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Abstract: Three Liulin type spectrometers performed measurements of the energetic particles flux
outside the International Space Station (ISS) in 3 long-term periods between 2008 and 2016. Very similar
instrument was flown in the interplanetary space between the Earth and Moon and around the Moon on the Indian
Chandrayaan 1 satellite in 2008-2009. All instruments are Bulgarian-built Liulin-type miniature spectrometer-
dosimeters and acquired more than ten million energy deposited spectra from which the flux and absorbed dose
rate were calculated with 10 s resolution behind less than 0.3 g cm shielding. This paper analyses the high
energy depositing events, which was observed in the 256" channel when the deposited in the detector energy is
higher than the upper limit of the 256 channels spectrometer of 20.8 MeV. These events can be explained with
registration of high charge and energy (HZE) ions (He*, C*, O*, Ne*, Mg* Si* and Fe™) in the Galactic cosmic ray
(GCR) source and with long path proton crossings of the detector in the region of the South Atlantic anomaly
(SAA) and during solar energetic particles events (SEP). The paper analyses the global distribution of the high
energy depositing events observed inside the Earths magnetosphere. The high energy deposition fluxes in the
256 channel of the spectrometer in GCR, observed by RADOM instrument, outside the Earth magnetosphere and
atmosphere outside Chandrayaan-1 satellite, are 6.8 times more frequent than the average by R3D/E/R/R2
instruments outside ISS. The higher flux and the presence of high charge and energy (HZE) ions outside of the
Earth magnetosphere and atmosphere poses higher health risks for the humans being on missions on the Moon
or Mars surfaces or in the Solar system interplanetary space.
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Pe3rome: Tpu criekmpomempu om muna "/TronuH" npogedoxa usMepeaHusi Ha romoka om eHepauliHu
yacmuuyu u3ebH MexdyHapodHama Kocmuvecka cmaryusi (ISS) e 3 dbneocpoyHu nepuoda mexdy 2008 u 2016
2. MHozo nodobeH npubop pabomu 8 mexdyrnnaHemHomo rpocmpaHcmeo mexdy 3emsima u JlyHama u OKorno
JlyHama Ha uHOulickusi cmbmHuk Chandrayaan 1 npe3 2008-2009 eoduHa. Te3u npubopu ca criekmpomempu-
dosumempu om muna "MonuH" u ca paspabomeHu 8 cekyussma no ,CibHYe80-3eMHa ¢usuka“ Ha MKUT-BAH.
lMonydyeHume noseye om decem MUSUOHa Criekmpu Ha Oero3upaHama eHepeausi ca u3rosndeaHu 0a ce usqucsm
rnomoka u MowjHocmma Ha abcopbupaHama dosa ¢ pasdenumersiHa criocobHocm om 10 s 3ad ekpaHUposKa om
0.3 g cm? Tasu cmamus aHanusupa Momoka Ha Ccbbumusi ¢ eucoka Oero3upaHa eHepausi, Koumo ce
Habmmodasam 8 256-musi kaHa;n Ha criekKmpoMembpa, Ko2amo Oero3upaHama 8 Oemekmopa eHepausi e Mo-
8uUCOKa 0m eopHama 2paHuya Ha 256-musi kaHan Ha cnekmpomembpa om 20,8 MeV. Tesu cbbumusi Mo2zam Oa
6n0am 006siCHEHU C peaucmpupaHe Ha 8ucokoeHepaulHu toHu (He*, C*, O*, Ne*, Mg* Si* and Fe*) ¢ sucoka
eHepeusi u eonsam amomeH Homep (HZE) e eanakmuyeckume kocmudecku nvyu (GCR) u ¢ npemuHasaHe Ha
pPomMoHu HadnwbXXHO npe3 demeKkmopa 8 peauoHa Ha HOxHa-AmnaHmuyeckama aHoMmanus (SAA) u rno epeme Ha
ClTbHYesU MpomoHHU cbbumusi (SPE). B cmamusma ce aHanusupa enobasiHomo pasnpocmpaHeHue Ha
cbbumusima ¢ 8UCOKO eHepauliHo omdasaHe, HabrirodasaHu 8 U U38bH 3eMHama MasHumocagepa. llomokbm om
cvbumusi 8 GCR ¢ eucoka Oeno3upaHa eHepausi 8 256 kaHan Ha criekmpomembpa, HabrnwodagaHu om
uHcmpymeHma RADOM, u3ebH 3eMHama MasHumocghepa u ammocghepama u38bH cribmHuka Chandrayaan-1,
ca 6.8 nbmu no-zosisim om cpedHume & npubopume R3D/E/R/R2 u3ebH ISS. 1o eonemusim nomok u Haau4uemo
Ha 8UCOKoeHepauliHu UOHU cb30aea Mo-8UCOKU pucKoge 3a 30pasemo Ha xopama, Koumo ca Ha Mucuu Ha
noewpxHocmma Ha JlyHama unu Mapc unu 8 mexdynnaHemHomo npocmpaHcmeo Ha CribHYegama cucmema.
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Introduction

There are three principal sources of primary ionizing radiation in low earth orbits (LEO): (1)
galactic cosmic rays (GCR); (2) solar energetic particles (SEP), high fluxes of charged particles
emitted during sporadic but intense solar flares and coronal mass ejections; (3) energetic electrons
trapped in the outer radiation belt (ORB) and energetic protons trapped in the inner radiation belts
(IRB). In LEO, a fourth source, albedo neutrons and protons, is also encountered [1]. Flux and dose
characteristics in the near Earth space radiation environment depend on factors such as orbit
parameters, solar cycle phase and current helio and geomagnetic conditions.

1. R3D and RADOM instruments

A total of fourteen successful space instruments were developed, qualified and used in
numerous space missions between 1988 and 2018 [2, 3] by the scientist from the Solar-Terrestrial
Physics Section of SRTI-BAS.

This paper analyze the high energy deposition events observed at three Liulin type
spectrometers, which performed measurements of the energetic particles flux outside the International
Space Station (ISS) in 3 long-term periods between 2008 and 2016. Very similar instrument was flown
in the interplanetary space between the Earth and Moon and around the Moon on the Indian
Chandrayaan 1 satellite in 2008—2009 [4].

The left part of Fig. 1 shows an external view of the R3D instruments (named R3D/E/R/R2)
mounted on the 3 EXPOSE/E/R/R2 facilities outside ISS. The R3D instrument is a small-dimension
(76x76x36 mm), low-mass (0.17 kg) automatic devices that measures solar electromagnetic radiation
in four channels and ionizing radiation in 256 channels of a Liulin-type deposited energy spectrometer
(DES) [2]. In left part of Fig. 1 small circles on the surface in the central portion of the R3D instrument
show the four solar visible-and UV-radiation photodiodes, whose data are not addressed in this paper.
The ionizing radiation detector (silicon PIN diode of Hamamatsu S2744-08 type) is located behind the
aluminum wall of the instruments and are therefore not visible.

On the right part of Fig. 1 the external view of RADOM instrument is shown. The dimensions
of the instrument are size of 120x40x20 mm and mass of 0.098 kg. It contains the same ionizing
radiation detector as R3D instruments but don’t have solar electromagnetic radiation spectrometer.

Fig. 1. External view of the R3D and RADOM instruments

The R3D and RADOM instruments [2, 4] contain: one semiconductor detector (Hamamatsu
(S2744-08) PIN diode 2 cm? area, 0.3 mm thick), one charge-sensitive preamplifier, 12 bit analogue to
digital converter (ADC), 256 channels multichannel analyzer and serial interface of RS422 toward the
EXPOSE facility. Pulse analysis technique is used to obtain the deposited energy spectrum, which
further is used for the calculation of the absorbed dose and the flux in the silicon detector. The two
microcontrollers, through specially developed firmware, manage the measurements and
communications of the instrument.

The main measurement unit in the R3D and RADOM instrument is the amplitude of the pulse
after the preamplifier, generated by particles or quanta, hitting the detector [2]. The amplitude of the
pulse is proportional by a factor of 240 mV MeV-! to the energy loss in the detector and respectively to
the dose. By 12 bit analogue to digital converter (ADC) these amplitudes are digitized and organized
in a 256-channel deposited energy spectrum. The dose in the silicon detector Ds; [Gy] by definition in
System international (Sl) is one Joule deposited in 1 kg of matter. The absorbed dose is calculated by
dividing the summarized in 256 channels energy depositions in the spectrum in Joules to the mass of
the detector in kilograms.

The semiconductor detector of the R3D instruments was mounted approximately 7 mm below
the 0.8 mm thick aluminum cover plate. Furthermore, there was shielding from 0.07 mm copper and
0.2 mm plastic, which provided 0.3 g cm-? of total shielding from the front side. The calculated required
kinetic energy of particles arriving perpendicular to the detector was 0.835 MeV for electrons and
19.5 MeV for protons. This means that only electrons and protons with energies exceeding the values
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listed above can cross the R3DR2 shielding materials and reach the detector surface. The detector
shielding, being larger from the sides and from behind (Fig. 1), stops all ORB relativistic electrons,
attenuates the lower energy IRB protons, but practically does not change the flux of the primary GCR
particles.

2. Observations

The current paper analyses the high energy deposition events obtained with 3 R3D
instruments on ISS and with RADOM instrument on the Indian Chandrayaan-1 lunar satellite:

- R3DE instrument was installed in Expose-E facility outside ESA Columbus module of the
ISS. The R3DE data covered the time interval between February 22, 2008 and September 1, 2009 [5];

- Expose-R facility mounted outside of the Russian “Zvezda” module hosted the R3DR
instrument [6] in the period from March 11, 2009 to August 20, 2010 outside of the Russian “Zvezda”
module;

- R3DR2 was installed in the same place as R3DR instrument from October 24, 2014 to
January 10, 2016 [7, 8];

- RADOM instrument was mounted outside of the Indian Chandrayaan-1 satellite launched to
the Moon on 22 October 2008 and injected into a 255 x 22,860 km orbit. After separation from the
launcher, the spacecraft rose to moon rendezvous orbit by five consecutive in-plane perigee
maneuvers to achieve the required 386,000 km apogee that placed it in a lunar transfer trajectory.
Here we use the data obtained between 29 October and 9 November 1988 when the satellite was in
the interplanetary GCR source at altitudes between 90,000 and 360,000 km, far away from the bodies
of Earth and Moon.

The different radiation sources, nhamed GCR, SAA, SEP and outer radiation belt (ORB), are
separated using the selection procedure described recently by Dachev et al. in [7] and some additional
requirements. Finally, the SAA source is selected by the following requirements: Dose rate>15 uGy h-
1, D/F ratio>1.12 nGy cm? particle’, L-value<3; B<0.23 Gauss. The GCR source: Dose rate<15 uGy h-
1, B>0.23. The ORB source: Dose rate>15 uGy h-, D/F ratio<1.12 nGy cm? particlel, B>0.23.; (2)
Larger amount of them 677 counts are in the SAA source. The SEP source: Dose rate>15 uGy h+,
D/F ratio>1.12 nGy cm? particle?, B>0.23. Only in the data of the R3DR2 instrument were found and
selected SEP particles.
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Fig. 2. Deposited energy spectra from different Fig. 3. Global distribution of the locations of the high energy
radiation sources deposition events as observed R3DE/R/R2 instruments

39



Fig. 2 illustrates how the high energy deposition events in the IRB source are seen in the
energy deposition spectra. The presented GCR, ORB and SEP spectra are obtained by the R3DR2
instrument from 21 to 30 June 2015. The deposited dose rate is the area between the abscissa and
the curve of the deposited energy spectrum that is why the GCR spectrum (black line) is in the bottom
of Fig. 2. The ORB spectrum (green line) shows large maximum in the range up to 2 MeV because the
high energy electrons, which built it, are relatively low energy deposition particles. The magenta line
presents the SEP spectrum from the solar proton event on 22 June 2015. The event was built by
relatively low energy protons, which produces the maximum in the range between 1 and 10 MeV.

The red line IRB spectrum presents the result from averaging of all (254,320) R3DR2 IRB
spectra. The existence of high energy deposition events in the 256 channel (the last point in the
spectra) is not seen because of relatively low number of spectra, which contains 1 there. The blue line
IRB spectrum presents the result of averaging only the spectra, which have 1 in the last channel (1822
spectra). In the 256" channel of this spectrum is seen large vertical blue line, which presets this large
value. The blue spectrum is higher than the red one because the probability for observation of high
energy depositing events are higher in higher flux, respectively higher dose rate.

Fig. 4 presents the global distribution of the locations where the high energy depositing events
in the 256th channel were observed in the spectrometers of the R3DE/R/R2 instruments. This means
that in the 10 sec interval of each measurements in the 256 channel of the spectrometer is observed
value greater than zero. Usually this value is 1 and in very rare occasions, only in the SAA source 2.
The dashed lines in Fig. 4 represent the isolines of flux observed with R3RE instrument equal to 2.5
and 120 cm2 s, giving to the reader an idea where the SAA in flux is situated and where the high
latitude regions in the both hemispheres are extended.

We consider to investigate more precisely only the fluxes of particles observed in the GCR
and ORB sources because the fluxes in SAA and SEP sources have known origin from long path
proton crossings of the detector in the region of the SAA and during SEP events.
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Fig. 4. Interplanetary GCR flux variations as observed with RADOM instrument

Figure 5 presents the RADOM GCR data obtained in the interplanetary space between Earth
and Moon in the time interval 29/10/2008 09:46:12-08/11/2008 00:00:00 UT. On the left hand axis are
plotted the measured flux (red points) in cm-2 s and the values of the 256" channel (green points)
being in the most of the time equal to 0 and in 39 cases equal to 1. On the right hand axis is plotted
the altitude (blue points) of the Chandrayaan-1 satellite above the Earth surface.

It is seen that the flux values are stable in the range 1.4-4.8 cm s1. The linear average of the
flux, presented with heavy black line, have very small trend of increase between 3.0 and 3.15 cm? s%,
which is connected with a real increase of the GCR flux in the Earth vicinity, as observed by the Oulu
neutron monitor [4].

As GCR pass through a target, a multitude of electromagnetic and nuclear interactions cause
the incident particles to deposit some of their kinetic energy into the target material. The energy is
deposited primarily in the form of ionization of atoms in the target. The rate at which the incident
particle deposits its energy in the target is termed linear energy transfer (LET=-dE/dx), energy
deposited per unit path length) [8]. The LET spectrum and its evolution through the human body are
essential ingredients in understanding and mitigating the potential radiation risk posed by energetic
particles [9].
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Fig. 5 compare [10]:

- 2012-2013 silicon LET spectrum (large black points) from RAD instrument on Curiosity
rower at the surface of Mars behind ~21 g cm-2 CO: shielding;

- 2009-2011 silicon LET spectra from CRaTER instrument [11] on board the Lunar
Reconnaissance Orbiter (LRO), which orbited the Moon in a 50 km (average) polar orbit with a period
of about 100 min [9]. The data was obtained behind 0.2 g cm-2 (CRaTER D1/D2, small black points), 6
g cm2 (CRaTER D3/D4, small red points), and 9 g cm2 (CRaTER D5/D6, small blue points);

- 2008 silicon LET GCR spectrum (magenta points) from RADOM instrument, obtained behind
0.3 g cm? shielding in the interplanetary space between Earth and Moon between 29/10/2008
09:46:12 and 08/11/2008 00:00:00 UT. 52,687 10 sec spectra were averaged;

- 2014-2016 silicon LET GCR spectrum (dark green points) from R3DR2 instrument, obtained
behind 0.3 g cm-? shielding. The spectrum was obtained by averaging of 3,393,592 10 s GCR spectra
in the period 23/10/2014 10:31:43-10/01/2016 23:59:56 UT.
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Fig. 5. Comparison of LET spectra, obtained by different instruments at different carriers

Figure 5 shows relatively good agreement between the shapes of the different spectra. The
RADOM and R3DR2 spectra are shorter than the RAD and CRaTER spectra because they were
obtained with single silicon detector, which covers only the LET range between 0.233 and
29.8 keV um-. The RADOM and R3DR2 spectra include the energy depositions of Neon (Ne) ions as
obtained by Dr. Y. Uchihori [11] (see Fig. 11 there) but in Fig. 4 this is not seen, probably because not
very clear position of Neon maximum in the CRaTER spectra. The RADOM spectrum is below the
RAD and CRaTER spectra because smaller shielding. The R3DR2 spectrum is obtained inside of the
Earth magnetosphere and atmosphere that is why the amount of CGR particles building the spectrum
is smallest and this spectrum is in the bottom of Fig. 4.

3. Data analysis

The analysis of the data in the figures and Table 1 reveal the following:

Table 1. Statistics of the observations with the R3DE/R/R2 and RADOM instruments.

Experime | Time interval of the Flux of Flux of Flux of Flux Flux of SAA | Flux of SEP
nt measurements GCR ORB GCR+ORB | GCR+ORB | particles in particles
Number of days of |patrticles in|particles in| particles in | [part./day 256 ch. [cm2sr?]
GCR measurements | 256 ch. 256 ch. 256 ch. cm?sr] [em?srl]
[cm2sr!] | [em?sr?Y] | [cm?srl]
R3DE |31/05/2008-23/06/2009 Not
287.1 68.47 0.80 69.27 0.24 107.8 observed
R3DR |11/03/2009-19/08/2010 Not
261.2 30.73 3.03 33.76 0.13 159.1 observed
R3DR2 |23/10/2014-10/01/2016
418.7 54.94 7.80 62.74 0.15 286.9 16.2
RADOM | 29/10/2008 09:46:12-
08/11/2008 00:00:00 6.21 1.02
6.1
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1) The events in 256 channel of the spectrometer are distributed in the 3 different sources.
The IRB fluxes, as expected, are concentrated in the region inside the dashed line, which gives the
boundary of the120 cm2 s'1. The frequency of observation of IRB events raise toward the center of the
SAA, which confirm the hypothesis that this events are generated by long path proton crossings of the
detector. The maximal IRB flux is seen during the EXPOSE-R2 mission because of the maximal
altitude of ISS and that is why maximal IRB fluxes. The ORB events, as expected, are seen in the
region outside the dashed line, which gives the boundary of the 5 cm? s1. The SEP particles (Seen in
Fig. 2 with blue crests) was observed only on EXPOSE-R2 facility during the solar proton events in
2015. The largest fluxes was observed on 22 June 2015 [14];

2) The GCR flux in 256 channel from R3DE instrument is the largest because the flux of
secondaries, generated in the heavier surrounding shielding of this instrument [13];

3) The ORB flux in 256 channel from R3DE instrument is the smallest because of the very low
solar and geomagnetic activity during the measurements in 2008—2009. The largest ORB flux is
observed during the EXPOSE-R2 mission in 2014-2016 [7];

4) The IRB flux in 256 channel from R3DE instrument is the smallest because of the relatively
smaller altitude of ISS and smaller IRB fluxes during this measurements in 2008—2009 [7].

Conclusions

The observed maximal frequency of the IRB events in the 256 channel close to the center of
the SAA confirm the hypothesis that this events are generated by long path proton crossings of the
detector. Relatively small energy of the IRB protons and the lack of heavy ions define the smaller
health risk from this particles.

The high energy deposition fluxes in the 256 channel of the spectrometer in GCR source,
observed by RADOM instrument, outside the Earth magnetosphere and atmosphere outside
Chandrayaan-1 satellite, are 6.8 times higher than the average by R3DR2 instrument outside ISS.
Also the presence of high charge and energy (HZE) ions poses higher health risks for the humans
being on missions on the Moon or Mars surfaces or in the Solar system interplanetary space.

References:

1. Benton, E.R., and E.V. Benton, Space radiation dosimetry in low-Earth orbit and beyond. Nucl. Instrum. and
Methods in Physics Research, B, 184, (1-2), 255—294, 2001.

2. Dachev, T.P. et al.,, Overview of the Liulin type instruments for space radiation measurement and their
scientific results, 92—-114, 2015. doi: 10.1016/j.Issr.2015.01.005

3. Semkova, J., et al., Charged particles radiation measurements with Liulin-MO dosimeter of FREND instrument
aboard ExoMars Trace Gas Orbiter during the transit and in high elliptic Mars orbit. Icarus, 2018.
https://doi.org/10.1016/j.icarus.2017.12.034

4. Dachev, T.P., et al., An overview of RADOM results for Earth and Moon Radiation Environment on
Chandrayyan-1 Satellite, Adv. Space Res., 48, 5, 779-791, 2011.
http://dx.doi.org/10.1016/j.asr.2011.05.009

5. Dachev, T.P., et al.,, Time profile of cosmic radiation exposure during the EXPOSE-E mission: the R3D
instrument. Internat. Journal of Astrobiology, 12, 5, 403-411, 2012. https://doi.org/10.1089/ast.2011.0759

6. Dachev, T.P., et al., EXPOSE-R cosmic radiation time profile, Journal of Astrobiology, 14, 17-25.
http://dx.doi.org/10.1017/S1473550414000093

7. Dachev, T.P., et al.,, Overview of the ISS radiation environment observed during the ESA EXPOSE-R2
mission in 2014—-2016. Space Weather, 15, 1475-1489, 2017. doi: 10.1002/2016SW001580

8. Case, AW, et al.,, The deep space galactic cosmic ray lineal energy spectrum at solar minimum, Space
Weather, 11, 361-368, 2013. doi:10.1002/swe.20051

9. Cucinotta, F. A., and M. Durante Cancer risk from exposure to galactic cosmic rays: Implications for space
exploration by human beings, The Lancet Oncology, 7, 2006. doi:10.1016/S1470-2045(06)70695-

10. Zeitlin, C., Results from the MSL-RAD Experiment on the Curiosity Mars Rover, Nineteenth WRMISS,
Krakow, Poland, 9-11 September 2014. http://wrmiss.org/workshops/nineteenth/Zeitlin_ MSL-RAD.pdf

11.Chin, G., et al., Lunar reconnaissance orbiter overview: The instrument suite and mission. Space Science
Reviews, 129(4), 391-419, 2007.

12. Uchihori, Y., et al., Analysis of the calibration results obtained with Liulin-4J spectrometer-dosimeter on
protons and heavy ions, Radiation Measurements, 35, 127-134, 2002.

13. Dachevp Ts., Analysis of the space radiation doses obtained simultaneously at 2 different locations outside
ISS, Adv. Space Res., 52, 1902-1910, 2013 http://dx.doi.org/10.1016/j.asr.2013.08.011

14. Dachev, T.P., et al., High dose rates obtained outside ISS in June 2015 during SEP event, Life Sciences in
Space Research, 9, 84—-92, 2016, http://dx.doi.org/10.1016/j.Issr.2016.03.004

42


http://dx.doi.org/10.1016/j.lssr.2015.01.005
https://doi.org/10.1016/j.icarus.2017.12.034
http://dx.doi.org/10.1016/j.asr.2011.05.009
https://doi.org/10.1089/ast.2011.0759
http://dx.doi.org/10.1017/S1473550414000093
https://doi.org/10.1002/2016SW001580
http://dx.doi.org/10.1016/j.asr.2013.08.011
http://dx.doi.org/10.1016/j.lssr.2016.03.004

