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Abstract—The AIT Austrian Institute of Technology coordinates the project MATSIM (MATROSHKA Simulation) in
collaboration with the Vienna University of Technology and the
German Aerospace Center, to perform FLUKA Monte Carlo
simulations of the MATROSHKA numerical phantom irradiated under reference radiation field conditions as well as for the
radiation environment at the International Space Station (ISS).
MATSIM is carried out as co-investigation of the ESA ELIPS
projects SORD and RADIS (commonly known as MATROSHKA),
an international collaboration of more than 18 research institutes
and space agencies from all over the world, under the science and
project lead of the German Aerospace Center. During MATSIM
a computer tomography scan of the MATROSHKA phantom has
been converted into a high resolution 3-dimensional voxel model.
The energy imparted and absorbed dose distribution inside the
model is determined for various radiation fields. The major goal
of the MATSIM project is the validation of the numerical model
under reference radiation conditions and further investigations
under the radiation environment at ISS. In this report we compare
depth dose distributions inside the phantom measured with thermoluminescence detectors (TLDs) and an ionization chamber with
FLUKA Monte Carlo particle transport simulations due to 60 Co
photon exposure. Further reference irradiations with neutrons,
protons and heavy ions are planned. The fully validated numerical
model MATSIM will provide a perfect tool to assess the radiation
exposure to humans during current and future space missions to
ISS, Moon, Mars and beyond.
Index Terms—FLUKA Monte Carlo simulation, MATROSHKA
dosimetric phantom, space dosimetry, voxel model.
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I. INTRODUCTION

T

HE International Space Station (ISS) provides significant
challenges for radiation protection of the crew due to the
extended duration of missions, the exceptionally dynamic nature of the radiation environment in ISS orbit, and the necessity
for numerous extravehicular activities (EVA) for station construction and maintenance [1].
Although considerable dosimetric data have been accumulated from several spaceflight experiments [2]–[14], it is not yet
possible to provide a full quantitative description of all the relevant radiation field parameters. In order to assess the radiation
load that astronauts are exposed to during intra- and extravehicular activities, the MATROSHKA facility has been developed
[15]–[17], [19]. MATROSHKA is an ESA facility under the scientific and project lead of DLR. Several thousand TLDs are applied to measure the depth dose distribution within an anthropomorphic phantom exposed in- and outside the ISS [18]–[20].
Besides the TLDs the phantom also houses active and passive
radiation detectors in specified organ positions for the determination of the organ dose equivalent. The main goals of the MATROSHKA experiment are long-term depth dose measurements
at various locations in and outside the ISS including the determination of the neutron contribution, organ and skin doses and
Monte Carlo transport code verification for the calculation of
the dose distribution inside the phantom.
The AIT Austrian Institute of Technology coordinates the
project MATSIM (MATROSHKA Simulation) in collaboration with the Vienna University of Technology (ATI) and the
German Aerospace Center (DLR) to perform Monte Carlo
simulation of high energy radiation particle transport inside the
MATROSHKA phantom.
The main aim of the project MATSIM is the development
and validation of a numerical simulation model of the MATROSHKA phantom. The fully validated MATSIM model will
provide comprehensive risk assessment of radiation hazard to
humans in space. MATSIM will provide prediction of tissue and
organ doses and the estimation of radiation risk for human missions under diverse exploratory conditions such as future missions to ISS, Moon, and Mars. Furthermore, it will provide valuable information for optimization of spacecraft shielding design
and personal dosimeter developments for mixed radiation fields.
The innovative part of the MATISM project is the validation
of the MATSIM model by a tremendous set of measurements
under well defined reference radiation fields. In this paper
we describe the development of the 3-dimensional voxel
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TABLE I
DATA OF THE MATROSHKA GROUND TORSO AND GROUND HEAD PHANTOM
AND THE MATSIM TORSO AND MATSIM HEAD

Fig. 1. Left: Inside view of the MATROSHKA phantom head (slice #3)
housing active and passive eye detectors. Right: Cut through the head (slice
#2) with passive TLDs. (Credit DLR).

model based on computer tomography (CT) scans of the
MATROSHKA phantom, used for ground based experiments.
The numerical modeling and the simulations are done with
the FLUKA Monte Carlo particle transport code. Comparisons
between TLD, ionization chamber measurements and simulations of absorbed dose in water inside the phantom due to
exposure to Co photon reference fields are described. Further
measurements in well defined neutron fields are planned and
will be presented in a next paper. The validated numerical
model will then be exposed to the simulated radiation field in
low-earth orbit and the dose distribution within the torso will be
compared with the actual measurements done on board of ISS.
As an example, in this paper a simulation of the energy density
inside the numerical phantom irradiated with the proton field
expected at ISS position is also described.
II. MATROSHKA PHANTOM
The anthropomorphic phantom used in the MATROSHKA
experiment is onboard the ISS is a RANDO upper torso made of
a natural human skeleton embedded in tissue equivalent material
(polyurethane) simulating soft and muscle tissue [19]–[21]. The
phantom is 40 cm wide, 85 cm high and it is cut into 33 slices
with the thickness of 25.4 mm each. It is attached to a base structure, where the electronics is accommodated [19], [20], [22]. A
picture of the phantom head is shown in Fig. 1. A summary data
of the ground MATROSHKA phantom (similar to the one exposed onboard the ISS) is given in Table I.
In each slice long horizontal holes (see Fig. 2) are drilled
to accommodate up to about 4800 TLDs used to measure the
absorbed dose distribution inside the phantom. The dosimeters
are hold together in polyethylene tubes inserted in the drilled
channels. A total number of 11 different types of TLDs are used
to determine the exposure within MATROSHKA. The TLDs
vary in material (CaF , LiF), in their Lithium enrichment ( Li
and Li), in their dopants (Mg, Cu, P; Mg, Ti, and Tm) and in
their density and also in their shapes: rectangular (
mm or
mm ) and cylindrical (4.5 mm
diameter and 0.6 mm height).
For selected organs such as eyes, lungs, stomach, kidney and
intestine, so called organ dose boxes (see Fig. 2) housing active silicon dosimeters and passive dosimeters are applied. The
active and passive dosimeters were prepared, inserted and, subsequently, read out by different experimental groups. Further
details to MATROSHKA and detectors are given in reference
[18]–[23].

Fig. 2: Left: passive TLDs in the intestine (slice #27) and cut outs for active
and passive organ dose boxes. Right: typical design of an organ dose box used
for passive detectors. (Credit DLR).

III. NUMERICAL MODELING
The numerical modeling and the simulations are done with
the FLUKA Monte Carlo particle transport code. The FLUKA
code simulates the interaction and propagation of particles such
as photons and electrons in a wide energy range from 1 keV
to thousands of TeV, hadrons up to 20 TeV and all the corresponding antiparticles, neutrons down to thermal energies, and
heavy ions [24]. Since the 2006.3 release, FLUKA provides the
possibility to describe a complex geometry in terms of voxels
[25]. This functionality of FLUKA was used to transfer the MATROSHKA CT-scans into a full geometry description.
Two CT scans, one of the MATROSHKA ground phantom
torso and one of the head were performed by DLR at the
“Strahleninstitut Köln” in Cologne, Germany (see Fig. 3 and
Fig. 4).
The CT scan gives a matrix containing information about the
local electron density distribution in the phantom based on the
Hounsfield scale. The phantom’s material assignment was determined by grouping these values into classes resulting in the
model geometry to be used as input in the FLUKA Monte Carlo
code. The detectors were put inside the foreseen cut-outs by a
software code developed at AIT. The material composition of
the TLD detectors in the numerical model is Lithium Fluoride
(LiF), whereas natural Lithium is used.
voxels is used to reconstruct the
A total number of
voxels for
scan of the entire MATROSHKA torso and
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Fig. 3: From left to right: MATROSHKA ground phantom head, CT-scan of
the same phantom and the phantom’s voxel geometry MATSIM-Head for input
in the FLUKA Monte Carlo code.

Fig. 5. Irradiation set-up of the MATROSHKA phantom head and TLD position coding in slice #4.

Fig. 4: From left to right: MATROSHKA phantom torso, computer tomography of the phantom and the phantom’s voxel geometry MATSIM-Torso v1.1,
for input in the FLUKA Monte Carlo code.

the phantom head, respectively. A data summary of the MATROSHKA ground phantom and the MATSIM model is given
in Table I. Pictures of the simulation geometries MATSIM head
and MATSIM torso are given in Fig. 3 and Fig. 4.
IV. MEASUREMENTS AND SIMULATIONS
Measurements under well defined radiation reference conditions with the phantom head, provided by DLR, were carried out in the radiation standard laboratory of the Seibersdorf
Labor GmbH (a company of the AIT Austrian Institute of Technology), to verify the developed numerical model. The phantom
head was exposed to Co photons. Measurements were performed with thermoluminescence dosimeters and an ionization
chamber type 31013 PTW [26]. The TLDs as well as the ionization chamber are calibrated in terms of absorbed dose in water
W . The TLDs were packed in stacks of four (two dosemeters
of type TLD-600 and TLD-700 [23], respectively). The size of
mm. The detector stacks were
a TLD stack is
inserted in tubes separated by polyethylene spacers and placed
at 26 measurement positions in the foreseen cut-outs of slice #4.
Each measurement position is defined by a code within a horizontal and vertical grid of 2.5 cm (see Fig. 5). The TLDs are
located in the tubes A-H. The results are expressed as the mean
value of the four TLDs per position, each with a measurement
.
uncertainty of 7%
The ionization chamber was located in the rod center in slice
#2, and in the eye box (slices #3). The phantom head was irradiated a) with a multi-directional Co photon beam incidence

between 0 and 330 in 30 degree steps and b) with mono-directional beam incidence frontal (0 ) (see Fig. 5).
The reference irradiation point is in the center of the rod,
within slice#5. The relative dose deviation within a field size
cm , that covers the entire MATROSHKA head, is
of
less than 3% compared to the reference values in the center. At a
distance of 450 cm between the source and the reference point,
was determined to be
the reference dose given in air kerma,
200 mGy, with an air kerma rate of 574 11 mGy/h.
Simulations were performed with the numerical model of the
MATROSHKA head exposed to Co photons. The simulations
provide energy imparted in LiF at the TLD detector positions.
By dividing the energy imparted by the detector mass, absorbed
dose in LiF is obtained. A comparison of simulated kerma and
absorbed dose values shows that secondary electron equilibrium
exists at each detector position. Therefore a conversion factor
of 1.2 can be used to converting absorbed dose in LiF to water.
This factor is obtained by taking the ratio of the mass energy
absorption coefficients of LiF and water for 1.25 MeV photons
energy [29].
The statistical uncertainties on the simulation values are
1%. Further sources of uncertainties are the photon cross
sections used in the simulation code, the conversion factor of
absorbed dose in LiF to water, and the photon source description. Additionally to the statistical uncertainty of the simulation
of 1% the systematic uncertainties are assessed to 7% to get an
overall uncertainty in the order of 8%.
In the following, results of TLD and ionization chamber measurements and simulations are presented.
V. RESULTS AND DISCUSSION
In Table II the results for the detector measurements and simulations in terms of absorbed dose in water are given together
with their ratio.
Fig. 6 and Fig. 7 show the TLD and IC measurements of
the absorbed dose W in the MATROSHKA head due to Co
mono- and multi-directional irradiation, respectively.
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TABLE II
TLD AND IC MEASUREMENTS AND SIMULATIONS OF ABSORBED DOSE IN
WATER W DUE TO MONO- AND MULTI-DIRECTIONAL Co IRRADIATION.
THE RATIO BETWEEN MEASUREMENTS AND SIMULATION VALUES ARE
ALSO GIVEN. MEASUREMENT UNCERTAINTY (1 ) OF TLD: 7%, IC: 3%,
AND SIMULATIONS 8%

D



D

Fig. 6. Measurements of absorbed dose in water, W , due to Co monodirectional irradiation (MATROSHKA head slice #4; TLDs within tubes A-H
and IC measurements in central rod slice #2 and eye box slice#3).

D

Fig. 7. Measurements of absorbed dose in water, W , due to Co multi-directional irradiation (MATROSHKA head slice #4, TLDs within tubes A-H and
IC in central rod in slice #2).

Fig. 8. Correlation between TLD measurement and simulation results of absorbed dose in water, W , due to Co mono-directional irradiation (MATROSHKA head slice #4).

D

In case of mono-directional beam incidence the absorbed
dose decreases from front to back of the phantom head by
a factor of 2. For the multi-directional exposure the TLD
measurements show a constant behavior from the front to the
back as well as from left to right side which is expected for
a multi-directional irradiation case. The IC measurements are
comparable with TLD results in their vicinity.
For mono-directional irradiation the IC measurement gives an
absorbed dose value of 220 4 mGy in the eye and 159 3 mGy
in the rod. The simulated absorbed dose values in the same positions are 213.0 4.3 mGy and 163 3 mGy, respectively.
The simulated values agree with the measured ones within one
standard deviation in each position.

Fig. 8 shows the correlation between TLD measurements and
simulation for the mono-directional irradiation. Considering all
TLDs, the correlation coefficient is 0.92, and the mean ratio of
measured and simulated results is 1.03. In the case of multi-directional exposure of the MATROSHKA head to Co photons
the simulated value of the IC (170 3 mGy) agrees within one
standard deviation with the measured value (166 5 mGy).
Fig. 9 shows the ratio of TLD and ionization chamber measurements with the simulations for multi-directional exposure of
the MATROSHKA head to Co photons. Considering all TLDs
the mean ratio of measured and simulated results is 0.98.
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Fig. 9. Ratio between measured and simulated values of absorbed dose in
water, W , due to Co multi-directional irradiation (MATROSHKA head
slice #4, TLDs within tubes A-H and IC in central rod in slice #2).

D

Fig. 11. Density of the energy imparted in GeV/cm3 inside the MATROSHKA
phantom due to irradiation with inward isotropic ISS protons. Cross section
through the body center; thickness of 0.5 cm.

Fig. 10. Proton, neutron, helium and iron particle fluence rate spectra outside
the International Space Station (ISS) during solar maximum, at 400 km altitude,
51.6 inclination [27].

VI. SIMULATION OF PROTON EXPOSURE
Protons represent the major contribution of absorbed dose in
the human body exposed to the radiation environment at the ISS.
Fig. 10 shows the fluence spectra of protons, neutrons helium
and iron ions giving a significant contribution to the radiation
exposure for a position outside the ISS during maximum solar
activity at an altitude of 400 km, and an inclination of 51.6 .
The spectral data were taken from the calculations of Armstrong [27] and CREME96 [28]. Scaling factors, published in
the same paper [27] were used to convert fluence values from
500 km to 400 km. Simulations of the spatial energy distribution
inside the MATSIM torso model due to irradiation by an inward
isotropic proton source with the energy spectrum as shown in
Fig. 10 are performed and shown in the following.
Fig. 11 shows the density distribution of energy imparted in
GeV/cm inside the phantom due to inward irradiation with
isotropic protons, outside ISS, during solar maximum conditions, at 400 km altitude and 51.6 inclination (see Fig. 10). It
gives a side view of the cross section through the body center,
integrated over a thickness of 0.5 cm.
For the same radiation environmental conditions Fig. 12
shows a cross section through the lungs. The integrated thick-

Fig. 12. Density of the energy imparted in GeV/cm inside the lung due to
irradiation with inward isotropic ISS protons. Cross section through the lungs;
integration thickness 0.3 cm.

ness is 0.3 cm. It gives the energy imparted density distribution
within the lungs and the TLD detectors. The energy imparted
within the detectors is significant larger compared to the
surrounding tissue material. Fig. 13 shows the density of the
energy imparted in GeV/cm inside the lungs, integrated over
cm as a function of width (along x axis). The
energy imparted within the TLD detectors is about 60% higher
than in the surrounding tissue. When comparing absorbed
dose values the differences between TLD and the surrounding
tissue is expected to become smaller. In a further publication
we will show absorbed dose values for cross sections of the
MATROSHKA phantom and through organs.
VII. CONCLUSION
The MATSIM torso and head, two numerical voxel models
of the dosimetric astronaut phantom MATROSHKA, were de-

1926

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 58, NO. 4, AUGUST 2011

 

Fig. 13: Density of the energy imparted in GeV/cm , integrated over 0 y
40 cm as a function of width (along x axis), inside the lungs due to irradiation
with inward isotropic ISS protons.

veloped for investigations under reference radiation field conditions and the cosmic radiation environment at ISS. Reference
irradiations of the MATROSHKA ground phantom head were
carried out with a Co source at the radiation standard laboratory in Seibersdorf, Austria. Measurements inside the phantom
head were done with TLDs and an ionization chamber. Simulations of the energy imparted due to Co irradiation were
carried out and absorbed doses were calculated with the Monte
Carlo code FLUKA for comparison with the measurements. The
simulation results show an excellent agreement with the IC and
TLD measurements in each position within the experimental un. A first investigation of the simulation of energy
certainty
imparted due to proton irradiation of the MATSIM torso is carried out. It shows expected high values of energy imparted at
the skin, within the bones and the TLD detectors. Further reference irradiation experiments and simulations are planned with
neutrons, protons and heavy ions.
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