (intermediate photon energy
range) but greater for the other angles (low and high photon energies). For this best
possible evaluation procedure the maximum error of measurement is - 40 % and
+ 66 %. The actual error to be stated for a measurement value is not always as high,
because it depends on the angle <j>. For 4> < 10° (high energy radiation) and tj) > 80°
(low energy radiation) it is of the order of only ±20%. It is evident that the actual
figures of this error range can be changed by choosing different functions h($), but
the length of the error range remains unchanged.

It should be pointed out that one can optimize the evaluation procedure of a given
dosemeter using the method described here, but one cannot overcome existing
deficiencies in its design.

6 Conclusion

For a one-element dosemeter the question raised in the introduction of whether or
how the performance obtained in type tests and intercomparisons can be extra-
polated to the performance in practice, is easily answered. Using a complete set of
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test radiation fields the maximum error of measurement measured is also valid for
all realistic radiation fields. All radiation fields must, of course, be within the rated
ranges of photon energy and angles of photon incidence.

For multi-element dosemeters, however, the answer may be more complicated and
cannot be generalized. With a knowledge of the response volume, the questions
raised in the introduction can be answered. For every measurement in any radiation
field within the rated ranges of use it is possible to state a maximum systematic error
of the measurement value. This maximum error depends on the actual radiation
field, characterized in this example by the angle <j>. The response area, or in general
the response volume, is the key to judging the performance of a dosemeter in
realistic radiation fields. It is therefore recommended that the response volume be
measured in the course of the development of a dosemeter. This volume will then
serve as an instrument for building up a good evaluation procedure and evaluating
the performance of the dosemeter in realistic radiation fields. This method has been
demonstrated for a film dosemeter but can be applied to every type of dosemeter.
The errors found by this method for a certain dosemeter design cannot be reduced
without changing the design of the dosemeter
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3. SUMMARY AND CONCLUSIONS



SUMMARY

The CRP on Intercomparison for Individual Monitoring was conducted in two phases
over a five year period. Twenty-nine laboratories from 21 Member States and three
international organizations participated. A measure of the importance and success of the CRP
is the publication of a least eight papers directly related to the programme, in addition to the
report on the first phase of the intercomparison that was graciously printed by the PTB.

A major factor in the success of this CRP was the availability of accurate conversion
coefficients. These are summarized in Table I for the water filled cube (30 cm x 30 cm
x 30 cm) (Phase I) and for the ICRU tissue slab (30 cm x 30 cm x 15 cm) for the incidence
angle a = 0° (Phase II). The irradiation distance for the X ray irradiations in Phase I was 2
metres, and for Phase II4 metres. The conversion coefficients in Table I are based on recent
calculations [1]; however, some of the conversion coefficients actually used during Phase I
are slightly different.

TABLE I. INTERCOMPARISON PHANTOM CONVERSION COEFFICIENTS

Radiation
Quality

F18

B20

L30

B37

B57

L60

B104

N118

N205
192JJ.

137Cs
wCo

Mean
Energy

E
keV

17.5

20

30

37

57

60

104

118

205

374

662

1250

30 cm IAEA Cubic
Water Filled Phantom

H(0.07)/K,
Sv/Gy

1.01

1.03

1.21

1.29

1.58

1.70

-

1.62

1.43

1.34

1.22

1.17

HOoyK,
Sv/Gy

0.40

0.46

1.06

1.18

1.67

1.87

-
1.74

1.49

1.38

1.23

1.18

ICRU Tissue Slab Phantom
30 cm x 30 cm x 15 cm

HW0.07VK.
Sv/Gy

-

1.038

-

1.305

1.586

-

1.618

-

1.417

1.292

1.208

1.174

HWioyK,
Sv/Gy

-

0.536

-

1.218

1.688

-

1.740

-

1.478

1.317

1.215

1.164

The conversion coefficients for the cube and the slab differ only slightly, except for the
low energy B20 radiation. In this case, the different irradiation distances (2 metres versus
4 metres) result in different thicknesses of air, which, in turn, provide different degrees of
filtration. Table II presents angular dependence factors to determine the conversion
coefficients for different angles from the conversion coefficients for a = 0°. More detailed
information on the calculations and measurements made to establish the conversion
coefficients for the slab are presented in Section 1 of this document.
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IAEA radiation quality codes

F18 Fluorescent X-rays, Mean energy - 17.5 keV
B20 Broad spectrum series, Mean energy - 20 keV
B37 Broad spectrum series, Mean energy - 37 keV
B57 Broad spectrum series, Mean energy - 57 keV
B104 Broad spectrum series, Mean energy - 104 keV
L30 Low kerma rate series, Mean energy - 30 keV
L60 Low kerma rate series, Mean energy - 60 keV
Nil8 Narrow spectrum series, Mean energy - 118 keV
N205 Narrow spectrum series, Mean energy - 205 keV

TABLE H. ICRU TISSUE SLAB PHANTOM ANGULAR DEPENDENCE
FACTORS

Radiation
Quality

B20
B57

B 104
137Cs

R(0.07,a)/R(0.07,0°)

Incidence Angle, a

30°

0.996

0.984

0.990

1.006

60°

0.976

0.906

0.924

1.022

Rot.

-

0.533

-

0.709

R(10,a)/R(10,0°)

Incidence Angle, a

30°

0.906

0.959

0.972

0.977

60°

0.540

0.762

0.810

0.955

Rot.

-

0.472

-

0.678

Complete evaluation of the performance of the participants in the CRP is a complex
task. However, one measure can be made by comparison with guidance developed by the
International Commission on Radiological Protection (ICRP) and the IAEA. The ICRP has
stated an acceptable overall accuracy in individual monitoring in para. 109 of the ICRP
Publication 35 [2]. Applying this to the new ICRU quantities, "If these quantities are of the
order of the relevant annual limits, the uncertainties should not exceed a factor of 1.5 at the
95% confidence level". The application of the ICRP guidance and related IAEA guidance [3]
for evaluation of the intercomparison results has some obvious limitations:

(1) The results were not obtained in routine radiation surveillance.
(2) The results have been normalized or "corrected" for the 137Cs gamma radiation.
(3) In many cases the results have been partially obtained by new evaluation procedures,

developed to determine the phantom related quantities.

However, a simplistic comparison of the accuracy of the participants' results can be
made with the ICRP guidance for 'high' annual doses. The criteria for acceptable accuracy
for the participants' data sets is that no more than 5% of the results - approximately
1 quotient (Q) (ratio of participant's result to reference value from the irradiating laboratory)
out of a set of 28 - may lie outside the limits of 1/1.5 and 1.5. Table III presents a summary
of the relative number of dosimetry systems for which no more than one quotient lies outside
the range 1/1.5 < Q < 1.5. The total number of dosimetry systems reporting results for each
measurand is given in brackets. Some dosimetry systems have not been designed to measure
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TABLE III. RELATIVE NUMBER OF DOSIMETRY SYSTEMS FOR WHICH NO
MORE THAN 1 QUOTIENT, Q, LIES OUTSIDE THE RANGE 1/1.5 < Q <, 1.5

Detector

TLD

Film

TLD+Film
orPLD

Measurand

H8l(0.07)

45% (11)-

13% (8)

0% (2)

H.,(10)

38% (13)

11% (9)

33% (3)

Measurand (W/O 20 keV)

Hs,(0.07)

55% (11)

13% (8)

0% (2)

Hsl(10)

69% (13)

11% (9)

67% (3)

photons with energies as low as 20 keV. Table III also illustrates the effect of ignoring the
low energy field.
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CONCLUSIONS

A. Impact of the ICRU operational quantities

The results of the intercomparison demonstrated that a number of dosimetry systems are
capable of measuring the new ICRU quantities to an acceptable degree of accuracy.
Specifically,

1. It is possible to measure Hsl(0.07) and Hsl(10) with TLD, film and photoluminescent
glass. However, nearly all participants with film dosimeters found difficulty meeting
the ICRP requirements.

2. A number of participants will need to modify their evaluation techniques to properly
measure the new quantities.

B. Dosimeter performance

1. In this intercomparison, the performance of TLD systems was superior to film based
systems. However, the success of at least one film demonstrates that it is possible to
use film with satisfactory accuracy.

2. Differences in evaluation technique had an important effect on dosimetry system
performance.

3. Dosimeter complexity did not significantly affect the accuracy of results. Dosimeters
with simple designs performed as well as their more sophisticated counterparts.

4. The ability of a dosimetry system to determine energy did not necessarily lead to
improved accuracy.

C. Phantom influence

1. The phantom influence on participant results is highly dependent on dosimeter design
and the associated sensitivity to backscattered photons.

2. For dosimeters that performed well (small dependence of the response on the mean
photon energy, sufficient response to backscattered radiation), the following trend was
observed. In the case of a broad photon spectrum (mean energy 57 keV), the
backscatter on the PMMA slab phantom increases the dosimeter reading by about 10%
compared with dosimeters irradiated over the lung of the Alderson phantom, while the
results for dosimeters on the Alderson phantom abdomen are about 5% higher than
over the lung.

3. The PMMA slab phantom and the 30 cm water filled cube are suitable backscatter
phantoms for calibration of dosimeters in terms of the ICRU operational quantities.
However, in the interest of harmonization, the slab phantom recommended by the
ICRU is preferred. Differences of up to 8% between the backscatter factors for the
PMMA and ICRU tissue slab phantoms can be regarded to be of minor importance
for calibration, but might be relevant for type-testing.
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D. Energy dependence

1. The dosimeters vary widely in the energy response characteristics, depending on
design and evaluation techniques.

2. The energy dependence of film systems was much more pronounced than the TLD
systems.

3. 20 keV was the most difficult energy to measure, and only about 1/3 of the systems
performed satisfactorily at this low energy.

4. Accurate measurement in the mixed energy fields presented more difficulty for film
than TLD.

E. Angular dependence

Measurements at angles from 0° to 60°, and on a rotating phantom were not a severe
problem. Many of the dosimeters performed satisfactorily at these angles of incidence.
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Annex
GRAPHICAL PRESENTATION OF RESULTS

Hsl(0.07)



No. 1 Film / W / R Hsi(0.07)

2.0

1.5

EnergyDepend-
ence

Dependence on angle of incidence

Hsi(0.07)Film / W / R
EnergyDepend
ence

Dependence on angle of incidence

0.9930 % 1.21 37 % 2.0821 % 1.09 6 % 0.98 10 %
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No. 4 Film / W / R HsifO.07)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence

No. 5 Film / W / R H s i (0 .07)

2.0

1.5

1.0

0..5

0

Energy
Depend-

ence
Slab 0°

0.96 IB %

^
f%1

Dependence on angle of incidence

B20

Slab
0.61 25 %
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B57

Slab
0.93 9 %
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Al/1

0.87 9 %

Y///////////,

B104

Slab
0.83 7 %

HUP

G662

Slab
0.9331 %

P

I

Al/1

0 .8425 %
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No. 6 Film / W / R Hai (0.07)
Energy
Depend-

ence

Dependence on angle of incidence

B20 B57 B104 G662

Slab 0 Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

0.8044 % 0.11 18 %0.88 10 %0.9346 % 0.90 12 %0.89 10 % 0.87 13 %

I

No. 7 Film + TLD / W / R H s i ( 0 . 0 7 )

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence
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No. 8 Film / W / R Hs i (0.07)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.91 23 %

-Ji \,T\///

Dependence on angle of incidence

B20
Slab

0.85 16 %

m,"

B57

Slab
0.90 13 %

^

Al/1

0.78 8 %

'/MM/tffi
^^%ZL

B104

Slab
0.88 15 %

y^m

6662

Slab
1.03 5 %

Al/1

1.06 13 %

///

No.11 Film / W / R H s i ( 0 . 0 7 )
Energy
Depend-

ence B20
Dependence on angle of incidence

B57 B104 G662
Slab 0 Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

1.34 17 % 1.19 12 % 1.74 17 % 0.92 5 % 0.96 6 %

7T
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No.13 TLD / W / R Hsi(0.07)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence

No.16 TLD / W / R HsitO.07)

2.0

1.5

EnergyDepend-
ence

Dependence on angle of incidence
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No. 17 TLD / W / R Hsi(0.07)

2.0

1.5

Energy
Depend-ence

Dependence on angle of incidence

No. 18 TLD / W / R Ha i (0.07)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

1.12 9 %

y%p

Dependence on angle of incidence

B20
Slab

1.08|42 %

Ok.!

B57
Slab

1.16 3 %

v*m

Al/1

1.10 3 %

77JZZZ%%

B104

Slab
1.15 3 %

Hfc

6662
Slab

1.01 7 %

__ Ws.
VA

kl/l
0.99| 4 %
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No. 19 TLD / W / R H s i (0 .07)

2.0
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1.0
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Energy
Depend-

ence
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Dependence on angle of incidence
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No.20 TLD / W / R Hsi(0.07)
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Depend-
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Dependence on angle of incidence
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No. 21 TLD / W / R H s i (0.07)
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No. 23 TLD / W / R H s i (0 .07)
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No. 25 TLD / W / R Hs i (0.07)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

1.08 11 %

JL

Dependence on angle of incidence

B20

Slab
0.91 11 %

• • • Y ///////,

B57

Slab
1.14 14 %

PjiU

Al/1

1.06 13 %

my///^-

B104

Slab
0.95 14 %

////J

/VyV

G662

Slab
1.01 2 %

=> —— r77!-̂ .

Al/1

1.02 10 %

%
Y//A
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No. 1 Film / W / R Hsi(lO)

2.0

1.5

Energy
Depend-ence

Dependence on angle of incidence

No. 2 Film / W / R Hsi(lO)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence
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No. 4 Film / W / R Hsi(lO)
Energy
Depend-
ence

Dependence on angle of incidence
B20 B57 B104 6662

Slab 0' Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

1.2237 % 0.3623 % 1.4132 % 1.69 8 % 1.70 25 % 1.07 6 % 1.13 5 %

I
V ////////,

No. 5 Film / W / R Hsi(10)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

1.00 16 %

VI

Dependence on angle of incidence

B20

Slab
0.98 9 %

WVM ,
^

B57

Slab
1.02 11 %

tffift
&

Al/1

0.93 5 %

^-^

B104

Slab
0.88 6 %

'%mr

6662

Slab
0.9629 %

^3 ^777\

I

Al/1

0 .8623 %

""1
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No. 6 Film / W / R Hsi(lO)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence

No. 7 Film + TLD / W / R Hsi(lO)
Energy
Depend-
ence

Dependence on angle of incidence

2.0
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No. 8 Film / W / R Hs i(10)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.90 23 %

/

<:\-i

Dependence on angle of incidence

B20

Slab
0.89 13 %

U^1"

B57

Slab
1.00 14 %

%
^£~

Al/1

0.87 7 %

'tm^

B104

Slab
0.89 10 %

^

G662

Slab
1,06 4 %

Al/l

1.09 14 %

J

No. 9 Fi

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.8821 %

t/L-

j
^

1m / W / R
Dependence on angle

B20
Slab

1.04 26 %

H
%.

B57
Slab

0.92

W'

16 %

'//A——

Al/l

0.83 29 %

B

Hsi( lO)

of incidence

B104

Slab
0.97 5 %

zF***

6662

Slab
1.08 6 %

- • • *-rr-%7*

Al/l

1.04 11 %

^y/////
<!Za — ^
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No.10 Film / W / R Hsi( lO)
Energy
Depend-

ence

Dependence on angle of incidence

B57 B104 G662

Slab 0 Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

0.98 15 % 1.4968 % 1.34 39 % 1.07 5 % 1.04 6 %

I

No.11 Film / W / R H s i ( l O )
Energy
Depend-

ence

Dependence on angle of incidence

B20 B57 B104 6662
Slab 0' Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0,5

0

1.0548 % 0.36 8 % 1.24 17 % 1.17 11 % 1.5926 % 0.93 4 % 1.00 4 %
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No.12 TLD / W / R H s i ( l O )
Energy
Depend-

ence

Dependence on angle of incidence

B20 B57 B104 6662
Slab O l Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

1.16 17 % 1.31 13 % 1.24 2 % 1.16 8 % 0.88 2 % 1.12 3 % 1.07 8 %

'777s

No. 13 TLD / W / R H s i ( l O )
Energy
Depend-

ence
Dependence on angle of incidence

B20 B57 B104 6662
Slab 0' Slab Slab Al/1 Slab Slab Al/1

2.0

1.5

1.0

0.5

1.07 18 % 0.5029 % 1.24 3 % 1.37 13 % 1.18 6 % 1.08 3 % 1.04 7 %
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No.14 TLD / W / R Hsi(lO)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence
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No. 16 TLD / W / R Hsi(lO)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence

No.17 TLD / W / R Hsi(lO)
Energy
Depend-
ence

Dependence on angle of incidence

2.0

204



No. 18 TLD

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

1.04 10 %

P
r̂ . R E3 prKWMy

/ w / R Hsi( lO)

Dependence on angle

B20

Slab
1.29 32 %

•n-rJTT/Y

P

l

B57

Slab
1.05 11 %

^^

Al/l

1.02

W%<

23 %

m

of incidence

B104

Slab
1.12

7///T?,

5 %

y/////,

G662

Slab
1.04 9 %

Al/l
1.02 5 %

No. 19 TLD / W / R Hs i(10)

2.0

1.5

1.0

0 "ïV • O

0

Energy
Depend-

ence
Slab 0°

0.9520 %

R ^
/
/
/
/
/
/
/
/
/

Dependence on angle of incidence

B20
Slab

0.5631 %

"a t,

B57

Slab
1.02 3 %

\//S; i j \

Al/l

0.95 5 %

^%2f

B104
Slab

1.02 5 %

6662
Slab

1.03 3 %

Al/l
1,01 8 %

^
S/St * * -a
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No.20 TLD / W / R Hsi(lO)
Energy
Depend-
ence

Dependence on angle of incidence
B57 B104 6662

Slab 0 Slab Al/1 Slab Slab Al/1
2.0

1.5

1.0

0.5

1.11 15 % 1.26 7 % 1.13 8 % 1.02 10 % 1.03 4 %

No. 21 TLD / W / R Hs i(10)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
slab o°

1.06 13 %

fcw

Dependence on angle of incidence

B20
Slab

0.9731 %

"ê.y///////,
s///.

B57

Slab
1.16 5 %

mm,

Al/1

1.10 8 %

[/̂ -
™^̂

B104

Slab
1.04 7 %

6662

Slab
1.00 4 %

777.

Al/1

0.97 7 %
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No.22 TLD / W / R Hsi(lO)

2.0

1.5

Energy
Depend-
ence

Dependence on angle of incidence

No. 23 TLD / W / R H s i ( 10 )

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.94 7 %

^

Dependence on angle of inc idence
B20
Slab

1.01 11 %

W.
•/y//^XJ"~~~

B57
Slab

0.93 8 %

wf^

Al/1
0.87 11 %

w* ^

B104
Slab

0.89 8 %

rm&

6662
Slab

1.00 3 %

frV'VJ

Al/1
0.98 8 %

Y//i//////!1 1 "
//A
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No. 24 Film + TLD / W / R H8 i(10)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.87 11 %

'%m^

Dependence on angle of incidence

B20

Slab
0.6920 %

i«
!

B57

Slab
0.94| 7 %

m^^~~

Al/1

0.90 10 %

1̂ ~

B104

Slab
0.78 12 %

^U^
^

G662

Slab
0.98 3 %

Al/1

0.98 14 %

%
^^T

No. 25 TLD

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

1.04

f1

12 %

T2T-̂

/ W / R

Dependence on angle

B20

Slab
1.06 37 %

ilM
b

B57

Slab
1.17 12 %

'%. 1̂

Al/1

1.10 20 %

||

Hsi( lO)
of incidence

B104

Slab
0.93 7 %

^^

6662
Slab

1.04 4 %

V7X

Al/1

1.04 12 %

U77VY/— v/A
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No. 26 PLD / W / R H8 i(10)

2.0

1.5

1.0

0.5

0

Energy
Depend-

ence
Slab 0°

0.99 8 %

V>7\ _ r* 7,
>X W*

">-a

Dependence on angle of incidence

B20

Slab
0.6231 %

IIIIIP
M;Ê ?

'%'////

B57
Slab

1.01 9 %

T*J&, . _
^

Al/1

0.97 4 %

"^ ^^Y/A

B104
Slab

0.88 16 %

^^n

G662

Slab
1.05 2 %

s / s ; ; fr///r77~.

Al/1

1.01 7 %

W/
ffJ/\"' ""'
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Phantom influence



No. 1 Film/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.08 9 %

..//

G662
1.24 4 %

//////

Position

B57

AI, a/AI, l

Depth: 10 mm
Angular Dependence

B57
1.10 10 %

*

6662
1.24 4 %

^

Position
B57

AI, a/AI, l

No. 2 Film/W/R Phantom Influence
Depth: 0.07 mm Depth: 10 mm

Angular Dependence Position Angular Dependence Position
B57 G662 B57 B57 G662 B57

2.0

1.5

1.0

0.5

0.86 26 % 1.12 9 % AI, a/AI, l 0.94 18 1.12 13 AI, a/AI, l
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No.

2.0

1.5

1.0

0.5

0

4 Film/W/R

Depth: 0 .07 mm
Angular Dependence

B57
0. 77 37 %

;/
X

y/
' /

G662
0.90 3 %

/ / / / / /

Position

B57
AI, a/AI, l

Phantom

Depth:
Influence

10 mm
Angular Dependence

B57
0. 84 34 %

X

^
//
^

6662

0.95 8 %

xxxi

Position

B57
AI, a/AI, l

No. 5 Film/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.07 6 %

v7?-7

G662
1.10 16 %

*' /U7 — P — 7\

Position

B57
AI, a/AI, l

'/////,

Depth: 10 mm
Angular Dependence

B57
1.10 13 %

y.
T//?-.

' /

6662
1.10 16 %

*

Position

B57
AI, a/AI, l

'/////,
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No.

2.0

1.5

1.0

0.5

0

6 Film/W/R
Depth:

Angu

0.07 mm
lar Dependence

B57
1. 05

/
. i

33 %

|
\

G662

1.03 6 0/%

^ —— ul̂  x

Position
B57

AI, a/AI, l

//////

Phantom

Angu

Depth:

Influence
10 mm

lar Dependence

B57
1. 07

//

32 %

1
\

G662

1.03 6 %

7^ ———
Y-^

Position

B57
AI, a/AI, l

//////

No. 7 Film+TLD/W/R Phantom Influence
Depth: 0.07 mm Depth: 10 mm

Angular Dependence Position Angular Dependence Position
B57 G662 B57 B57 G662 B57

2.0

1.5

1.0

0.5

1.30 21 % 0.92 28 AI, a/AI, l1.26 17 0.91 28 % AI, a/AI, l
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No. 8 Film/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.14 5 %

^TUF?

G662

0.99 15 %

7-71 [7~3

't

Position

B57
AI, a/AI, l

Depth: 10 mm
Angular Dependence

B57
1.15 9 %

^ '/,/ / y / /

6662
0.99 15 %

7v FTl

^

Position

B57
AI, a/AI, l

No. 9 Film/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.05 10 %

/̂ // » //// // //

G662
1.02 A %

it it i

Position

B57
AI, a/AI, l

Depth: 10 mm
Angular Dependence

B57
1.14 14 %

TLj

G662
1.04 8 %

-̂JT; ' /

Position

B57
AI, a/AI, l
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No. 10 Film/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57 6662

Position

B57

Depth: 10 mm
Angu lar Dependence

B57
1.21

^/y/

15 %

77^

G662

1.03 8 %

''/

Position

B57
AI, a/AI, l

No. 11 Film/W/R Phantom Influence

2.0

1.5

1.0

0 .5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.12 8 %

2^
//

G662

0.96 8 %

/ /
-^[ ^

Position
B57

AI, a/AI, l

/ / / / / /

Depth: 10 mm
Angular Dependence

B57
1.06 12 %

/^//' /// A "

6662

0.93 6 %

ÎCZJ ^

Position
B57

AI, a/AI, l

//////
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No. 12 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57 6652

Position

B57

Depth: 10 mm
Angular Dependence

B57
1.07 7 %

^ ^

6662

1.05 8 %

7, _ L

Position

B57
AI, a/AI, l

No. 13

2.0

1.5

1.0

0.5

0

TLD/W/R Phantom Influence

Depth: 0 .07 mm
Angular Dependence

B57
1.14

V%\v/,

19 %

Ld

G662
1.03 2 %

Position

B57
AI, a/AI, l

Depth: 10 mm
Angular Dependence

B57
0.92 15 %

'? U — »

[̂

6662
1.03 5 %

Position

B57
AI, a/AI, l
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No. 14 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57 G662

Position
B57

Depth: 10 mm
Angular Dependence

B57
1.13 13 %

'/, '/./ / / /

6662
1.05 7 %

//VJ/// ' /

Position
B57

AI. a/AI, l

//////

No. 15 TLD/W/X Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57 6662

Position

B57

Depth: 10 mm
Angular Dependence

B57
1.06 7 %

6662
1.03 4 %

*~?~-? — '/ A
'/ "/

Position

B57
AI. a/AI, l
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No. 16 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.04 5 %

^ ___

G662
1.06 10 %

^JZ
^

Position

B57
AI, a/AI, l

/ / / / /

Depth: 10 mm
Angular Dependence

B57
1.04 6 %

^U

6662

1.08 7 %

7)^7-,

Position

B57
AI, a/AI, l

No. 17 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
0.97 15 %

^UN*

6662
1.03 21 %

è tZ Z

Position

B57
AI, a/AI, 1

Depth: 10 mm
Angular Dependence

B57
1.11 6 %

v^

G662
1.02 8 %

' /

Position

B57
AI, a/AI, l
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No. 18 TLD/W/R Phantom Influence

2.0

1.5

1.0

0 . 5

0

Depth: 0.07 mm
Angular Dependence

B57
1.05 2 %

-7-^7-f~7^r-.

6662

1.02 6 %

r7-^—7r~7~
/ x

Position

B57
AI, a/AI, l

'/////,

Depth: 10 mm
Angular Dependence

B57
1.06 13 %

U:

6662
1.02 6 %

[-?—!> — -7*~7~/ X

Position
B57

AI. a/AI, l

x^x^

No. 19 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0.07 mm
Angular Dependence

B57
1.05 4 %

G662
1.03 6 %

' / X / X .. ...

Position

B57
AI, a/AI, l

Depth: 10 mm
Angular Dependence

B57
1.07 3 %

G662

1.02 6 %

— -7-1 / X X
/

Position
B57

AI. a/AI, l
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No. 20 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.06 10 %

_F^H

6662

1.10 12 %

^

Position

B57
AI, a/AI, l

//////

Depth: 10 mm
Angular Dependence

B57
1.07 8 %

^ ^h

G662

0.99 13 %

Z-\à^-

Position
B57

AI, a/AI, l

//////

No. 21 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.08 8 %

TT^

6662
1.04 3 %

Position

B57
AI, a/AI, 1

//////

Depth: 10 mm
Angular Dependence

B57
1.06 4 %

/ / / /\

6652

1.04 3 %

Position

B57
AI, a/AI, l

//////
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No. 22 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0.07 mm
Angular Dependence

B57
1.05 18 %

^
'/,

6662

1.07 11 %

z;
s /

Position

B57
AI, a/AI, l

'//////

Depth: 10 mm
Angular Dependence

B57
1.06 11 %

p—a
*~7/// z.

G662
1.04 7 %

Position

B57
AI, a/AI, l

No. 23 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0.07 mm
Angular Dependence

B57
1.06 9 %

-^

6662
1.01 9 %

r? /
/ / /

Position

B57
AI, a/AI, l

/ / / / /

Depth: 10 mm
Angular Dependence

B57
1.07 6 %

^/^\

6662
1.03 8 %

' / / / /
V

Position

B57
AI, a/AI, l

//////
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No. 24 Film+TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.03 4 %

G652
1.03 10 %

-rTTV-^:/

Position

B57
AI, a/AI, 1

Depth: 10 mm
Angular Dependence

B57
1.04 4 %

/ / / /\

6662
1.02 10 %

-yru,z

Position

B57
AI. a/AI, 1

No. 25 TLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57
1.10 24 %

Ĥ ,̂

G662

1.00 11 %

— 7-T/x y

Z

Position

B57

AI, a/AI, 1

//////

Depth: 10 mm
Angular Dependence

B57
1.10 23 %

^ ,

6662
1.00 11 %

— T^/S /

Z

Position

B57
AI, a/AI, 1

//////
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No. 26 PLD/W/R Phantom Influence

2.0

1.5

1.0

0.5

0

Depth: 0 .07 mm
Angular Dependence

B57 G662

Position

B57

Depth: 10 mm
Angular Dependence

B57
1.04 8 %

-r^~, ~7.
(_z.

6662
1.05 6 %

/ J—?- / /
f /

Position

B57
AI. a/AI, l
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