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With the use of ionizing radiation comes the risk of 
accidents and malevolent misuse. When unplanned exposures 
occur, there are several methods which can be used to 
retrospectively reconstruct individual radiation exposures; 
biological methods include analysis of aberrations and 
damage of chromosomes and DNA, while physical methods 
rely on luminescence (TL/OSL) or EPR signals. To ensure the 
quality and dependability of these methods, they should be 
evaluated under realistic exposure conditions. In 2019, 
EURADOS Working Group 10 and RENEB organized a 
field test with the purpose of evaluating retrospective 
dosimetry methods as carried out in potential real-life 
exposure scenarios. A 1.36 TBq 192Ir source was used to 
irradiate anthropomorphic phantoms in different geometries 
at doses of several Gy in an outdoor open-air geometry. 
Materials intended for accident dosimetry (including mobile 
phones and blood) were placed on the phantoms together 
with reference dosimeters (LiF, NaCl, glass). The objective 
was to estimate radiation exposures received by individuals 
as measured using blood and fortuitous materials, and to 
evaluate these methods by comparing the estimated doses to 
reference measurements and Monte Carlo simulations. 
Herein we describe the overall planning, goals, execution 
and preliminary outcomes of the 2019 field test. Such field 
tests are essential for the development of new and existing 
methods. The outputs from this field test include useful

1 Address for correspondent: Lund University, Department of 
Translational Medicine, Medical Radiation Physics, ITM, SUS 
Malmo, 205 02 Malmo, Sweden; email: Lovisa.Waldner@med.lu.se.
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experience in terms of planning and execution of future 
exercises, with respect to time management, radiation 
protection, and reference dosimetry to be considered to 
obtain relevant data for analysis. © 2021 by Radiation Research Society

INTRODUCTION

The use of ionizing radiation in hospitals, the nuclear 
industry and research, although obviously highly beneficial, 
results in an increased risk of accidental and unwanted 
exposure of both workers and the general public. In addition 
to this, there is a risk (albeit small) of attacks with malicious 
intent involving ionizing radiation. Biological and physical 
retrospective dosimetry include both recognized and 
emergent methods (1, 2) to reconstruct radiation doses after 
exposure to assist in triage and treatment of exposed 
individuals, and to increase knowledge about an exposure 
scenario for epidemiology and research. For physical 
retrospective dosimetry, fortuitous materials such as mobile 
phone electronic components (3-8), display glass (9-15), 
LCD and touch screen glass (11,16-21), chip cards (7, 22­
27), ceramics (28-30), desiccants (31), textiles (32, 33), 
cigarettes (34), household salt (35-39), and many more 
have been investigated as possible materials for application 
in radiological accident dosimetry [see (40, 41)]. The 2019 
ICRU report, no. 94 (2) provides an exhaustive review of 
the past applications in real cases of accident and possible 
application with new (42) approaches or materials for 
accident dosimetry. Up until now, the physical retrospective 
dosimetry in the case of actual accidents was mainly 
performed using materials such as human tooth enamel (43), 
human bones (44, 45), human fingernails (46-48), and for a 
few cases sugar (49). The most proven and well-used
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methods for individual accident dosimetry include the 
‘‘gold standard’’ of biological dosimetry, the analysis of 
dicentric chromosomes in blood samples and other methods 
based on scoring cytogenetic aberrations induced by 
radiation (50), and newer methods based on DNA damage 
at short time points post exposure (51). In addition, in recent 
years, analysis of changes in expression of single or 
multiple genes after radiation exposure has been gaining 
popularity in the context of biodosimetry (52). Physical and 
biological retrospective dosimetry together form a suite of 
tools for use by individual laboratories or networks in 
radiation emergencies (53, 54). The field is a highly active 
one with regular advancements to ensure emergency 
preparedness and to further develop and refine methods in 
line with the state of the art, described in 2017 by Kulka et 
al. [(55) and references therein].

Many researchers working with biological and retrospec- 
tive dosimetry are part of one of the growing number of 
regional and international networks. For example, the 
European Radiation Dosimetry Group (EURADOS) work­
ing group (WG) 10 is a network of individuals and 
laboratories with expertise in the areas of physical 
retrospective and biological dosimetry (56). The key 
objectives of WG10 include the establishment of a multi- 
assay approach to dose assessment in retrospective 
dosimetry to support and harmonize routine and emergency 
radiation response, to evaluate newly developed dosimetry 
methods, calculations of dose conversion data for physical 
retrospective dosimetry, and to promote common approach- 
es for uncertainty estimation. These objectives are addressed 
through a number of activities, most importantly through 
regular interlaboratory comparisons, ILCs, (3) and field 
tests (57).2,3 In parallel, the Running the European Network 
of Biological Dosimetry and Retrospective Physical Do­
simetry (RENEB) network provides expertise in biological 
and physical methods of retrospective dosimetry and 
facilitates mutual assistance in national and trans-national 
individualized dose assessment in case of radiological/ 
nuclear emergency by maintaining, strengthening and 
expanding the network. There exists a close cooperation 
between EURADOS WG10 and the RENEB network (55, 
56).

A key development in recent years has been the 
demonstration that, in the case of a large-scale event, 
multiple laboratories could cooperate in the radiation dose 
assessment of exposed individuals and help discriminate 
between the truly exposed and ‘‘worried well’’ (53). To 
ensure that everyone taking part in this kind of cooperation 2 3

2 Discher M, Woda C, Ekendahl D, Rojas-Palma C, Steinhausler F. 
Evaluation of physical retrospective dosimetry methods in a realistic 
accident scenario: results of the CATO field test. (Manuscript 
submitted for publication).

3 Unpublished results of Woda C, Discher M, Rojas-Palma C, 
Lettner H, Kulka U, Oestreicher U, et al. Manuscript in preparation: 
Retrospective dosimetry using OSL of electronic components and 
biological dosimetry in a realistic accident scenario: results of an 
inter-comparison.

is performing to the same standard, interlaboratory 
comparisons (ILCs) are essential. In an ILC, multiple 
laboratories perform retrospective dose reconstructions on 
identically exposed materials and the results are compared 
to benchmark and streamline a common approach (56, 58).

A previous field test was performed within the framework 
of the European Security Research Project CATO. In that 
case, a radioactive source was placed in the luggage 
compartment of a bus, with the objective of reconstructing 
the doses at three different seating positions in the bus, for 
the first time with a realistic accident scenario and with 
biological and physical retrospective dosimetry techniques 
in the same setup (51, 53). However, physical retrospective 
dosimetry was restricted to the OSL method on resistors, 
with dose to the material as the end point. For biological 
dosimetry, only a few selected laboratories could participate 
due to the limited amount of blood available.

It was thus decided that the purpose of the 2019 ILC and 
field test should be to take the next step by simulating a 
small-scale exposure scenario of a few individuals, all 
exposed in different geometries. This allowed all the 
biological laboratories represented by RENEB to participate 
in an ILC. For physical dosimetry, instead of comparing the 
results from the different laboratories to the same reference 
dose, the results were compared with individual reference 
dosimeters placed in or on the fortuitous materials, as the 
latter are not identically irradiated. The results from all 
laboratories can then be put together to gain more 
knowledge about the exposure scenario. This kind of field 
test is more representative of what could happen in an actual 
incident and it is an opportunity to test how different 
accident dosimetry methods work in the field in practice, 
from the exposure in the field to sample preparation and 
analysis in the laboratory. In addition, it was hypothesized 
that the dose to the physical materials could be used as an 
intermittent quantity to estimate organ absorbed doses. The 
outputs thus also included evaluation of coefficients 
generated within EURADOS WG10 for this purpose. The 
aim was thus to test the ability of the laboratories to estimate 
whole-body equivalent, partial-body, and organ absorbed 
doses to the simulated exposed persons using human blood 
samples and physical materials on anthropomorphic phan- 
toms. By combining the exposure information on all 
phantoms, the additional aim was to reconstruct the 
exposure scenario and the positioning of the exposed 
individuals, in relationship to the radiation field. Finally, the 
field test was also used as an opportunity for laboratories to 
test other fortuitous dosimeter materials that, to date, have 
not been validated in laboratory based ILCs. The objectives 
of the 2019 field test can thus be summarized as follows:

1. Reconstruction of the absorbed doses in blood and 
different components of the mobile phones (OSL of 
resistors and TL of display glass) and using the assays to 
distinguish between heterogeneous and homogeneous 
exposure.
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FIG. 1. Setup 1 with two phantoms, one heterogeneously exposed, P1 and one partly shielded, P2. The figure 
includes the dimensions used for Monte Carlo simulations of the exposure geometry, and for reference. The star 
indicates the position of the 192Ir source.

2. Calculation of organ absorbed doses from dose 
measurements in the materials, using both generic 
coefficients that have been generated within WG10 for 
generalized exposure scenarios (e.g., anterior-posterior 
or uniform ground contamination, etc.) and Monte Carlo 
simulations tailored to the actual exposure geometry. 
Comparison of calculated to organ absorbed doses 
measured within the phantoms by different types of 
dosimeters.

3. Reconstruction of the exposure conditions (homoge- 
neous exposure, partial shielding, lateral (left or right) 
by combining the different bio/physical dosimetry 
assays.

As mentioned, there was no intercomparison for the 
physical methods as the different mobile phones received 
significantly different doses due to the inhomogeneous 
irradiation geometry. Instead the experimental data are put 
together in an attempt to achieve objectives 1-3. For the 
biological dosimetry methods, the processing of blood from 
the same positions on the phantoms was performed at four 
different laboratories and cell suspension or RNA material 
was distributed to the participating biodosimetry laborato­
ries. The receiving laboratories then performed the dicentric 
chromosome assay or gene expression analyses, which 
facilitated the intercomparison.

Due to the large scale of this exercise, the results will be 
presented in future articles, elsewhere. In this article, we 
present the aims of the 2019 field test and describe the 
setup, give a brief overview of the various different 
dosimetry methods, and report the results from reference 
measurements using physical dosimeters.

OVERALL DESCRIPTION OF METHODS AND 
IRRADIATION CONFIGURATIONS

General Irradiation Setup

The source used to simulate the radiation field was a 1.36- 
TBq (October 20, 2019) 192Ir- source (Tech-Ops 880

Sentinel™) intended for radiography. The source was 
encased in lead and operated via a reel control assembly 
with a hand crank, resulting in a distance of 15 m from the 
radiation source to the operator. The end of the source guide 
tube was equipped with a lead collimator that lowered the 
dose rate by a factor of 100 in the shielded direction. The 
collimator gives an uncollimated field of approximately 60­
90 degrees. The anthropomorphic phantoms representing 
the exposed individuals were placed entirely in the radiation 
field within this angle. Because of the narrow angle of the 
radiation field, the exposures were carried out in two 
separate irradiations (see subsection below, ‘‘Setup of 
Phantoms’’).

Both setups were placed on a fiat concrete ground =. The 
phantoms were placed under a wooden shelter, approxi­
mately 45 cm above the floor, to protect them from wind 
and rain. Approximately 10 m behind the setup, there was 
an ascending slope which attenuated much of the radiation. 
There were no inhabited structures closer than at least 300 
m. On the exercise site, a large (uninhabited) wooden house 
was situated, approximately 50 meters from the setups. The 
surrounding terrain consisted of agricultural land and 
smaller graveled roads. The site was closed off and the 
perimeter checked prior to irradiation, to ensure no 
accidental exposure of members of the public, livestock or 
similar.

Setup of Phantoms

All phantoms were positioned on chairs with a height at 
the center of the seat of 45 cm. In setup 1 the source was 
placed at a height of 59.5 cm from the ground, at the 
distance of 30 cm from an adult female anthropomorphic 
phantom [model ATOM 702; Computerized Imaging 
Reference Systems Inc. (CIRS Inc.), Norfolk, VA) (P1), 
resulting in a strongly heterogeneous anterior-posterior (AP) 
exposure geometry (Fig. 1) with dose rates varying between 
2,200 mSv/h and 700 mSv/h in the vertical direction on the 
front of the phantom and between 270 mSv/h and 115 mSv/
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FIG. 2. Setup 2 with two phantoms, one homogenously exposed, 
P3, and one laterally exposed, P4. The figure includes the dimensions 
used for Monte Carlo simulation of the exposure geometry. The star 
indicates the position of the 192Ir source.

h on the back of the phantom. The dose rates, expressed as 
the personal dose equivalent, were measured using 
electronic personal dosimeters (EPDs) (DMC 3000; Mirion 
Technologies, San Ramon, CA). The difference in expected 
doses between hip and chest for an exposure of 1 h seemed 
sufficient to be able to be detected by all the assays planned 
to be employed. Thermos flasks (Primus, Stockholm, 
Sweden) for blood tubes were placed by the left hip and 
above the left shoulder, thereby assessing the desired dose 
gradient. Behind the female CIRS phantom an adult male 
Rando anthropomorphic phantom (Alderson Research 
Laboratories, Stamford, CT) (P2) was positioned at a 45° 
angle in relationship to the female phantom, at a distance of 
approximately 70 cm from the source. This resulted in the

Rando phantom being partly shielded by the female 
phantom with dose rates of 600 mSv/h by the right 
(unshielded) hip and 38 mSv/h at chest height (shielded) on 
the front and 80 mSv/h by the hip on the back of the 
phantom. The dose rate at chest height was too low to be 
significantly detectable for the biological dosimetry meth- 
ods, and therefore, no such materials were placed there but 
instead at the left hip, where doses were expected to be 
higher. The thermos flasks were put in the front of the 
phantom’s left and right hip (shielded and unshielded). 
Phones were attached at hip level (front and back) which 
simulated normal carrying positions in different trouser 
pockets. Figure 3, left side, shows setup 1 with all the 
materials placed on the phantoms and Fig. 4 shows the 
reference dose rates in setup 1, as measured by EPDs.

In setup 2, an adult male Rando anthropomorphic 
phantom (Alderson Research Laboratories) (P3) was 
positioned at a distance of 114 cm from the source (Fig. 
2) with dose rates varying between 100 mSv/h and 150 
mSv/h in the vertical direction on the front of the phantom 
and 32 mSv/h on the back of the phantom at shoulder 
height. The intention was to achieve a homogenous AP 
exposure of P3 and the measured dose rates showed that this 
setup was sufficiently close to this goal given the 
uncertainties that were to be expected for the doses 
measured by biological and physical retrospective dosim­
etry. The source was placed at a height of 59.5 cm from the 
ground. Thermos flasks for blood were placed by the left 
hip and shoulder. The other adult male anthropomorphic 
phantom (model ATOM 701; CIRS Inc.) (P4) was 
positioned at a 45° angle to the source, with its left side 
facing the source at a distance of 53 cm, resulting in a lateral 
exposure with dose rates of 380 mSv/h and 180 mSv/h in

FIG. 3. Setup 1 (left side) and setup 2 (right side) with phantoms covered in fortuitous materials for biological 
and physical retrospective dosimetry.
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FIG. 6. Positions of the RPL reference dosimeters on the 
anthropomorphic phantoms.

FIG. 4. Front and back view of setup 1 with reference dose rates 
(mGy). In the actual exercise the phantom closest to the source was an 
adult female ATOM phantom.

the horizontal direction on the front of the phantom at hip 
height, and between 460 mSv/h and 65 mSv/h in the 
horizontal direction on the back side at hip height. The 
thermos flasks for blood were placed on the side of the left 
and right hip, to provide the maximum possible dose 
gradient at the same horizontal level. While the dose 
gradient across the phantom should then have been 
discernible by all dosimetry methods, the expected doses 
on the right side of the phantom for a 1-h exposure would 
have been too close to the detection limit for some of the 
dosimetry methods. Therefore, it was decided that the 
exposure time for setup 2 would be increased to 2.5 h. 
Figure 3 (right side photo) shows setup 2 with all the 
materials placed on the phantoms and Fig. 5 shows all 
reference dose rates for setup 2 as measured by the EPDs.

Radiation Protection

All participants working close to the sealed and secure 
closed source, or who were on the exercise site during test 
irradiations, wore passive TL dosimeters (Harshaw TLD, 
provided by Skane University Hospital, Malmo, Sweden) to 
monitor individual personal doses. During test irradiations, 
everyone who was not directly involved in operating the 
source remained at least 100 m away from the source, 
approximately 75 m behind a wooden structure (house). At

FIG. 5. Front and back view of setup 2 with reference dose rates 
(mGy).

this location, the dose rate was approximately 0.5 jiSv/h 
(mainly due to sky shine). No one except those guarding the 
source (also equipped with electronic personal dosimeters) 
had access to the site during the irradiations.

No passive dosimeter showed a personal dose equivalent 
of more than 50 jiSv after two days. On the day of the main 
exposures of 1 h and 2.5 h, respectively, only two people 
were on the field to operate and monitor the source and to 
keep it, and the surrounding area, under surveillance during 
irradiations. For one of the persons guarding the source, the 
EPD showed a personal dose equivalent of 7.5 jiSv. These 
recorded doses are well within the allowed dose limits.

Reference Dosimetry

Except for the Rando phantom in setup 2, all anthropo­
morphic phantoms were filled with reference detectors, to 
estimate organ absorbed doses. For setup 1, the female 
ATOM phantom was filled with 310 silver doped radio- 
photoluminescent (RPL) glass rods which were assessed at 
the Institute for Radiological Protection and Nuclear Safety 
(IRSN, Fontenay-aux-Roses, France) and the male Rando 
phantom was filled with 309 LiF chips (TLD, MCP-N), read 
at the Belgian Nuclear Research Center (SCK CEN, Mol, 
Belgium). For setup 2, the adult male ATOM phantom was 
filled with 273 NaCl pellets (OSLD), read at Lund University 
(Lund, Sweden). The choice of dosimeters for the phantoms 
was decided by the group who provided the phantom.

In addition to the reference dosimeters inside the 
phantoms, reference dosimeters were placed on the phantom 
surfaces. On all four phantoms, 10 reference RPL 
dosimeters were placed as follows: one on the upper left 
of the torso, one on the upper right, one in the middle, one 
on the lower left and one on the lower right, both on the 
back and front of the phantoms (Fig. 6). On the Rando 
phantom in setup 1, additional TLDs were placed on the 
front, left and right side of the phantom on every third slice. 
These references would be used in efforts to reconstruct the 
exposure geometry.

To ensure that the different reference techniques were 
comparable, or to define possible correction factors, a 
crucial step in the quality assurance of this field test was to 
compare the different dosimeters before the final steps of 
the data analysis (59).
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On each phone, thermally annealed pieces of display glass 
were taped on the screen as reference dosimeters for the 
phone display glass. Thin-layer LUXEL dosimeters were 
placed beneath the battery, close to the circuit board, if 
feasible, as reference dosimeters for the resistors substrates. 
Additional TLD dosimeters (GR200) were placed on the 
touchscreen glasses, on the back and inside the phones.

For the biological dosimetry, RPL dosimeters were placed 
in sealed vinyl bags for the measurements performed on the 
blood tubes placed in the thermos flasks filled with warm 
water and on the external surface of the flask to evaluate 
possible inhomogeneity of the irradiation. Three dosimeters 
were placed on each blood tube: at the top of the tube, the 
center and the bottom, to evaluate a possible dose gradient 
across the tube. Four dosimeters were placed in the 
horizontal plane around the thermos flasks at half height, 
for comparison with the doses on the tubes themselves.

Lund University NaCl pellets for organ dose assessment 
in the male ATOM phantom. Readout of the NaCl pellets 
(>99.7% NaCl, Falksalt Finkornigt Hushallssalt; Hanson & 
Mohring, Goteborg, Sweden), employed for reference 
dosimetry, was performed using a Ris0 TL/OSL reader 
(TL/OSL-DA-15; DTU Nutech, Roskilde, Denmark), de- 
scribed in detail elsewhere (28). The reader is equipped with 
an internal 90Sr/90Y source (20 MBq on April 9, 2009) with 
an absorbed dose rate to NaCl of 0.70 ± 0.014 mGy/s at the 
irradiation position. The readout protocol has been de- 
scribed elsewhere by Waldner et al. (60, 61). For the NaCl 
pellets placed in the male ATOM phantom, the organ doses 
were calculated from absorbed dose to NaCl using the 
energy dependence ratio of NaCl pellets at 10-mm depth in 
PMMA, and PMMA at the same depth. A mean photon 
energy distribution was calculated from the Monte Carlo 
simulated energy spectra in front of, and on the back of, the 
phantom. The weighted energy spectrum was normalized 
and binned into sections. For each energy section the energy 
dependence was calculated and then weighed using the 
normalized spectrum. In this way, the energy dependence 
for all energies of the spectrum was considered. Using only 
the mean photon energy for energy dependence would result 
in a correction factor of approximately 0.95, but when the 
entire spectrum is taken into account the factor increases to 
1.4.

The dosimeters made from NaCl are not commercially 
available but are part of an ongoing research project (60­
63).

SCK CEN TLDs for organ and surface dose assessment 
for the Rando phantom. The male Rando phantom in setup 1 
was filled by 309 nLiF:Mg,Cu,P (MCP-N) TLDs manufac- 
tured by Radcard (former TLD Poland, Krakow, Poland). 
The TLDs were reset before irradiation by annealing them 
for 12 min at 240°C followed by rapid cooling in a -10°C 
freezer. A separate set of 10 TLDs was used for calibration 
with 50 mGy 60Co at the SCK CEN Secondary Standard 
Dosimetry Laboratory LNK. The calibration in terms of 
60Co gamma equivalent air kerma was converted to

absorbed dose in tissue or bone. The air kerma delivered 
by the 60Co calibration irradiation was first converted to 
absorbed dose in LiF by multiplication with the ratio of the 
mass energy absorption coefficients of LiF over air. Then 
the photon energy spectra obtained from the Monte Carlo 
simulations were used to correct for the different photon 
energy dependence of the energy deposition in LiF, tissue 
and bone and the photon energy dependence of the TLD 
luminescence efficiency (64). The obtained factor to convert 
from 60Co equivalent air kerma to absorbed dose in tissue 
was shown to depend only on a limited extension of the 
position within the phantom, and varied between 1.31 and 
1.33. Therefore, an average factor of 1.32 was used. The 
factor to convert from 60Co equivalent air kerma to absorbed 
dose in bone varied more significantly between 1.92 and 
2.75. However, as bones exist throughout the entire body, 
an average factor of 2.35 was used. Another separate set of 
10 nonirradiated TLDs was used for background correction. 
The readout of the TLDs was performed using the Thermo 
Scientific™ Harshaw 5500 reader after a preheat of 30 min 
at 120°C. Individual sensitivity factors of the TLDs were 
determined after the experiment by simultaneous irradiation 
of the TLDs with 60Co at LNK. The determined sensitivity 
factors were applied during analysis of the experiment to 
correct for differences in individual sensitivity between the 
TLDs. Use of the values of the doses measured with the 
TLDs and the known position of the TLDs in the different 
organs of the phantom allowed to assess the organ doses.

Glass RPLs for organ and surface dose assessment for the 
female ATOM phantom. Reference physical dose measure- 
ments were performed using two types of small radio- 
photoluminescent (RPL) glass rods (U 1.5 X 8.5 mm) made 
from Ag (0.7%) activated phosphate glass (Chiyoda 
Technol Corp., Tokyo, Japan). The first type, GD351, is 
energy compensated by a tin filter of 0.75 mm and is usually 
preferred to the GD301 type without filtration that exhibits 
an overresponse at low energy due to the non-equivalence 
of glass to air or tissue: effective atomic number of glass is 
12.04. The energy response of GD351 is almost flat down to 
30 keV, whereas for GD301 the overresponse is approxi­
mately 3.25 at about 30 keV (65). The tin filter of GD351 
also ensures the role of build-up material, ensuring the 
electronic equilibrium at least up to 4 MV X rays (59). To 
prevent air gap around GD301, when positioned in the 
phantom holes, GD301s were placed in plastic containers 
used for TLD powder. A correction factor was established 
to correct for the over-response of GD301 compared to 
GD351 at different depths in the phantom. The dose range 
of applicability is given from 10 pGy to 10 Gy and can be 
extended using specific holders in the reader. The reader is 
an FGD-1000 (also from Chiyoda Technol Corp). As RPL 
is a non-destructive reading technique, repetitive measure- 
ments of a same dosimeter can be performed; in this case 
ten independent measurements were made for each 
dosimeter, thus providing a good estimation of the
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reproducibility of measurements. Reproducibility of mea- 
surements is estimated for 1 mGy at approximately 2%.

For the calibration of the RPL signal, RPL dosimeters 
from the same batch as the dosimeters used for the field 
exercise were irradiated at known doses in a controlled 
facility. Two types of irradiation were performed to 
calibrate RPL in terms of absorbed dose in water and air 
kerma. For absorbed dose in water, 4-MV X rays delivered 
by LINAC were used for calibration according to protocol 
specifications of the International Atomic Energy Agency 
[IAEA Report No. TRS-398 (66)] and for air kerma 
calibrations in air, 662 keV gamma photons delivered by 
a 137Cs source were used for calibration. The calibration in 
terms of dose in water have an uncertainty of 5% (k = 2) and 
for the RPLs calibrated for air kerma in air the uncertainty is 
2.5% (k = 2).

The relative variability of the dosimeters’ response was 
4.4%, with a few dosimeters varying in sensitivity up to 
15%. Therefore, a sensitivity correction factor was applied 
for all dosimeters used in this study to improve the accuracy 
of the reported doses.

PHYSICAL AND BIOLOGICAL MATERIALS

Blood

Full details of the blood sampling and performance of 
biological dosimetry methods are as yet unpublished, and 
will be submitted for future publication; these will focus on 
the dicentric assay and gene expression assay.4 In brief, 160 
ml blood was taken from one healthy volunteer with 
informed consent under ethical approval (Dnr 2019-03844 
Etikprovingsmyndigheten) into lithium heparin tubes to 
prevent coagulation for dicentric chromosome assay, and 
EDTA tubes for gene expression analyses. The tubes were 
distributed among eight thermos flasks which were filled 
with water warmed to 370C, to simulate blood in the human 
body. Due to the given external conditions on the field, with 
an outside temperature of approximately 120C and moist air, 
it was not possible to keep the temperature at exactly 370C 
for the duration of exposure (1 h and 2.5 h). The 
temperature decreased by up to 50C or 120C in the course 
of the 1-h and 2.5-h irradiation time, respectively. Blood 
tubes and thermos flasks were equipped with physical 
dosimeters (RPL) for reference dose assessment, as 
described above. After irradiation, blood samples were sent 
by express service to four RENEB contact laboratories to be 
further processed to cell suspension or RNA material. These 
were distributed to six (gene expression assay) and 19 
(dicentric chromosome assay) partner organizations within 
the RENEB network. Dose assessments using appropriate

4 Full details of the blood sampling and performance of biological 
dosimetry methods are currently unpublished. Two manuscripts are 
currently in preparation, and will be submitted for future publication, 
focusing on the dicentric assay (Endesfelder et al.) and gene 
expression assay (Abend et al.).

calibration curves and evaluation of the exposure type 
(homogenous or heterogeneous) were performed employing 
the well-established dicentric chromosome assay and with 
the emerging technique based on gene expression analysis 
of candidate genes.

Mobile Phones

Each laboratory participating in the exercise provided two 
mobile phones which were either sent by mail or delivered 
in person. The number of phones available allowed for 
attaching of two phone samples per target position (breast, 
front or back pocket). For some of these positions, the 
combinations were always phones from two different 
laboratories. For the remaining positions on the phantoms, 
a single phone from a specific laboratory was used. Since 
the participants have luminescence readers of different 
generations and sensitivity, the results of the active 
dosimeter measurements (sub-section above, Blood) guided 
where phones from which laboratories were placed, to 
prevent, as much as possible, a participant receiving a phone 
irradiated with a dose below that laboratory’s detection 
limit. After the exercise, the mobile phones were sent back 
to the respective laboratory, using the postal service.

For the dose estimations on the mobile phones, TL and 
OSL techniques were used to estimate absorbed doses in 
display glasses and resistors on the circuit boards. The 
participating laboratories had the choice to use the 
measurement protocols of glasses and resistors of previous 
ILCs or use their own developed protocols. Since for some 
of the positions on the phantoms, dose gradients across the 
phones could occur, participants were asked, if feasible, to 
measure four doses on the glass, as close as possible to the 
four corners of the phone. The laboratories reported the 
reconstructed absorbed doses, which were then compared to 
Monte Carlo simulations and reference dosimeters inside 
and on the phones. Detailed results will be published 
elsewhere.

When combined, the results from multiple phones can 
also provide additional information about the radiation 
exposure scenario, due to the different doses received at 
different positions.

EPR Materials

Some fortuitous materials were provided by IRSN for 
analysis by electron paramagnetic resonance (EPR) spec- 
troscopy. In the phantom’s head, tooth enamel pieces of a 
few mg were positioned at molar location (left and right 
side). Because it was not possible to modify the phantom 
slice to host whole teeth, only small-sized samples, which 
would fit in phantom holes, were considered here. These 
samples will be analyzed by Q-band EPR working at 34- 
GHz microwave frequency, allowing higher sensitivity for a 
small-sized sample compared to the classical X-band (9.8 
GHz) technology used in EPR dosimetry (48, 67).
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TABLE 1
Absorbed Doses to the Organs of Three Anthropomorphic Phantoms: Female ATOM and 

Male Rando from Setup 1 and Male ATOM from Setup 2

Organ
Male ATOM 
(NaCl) (mGy)

Female ATOM 
(RPL) (mGy)

Male Rando 
(nLiF:Mg,Cu,P) [mGy]

Adrenals 266 (197-334) 237 (104-370) 103 (80-191)
Bladder 362 (161-602) 1381 (1093-1815) 127 (91-177)
Brain 136 (91-195) 82 (49-141) 85 (44-130)
Breasts 211 (134-248) 102 -
Cranium 132 (45-212) 71 (56-99) 131 (47-340)
Eye 201 (142-261) 98 (53-143) 109 (52-216)
Heart 339 (251-428) 374 (335-413) -
Gall bladder 314 (289-371) 1077 (888-1,164) -
Intestine 364 (69-627) 933 (515-1,425) 187 (138-274)
Kidneys 330 (163-589) 461 (345-574) 132 (65-230)
Liver 260 (125-482) 672 (370-1,083) 282 (152-405)
Lungs 271 (149-776) 320 (110-813) 143 (60-306)
Esophagus 258 (211-318) 217 (128-312) 153 (121-236)
Pancreas 486 (295-829) 716 (528-910) 111 (90-139)
Prostate 400 (98-702) - -
Spleen 432 (21-673) 422(356-4749 63 (47-77)
Stomach 450 (33-843) 883 (468-1,382) 152 (88-292)
Testes 276 (111-441) - 153 (143-163)
Ovaries - 935 (710-952) -
Uterus - 975 (857-1,039) -
Thymus 224 (208-233) 149 (136-163) 156 (121-158)
Thyroid 160 (113-203) 242 (230-258) 187 (146-228)
RBM/ABM 287 (150-523) 321 (186-588) 110 (32-382)

Notes. The ABM dose was calculated as a weighted mean of absorbed doses to several structures containing 
bone marrow (70). Missing values, corresponding to missing dosimeters or organs not filled, are indicated by 
single dashed line.

A plastic bag containing sucrose, ascorbic acid, xylitol, 
stevia sweeteners, paracetamol pills, tic tac® candies, 
mobile phone shell in PC-ABS, and smartphone screens 
made of Gorilla Glass generation 2 and 3 were positioned 
on the surface of the phantoms during irradiation. All these 
materials will be analyzed by EPR X-band spectroscopy at 
IRSN. Some of these materials have been used previously 
or considered for accident dosimetry (41) or for ILC (68, 
69) whereas others were used for the first time in an 
exercise. These bags were placed on both sides of each 
phantom, and on each phantom’s side in position-simulating 
trousers and shirt pockets. For phantoms not irradiated in 
AP (lateral and 45°) configuration, bags were also placed in 
left and right position for each height and side.

Additional Fortuitous Materials

In addition, several other fortuitous materials were put on 
the phantoms with the intent of using them to reconstruct 
organ doses. These included salty snacks, salt packs, salt 
dosimeters, cigarettes, Kleenex, chip cards (credit and debit 
cards), dental ceramics, soda-lime glass plates and textile 
bags. The samples were placed on the phantoms, in relevant 
positions close to the phones and/or blood samples and/or 
reference dosimeters when possible. These materials were 
returned to the laboratory which provided them, for dose 
reconstruction. Each laboratory used their standard protocol

for dose estimations to these materials, and the results of 
these experiments will also be reported separately.

INITIAL RESULTS AND DISCUSSION

Reference Dosimetry

Table 1 shows the organ absorbed doses estimated for 
each phantom filled with passive dosimeters. For the 
phantoms in setup 1, the organ doses are generally much 
higher for the female ATOM phantom than the male Rando 
phantom, as the female phantom was positioned in front of 
the male one. The abdominal organs received the largest 
doses in the female phantom with decreasing doses towards 
the top of the phantom. The organ doses show a 
heterogeneous distribution in the vertical direction, which 
was the goal for this exposure geometry. The male phantom 
behind the female in setup 1 was partly shielded and this is 
indicated by the min/max ranges for some of the organs, 
e.g., lung and eye, with doses ranging from 60 to 306 mGy 
and 52-216 mGy, respectively. For setup 2, only the 
ATOM phantom was filled with detectors. This phantom 
was laterally exposed, as reflected in the organ doses which 
have rather large ranges for many organs.

Comparing the surface reference dosimeters in Table 2, 
the dosimeters positioned on the female ATOM phantom 
show a heterogeneous distribution in the vertical direction 
compared to the male Rando phantom of setup 2 for which
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TABLE 2
Reference Air Kerma Expressed in mGy as 

Measured by RPLDs

Reference position 
on phantom

Setup 1 Setup 2

Female
ATOM

Male
Rando

Male
ATOM

Male
Rando

Front 1 254 239 86 241
2 225 52 616 209
3 1198 119 428 323
4 1521 205 192 298
5 1497 30 946 314

Back 6 66 20 477 68
7 87 69 100 82
8 101 33 320 62
9 183 16 897 69

10 191 46 240 63

Note. Positions 1-10 correspond to the numbers used in Fig. 6.

the surface reference doses are more homogenous. The 
surface references for the male ATOM phantom show 
higher doses for the left side of the phantom which faced the 
radiation source. The back of the shielded Rando phantom 
received low doses and the highest estimated dose on the 
phantom was on the right, unshielded, shoulder of the 
phantom. The effect of partial shielding on the surface doses 
for this phantom is perhaps even more impressively 
resolved by the additional TLDs that were placed along 
the front, back, left and right side of the Rando phantom 
(Fig. 7). A clear difference in the doses on the left (shielded) 
and right (unshielded) can be seen, with doses differing by a 
factor of approximately 6-13. Doses measured on the back 
and on the left side of the phantom are almost identical. In 
both cases the radiation had to pass through the width of one 
phantom to reach the dosimeters (female ATOM phantom 
for the doses on the left side and the Rando phantom itself 
for the doses in the back), possibly explaining the similarity 
in doses. The largest variation in surface doses is seen for 
the dosimeter attached to the front, indicating a complex 
scenario of shielded and unshielded areas, which ultimately 
can only be reconstructed using Monte Carlo simulations 
(see sub-section below: Computational dosimetry and 
conversion coefficients).

For all reference dosimeters used, the laboratory which 
provided them has provided the results as measured and 
calculated according to the laboratory’s standard practices. 
This included the correction for the energy dependence of 
the dosimeter material as well as the calibration. A more 
extensive investigation into the uncertainties of each method 
will be performed and published elsewhere. For this 
investigation, the dose range of each organ serves as a first 
conservative dose estimation for each structure. A compar- 
ison of the different reference methods is to be performed 
separately and the results will be published elsewhere.

A few reference dosimeters were lost during the field test 
and some materials are therefore missing reference results. 
The full results from the reference dosimeters including

FIG. 7. Initial estimates of surface doses, absorbed dose to tissue, 
on the male Rando phantom in setup 1 as measured by the TLDs. The 
slice numbers increase from the top of the head to the bottom of the 
phantom.

from those placed on the phones, blood tubes and additional 
fortuitous materials will be published separately.

Dosimetry Lessons Learned

This first article demonstrates the setup and aim of the 
field exercise together with the reference dosimetry results 
from the dosimeters in and on the phantoms. All the data 
collected from different materials during the field exercise 
will be analyzed separately according to techniques for 
interlaboratory comparison purposes and all together to 
provide an overall picture of performance when combining 
output of all methods.

Physical retrospective dosimetry. For physical dosimetry, 
the analysis on the mobile phone measurements with the 
intention to address objectives 1 and 2 will be covered in a 
future publication. The absorbed doses estimated using the 
resistors and display glass of the phones will be compared to 
reference dosimeters (LUXEL, glass, GR200) placed on the 
surface of, and inside, the phones. The absorbed doses to the 
resistors and display glasses will be related to organ 
absorbed doses using conversion factors previously reported 
elsewhere (71, 72) and new ones simulated using GEANT4 
and MCNP, and compared to the reference organ doses as 
measured in the phantoms using TL, RPL and OSL 
dosimeters.

Computational dosimetry and conversion coefficients. 
Absorbed doses to mobile phones and blood as well as 
organ doses have been simulated using GEANT4 and 
MCNP for the chosen exposure geometries. This data will 
be published separately in two distinct articles. The first 
article will focus on the reference dosimetry aspects of the 
field test, comparing Monte Carlo doses with reference 
dosimeter doses and exploring their accuracy in the non-
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uniform exposure scénario. The second article will focus on 
the practical use of dose conversion coefficients in the field 
test, and consider how measured doses from different 
materials/locations can be related to each other and to a 
single common dose (i.e., a ‘‘whole-body dose’’). The 
general aim of the second article will be to discuss the pros/ 
cons of using bespoke simulations to relate retrospective 
dosimeter doses to “whole-body” doses in a non-uniform 
exposure scenario, relative to alternatively using pre- 
calculated tables of generic conversion coefficients (71, 72).

Biological dosimetry. For biological dosimetry this 
exercise provided a realistic scenario of a radiation accident 
to gain an actual status on the capabilities of the RENEB 
biological dosimetry network. Based on human blood 
samples the well-established dicentric chromosome assay 
and in parallel the emerging technique based on gene 
expression analysis of candidate genes were used by several 
laboratories within the RENEB network. The blood samples 
were exposed at varying distances from the source and 
opened up the possibility to test the ability of biological 
methods to resolve the exposure types (homogeneous or 
heterogeneous) as well as the doses. The exercise enabled 
simultaneous application of biological and physical meth- 
ods for dose estimation and comparison of the results. In 
addition, results for different scoring modes (manual and 
semi-automated) for dicentric chromosome assay and 
different technologies (qRT-PCR and microarrays) for gene 
expression analysis were applied and compared by different 
laboratories of the RENEB network. Detailed descriptions 
and results of the two biological methods will be published 
separately.

Field Test Lessons Learned

Some of the key lessons learned during and after this field 
test relate to logistics and time management. Transporting 
the anthropomorphic phantoms to and from Sweden was 
both time consuming and expensive, and on site everything 
took longer than expected. Just adding reference dosimeters 
to all fortuitous materials and phantoms took several hours 
longer than expected. Some phantoms and materials could 
have been prepared before the exercise if empty phantoms 
had not been needed for the test exposures during setup. The 
team worked two very long days to complete the setup, 
testing and irradiations; it would have been useful to have 
an additional day. Participants of the exercise also needed to 
be transported to and from the test site and all the equipment 
needed to be brought to the site, which required a lot of 
planning. Some materials did need to be procured locally, so 
the fact that the site was close to a shopping mall and a post 
office (for sample distribution) was of use. Accurate record 
keeping was also essential to ensure reconstruction of the 
setups for analysis and reporting purposes, as was handling 
of large numbers of dosimeters; some of these were lost, 
which will lead to gaps in terms of validation of 
retrospective dosimetry methods in this exposure scenario.

When using so many reference dosimeters as was done for 
this exercise, with reference dosimeters provided by several 
laboratories, additional uncertainties need to be considered 
related to different handling and dosimetry systems. The full 
list of limitations associated with this exercise, together with 
the lessons learned, will be considered in the final report, 
which is planned for publication after completion of the 
analyses for all the individual dosimetry assays.

CONCLUSION

In this article the setup and aims of the EURADOS WG10 
and RENEB interlaboratory comparison and field test on 
retrospective dosimetry methods in a realistic exposure 
scenario have been described. The objectives of the ILC/ 
field test were to reconstruct doses to fortuitous materials 
using physical and biological retrospective assays and to 
relate these estimated doses to organ doses of individuals in 
various exposure geometries. An additional objective was to 
combine all individual dose estimations to gain more 
information about the exposure conditions. The results of 
the reference dosimetry are presented herein, together with 
some lessons learned for future such exercises; as described, 
the full data from the dosimetric aspects will be reported 
separately.

In conclusion, this type of field test is important for the 
continued development, harmonization and investigation of 
established and new retrospective dosimetry methods. 
While this exercise was very ambitious, it provided many 
important results to be investigated and presented in more 
detail in further publications.
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