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A B S T R A C T

Measurements of the natural radiation background with different devices and at various conditions are
important from a methodological point of view in order to compare and eventually inter-calibrate different
experimental sets, also to provide a reliable basis for improving the existing models for assessment of the
environmental radiation in the Earth’s atmosphere. Here, we report results from methodological measurements
with a small portable device, namely mobile dosimetry unit (MDU)-1 Liulin, performed in different conditions
in the Arctic region, including the altitude profile of the atmospheric radiation obtained during the flight
of the HEMERA-2 zero-pressure balloon. A comparison with a calibrated device is also performed. It was
demonstrated that the MDU-1 Liulin can provide reliable measurements of the radiation background in the
Arctic atmosphere during a zero-pressure balloon flight.
. Introduction

Different populations of energetic precipitating particles (EPPs) en-
er the Earth’s atmosphere, eventually leading to ionization of the
mbient air (e.g. Mironova et al., 2015, and references therein). Solar
V, EUV, and X-ray radiation mostly determine the ion production in

he upper atmosphere, whilst the precipitating energetic particles affect
he stratospheric and tropospheric ionization. Below 100 km above sea
evel (asl), the atmospheric ionization is mostly due to the omnipresent
uasi-constant slightly variable flux of galactic cosmic rays (GCRs),
hich can be sporadically enhanced by solar energetic particles (SEPs)
nd/or precipitating relativistic electrons (e.g. Mironova et al., 2015,
nd references therein).

When a high-energy particle enters the Earth’s atmosphere, initi-
te a complicated nuclear-meson-electromagnetic (NME) cascade, via
ostly hadron interactions. NME cascade is a particle shower produced

y a series of consecutive interactions of the primary particle with the
tmospheric constituents, yielding large amounts of secondaries. For
nstance when a primary cosmic proton and/or heavier nucleus inter-
cts with an atmospheric constituent it produces essentially hadrons
uch as pions and kaons. Pions and kaons decay nearly instantly to
ther particles, e.g. neutral pions decay into two gammas, the latter
roducing electron–positron pairs giving rise of the electromagnetic
omponent of the developing shower. The charged pions mostly decay

∗ Corresponding author at: Space Physics and Astronomy Research Unit, University of Oulu, Finland.
E-mail addresses: alexander.mishev@oulu.fi, alex_mishev@yahoo.com (A. Mishev).

into muons, giving rise of the muon component of the shower. We
note, that secondaries, in their turn also interact with atmospheric
constituents and produce other particles, feeding the development of
the shower, until threshold energy for the production of new particles
is reached (e.g. Gaisser et al., 2016).

The omnipresent flux of GCRs consists of (in the number of par-
ticles) mainly of protons (∼90%) and 𝛼-particles (∼8%), as well as
a small amount of heavier nuclei, measured with a good precision
by PAMELA (Payload for Antimatter Matter Exploration and Light-
nuclei Astrophysics) (e.g. Adriani et al., 2017) and AMS-02 (Alpha
Magnetic Spectrometer) space experiments (Aguilar et al., 2021). GGR
flux is slightly modulated by the solar wind and reveals notable vari-
ations throughout the solar cycle (e.g. Potgieter, 2013, and references
therein). Another, but occasional source of atmospheric ionization is
due to SEPs, which are particles accelerated within and in the vicinity
of the Sun during solar eruptive events, such as solar flares and coronal
mass ejections (CMEs) (e.g. Klein and Dalla, 2017, and references
therein). In addition, relativistic electrons can precipitate from the
radiation belts and contribute to increased atmospheric ionization, ac-
cordingly radiation field (e.g. Artamonov et al., 2016; Mironova et al.,
2019; Xu et al., 2021). In such a way, the EPPs determine the complex
radiation field in the stratosphere and troposphere of the Earth (e.g.
Spurny et al., 1996; Vainio et al., 2013).
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Fig. 1. Mounting of MDU-1 Liulin by two of the authors (A. Binios on the left, A. Mishev on the right) in the isolated box and the gondola of HEMERA mission. Photo by Esa
Turunen.
Precipitating high-energy charged particles play an important role
in the processes of the Earth’s atmosphere, specifically in induced
ionization and the corresponding influence on atmospheric physics
and chemistry (e.g. Turunen et al., 2009; Mironova et al., 2015; Xu
et al., 2018, and references therein). Therefore, a careful study of
EPP fluxes as well as their terrestrial effects, particularly the radiation
field in the atmosphere, is crucial for understanding the ionization
processes and assessment of exposure to radiation for aircraft crew
and passengers (e.g. Vainio et al., 2009, and references therein). The
measurements of the natural radiation with different devices at various
conditions are important for inter-calibration of different experiments
and to provide a reliable basis to improve the existing models related
to EPP terrestrial effects and the dosimetric models for exposure to
radiation in the atmosphere.

In this article, we present preliminary results with all corresponding
on-ground measurements of a MDU-1 Liulin during B-TRUE experiment
flown on a HEMERA-2 scientific balloon flight on 11 September 2021,
with the aim of measuring the altitude profile of secondary cosmic
radiation in the Arctic atmosphere.

2. Materials and methods

Measurements of the complex radiation environment at aviation
flight or greater altitudes are challenging, the latter being specifically
in the stratosphere (e.g. Spurny et al., 1996). In fact, scientific balloon
operation is very similar to space flight in many aspects, particularly
the mass and dimensions of the payload (e.g. Ubertini, 2008). Over the
years large diversity of instruments and methods employed for space
radiation dosimetry have been developed (e.g. Caffrey and Hamby,
2011; Straume et al., 2016; Berger et al., 2017).

Active detectors, e.g. DOSTEL and/or Mobile Dosimetry Unit (MDU)
Liulin, allow one to assess the absorbed dose in real-time. In this
study, we employed the MDU-1 Liulin dosimetric instrument, based
on a silicon semiconductor detector, the specifications are given in Ap-
pendix A. The device measures the deposited energy and the amount
of interacting particles in the detector, providing the dose rate in
silicon and particle flux, and it is widely used for measurements of the
exposure to radiation (absorbed dose) in space missions, (for details
see Dachev et al., 2011, 2015, and references therein). Besides, the
Liulin type detectors were used and compared with other devices at jet
2

flight and high-mountain altitudes, as well as models for assessment of
the exposure to radiation in the atmosphere due to cosmic rays, and
good agreement was reported (e.g. Mishev and Usoskin, 2015; Meier
et al., 2016; Mishev, 2016). Here, the MDU-1 Liulin was flown under
the HEMERA-2 zero-pressure scientific balloon project in the frame of
B-TRUE (Balloon borne Telescope for Relativistic and Ultra-relativistic
Electrons) experiment.

In general, different types of balloons are available for the com-
munity, depending on the mission type, e.g.,: zero-pressure balloons
for heavy payloads and short to medium duration of about a day up
to several days; sounding balloons for very light payloads, usually
providing only ascent and descent to the stratosphere; super-pressure
balloons for very long duration flights. Usually, the payloads can be
flown at altitudes up to about 40 km. In contrast to satellite-borne
missions, stratospheric balloons can be operated at relatively low cost.
In addition, the balloon missions are for shorter duration compared to
satellites, and in most cases, the payloads are recovered, upgraded if
necessary, and readied to fly again (e.g. Mantovani and HEMERA Team,
2019). Therefore, for a mission aiming to register of secondary cosmic
ray radiation and/or relativistic electrons precipitation, specifically the
assessment of altitude profile of the complex radiation field due to EPP,
zero-pressure stratospheric balloons are very suitable (long duration
compared to sub-orbital rockets, lowers costs, recovery of the payload).

HEMERA represents a research infrastructure, encompassing differ-
ent teams in the field of tropospheric and stratospheric balloon-borne
research, including astrophysics, atmospheric physics and chemistry,
climate research, biology, space research and technology (for details
see Mantovani and HEMERA Team, 2019). On 11 of September 2021
a new stratospheric zero-pressure balloon launch was performed from
the Esrange base of the Swedish Space Corporation, near to Kiruna
in Northern Sweden. After a successful launch thanks to the Esrange
team and favorable meteorological conditions, the flight lasted nine
hours in total, floated for three hours in the stratosphere at the ceiling
altitude of 33 km, details are given in Appendix C. The MDU-1 Liulin
was launched in the B-TRUE experiment, which is a Finnish experiment
aiming measurements of EPP, specifically relativistic electrons in the
high Arctic atmosphere Figs. 1, 2.

Finally, in order to perform a preliminary and subsequent analysis
of the derived results, we computed the cut-off rigidity at the launch

site and the over-flown site in Finland, that is Rovaniemi, the latter
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Fig. 2. The gondola of HEMERA scientific balloon with the MDU-1 Liulin mounted in the Al box. The arrow indicates the Al box with the MDU-1 Liulin inside. Photo provided
by David Hagsved.
located about 300 km south-east of Kiruna. Here the cut-off rigidity
was computed with a newly developed tool by the authors, which
details will be presented in forthcoming work, as well as with the
MAGNETOCOSMICS code, explicitly considering the measured K𝑝 index
corresponding to the exact period of the launch (Desorgher et al.,
2005). In both models, during the computations, a combination of
the IGRF geomagnetic model as the internal field (Thébault et al.,
2015) and the Tsyganenko 89 model as the external field (Tsyganenko,
1989) were employed allowing straightforward computations (Kudela
and Usoskin, 2004; Kudela et al., 2008; Nevalainen et al., 2013). The
cut-off rigidity computed with the MAGNETOCOSMICS code was R𝑐 =
0.449 GV and R𝑐 = 0.566 GV, for the Esrange Kiruna and Rovaniemi,
respectively. Slightly greater effective cut-offs were obtained employing
a new magnetospheric tool, developed in Sodankylä Geophysical Ob-
servatory (SGO), the details will be given in forthcoming work, namely
about R𝑐 = 0.417–0.513 GV and R𝑐=0.562–0.646 GV, for the Esrange
Kiruna and for Rovaniemi, respectively, the largest difference obtained
assuming the magnetopause model of Sibeck (ellipsoid magnetopause
model) (e.g. Zong et al., 2020, and references therein). Here we would
like to stress that for the computation of absorbed dose due to GCRs,
accordingly data analysis of the HEMERA-2 mission, this difference
is not important (Copeland et al., 2008; Mishev et al., 2021). The
computed cut-off rigidities allowed us to quantify the measurements in
comparison with a model for assessment of the exposure to radiation
(i.e. absorbed dose) in the atmosphere (see Section 3).

3. Results

First, we present the results from several methodological measure-
ments, which are important for planning similar experiment(s), as well
as the B-TRUE mission itself. It is important to ensure an appropriate
temperature environment of the device, since the temperature can drop
to about −60 ◦C in the stratosphere, while the operating regime of
MDU-1 Liulin is from −20 to about +40 ◦C (Dachev et al., 2015).
For this purpose a thermally insulated aluminum box as depicted
in Figs. 1, 2 was constructed, using a standard aluminum one with
20 cm styrofoam insulation shown in Fig. 3, details are given in the
Appendix C.
3

Fig. 3. Sketch of the MDU-1 Liulin payload at HEMERA mission.

We performed several measurements of the natural radiation back-
ground, that is outside of SGO facility with MDU-1 Liulin inside and
outside of the transportation box, respectively, as well as on site at Es-
range Kiruna in the insulated box, summarized in Table 1. In addition, a
comparative measurement with a calibrated Rados RDS-200 dosimeter,
the specifications are given in Appendix B, and MDU-1 Liulin, of an
increased radiation field was carried out. The radiation source we used



Radiation Measurements 154 (2022) 106757A. Mishev et al.
Table 1
Summary of the measurements performed with MDU-1 Liulin at different conditions. Measurements 1–2 and 6 are performed with MDU-1 Liulin in the transportation box, while
3 in conditions similar to the flight conditions. The data from measurement 4 are given in ambient dose equivalent in order to compare with the calibrated device in STUK. The
measurements 5 and 7 are performed at ground as flight simulation i.e., in the insulated box, where 5 is in the cold camera Fig. 5. The standard deviation of the measurements
SD is given in column 6.

Series Site Time Integration time [min] Abs. dose [μGy/h] SD [μGy/h]

1 SGO inside 17.08.2021 720 0.0994 0.027
2 SGO outside 17.08.2021 150 0.0918 0.023
3 SGO outside 17.08.2021 120 0.0992 0.029
4 Rovaniemi inside 18.08.2021 90 18.6 1.03
5 Kemi cold test 31.08.2021 120 0.0969 0.049
6 SGO-Kiruna on the road 04.09.2021 380 0.0954 0.03
7 Esrange Kiruna in the gondola 06–07.09.2021 840 0.09 0.02
Fig. 4. MDU-1 Liulin and Rados RDS-200 comparative measurements at STUK Rovaniemi laboratory. The MDU-1 Liulin detector is on the right and Rados RDS-200 at the bottom
and the rock containing natural uranium in the middle in a plastic bag.
was a rock containing elevated concentrations of natural uranium and
its daughters. The test was performed at STUK’s facility in Rovaniemi,
Finland. The aim was to check the behavior of the MDU-1 Liulin in
increased compared to the background radiation field, yet different to
that during a scientific balloon flight as interacting particles and energy
range, see Fig. 4 and Table 1. The measurements 1–3 described in
Table 1 were performed in wet cloudy weather, but without rain condi-
tions, outside of SGO technical facility. Measurement 4 was performed
in the ground floor of STUK facility in Rovaniemi, with light rainy
conditions outside. Note, that the calibrated Rados RDS-200 dosimeter
4

measured slightly greater values, mostly due to the different sensitivity
and geometry of the experiment, yet a satisfactory result was achieved.

A flight simulation measurement was performed of SGO HEMERA-
2 Payload, consisting of the MDU-1 Liulin, placed inside the thermally
insulated aluminum box, at the Electronics Test Laboratory of Lapland
University of Applied Sciences in Kemi, Finland (Fig. 5). The payload
was kept for about 2 h in a cold chamber, which was set to temperature
of −50.0 ◦C, corresponding to the temperature during the flight, that is
the temperature in the cold chamber was selected in order to simulate
the worst flight conditions at 35 km altitude. Note, that air pressure in
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Fig. 5. The SGO HEMERA-2 Payload, consisting of MDU-1 Liulin inside the thermally insulated aluminum box e.g. in flight configuration in the Espec EGNX12-6CWL test chamber
(380 l) at the Electronics Test Laboratory of Lapland University of Applied Sciences in Kemi, Finland. Photo by Esa Turunen.
the chamber was not changed. Instead the pressure was stable at the
ground level pressure 1030 mb. The payload temperature, that is the
insulated box, cooled from 20.6 ◦C to 0.0 ◦C in exactly 2 h. Thereafter
the chamber was slowly heated back to +25 ◦C, while the payload
continued cooling down, with minimum temperature of −4.3 ◦C 30 min
after starting the heating cycle. The results from this measurement (5)
is given in Table 1. Note, that the radiation background outside of the
cold chamber is similar to that in SGO facility and Rovaniemi.

Measurement 6 was performed on the road between SGO and
Kiruna, the device being in the transportation box in a wagon car trunk.
The measurements in Esrange were performed inside the assembly
dome of the facility.

One can see that the MDU-1 Liulin provided reliable data of the
radiation background on site, both at SGO and Kiruna. Moreover,
similar test measurements have been performed during the transporta-
tion of the device from SGO to Kiruna, shown in Table 1. Here we
would like to point out that the MDU-1 Liulin in general is very
sensitive to vibrations, yet such effect was not observed during the trip.
Therefore, the construction of the box provides a basis for reliable good
quality measurements in flight conditions (low outside temperature,
vibrations). From those series of measurements, we can conclude that
the MDU-1 Liulin is a relatively precise device, and most importantly
the insulated box provides the necessary temperature conditions for
the device to operate properly in the stratosphere. Here we emphasize,
5

that the radiation field at flight altitude(s) differs from the surface
background radiation, specifically the energy and type of the parti-
cles(radiation). Therefore, more detailed studies of the impact of the
insulated box on the MDU-1 measurements are necessary, which is
beyond the topic of present paper.

Finally, here we present the altitude profile of the exposure to
radiation (i.e. absorbed dose) in the atmosphere obtained with MDU-1
Liulin during the HEMERA-2 zero-pressure scientific balloon flight on
11 September 2021 see Fig. 6. In this case the payload consisted of
the MDU-1 Liulin was placed inside the thermally insulated aluminum
box. Here, we present both the raw data as well as the 10 min.
running mean. The preliminary analysis shows good agreement with
Oulu model for assessment of the exposure to radiation (i.e. absorbed
dose) at flight altitudes as well as with similar measurements (for
details see Wissmann et al., 2013; Mishev and Usoskin, 2015), the
full details of the analysis is planned as forthcoming work. Yet we
present a comparison with recent models, for details see Table 2. Here
we selected all the available measurements at the given altitude and
computed the mean absorbed dose with the corresponding standard
deviation(s). We emphasize, that the relatively fast balloon ascend in
the low atmosphere resulted in significant deviation(s), specifically at
3 km.

Here, the comparison of the measurements is performed with the
Oulu models for exposure to radiation (i.e. absorbed dose) (Mishev
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Fig. 6. Altitude profile of the absorbed dose measured with MDU-1 Liulin — raw data and 10 min running mean as depicted in the legend.
Fig. 7. Processed absorbed dose vs. altitude measured with MDU-1 Liulin.

Table 2
Comparison between MDU-1 Liulin measurements with Oulu dosimetric and atmo-
spheric ionization models. Column 1–2 correspond to the altitude in km and kft,
respectively. Column 3 correspond to MDU-1 Liulin measurement, column 4 to the
modeled absorbed dose, while columns 5–6 to ion production in air.

Alt. [km] Alt. [kft] Dose rate [μGy/h] Ionization [ion pairs/s cm3]

Liulin Model Liulin Model

3 9.85 0.37 ± 0.9 0.22 ± 0.08 16 ± 6 21 ± 5
10.7 35 2.8 ± 0.7 6.4 ± 2.0 43 ± 14 55 ± 12
15.2 50 5.2 ± 1.3 7.7 ± 2.1 57 ± 18 62 ± 14

and Usoskin, 2015) and atmospheric ionization (Usoskin and Kovaltsov,
2006). The dose is computed similarly to Mishev and Hristova (2012),
while the atmospheric ionization is obtained by straightforward con-
version of the absorbed dose to deposited energy, explicitly considering
the energy necessary for the production of one ion pair, that is 35 eV
according to Porter et al. (1976), namely by conversion of the absorbed
dose [J/kg] to [eV/kg], and subsequently to ion pairs. For the GCR
spectrum, we assumed the force field model (Gleeson and Axford, 1968;
Caballero-Lopez and Moraal, 2004), considering the local interstellar
spectrum by Vos and Potgieter (2015) and the modulation potential
computed as in Usoskin et al. (2011). The modeled ion production
rate is computed similarly to Mishev and Velinov (2020) and Pätsi
and Mishev (2022) employing the NRLMSISE-00 atmospheric model
by Picone et al. (2002).

One can see the very good agreement between measured and mod-
eled ion production rates in the atmosphere (columns 5–6 of Table 2),
6

whilst the difference in the absorbed dose can be attributed to the
contribution of the natural radiation background in the measurements
at an altitude of 3 km and the limited sensitivity of the MDU-1 Liulin
to secondary hadrons at greater altitudes, yet more detailed analysis is
necessary, which is beyond the scope of this study.

An apparent spike in the raw data is observed, which corresponds to
the time of landing, that is the hit of the gondola to the ground. Since
the device is very sensitive to vibrations, this spike is due to the hit of
the balloon gondola (the payload) with the ground, which will not be
considered in future data analysis. Note, that similarly to some previous
measurements (e.g. Fig. 3 in Wissmann et al., 2013; Hands et al., 2016),
the Regener–Pfotzer maximum (Regener and Pfotzer, 1935) in absorbed
dose is barely seen (Fig. 7), most-likely due to high-latitude-low-rigidity
cut-off location of the experiment leading to dominant low-energy
contribution of the GCRs, as well as the relatively fast balloon ascend.
However, a further more detailed analysis is necessary, which is beyond
the scope of this study.

4. Summary

Here, we reported results of measurements of the natural radiation
with an MDU-1 Liulin type device at various conditions, specifically in
the Arctic region, namely at ground (indoor and outdoor) at SGO site,
the cold test, i.e. the behavior of the device inside an insulated with
styrofoam box in cold temperature room and in zero-pressure scientific
balloon flight. All measurements were performed with 1-min time
resolution and with different integration over the corresponding exper-
iment. It was shown that the isolated Al box provides the necessary
temperature regime, without affecting the MDU-1 Liulin performance,
therefore can be used for similar future missions, including flight(s)
with the same instrument. Considering the quality of the obtained data,
one can see that MDU-1 Liulin is a useful device for the measurements
of the complex radiation field in the troposphere and stratosphere,
including the Arctic or Antarctic region, where is a lack of systematic
studies. The obtained data are useful to deepen our understanding of
aviation dosimetry, atmospheric and space physics by providing the
necessary basic knowledge of the employment of returnable payload
which can measure the radiation in the atmosphere due to different
populations of precipitating energetic particles.

Additionally, we are looking for opportunities with scientific bal-
loon flights and high-altitude platform systems for further studies with
the prepared instrument consisting of the MDU-1 Liulin, thermometers,
and their protective casing.
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Appendix A. MDU-1 Lulin specifications

Here we present several specification, according to the provided
by the manufacturer manual, of MDU-1 Luilin used for the HEMERA
zero-pressure balloon flight on 11 September 2021. The main measure-
ment unit in the spectrometer is the amplitude of the pulse after the
preamplifier from charged particles and/or gamma quanta. The pulse
is proportional by a factor of 240 mV/MeV to the energy loss in the
detector, accordingly to the dose. A 12-bit analog to digital converter
digitizes the amplitudes in a 256-channels spectrum.

- Dose range: 0.093 nGy–1.56 mGy;
- Flux range: - 0.01–1250 part/cm2 s;
- Pulse height analysis range: - 9.25 mV–5.0 V;
- Temperature range: −20 ◦C – +40 ◦C;
- Battery type: Lithium 3.6 V 2 pieces;
- Size (including batteries): 110 × 100 × 45 mm;
- Total mass (including batteries): 0.57 kg;
- Surface of the Silicon detector: 2 cm2;
- The Si is behind: 0.3 mm aluminum + 1 mm air + 0.06 mm copper

0.2 mm plastic shielding;

ppendix B. Rados RDS-200 specifications

The comparative measurement of MDU-1 Lulin with calibrated
evice was performed in STUK Rovaniemi. Here, we provide some tech-
ical details about the used device, that is Rados RDS-200. According
o the manufacturer:

Type of detector
Rados RDS-200, detector consists of two energy compensated GM-

ubes;
Manufacturer: Rados Technologies Oy, Turku, Finland;
Range: 0.01 μSv/h–10 Sv/h;
Radiation detected: gamma and X-rays, 50 keV...1.3 MeV;
Date of calibration: 29 January 2019 in STUK’s accredited dosimetry

aboratory.
Calibration accuracy: ± 5%, 137Cs;
Details are given in http://www.inspection-kits.com/RDS-200-Univ

rsal-Survey-Meter-s-500-604.html. We emphasize that the instrument
an detect also high-energy secondary cosmic rays, but it is not cali-
rated in terms of dose rates at energies above about 1.3 MeV, therefore
he calibration tends to get poor (uncertainty greater than 30%) when
he energies are greater than 3 MeV.

ppendix C. Payload and balloon flight specifications

The MDU-1 Lulin was flown in the HEMERA zero-pressure balloon
ounted in a gondola. The span of the Gondola was 1.5 × 1.5 × 1 m.
he total mass of the Gondola was 336 kg, of which 90 kg for the
ondola frame and 21 kg for E-link including batteries and cabling. An
irstar 150 Z balloon with volume of 150 000 m3 filled with Helium
as used. The balloon was released at 09:53 UTC on 11 September
021. The balloon ascended till 11:35 UTC and reached an apogee of
7

3.14 km and then kept a stable float at around 33 km for 3 h 25 m.
We used an aluminum box with added insulation for housing the
ayload.

Inner dimensions:
length 500 mm; width 350 mm; depth 400 mm;
Outer dimensions of the box:
length 522 mm; width 375 mm; depth 420 mm;
The aluminum is 3 mm thick.
For insulation we used Finnfoam F-700 styrofoam, with density of

0 kg/m3.
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