
WORKPLACE PHOTON RADIATION FIELDS XA0053409

P.H. BURGESS, D.T. BARTLETT
National Radiological Protection Board,
Chilton, United Kingdom

P. AMBROSI
Physikalisch-Technische Bundesanstalt,
Braunschweig, Germany

Abstract
The knowledge of workplace radiation fields is essential for measures in radiation protection. Information about the energy
and directional distribution of the incident photon radiation was obtained by several devices developed by the National
Radiation Protection Board, United Kingdom, by the Statens Stralskyddsinstitut, Sweden, together with EURADOS and by
the Physikalisch-Technische Bundesanstalt, Germany. The devices are described and some results obtained at workplaces in
nuclear industry, medicine and science in the photon energy range from 20 keV to 7 MeV are given.

1. INTRODUCTION

Based to a large extent on the radiological protection principles developed by the International
Commission on Radiological Protection (ICRP) [1], the Basic Safety Standards Directive of
the European Union [2] and the IAEA International Basic Safety Standards [3] express
requirements for dose limitation and optimisation in terms of the protection quantities
effective dose and equivalent dose. Operational quantities are recommended for monitoring
purpose, which are intended to be generally conservative but which do not overestimate the
protection quantity by too great a margin. For individual monitoring for penetrating radiation
we are concerned with the operational quantity personal dose equivalent, Hv{\§), and for the
purpose of this paper, photon radiation.

In practical situations personal dosimeters are required to estimate the quantity of interest with
reasonable accuracy for the workplace photon radiation field, which, in principle, may be
distributed over all angles and for the energy range 15 keV to 7 MeV. We may generally take
this as meaning that the dosimeter indication is within a factor of 1.5 of the conventional true
value (ICRP Publication 75) [4].

There are several reasons for making measurements of the energy and angle distributions of
photon workplace fields. One reason is to assess the suitability of the dosimetric model to
estimate the protection quantity effective dose (see ICRP Publication 75, paragraph 239). This
was the main reason for the two investigations of NRPB reported here. Figure 1 shows the
relationships of//p(10) and effective dose. At photon energies less than 100 keV there is a
progressive overestimate by i/p(10) of effective dose (E), reaching, for the anterior-posterior
(AP) direction, a factor of five at 20 keV.

A second reason is the consideration of the performance of practical designs of personal
dosimeter in estimating Hp(l0). Practical dosimeters do not have ideal performance
characteristics. Examples of the energy and angle response characteristics of personal
dosimeters are shown in Figures 2 and 3 (refer also to the presentations at this meeting by
Trousil and Thompson). This was the main purpose of the investigations by SSI (Statens
Stralskyddsinstitut) and EURADOS (European Radiation Dosimetry Group) some of whose
results are given in Section 3.
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FIG. 2. Film badge response (NRPB - R236 algorithm).
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FIG. 3. NRPB TLD response.

The third reason, and the purpose for the PTB investigations reported in section 4, is to assess
the suitability or adequacy of the dosimeter performance requirements. In the case of the PTB
investigations the angle performance requirement in particular was under consideration.

In summary, good knowledge of workplace fields i.e. data on energy spectra, angular
distributions, dose rates, worker orientation and occupancy factors, is useful in order to assess
the dosimetric model used to calculate Hp(10); predict the performance of practical, non ideal
dosimeters; optimise the design of dosimeters; frame the dosimeter performance requirements
sensibly; and assist the retrospective interpretation of dosimeter readings if required.

2. NRPB MEASUREMENTS

NRPB has performed a study on practical fields which was supported by the European
Commission (EC) [5,6]. At that time the decision was made to use an array of filtered Geiger
Miiller detectors connected to portable sealers to characterise the radiation field. This was
because multichannel analysers, which would be required for true spectrometry, were of
limited portability and were expensive. This meant we could not use them in difficult access
areas and we could not risk them becoming contaminated. We understood the limitations of
using Geiger Miiller detectors, in that we would get very limited information, but it seemed to
us that portability, ease of use and low cost were more important.

The unit that was constructed is shown in Figure 4. Filters were designed for each detector to
produce energy data. The measured responses are shown in Figure 5. An algorithm was
produced to extract useful data from the measured count rates. This is illustrated in Figure 6.
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FIG. 5. Response of filtered Geiger Mutter spectrometer.
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The design of the lead shielding was chosen to give, essentially, a 90° total viewing angle. In
this way, 6 directions for each measurement position, could be chosen, 4 in the horizontal
plane and, 2 in the vertical, making it possible to assess the radiation spectrum over the whole
of the 4n solid angle. Additional information was provided for the dominant exposure
direction by covering one of the detectors with an additional 6 mm thick lead filter. This
produced a measure of the very penetrating component as the thickness of lead corresponds to
the half value layer for 400 keV radiation.

The equipment was taken to a variety of establishments. These included:

• BNFL, Sellafield (Fuel manufacturer and reprocessing)

• Amersham International

• David Brown Gears

• Gloucester Royal Hospital

(Radiopharmaceuticals)

(Industrial radiography)

(Hospital)

The method of use was to identify where a worker was likely to spend a reasonable fraction of
the day in one position. A typical example is at a glove box where the worker would be
working with material inside the glove box. The spectrometer head was positioned 1 m above
the ground and the count rate was measured for each detector for each of the 6 directions. An
additional measurement was made with the thick lead absorber in position for the dominant
direction of irradiation.

An early observation was that radiation fields could be complicated in terms of their angular
distribution, i.e. the worker was irradiated significantly from a variety of directions, some of
which were unexpected, and also that, on some occasions, AP irradiation was not dominant.
As an example one worker position was dominated not by radiation from the material on
which he was working but on radiation incident from directly behind him which was coming
in through the window from a building 20 metres away. In another example the radiation
source, Co, was in a well shielded enclosure and the main source of exposure was low
energy radiation (~ 100 keV) from the maze entrance, which was at 90° to the source position.
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A large number of measurements was performed with this equipment. One set is given as an
example and is shown in Tables 1 to IV below. The following conclusions can be drawn:-

• Hp(10) normally overestimates E (i.e. in about 90% of the measurements)

• Hp(10) is normally within ± 25% of E (i.e. in about 78% of the measurements)

• The biggest influence on the ratio of Hp(10) to E is the angular distribution, not
the energy spectrum.

TABLE I. RESULTS

Position

1

2

3

4

5

6,8,10,11,13,15

9

12

FOR VARIOUS DOSE

Worker
orientation

AP

AP

LAT

AP,PA

AP, PA, LAT

AP

ROT

AP, LAT, FH

QUANTITIES BNFL

Estimated values per unit
Sv.Gy'1

E

1.05

1.09

0.67

0.90

0.92

1.07

0.82

0.89

tf*(10)

1.21

1.25

1.25

1.27

1.26

1.21

1.21

1.21

air kerma,

tfp(10)

1.21

1.23

0.95

0.79

0.73

1.21

0.80

1.07

TABLE n. RESULTS FOR VARIOUS DOSE QUANTITIES: AMERSHAM
INTERNATIONAL

Position

1

2

3

4

5

Worker
orientation

AP

AP

AP

AP

AP

Estimated values per unit air kerma,
Sv Gy"1

E

1.11

1.43

1.07

1.11

1.32

H*(10)

1.25

1.63

1.21

1.25

1.50

Hp(10)

1.25

1.63

1.21

1.25

1.50
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TABLE m. RESULTS FOR VARIOUS DOSE QUANTITIES : DAVID BROWN GEARS

Position

1

2

3

4

5

6

Worker
orientation

ROT

ROT

ROT

ROT

ROT

ROT

Estimated values per unit air kerma,
Sv.Gy'1

E

0.55

0.84

0.86

0.90

0.89

0.92

H*(10)

1.24

1.27

1.34

1.46

1.42

1.50

Hp(10)

0.57

0.80

0.80

0.80

0.80

0.80

TABLE IV. RESULTS FOR VARIOUS DOSE QUANTITIES : GLOUCESTER HOSPITAL

Position

1

Worker
orientation

AP

Estimated values per unit air kerma, Sv.Gy"1

E

1.11

H*(10)

1.26

Hp(10)

1.26

The original project created sufficient interest for the EC to sponsor a further contract starting
in 1993 [7,8]. By this time the capability of laptop personal computers had increased
considerably and their cost had reduced. Manufacturers had introduced a range of add on
cards which were capable of driving sodium iodide scintillation detectors and performing
pulse height analysis. We decided to take advantage of this by building a directional sodium
iodide based spectrometer which could be used to generate more detailed spectra. The size of
the unit was limited by the maximum acceptable weight, 15 kg, which, in turn, demanded a
balance between detector size and thickness of the surrounding shielding and collimator. The
final design is shown in Figure 7. The crystal was 19 mm in diameter and 25 mm long.

Again this unit was designed to give an approximately 90° viewing angle and was used in the
same way i.e. 4 measurements made in the horizontal plane and 2 in the vertical. This method
covers approximately 78 % of the 4K solid angle. Attempts were made to ensure that the
obvious sources of radiation did not lie at angles of 45° to the reference orientations.

The data at each site were recorded as raw spectra which were then analysed by a spectrum
stripping programme. This was based on Monte Carlo simulations of the complete detector,
including the shielding, and generated a fluence spectrum incident on the detector from each
of the 6 directions. Such a process is not perfect and the detector was, of necessity, rather
small for measurements above 1 MeV. However when the detector was tested using
collimated beams of known radiation spectra up to 1.25 MeV (60Co) agreement was good.

Some examples of observed spectra are given in Figures 8, 9 and 10.
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FIG. 7. Sodium iodide spectrometer.
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These results were then combined with the appropriate conversion coefficients for fluence to
E and #p(10) and a value of the ratio of Hp{\0) to E generated for each position. Some
examples are shown in Table V.

TABLE V. VALUES OF £.(10), E AND THEIR QUOTIENTS FOR 12 LOCATIONS

Location

i

ii

iii

iv

V

vi

vii

viii

ix

X

xi

xii

Dose Rate £p(10)

in jiSv.h'1

7.02

7.00

5.82

1.01

12.75

3.03

5.99

4.50

2.15

9.08

5.12

0.62

Dose Rate E

in ^Sv.h"1

6.57

5.42

5.08

0.92

10.78

2.66

5.74

4.03

2.01

7.20

4.65

0.58

gp(10)
E

1.07

1.29

1.15

1.10

1.18

1.14

1.04

1.12

1.07

1.26

1.10

1.06
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Again conclusions were similar to the previous exercise:

• Hp(10) normally overestimates E, i.e. in 93 % of cases

• Hp(10) is normally within ± 25% of E, i.e. in 90 % of cases

• Lowest ratio of Hp(10) to E was 0.68

The biggest influence on the ratio of Hp(10) to E is the angular distribution, not the energy
spectrum. As an additional exercise, a much larger scintillator (127 mm x 102 mm) was taken
to Hinkley Point A power station. This is a twin reactor steel pressure vessel CO2 cooled
Magnox reactor with heat exchangers outside the main shielding. Measurements of spectra
indicated that a large fraction of the dose rate over a wide area of the site was 6 to 7 MeV y
radiation from the 16O(n,p)16N reaction. Similar fields will exist where the transit time of
water from the core of a reactor to an accessible or less shielded area is less than
approximately one minute.

3. SSI/EURADOS MEASUREMENTS

As part of a field investigation and comparison exercise at nuclear facilities in Sweden
undertaken by Statens Stralskyddsinstitut (SSI) and EURADOS [9,10,11], measurements were
made of the photon fields inside operating PWR and BWR containment vessels.
Measurements were made with passive and electronic personal dosimeters mounted on all
surfaces of slab phantoms, and with spectrometers. The results indicated a large contribution,
in the workplace fields sampled, from the high energy (6 - 7 MeV) photons from the decay of
the excited state of oxygen-16 (after beta decay of nitrogen-16). A measured spectrum is
shown in Figure 11 and the data are also given in Table VI. Dose is dominated by photons of
energy greater than 2 MeV, with a large fraction from photons of 6 - 7 MeV.

6 000keV 8 000

FIG. 11. SSI/EURADOS measurements in a PWR.
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TABLE VI. SPECTRUM IN OPERATING PWR (LOCATION E)

Fluence proportion in %

Mean energy in keV

#*(10) proportion in %

Energy Interval in keV

180-1000

33

300

6

1000-2000

24

1300

17

2000-6000

15

3800

35

6000-7000

28

7200

42

4. PTB INVESTIGATIONS

Existing German legislative requirements demand a good performance from a dosimeter only
for angles of incidence from 0° to 45° to the normal. A programme of measurements [12,13]
was undertaken to determine whether, in the workplace, the contribution to dose of radiation
incident at more than 45° was large. The PTB investigations used equipment which was worn
by a person. This, in some ways, makes for a more realistic measurement, but places more
severe limitations on the weight and hence on the size of the detectors. Hemispherical CdTe
detectors with an active volume of about 50 mm and an integrated charge-sensitive
preamplifier were therefore chosen as detectors. These detectors are sufficiently small, light
and robust and can be operated without any cooling and their sensitivity and energy resolution
are sufficient for this application [12]. The unit is shown being worn in Figure 12. The photon
spectrometer contains of a stack of three hemispherical CdTe detectors, see Figure 13. Each
detector is surrounded by a cylindrical shielding of lead and copper to allow the photon
radiation incident on the wearer of the spectrometer to be measured from three different
cylindrical segments of the solid angle. Figure 14 shows the measured polar response
characteristics using 65 keV mean energy X radiation.

FIG. 12. PTB unit view.
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FIG. 13. PTB unit internal construction.

FIG. 14. PTB unit polar response.

A programme of measurements was undertaken

• at a cell used for processing 147Pm,

• at a cell used for processing 131I,

• at a cell for processing 137Cs,

• in a despatch area for sources produced in the cells above,

• in a feedwater pump area in a BWR, and

• for work with X ray tubes.

Spectra are presented in Figure 15 for the source handling activities, Figure 16 for the reactor
exposures and in Figure 17 for exposures to radiation from X ray tubes. Figure 18 gives data
on the angular distribution at the position of the worker from the same sources. This clearly
indicates that the contribution to dose of radiation incident at more than 45° was large.
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One important aspect concerns the 147Pm process, where the majority of the dose is from low
energy bremsstrahlung. This is in an energy range where dosimeters tend to be less accurate
and also where the ratio of E to Hp(10) falls sharply. However it is normally possible to reduce
exposure to direct radiation from such sources by simple shielding such as lead loaded glass
or PMMA. Another important aspect is that in most of the circumstances most of the radiation
was incident at large angles (> 54°) referred to normal incidence.

5. SUMMARY OF RESULTS OF THE INVESTIGATIONS INTO WORKPLACE
FIELDS AND POTENTIAL IMPACT ON DOSIMETER DESIGNS AND

ALGORITHMS

In a complicated situation with well shielded sources and multiple scattering it is not possible
to predict either the energy spectrum or the angular distribution of radiation incident on the
worker. Hence any dosimeter used in such situations has to be capable of responding correctly
to photon radiations with energies from essentially the minimum relevant to the quantity, i.e.
10 to 15 keV for Hp(10), up to the maximum possible. If a dosimeter is available which does
have satisfactory characteristics for the measurement of Hp(10) then in the vast majority of
circumstances it will provide an acceptable measurement of E, i.e., it will produce a result
which is within ± 25% of E. The wide angular distribution of observed radiation fields
demands that dosimeters operate acceptably out to very large angles of incidence. This is often
difficult to achieve, especially with dosimeters using flat metal filters, and algorithms are
normally developed to balance out the performance over the front 2n.

With some designs of dosimeter it is possible to ensure that the device is wom in the reference
orientation, i.e. with one particular side always to the body. This is generally easy with
dosimeters that are obviously asymmetrical. These dosimeters need not have a good low
energy performance in the rear 2n, i.e. for radiation either backscattered from or transmitted
through the body. The dosimeter can be designed to give the right response, i.e., to appear to
respond to both incident and backscattered radiation, by over responding to the incident
radiation and under responding to the backscattered radiation. This has the advantage that
results are less susceptible to the dosimeter being off the body surface, on coveralls for
example. The body is also a very effective attenuator of radiation incident from behind. For
dosimeters which are essentially symmetrical, however, it is less easy to ensure that the
dosimeter is worn in the correct orientation. In such cases it is prudent to design the dosimeter
so that it responds correctly to backscattered radiation and hence will not be sensitive to being
wom the wrong way round. This is the case in Germany. Unfortunately, practical
considerations may well require a dosimeter which is less than perfect in terms of its ability to
reproduce the quantity. What action should be taken in such cases? Measurement of the
energy and angular distribution will give some information but the equipment is expensive,
the analysis time consuming, and the results are difficult to apply to an individual worker. The
most effective procedure is often an intercomparison on phantoms of dosimeters which
reproduce the quantity and the preferred practical dosimeter. Overnight or over weekend
exposures can often be employed to allow the accumulation of sufficient dose well above the
measurement threshold. Multiple dosimeters can be used on the same phantom to mimic
rotation of the worker. In some countries, e.g. Germany, such a 'field calibration' is not
possible due to legal regulations. Other procedures can be used to identify areas where there is
a strong low energy component which may lie below, for example, the threshold of an
electronic personal dosimeter. Copper 1 mm thick has a transmission of essentially zero below
40 keV, 30 % at 60 keV and 73 % at 100 keV. A comparison of the indication of an ion
chamber with and without a 1 mm thick copper cover will clearly identify situations where a
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low energy component exists. In similar ways it is possible to search for radiation incident at
unexpected angles, by using lead shielding around a Geiger Muller detector to collimate the
response to a few tens of degrees. All these procedures must be performed in advance to any
measurement to an individual worker and are only the second choice if no well suited
dosimeter is available.

If a dosimeter has only one detector, then the measured value of this detector simply is the
dose value of the dosimeter. If such a dosimeter is tested with narrow spectra (i.e. ISO N-
Series) and shows good performance in the ranges of energy and angle of radiation incidence
which cover the ranges measured in the field analysis, then the dosimeter will be appropriate
to all fields, mixed and wide energy, within the range of photon energies investigated.

The situation is more complicated if a dosimeter has more than one detector. In such cases a
dose calculating algorithm is required to combine the reading from each detector in order to
produce a measured dose value. The simplest is the linear combination of the detector
readings. The latest method uses linear programming, which has been in use in economics for
more than 30 years. For these two linear methods the situation is almost as simple as for a
dosimeter with one detector. A type test with narrow spectra covering the anticipated energy
range is sufficient to establish whether the dosimeter is appropriate. Algorithms which rely on
the ratio of readings from several of the detectors in the dosimeter are more difficult to test,
particularly those that use branching programmes. Strictly, the performance of such
dosimeters can only be assumed for the radiation qualities used in the testing process [14].
Performance in workplace fields may be disappointing, as the algorithm may have been
designed, quite deliberately, to generate good results in established testing programmes rather
than to operate well in environments with wide energy spectra and angles of incidence. Hence
it is important to test such dosimeters using spectra and angular distributions typical of
workplace fields using, for example, broad X ray spectra and multiple nuclide exposures.

The potential problems associated with the use of non-linear algorithms was clearly
demonstrated by the experience of a dosimetry service in the United States. A particular multi
element TLD was supplied by the manufacturer with an algorithm which had been optimised
to meet the US DOELAP requirements. The algorithm computer program involved tests of
element reading ratios before applying correction factors. The computer program in effect
applied tests to recognise the performance test radiation quality before applying an appropriate
correction factor. When the dosimetry service carried out performance tests with mixtures of
fields used in the DOELAP test, the dosimeter estimates of dose equivalent (approximately
the same as Hp(10)) were outside the DOELAP requirements and were not equal to the
dosimeter estimates which would have been anticipated from a summation of its estimates for
the components of the mixed field. These tests at this time were only of energy dependence of
response. More difficulties can be anticipated with the use of non-linear algorithms/programs
for the calculation of readings in fields of wide angle distributions.
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