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Abstract: The paper presents observations of radiation environment variations, including relativistic
electron precipitations (REP) on the “Mir” and the International Space Station (ISS). Data were obtained by 5
Bulgarian-built instruments flown in 1989-1994, 2001 and 2008-2010. The first data are from the Liulin instrument
flown 1989-1994 inside the Russian “Mir” space station. This period, being in high solar activity, is dominated by a
large number of solar proton events (SPE) and magnetic storms, which generate a large number of inner
magnetosphere enhancements, including the formation of the “New“ radiation belt at low L values after the
sudden commencement of a magnetic storm (SSC) at 03:42 UT on 24 March 1991. The “New” belt was observed
by us till the middle of 1993. The second period of observations is in May-August 2001 inside the USA laboratory
module of the ISS. Last, the February 2008 - August 2010 period was analyzed. The REP in April 2010, being the
second largest in GOES history (with a >2 MeV electron fluence event), is specially studied. The L value profiles
of the radiation environment inside and outside the “Mir” and the ISS space stations was plotted and analyzed.
These long-term observations support the conclusion that REP is a common phenomenon on manned spacecraft.
REP and the dose rates variations generated by them inside and outside the manned spacecraft have to be
specially studied because of the space radiation risk, which they induce to the crew members during
extravehicular activities.
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Pe3rome: B cmamusima ca aHanu3upaHu gapuayuume Ha paduayuoHHama cpeda, 8KIIoYumesnHo meau
1o epeme Ha uscurngaHe Ha penamusucmku enekmpoHu (MPE) Ha cmaHyusma ,MWP* u Ha MexdyHapodHama
kocmudecka cmanyusi (MKC). JanHume om 5 npubopa, paspabomeHu 8 bbsizapusi, ca nosiy4eHuU 8 nepuodume
1991, 2001 and 2008-2010 e. lMbpsume daHHU ca om npubopa JIKOJIMIH, nemsin Ha cmaHyusma ,Mup" e
nepuoda 1988-1994 2. To3u rnepuod e 8bB 8UCOKa ClibHYe8a akmueHocm U OGOMUHUpPaH om 2osnsm 6pol
CrnibHyesu npomoHHU cbbumus (CIC) u masHumHu 6ypu, Koumo eeHepupam 207sM 6pol yeenu4yeHus 8b8
ebmpewHama MazHumocgepa, 8KmoYumenHo ¢hopmupaHe Ha ,Hos" paduayuoHeH Mosic Ha HUCKU WUPUHU cried
8He3arnHomo Hayaso Ha mazHumHa byps 6 03:42 UT Ha 24 Mapm 1991 2. ,Hosusim" nosic bewe HabnodagaH om
Hac 0o cpedama Ha 1993 2. Bmopusim nepuod Ha HabnodeHusi e ebmpe 8b8 1abopamopHusi Modyn Ha CALL Ha
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MKC nipe3 m. mal 2001 2. lNocnedHume HabnrodeHusi ca 8 nepuoda ¢hespyapu 2008-agaycm 2010 2. UPE npe3
m. anpun 2010, koumo ca emopume o 2onemuHa 8 HabrrodeHusima Ha efekKmpPOHHU MOMOYU C eHepausi nogeye
om 2 MeV, ca crieyuanHo usydeHu. lpogunume Ha paduayuoHHOMO ObKpbXeHUe Ha cmaHyuume ,Mup* u MKC
8 3asucumocm om cmouHocmma Ha L ca aHanusupaHu. Te3u ObsieonepuoduyHu HabnwodeHusi noddbpxam
3aknoyeHuemo, ye UPE ca obuyaliHo sierieHue Ha opbumanHume cmaHyuu. Te, 3aedHO ¢ sapuayuume Ha
MowHocmma Ha 0o3ama, mpsibea da 6b0am crieyuanHo u3y4YaeaHu 3apadu padualyuoHHUS PUCK, KOUmMO me
npedcmaernsieam 3a yfieHoeeme Ha ekurnaxume o epeme Ha deliIHocmu U3ebH cmeHuUme Ha cmaHyuume.

1. Introduction

The radiation field around and inside the ISS is complex, composed by galactic cosmic rays
(GCR), trapped radiation of the Earth radiation belts, solar energetic particles, albedo particles from
Earth’s atmosphere and secondary radiation produced in the shielding materials of the spacecraft or
the space suit and in the biological objects. The radiation field at a location, either outside or inside the
spacecraft is affected both by the shielding and the surrounding materials (Badhwar et al., 1998;
Benton and Benton, 2001; NCRP, Report No. 142, 2002). Dose characteristics in low-Earth orbits
(LEO) depend also on many other parameters such as the spacecraft orbit parameters, the solar cycle
phase, the current helio and geophysical parameters.

1.1 Galactic cosmic rays

The dominant radiation component in the ISS radiation environment is the GCR modulated by
the altitude and the geomagnetic coordinates of the station. The GCR are not rays at all but charged
particles that originate from sources beyond the Solar System. They are thought be accelerated at the
highly energetic sources like neutron stars, black holes and supernovae within our Galaxy. GCR are
the most penetrating among the major types of ionizing radiation (Mewaldt, 1996). The flux and
spectra of GCR particles show modulation, which is anti-correlated with the solar activity. The
distribution of GCR is believed to be isotropic throughout the interstellar space. The energies of GCR
particles range from several tens up to 10" MeV nucleon™. The GCR spectrum consists of 98%
protons and heavier ions (baryon component) and 2% electrons and positrons (lepton component).
The baryon component is composed of 87% protons, 12% helium ions (alpha particles) and 1% heavy
ions (Simpson, 1983). Highly energetic particles in the heavy ion component, typically referred to as
high Z and energy (HZE) particles, play a particularly important role in space dosimetry (Benton and
Benton, 2001) and affected strongly the biological objects and humans in space (Horneck, 1994). HZE
particles, especially iron, possess high LET and are highly penetrating, giving them a large potential
for radiobiological damage (Kim et al., 2010). The daily average GCR absorbed dose rates measured
with R3DE (Dachev et al. 2012a) outside of the ISS vary in the range 77-102 pGy day™ with an
average of 91 uGy day™.

1.2 Trapped radiation belts

Radiation belts are the regions of high concentration of the energetic electrons and protons
trapped within the Earth’'s magnetosphere. There are two distinct belts of toroidal shape surrounding
the Earth where the high energy charged particles get trapped in the Earth’s magnetic field. Energetic
ions and electrons within the Earth’s radiation belts pose a hazard to both astronauts and spacecraft’s
electronic. The inner radiation belt, located between about 0.1 to 2 Earth radii, consists of both
electrons with energies up to 10 MeV and protons with energies up to ~ 200 MeV. The South-Atlantic
Anomaly (SAA) is an area where the inner radiation belt comes closer to the Earth surface owing to a
displacement of the magnetic dipole axes from the Earth’s center. The daily average SAA absorbed
dose rates measured with R3DE instrument (Dachev et al. 2012a) outside of the ISS vary in the range
110-685 pGy day™ with an average of 426 pGy day™. The maximal hourly SAA absorbed dose rates
reached 1500-1600 426 uGy h™. It was found (Dachev et al., 2011) that the docking of the US Space
Shuttle with ISS decreases strongly the SAA doses because of the additional shielding, which the 78-
tons body of the Shuttle provides against the inner radiation belt protons.

The outer radiation belt (ORB) starts from about 4 Earth radii and extends up to about 9-10
Earth radii in the anti-sun direction. The outer belt mostly consists of electrons whose energy is not
larger than 10 MeV. Relativistic electrons enhancements in the outer radiation belt are one of the
major manifestations of space weather (Zheng et al., 2006; Wrenn, 2009) at near Earth’s orbit. These
enhancements occur mainly after magnetic storms. The electron flux may cause problems for
components located outside a spacecraft (e.g. solar cell degradation). They do not have enough
energy to penetrate a heavily shielded spacecraft such as through the 1SS wall, but may deliver large
additional doses to astronauts during Extravehicular Activity (EVA) (Dachev et al., 2009a, 2012b and
2012c). The average ORB dose rate measured with the R3DE (Dachev et al. 2012a) outside of the
ISS is 8.64 uGy day™, and the range is between 0.25 and 212 pGy day™. Rare sporadic fluxes of
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relativistic electrons were measured with

the R3DR instrument to deliver as high

absorbed doses as 20000 pGy h™.

2. Instruments description

Five different  Liulin  type
instruments were used in this study. The
first one was the LIULIN instrument
(Dachev et al., 1989) flown inside “Mir”
space station in the 1988-1994 time span
behind more than 20 g cm™ shielding.
The instrument was developed for the
scientific  program of the second
Bulgarian cosmonaut —  Alexander
Alexandrov. The period mentioned
above, being in high solar activity, was
dominated by large number of solar
proton events (SPE) and magnetic
storms. These conditions generated a
large number of inner magnetosphere :
enhancements, including the formation of Fig. 1. The R3DE instrument worked successfully as part of the
the “New radiation belt” (Shurshakov et EXPOSE-E facility on the EUTEF platform outside the ISS
al., 1996 and 1998; Dachev et al., 1998) Columbus module between February 2008 and September
at low L values after the SPE on 22 2009.

March 1991. This feature was observed by us till the middle of 1993.

The next 4 space experiments were performed with Liulin type Deposited Energy
Spectrometers (DES), which measured the spectrum (in 256 channels) of the deposited energy in a
silicon detector from primary and secondary particles inside and outside of the ISS. The DES is a
Liulin type (Dachev et al. 2002) miniature spectrometer-dosimeter containing one semiconductor
detector, one charge-sensitive preamplifier, 2 or more microcontrollers and a flash memory. Pulse
analysis technique is used for the obtaining of the deposited energy spectrum, which further is used
for the calculation of the absorbed in the silicon detector dose and flux. The unit is managed by the
microcontrollers through a specially developed firmware. Plug-in links provide the transmission of the
stored in the flash memory data toward a standard Personal Computer (PC) or toward the telemetry
system of the carrier. DES sensitivity was proved against neutrons and gamma radiation (Spurny and
Dachev, 2002, 2009), which allows monitoring of the natural background radiation also.

For the analysis of REP the following DES on ISS were used:

e The Liulin-E094 instrument, which was a part of the experiment Dosimetric Mapping-E094,
headed by Dr. G. Reitz that was placed in the US Laboratory Module of the ISS as a part of the
Human Research Facility of Expedition Two, Mission 5A.1 in May-August 2001 (Reitz et al., 2005;
Dachev et al., 2002, 2006; Nealy et al., 2007; Wilson et al., 2007; Slaba et al., 2011). The Liulin-
E094 instrument contains 4 battery
operated Mobile Dosimetry Units
(MDU), which were placed inside the
Destiny and Node-1 modules behind
different shieldings above 10 g cm’;

e The Liulin-MKS instrument (Dachev
et al., 2005), which was launched to
ISS in September 2005, is very
similar to the Liulin-E094 instrument.
The 4 MDUs were situated in
different palaces of the Russian
segment of ISS in 2008. It is still
operable; e

e The Radiation Risks Radiometer- @A EXPOSER L .- &
Dosimeter (R3D) (Hader and ' =3
Dachev, 2003), modification ‘E’ -
R3DE, which was a part of the
EXPOSE-E facility on the European

Technologlcql Exposure  platform Fig. 2. The R3DR instrument worked successfully on the outside
(EUTEF) (Figure 1.). It worked pjatform of the Russian Zvezda module of the ISS as a part of the
outside of the European Columbus EXPOSE-R facility between March 2009 and August 2010.

ISS, Zvezda
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module of the ISS between 20" of February 2008 and 1% of September 2009 with a 10 seconds
resolution behind less than 0.4 g.cm™ shielding;

e The R3DR spectrometer was launched inside of the EXPOSE-R facility on the ISS in December
2008 and was mounted at the outside platform of the Russian Zvezda module of the ISS (Figure
2.). The first data were received on March 11, 2009. Until the end of August 2010 the instrument
worked almost permanently with a 10 seconds resolution and the data were recorded on the ISS.

The construction of the R3DE/R front panel consists of a 1.0 mm thick aluminum shielding in
front of the detector. The total shielding of the detector is formed by an additional internal constructive
shielding of 0.1 mm copper and 0.2 mm plastic material. The total external and internal shielding in
front of the detector of the R3DE/R devices was 0.41 g cm?. The calculated stopping energy of
normally incident particles to the detector is 0.78 MeV for electrons and 15.8 MeV for protons (Berger
et al., 2012). This means that only protons and electrons with energies higher than the above
mentioned could reach the detector.

The amplitudes of the fluxes and doses with the Liulin-E094 MDUs are smaller than the
R3DE/R amplitudes because the additional shielding by the walls of the ISS, but all radiation sources
are well seen in both locations.

3. Scientific results

3.1 Data selection procedure

The data selection procedure was developed so that to distinguish between the three expected
radiation sources: (i) GCR particles, (ii) protons with more than 15.8 MeV energy in the SAA region of
the inner radiation belt, and (iii) relativistic electrons with energies above 0.78 MeV in the ORB.
Heffner (1971), Dachev (2009) and Dachev et al., (2012a, 2012b) showed that the dose to flux ratio
(D/F) can characterize the type of the predominant radiation source in the Liulin type instruments in
the near Earth radiation field. It was shown that the SAA and ORB data, which have relatively high
fluxes, can be split in two parts by the simple relation of the dose to flux ratio based on the fact that
one inner radiation belt proton with energy in the range 15.8-200 MeV can deposit in the detector
between 6.5 and 1.08 nGy cm?’ particle™, whereas one outer radiation belt relativistic electron with
energy in the range 1-10 MeV can deposit between 0.3 and 0.35 nGy cm? particle” because of the
much smaller mass. GCR Erotons in the equatorial and the low latitude regions have very small fluxes
of less than 1 particle cm™ s™ that is why the D/F ratio is in these regions not stable and vary in the
range from 0.03 and 30 nGy cm? particle™ (please look Figure 5 of Dachev et al., 2012b) so the D/F
ratio is not applicable for the characterization of the GCR radiation source. For bremsstrahlung X-rays
the dose-to-flux ratio is less than the electron ratio.

3.2 Dynamics of the “Mir” Space Station internal radiation environment for 19-30 June
1991 as measured by the LIULIN instrument

Figure 3 presents in 3 panels the dynamics of the “Mir” Space Station internal radiation
environment for 19-30 June 1991 as measured by LIULIN instrument during high solar activity and
high geomagnetic activity. All 3 panels are 1.E+5

plotted against L value (Mcllwain, 1961; T, .4 Dose rate > 15 pGy h! (@)
Heynderickx et al., 1996) on the X axes. L & qen | | |

corresponds to the equatorial radius of a = B E !

magnetic drift shell in the case of a dipole § '5*2 h e
field. The orbital parameters of the “Mir" g 1-E+1 —
space station and the ISS used in this paper & 1.E+0

are calculated by the KADR-2 software _ 1.E*4 ®)
(Galperin et al., 1980.). Organizing the data " 1.E+3 -

in this way one can show the different r’g 1.E+2 .

particle populations and how they are 37 1.g+1

distributed in the near-Earth space. The £ 4gsp . ="

upper panel (Fig.3a) contains data for the
measured dose rate values higher than 15
uGy h™. The middle panel (Fig.3b) is
devoted to the Flux data, while the bottom
panel (Fig.3c) presents the D/F ratio.

Four different radiation sources are
visually distinguished in the data presented
in Fig. 3b and 3c: Galactic cosmic rays 1 £ 3Lvalue
I(’Sdci:aF\')[i)c’)n Sb':l? (C()Igrée)relziltt‘)onrs)rc;tr?gst,heor?:\a/\; Fig. 3. Dynamics of the “Mir” SS internal radiation

S . environment for 19-30 June 1991 as measured by LIULIN
radiation belt (New). The GCR source is jstrument.

I (o)

D/F (nGy cm? part-)

=]
a
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seen in the bottom area of the Fig. 3a with dose rates between 15 and 40 pGy h™. The GCR source
produces the bunch of points around 6 nGy cm? particle™ seen in Fig 3b.

The maximum at the left side of Fig. 3a and 3c is generated mainly by inner radiation belt
protons in the region of the SAA for L values less than 1.6. This maximum reached the highest dose
rate and flux values seen in Figures 3a and 3b. The behavior of the D/F ratio in Figure 3c gives
information about the particle population in the maximum. Almost all of the D/F values are greater than
1 nGy cm? particle™ (this value is emphasized on the figure by a heavy red line.), which according the
Heffner's (1971) findings corresponds to energetic protons. The D/F values to the left of the maximum,
being in the North-West side of the SAA, are the smallest, while the right side values are the highest.
This means that the effective proton energy decreases from about 100 MeV down to 20 MeV.

Another source starts to contribute to the doses and fluxes in the range of L values from 1.7 to
2.4, peaking at L=2.1. This source is recognized in Fig. 3b as a well seen maximum with a larger
density of points with values 20-30 cm™? s™. In Fig 3c this source is seen as a minimum with values
between 0.3 and 0.8 nGy cm?particle™. These values of the D/F ratio correspond to an electron and/or
a bremsstrahlung radiation source. Our previous investigations (Petrov et al., 1993 and 1994;
Shurshakov et el., 1996; Dachev et al. 1998) associated it with the “New” radiation belt, first reported
by Mullen et al. (1991). The particles in the “New” radiation belt were injected into the magnetosphere
during the sudden commencement of magnetic storms (SSC) at 03:42 UT, 24 March 1991, and were
further stably trapped for a long time. The “New” radiation belt was observed by us till the middle of
1993 (Dachev et al., 1998). The formation of the “New” radiation belt and the magnetosphere
phenomena in 1991 are well seen in the >2.5 MeV data of the RDM instrument on the Japanize
satellite EXOS-D http://www.stp.isas.jaxa.jp/akebono/RDM/rdm/old/rdmflux1991.gif (AKEBONO RDM
data were provided through DARTS at the Institute of Space and Astronautically Science (ISAS),
Japan.).

The right-most maximum seen in Figure 3b at L values equal to 2.8 is the Other Radiation belt
(ORB) maximum, which also is generated by relativistic electrons. It is quite possible that we see only
part of their flux and the bremsstrahlung by them. This is manifested by the smaller than 1 nGy cm?
particle™ values of the D/F ratio in Figure 3c. The ORB maximum is situated at relatively very low L
values because: 1) This was the tendency in June 1991 (Please look
http://www.stp.isas.jaxa.jp/akebono/RDM/rdm/old/rdmflux1991.gif); 2) The measurements were
performed inside “Mir" SS behind a large shielding and this allows the penetration only of very high
energy electrons, trapped at relatively small L values (Dachev et al., 2009).

3.2 Dynamics of the ISS internal radiation environment for 12-30 May 2001 as measured
by Liulin-E094 - MDU #2 instrument

Figure 4 presents in 3 panels the dynamics of the ISS internal radiation environment for 12-30
May 2001 as measured by Liulin-E094 - MDU #2 instrument. New here is that the measurements
were performed by a Deposited Energy Spectrometer (DES) developed especially for the Dosimetric
mapping experiment (Reitz et al., 2005).

This DES measured the spectrum (in 256 % “E*° - @
channels) of the deposited energy in a & 1E*
silicon detector (Dachev et al., 2002). %1-5*'3 Dose rate > 6 pGy h-1
The data were obtained with & 1.E+2 - |
MDU#2, situated for the period 12" — 30" g 1.E+1 M il - e

May 2001 in one of the less shielded places o 1.E+0

of the US laboratory module called “US Lab =" b
o 1.E+3 (b)

— Open rack overhead seat track in
Retention Net. The battery operated
cigarette box size MDU was very close to
the US lab wall orientated with the detector
toward the wall. Data presented by Dachev
et al. (2006) are obtained with the same
MDU but that paper deals mainly with the
South Atlantic Anomaly (SAA) inner belt
high energy proton distribution.

Despite the maximum of the solar
activity cycle the observational period is
characterized with relatively quiet

geomagnetic conditions. The format of the L value
figure is the same as that of Figure 3. The Fig. 4. Dynamics of the ISS internal radiation environment for

main ﬁndingS from Figure4are as follow: 12-30 May 2001 as measured by Liulin-E094 MDU #2
- In comparison with Fig. 3a and 3b the Instrument.
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SAA maximum was extended in polar direction up to L=2.2-2.5. Our explanation is connected with
the smaller shielding of MDU#2 in comparison with LIULIN shielding. This allowed the relatively
low energy protons in the South-East edge of SAA to penetrate through the ISS walls and to reach
the detector. The SAA D/F ratio seen in Figure 4c did have very similar values to those presented
in Figure 3c, which is connected with the stably trapped proton population in the core of the SAA;
On the place of the “New” belt at 1.8<L<2.2 it is observed a “Middle term leaving belt in the slot
region (MTLBSR)” (Zhang et al., 2006). When we plotted the locations of these events in
geographic coordinates we found that they are situated as a belt in the south-east direction from
the SAA maximum. Our explanation of these very low specific depositions is that we recorded the
bremsstrahlung from the relativistic electrons outside the station. The electrons with energy of 10
MeV have only 22 mm stopping path in aluminum (Berger et al, 2012) and are not able to cross all
shielding materials and to reach the detector of the MDU;

In Fig. 4b we observe a bunch of points in the range of L values between 3.5 and 5 with flux
values up to 5 cm™ s™. These points do not have adequate high values of dose rates in Fig. 4a.
Our interpretation is that these higher flux points are the Bremsstrahlung signatures of ORB

with an isolated major storm in 2010. The
detailed position of the instruments is seen
in Fig. 1 and 2. All 6 panels of the figures
are plotted in the same way as the already
described Figure 3. Main findings from

relativistic electrons, because their D/IF —~ 1.E+5 - ;
ratio seen in Fig. 4c is between 0.6 £ 1.E+4 - 'Dose rate > 20 uGy h-! (@
and 0.8 nGy cm’ part ™. @ 1.e+3 ! ———
3.3 Dynamics of the ISS external B 1.g+1 - - e S e
radiation environment for 11-20 March 8 1.g+0
2008 and 1-10 April 2010 as measured 2 1E+4 .
by R3DE/R instruments % 1E+3 .
Figures 5 and 6 present data from ¢ 1.g+2
the R3DE/R instruments, which were £ 4g4q -
irradiated outside the ISS during the 3 jgiq &
minimum of the solar cycle and quiet 1.E41 ]
geomagnetic activity in 2008 and quiet but ;; 10 -
& :
E
&
=
w
(]

Figure 5 and 6 are as follow:

- Both figures represent very similar
distributions in the dependence on the
L value, which in comparison with
Figures 3 and 4 don't have any long of

0.1 - . | ! . .

1 2 3 4 5 6 7
L value

Fig. 5. Dynamics of the ISS external radiation environment for

11-20 March 2008 as measured by R3DE instrument.

middle term leaving belts in the slot region. Only SAA and ORB regions are observed;

- The SAA flux and dose rates in both

cases are higher than those in Figures = 1-E+5

3 and 4, and the SAA maximum in g. 1.E+4 -

April 2010 in Figure 6 is the highest = 1.E+3

observed. The reason of R3DR SAA & 1.E+2 |

fluxes and dose rates to be higher E 1.E+1 -

than those of R3DE can be inferred & 1.g+0 -

from Figure 1 and 2, which present the 1.E+4 -

distribution of the masses in the < 1E+3 -

surrounding environment of the R3DE ¢ 1 E+2 -

and R3DR instruments on the ISS. £ 4E+1

R3DE was located inside the 3 qE+0 -

EXPOSE-E facility at the top of the ™ 4.1

EUTEF platform outside the European —~ 49

Columbus module. In Figure 1 the %

lower end of the heavy arrows pointing <

“up” (along the Earth radius in +Z E 1

direction) shows the exact place of the @ .
instrument. It is seen that R3DE was o |
surrounded by the EXPOSE-E facility, 2 1 2 3 4 5 6 7
and by different constructional L value

elements of the EUTEF platform, and
the Columbus module. All these

Fig. 6. Dynamics of the ISS external radiation environment for
1-10 April 2010 as measured by R3DR instrument.

49



surrounding masses produced additional shielding of the instrument against the SAA proton flux in
the energy range of 15.8-200 MeV. The R3DR position presented in Figure 2 shows that this
instrument was far from the Zvezda module body seen in the left part of the upper photograph, at
the far end of the EXPOSE-R facility. It was shielded practically only by the EXPOSE-R facility
from below, because the solar panels seen in the bottom of Figure 3b don’t have large mass;

The ORB flux and dose rate maxima in both figures are well situated at L values between 3 and 6
and the values are much higher than those in Figures 3 and 4 because both instruments were
shielded only by their own constructional elements of 0.41 g cm™. Again the R3DR flux and dose
rate values in the ORB are the highest observed. Not only because the minimal shielding but also
because the very strong REP, which occurred on 7" of April 2010 being the second largest in
GOES history with a >2 MeV electron fluence event (see Figure 1 of Dachev et al., 2012c). The
fact that in Figures 5¢ and 6c¢ the majority of points of the D/F ratio do have values below 1.0 nGy
cm? particle™ confirms the hypothesis that these particles are relativistic electrons. The rare points
with D/F ratio higher than 1.0 nGy cm’ particle™ belong to GCR particles, for which the
requirements dose rate to be larger than 20 uGy h™ is not enough strong to be excluded from the
selection;

The position of the R3DE ORB maximum in Figure 5 is at L equal to 4.5, while the R3DR ORB
maximum is almost at L=4. This is because the R3DR data are taken between 1 and 10 of April
2010 i.e. relatively soon after the REP event on 7" of April, when the ORB is still situated at
smaller L values. Further with the development in time of the REP event the ORB maximum
tendency is to move at highest L values as seen in Figure 5. This process of movement is well
seen in the >2.5 MeV data of RDM instrument on the Japanize satellite EXOS-D.
http://www.stp.isas.jaxa.jp/akebono/RDM/rdm/rdmflux2010.gif and in Figure 9 of Dachev et al.,
(2012b). (AKEBONO RDM data were provided through DARTS at Institute of Space and

Astronautically Science (ISAS), Japan.)

3.4 Variations of the SAA ISS radiation environment

Figure 7 presents extended view of the SAA D/F
profiles seen in Figures 4c-6¢ in the L values range between
1.1 and 1.6. Data are separated in 3 panels. Data in Figures 7b
and 7c are with 10 s resolutions while Figure 7a is with a 30 s
resolution, that is why the number of points seen there is much
smaller. The heavy line in the 3 panels presents the calculated
linear fits over the data. The minimal and maximal values of the
linear fits are used for calculations by Heffner's formulae
(Heffner 1971) of the average SAA proton energies.

Figure 7a presents the D/F data taken by the Liulin-
E094 MDU#2 with a 30 seconds resolution and seen also in
Figure 4c. Despite that MDU#2 was situated in one of the less
shielded places of the US laboratory module we recognize
them as the most shielded data because the D/F values are
the smallest and respectively the calculated by Heffner's
formulae (Heffner 1971) proton energies are the highest
(please look at Table 1.).

Figures 7b and 7c present the R3DE/R data and
together with the calculated values of the average proton
energies (Table 1) confirm again that the R3DR instrument is
less shielded than the R3DE instrument.

In Table 1 the last column shows the poleward flux
boundary, which also characterizes the amount of shielding in
front of the detector because with the increase of the L value

L

(a)

" Inside ISS,
3 —2001

| Outside ISS 2008,
I (most shielded) l

1 1

D/F (nGy cm? particle)
w

| Outside ISS 2010, | 2l (c)
~Tless shielded RS

1 I I | +1 I | I I I
1 11 12 13 14 15 16 17
L Value
Fig. 7. Variations of the SAA ISS D/F
ratios in dependence by the thickness of
the shielding.

the energy of the trapped in the SAA  Tpje 1. Comparison of the D/F values and calculated by Heffner's
protons decreases as seen in Figure formulae proton energies (Heffner 1971) for the 3 instruments on

7. ISS.

The exact dynamics of the |Instrument/| D/Fmin | Emin | D/IFmax | Emax | Dose
movements of the dose rate boundary | parameter | 1n,Gy cm™ | [MeV] | [nGy cm? | [MeV] |Poundary
during descending and ascending particle™] particle™] of ISS [L]
orbits of ISS is presented in Figure 8. NMDU#2 14 86 23 38 55
Full resolution dose rate data from
Liulin-MKS MDU#4, NASA TEPC | RoDE 1.65 64 2.6 32 2.6
(Badhwar et al., 1996) and R3DE R3DR 1.95 49 3.45 22 2.8
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instruments as measured on 14" 1000 -
of July 2008 are plotted in
dependence on the UT. The lower
panel contains data from Liulin-
MKS MDU#4 and R3DE
instruments while the upper is
devoted to the NASA TEPC
instrument data obtained from
NASA GSFC, by ‘Coordinated
Data Analysis Web’' at Goddard
Space Flight Center,
http://cdaweb.gsfc.nasa.gov/tmp/
(Zapp, 2013). Both panels are
plotted in identical dose rate Y
axes over the X axes, which is UT
on 14™ of July 2008 between
00:00 and 09:00.

The meander in the range
0.1-15 uGy h™* was generated by
registration of the dose rates from
GCR, while the maximums \
reaching 1553 uGy h* were 1
obtained in the region of the SAA.
The comparison of all 3 curves

— NASA TEPC

100

Lo

—— R3DE dose
--------- R3DE energy

Liulin-MKS dose
L value

1000 -

100

Dose rate (uGy h™'), Energy (MeV), L value
-k o
[==] ey

shows that they are very similar 01 - ' ' ' ' '
and the reason is that they follow 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00
the variations of the L value seen Universal Time (hh:mm)

in the bottom panel. The following Fig. 8 Comparison of the dose rates obtained on 14™ of July 2008 by
peculiarities have to be Liulin-MKS MDU#4 (Inside ISS at bottom panel), NASA TEPC (Inside
mentioned: 1) The SAA dose !SS attop panel) and R3DE (outside ISS at bottom panel) instruments.
rates outside ISS were greater The obtained with R3DE proton energies in the SAA and the L value are

than inside because the shielding &/S° Shown in the bottom panel.

of the stations walls. For example the R3DE (outside ISS) maximal dose rate in the first SAA
maximum was 1553 uGy h™, while the NASA TEPC and Liulin-MKS MDU#4 instruments reached 973
and 701 uGy h™ respectively; 2) The GCR dose rates inside the station are greater than outside
because the additional doses generated by secondary patrticles in the walls of the station (Damasso et
al., 2009; Dachev, 2013). The highest SAA dose rates were observed (as expected) in the R3DE
instrument data. The lowest were seen in the Liulin-MKS MDU#4 data, which seems is in a heavier
shielded location than the NASA TEPC instrument. The GCR averaged doses, which were selected
from the 3 instruments from the data below 10 pGy h™ are ordered as follows: R3DE 2.68 uGy h™,
Liulin-MKS MDU#4 3.93 pnGy h™, and NASA TEPC 4.3 pGy h™. The higher GCR dose rates in Liulin-
MKS MDU#4 instrument are well seen in the lower panel of Figure 8.

The movements of the poleward dose rate boundary can be seen very well in the lower panel
by comparison of the curves inside the SAA maximums. The first 2 (from the left) SAA maximums
were measured over descending orbits (increasing L values in the SAA region seen on the lower
panel), which cross the equator at approximately -70°, -94° and -108° West longitude. In these cases
the poleward boundary was at the left side of the SAA maximum. This is seen as a more extended
R3DE left side of the SAA maximum, because, being in less shielding, protons with lower energies
can reach the detector. The decreasing energies of the protons calculated on the base of Heffner's
equations (Heffner, 1971) are also well seen on the lower panel of Figure 8.

The last 2 (from the left) SAA maximums were measured over ascending orbits (decreasing L
values in the SAA region). In these cases the poleward boundary was at the right side of the SAA
maximum. This is seen as a more extended R3DE right side of the SAA maximum. The increasing
energies of the protons are not so steep because the relatively small gradient of the L value decrease.

4. Conclusions

This paper analyzed the data obtained in the different radiation environments of galactic
cosmic rays, inner radiation belt trapped protons in the region of the South Atlantic Anomaly and outer
radiation belt relativistic electrons during measurements with the Bulgarian built instruments on “Mir”
SS and ISS. Special attention was paid to the REP variations.
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The Liulin-MKS, Liulin-E094 and R3DE/R, low mass, dimension and price instruments, proved
their ability to characterize the inside and outside manned spacecraft radiation environment including
the relativistic electron precipitations. This was achieved mainly by the analysis of the dose to flux
ratios and deposited energy spectra, which were obtained in each measurement cycle of 30 or 10
seconds.

The main conclusion is that the REP events are common on the “Mir” SS and ISS. In the case
of measurements inside the station the REP observations were mainly indirect because of the walls
shielding, which stopped the major amount of the less energetic relativistic electrons. Never the less
the formation of different long and midle term radiation belts was monitored and analyzed. In the case
of measurements outside the station the measured instant reletivistic electrons dose rates can reach
values even larger than 20,000 uGy h™. Although the obtained long term doses do not pose extreme
risks for astronauts being on EVA they have to be considered as a permanently observed source,
which requires additional comprehensive investigations.

The obtained higher doses produced by the SAA protons and ORB electrons sources in the
R3DR instrument is the main finding of the presented data. We explain this with fact that this
instrument was less shielded by surrounding construction elements of the Russian Zvezda module
than the R3DE instrument being surrounded by heavy construction elements of the EUTEF platform
and European Columbus module.

The GCR dose rate measured with the R3DE instrument is larger for the whole period
between March and June 2009 than the observed by the R3DR instrument contrary to the dose rates
obtained for the SAA and ORB. By comparison with the Foton-M3 data we prove that this higher dose
rates were produced by the additional dose rate generated by secondary particles in the heavily
shielded R3DE instrument. In the future this fact can be further proved using of calculations based on
theoretical models.

The main conclusion from the study is that the values of the dose rates produced by different
radiation sources around the ISS do have large and fast dynamics in space and time. All data
obtained outside the station can be interpreted as possible doses obtained by the cosmonauts and
astronauts during EVA because the R3DE/R instruments shielding is very similar to the Russian and
American space suits average shielding (Anderson et al. 2003; Benton et al., 2006; Shurshakov et al.,
2009). Fast, active measurements at the body of each astronaut to obtain the exact dynamics of the
dose accumulation during EVA are required.

An instrumental solution was foreseen by Dachev et al. (2011b) where the possible hardware
and software improvements for a new Liulin type dosimeter were proposed. On the base of the
analysis of the deposited energy spectrum’s shape and the value of the dose to flux ratio the new
instrument will be able to distinguish the different kind of radiation sources in the ISS radiation
environment as GCR, inner radiation belt protons and outer radiation belt electrons. It will measure,
calculate, store and present on a display the fast variations of the absorbed and ambient dose
equivalent (Ploc et al., 2010) in any of the possible surrounding mass distribution. This will finally give
the necessary active measurements of the radiation dose rates during EVAs, which were proposed
more than 10 years ago by NCRP, Report No. 142 in 2002.
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