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Abstract
In this work we present data on linear energy transfer (LET), dose and dose
equivalent rates from different locations of the Russian part of the Interna-
tional Space Station (ISS) measured by the Sileye-3/Alteino detector. Data
were taken as part of the ESA ALTCRISS project from late 2005 through
2007. The LET rate data shows a heavy-ion (LET >50 keV/um) anisotropy.
From the heavy-ion LET rate in the Zvezda service module we find ISS y
(Starboard) and Z (Nadir) to be about 10—15 times higher than in £ (Forward).
The situation is similar for dose and dose equivalent rates, ranging from
25-40 uGy d™" in £ to about 75 uGy d™' in 2, whereas for the dose equivalent
the rate peaks in § with around 470 uSv d™'. The heavy-ion anisotropy con-
firms what has been reported by the ALTEA collaboration. Measurements
using two sets of passive detectors, DLR-TLDs and PADLES (TLD+CR-39),
have also been performed in conjunction with Alteino measurements, both
shielded and unshielded. The passive detectors register a dose rate about 3—5
times as high as Alteino, 260-280 uGy d~' for PADLES and 200-260 Gy d~'
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for DLR-TLDs. For the dose equivalent PADLES measurements ranges from
560-740 uSv d™".

Keywords: Alteino, ISS, dose, dose equivalent, LET, heavy ion

(Some figures may appear in colour only in the online journal)

1. Introduction

The International Space Station (ISS) is a unique and valuable platform in preparation of
continued human exploration of space. One of the challenges is to find an effective way of
protecting the crew on a long duration deep space mission from cosmic radiation. As part of
this ongoing effort, the radiation environment on-board the ISS is monitored by several
detectors, both passive and active with different spectral response profiles. The cosmic ray
flux in the orbit of the ISS is modulated by geomagnetic influence, solar activity, and the
inhomogeneity in the hull and placements of racks and other equipment inside the ISS.
Therefore it is still an open question to assess, a priori, the cosmic ray flux and hence, the
corresponding dose, and dose equivalent rates in different places inside the Space Station
[1-8].

The Sileye-3/Alteino particle detector measures the cosmic ray particle flux and com-
position inside the ISS. It follows Sileye and Sileye-2, which both flew on the Russian space
station Mir in the 1990s [9—-13]. Alteino was launched in 2002 and placed in the Pirs module.
During the ESA ALTCRISS project (Alteino long term monitoring of cosmic rays on the ISS)
[14], measurements started in the Pirs module in late December 2005. In early 2006 the
detector was moved into the Russian service module, Zvezda, and several measurements in
varying locations, orientations and configurations were performed over a period of 30 months.
The data measured inside the ISS will be useful for comparison of radiation levels inside and
outside the ISS. This in turn will be useful for estimations of astronaut dose rates on future
space missions to the Moon or Mars.

In this report we present data on the heavy-ion anisotropy in the three orthogonal
orientations of the ISS, measured in the Zvezda service module. In addition to LET rate
(LET,) we report on dose and dose equivalent rates (D and H respectively).

2. Detector description

The Alteino particle detector [15, 16] consists of eight silicon strip detector planes, each with
a thickness of 380 um. Each plane is 8 by 8 cm? with a strip pitch of 2.5 mm, totalhng 32
strips per plane. Planes are stacked with strip orientation alternating in X and ¥ (detector
frame of reference), enabling track reconstruction by calculating change in X and ¥ positions
through the detector. The read-out is triggered by a logic AND signal from two scintillators,
one on the top and one on the bottom of the silicon plane stack, each 1 mm thick. The detector
is however not capable of directional discrimination, i.e. + Z of the particles momentum
vector in the detector frame of reference. The detector geometry and trigger configuration
selects particles with kinetic energy above ~60 MeV/n for carbon and above =126 MeV/n for
iron nuclei [17]. In this work we focus on the heavy-ion range, thus, the trigger threshold
which discriminate against lighter nuclei (protons to beryllium) is not a concern. However,
even using a high trigger threshold, a large portion of light nuclei will still trigger the readout.
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Table 1. Summary of the data sets analysed in this report. ‘Direction’ refers to which
orientation the stacking of Alteino is facing in respect to the ISS coordinate system.
‘Loc.” is where Alteino was placed (‘SM-#’ refers to Zvezda module and panel number
and ‘P-#’ to Pirs module and panel number). ‘PE’ if polyethylene is used. ‘Time’
indicates starting date and duration of measurement.

Data Loc. Direction PE Time

Set [yy-mm-dd + dd]
924 SM-437 x Yes 06-11-10 + 3.79
918 SM-437 x Yes 07-01-18 + 13.3
925 SM-326 £ No 07-05-22 +17.2
906 SM-239 y Yes 06-02-26 + 15.1
907 SM-239 y Yes 06-03-16 + 21.1
910 SM-333 Z Yes  06-05-17 + 9.31
930 SM-326 Z Yes  07-06-27 + 21.0
902 P-401 Xy No  05-12-26 + 11.2
903 P-401 Xy Yes 06-01-08 + 15.4

In some sessions extra shielding material (5 g cm™ Polyethylene pads, PE) were placed in-
front of the acceptance windows on both sides of the detector to evaluate the materials
shielding capability in respect to cosmic heavy ions.

During most of ALTCRISS project measurements passive Thermoluminescent detectors
(TLDs [18]) and plastic nuclear track detector (CR-39 detectors [19]) were used in con-
junction with Alteino [14]. DLR® supplied pairs of TLDs, each pair containing TLD600 and
TLD700 of the same types as in the Dosemap experiment [2]. In addition, PADLES pouches,
containing both TLD and CR-39(TD-1 type) detectors, were supplied by Japanese JAXA
[3, 20, 21]. These pouches were placed in the same configuration as the DLR-TLDs. Two
pairs were constantly shielded, and one pair was unshielded. When the PE was mounted on
Alteino, the shielded dosimeters were sandwiched between the PE and the detector window,
and when not mounted, the PE pads were fixed on top of each other with the dosimeters in
between. In this work we present passive dosimeter data from the initial phase of the
ALTCRISS experiment (Dec ‘05-April’06).

3. Data analysis

The detector response and calibration have previously been investigated [16, 22]. The sta-
bility of the linearity for dE/dx versus z> over time has been shown and a conversion factor of
3.3keV/ADC has been reported. Over the years the detection efficiency in some strips
decreased, therefore to measure the LET we have applied detector geometry cut, selecting a
core region with the highest efficiency. Analytical calculations using formulae from [23] in
combination with Monte Carlo simulations using Geant4 [24, 25] have been performed to re-
evaluate the geometrical factor for the selected detector geometry. The efficiency has been
evaluated for each strip (7) in the fifth layer using coincidence hits in the corresponding strip i
in first and seventh layers. The average plane efficiency was evaluated to 82% with an
estimated systematic error of 4% for all ALTCRISS data sets. The efficiency has been
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Figure 1. The heavy ion LET rate in the three orthogonal directions from the Zvezda
module together with ALTEA measurements from the Destiny module [6]. To the right
the two Pirs measurements where the P-401+PE is with the 5 gcm™ PE shield.
Statistical error for Alteino is <1%, and for ALTEA; 0.01%.

estimated for the whole detector. However, only data from the fifth layer have been selected
since it showed the highest efficiency of all planes. In addition, small discrepancies, within
the statistical uncertainties, in the efficiency between different layers were observed. A
summary of the data sets is presented in table 1. The ISS axes are +£: forward tangent of the
orbit, +y: starboard, and +Z: is nadir. The Xy notation refers to Alteino’s silicon planes being
at a 45 degree angle to both £ and y and parallel to the £ axis.

Further event selection was based on incident angle and strip multiplicity. A few events
that show a very high multiplicity (90% of the strips register hits in the detector for a single
event) due to electronic noise are rejected. In addition, if the traversing angle can not be
determined, the energy deposit per track length can not be deduced and the event is rejected.

To evaluate the dose rate, the LET in silicon (LETs;) has been converted to LET in water
(LET,,) using the relation from [26] and subsequently to dose equivalent by a quality factor
defined by ICRP [27]. The average Q-value ({Q)) reported here was calculated as H/D.

4. Results and discussions

The lower bound for the total LET rate (LET, = / & - dLET) calculation was set to LETg;
>3 keV/um. For heavy-ion LET, the lower bound was set to LETs; >50 keV/um, corre-
sponding to relativistic magnesium and above. The Alteino data, measured in the Zvezda
module, presents a clear anisotropy in the LET, for both total and heavy-ion rates in £
compared to y and Z. The data also indicate a clear difference in heavy-ion LET, in £ when
compared to y. These differences in rates can be understood by the difference in shielding.
When looking in the X-direction the main body of the ISS is in the field of view and the total
shielding is at its maximum. In Z we expect shielding contribution from the hull and racks in
both directions. In addition, the Earth will be shielding a portion of the impinging flux and
thus we expect lower rates. Whereas in y one would expect similar hull and rack config-
uration as in £ to contribute to the shielding, though no additional shielding from the Earth.
However, in our y measurements half of the presumed rack shielding is missing since the
detector was placed next to the hull in the port side crew cabin. The difference in the heavy
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Table 2. The particle flux (¢) and LET rate (LET,) for the Alteino data sets divided into total (LET >3 keV/um) and heavy-ion contribution (LET

>50 keV/um). Dose and dose equivalent are calculated from above 2 keV/um in water. Only statistical errors are presented.

LET >3 keV/um

LET >50 keV/um

200520 (S102) 2¥ "sAud "Wed "[onN D ‘sAud

Data ¢ - 10° LET, - 10 ¢ 10° LET, - 103 D H <0>
set [n (cm? sr s)™!] [keV (cm?sr s ym)_l] [n (cm? sr s)™ '] [keV (cmZsr s um)_l] [uGy d~] [uSvd] +<0.1
£ 925 SM-326 9.58 + 0.04 5.05 + 0.02 3.0+02 35+02 399 +£0.2 110 = 1 2.8
918 SM-437 PE 5.99 + 0.03 3.19 = 0.02 1.3+0.2 1.3+0.2 257 +0.2 503 +0.3 2.0
924 SM-437 PE 6.71 = 0.07 3.61 = 0.04 1.4+03 1.6 +04 28.8 +0.3 59.8 £0.6 2.1
i 906 SM-239 PE 6.83 +0.03 6.51 +0.03 16 = 1 20+ 1 60.4 +0.3 467 =2 7.7
907 SM-239 PE 7.13 £ 0.03 6.45 + 0.02 16 £ 1 20+ 1 593 £0.2 469 =2 7.9
Z 910 SM-333 PE 134 £ 0.1 8.56 = 0.03 11x1 14 1 74.6 £ 0.3 358 £ 2 4.8
930 SM-326 PE 9.86 + 0.03 6.35 + 0.02 92+04 121 52502 291 = 1 5.5
Xy 902 P-401 11.1 £ 0.04 7.92 +0.03 12+1 16 £ 1 713 +£03 395 £ 2 5.5
903 P-401 PE 8.16 = 0.03 6.36 + 0.03 12 +1 15 + 578 +0.3 353 £ 2 6.1
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Figure 2. The LET equivalent response in water for Alteino, data set 906 (solid
histogram), PADLES measurement without shielding (blue hollow crosses), and for
comparison two measurements from the Destiny module: DOSTEL (black connected
circles) measured in 2001 [2] reproduced with the permission of Oxford University
Press, and ALTEA (red diamonds) measured in 2009 [6].

ion LET, for the three axial directions can be seen in figure 1. Included are also the two
measurements from the Pirs docking module, with and without additional PE shielding. The
particle flux (@) and the total LET, and the heavy-ion component for all data sets are
presented in table 2. The contribution from the trapped component in Z is visible when
looking at the flux and LET rates for all particles in table 2, where we see the highest rates. As
expected, this is not the case for the heavy-ion component.

A similar heavy-ion anisotropy has previously been reported by the ALTEA colla-
boration [6], where data showed a difference in LET, by a factor of 2-3 in the US Destiny
module, when comparing the average rates over the orbit for measurements in the three
orthogonal directions in the ISS frame of reference.

In figure 2 the Alteino LET spectrum in water is presented for data set 906 together with
a PADLES spectrum, with and without PE shielding. Included are also the spectra from the
Destiny module measured by DOSTEL in 2001 [2], and ALTEA in 2009 [6]. The difference
between the spectra, not counting DOSTEL, mainly arises from the trigger of Alteino and
ALTEA which to a large extent makes both detectors less sensitive to low kinetic energy and
light nuclei events. Overall ALTEA and Alteino are in agreement. However, the difference
around the iron peak (150 keV/um) is most likely due to the difference in total shielding
between Pirs and Zvezda. The difference with the DOSTEL data is likely a combination of
trigger sensitivity and location. The solar particle event which took place during the DOSTEL
measurement (15 April 2001) could also be a contributing factor to the difference in the
measured flux.

During the course of the ALTCRISS project the ISS average altitude varied by
approximately 15 km. The difference in the radiation environment is mostly affected by the
trapped component. The heavy-ion component should not be notably affected by such small
average altitude changes.

In addition, as stated earlier, solar activity will affect the incoming flux. This should be
taken into account when comparing LET rates measured at different times. According to the
neutron monitor in Oulu, Finland [28, 29], the field potential parameter for data sets 907 (y),
918 (%), and 930 (£) were 433, 390, and 356 MV respectively. If one would take solar
modulation compensation into account, using the spherical approximations model [30] the

6
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Table 3. Dose and dose equivalent rates from the PADLES pouches.

PADLES D (TLD+CR-39) H (TLD+CR-39) 0
Configuration [uGy d™ 1] [uSy d™']

Shielded 269 = 16 694 + 53 2.58 £0.25
Shielded 265 = 16 560 + 41 2.12 £ 0.20
Non-shielded 281 = 17 743 + 55 2.65 = 0.26
Non-shielded 279 = 17 686 + 53 245 £ 0.14

Table 4. Dose rate from DLR-TLDs. TLD600 is sensitive to neutron radiation.

TLD600 TLD700
Configuration  [uGyd™'] [uGyd™]

Shielded 224 £ 8 206 =7
Shielded 234 =7 206 + 4
Non-shielded 262 7 220 £ 4

compensated LET rate ratios would be even higher, thus implying the non-compensated
heavy-ion LET rate ratios of 15 + 2 for y/% and 1.7 + 0.2 for y/Z are to be considered
conservative.

When comparing flux rates in data sets 902 and 903 we can see a reduction by about 25%
when the polyethylene was added. The situation is similar in Zvezda £ direction (925 versus
924), as well as for 910 and 930 in 7. However, both measurement in 7 are, according to
documentation with the additional shield mounted. This is also the case for the y measure-
ments, where all rates are in agreement. Solar modulation effects should only increase the
difference in flux rate. The only explanation we currently can provide is that there either was a
typographic error in the documentation, or that during data set 930 some additional equipment
was accidentally placed in front of the detector, thus adding to the shielding.

The dose, dose equivalent, and average Q-value for Alteino are also presented in table 2.
The corresponding values measured by the passive detectors are presented in tables 3 and 4
for PADLES and DLR-TLDs respectively. PADLES combines the dose measurements for
<10 keV/um from the TLDs with 210 keV/um range from the CR-39. The large energy
range obtained when combining TLDs and CR-39 detectors enables measurement of the dose
contribution down to ~0.1 keV/um. By taking the ratio between the passive measurements
and Alteino we obtain an estimate of the dose contribution by low kinetic energy and light
nuclei. The data should primarily be compared with Alteino data sets 902 and 903, given
acquisition time and detector location. The dose rate ratio when compared with average
PADLES values amounts to a factor of 3.9 + 0.2 lower for Alteino for the non shielded
measurements and 4.7 + 0.3 for the shielded measurements. The corresponding values for the
DLR-TLDs are 3.2 and 3.6 for the TLD700 and 3.7 and 3.9 for the TLD600. This would
imply that the contribution to the dose by low kinetic energy and light nuclei can be as high as
about 75%.

5. Conclusions

In this work we have presented data on particle flux, LET, dose, and dose equivalent rates
from various locations inside the Russian section of the ISS. In addition we report on dose
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and dose equivalent rates by passive detectors, measured in conjunction with Alteino. When
LET spectrum from the Zvezda service module was compared to spectra from the Destiny
module measured by the ALTEA detector we see good agreement although some variations
in flux. We attribute these variations primarily to the difference in total shielding (hull and
rack configuration combined) at the different measuring locations and detector triggering
sensitivity. When comparing Alteino LET rate in the three axial directions we see a clear
anisotropy for heavy-ions, where the LET rate in y is about a factor 10 higher, and in Z 9
times higher rate than in £. Such a heavy-ion anisotropy has earlier been measured by
ALTEA [6]. The dose and dose equivalent tell a similar story; ranging from 2540 uGy d~! in
£, to about 50-75 uGy d~' in %, and around 60 uGy d~' in §. However, for the dose
equivalent there is a higher difference in y and 2: about 470 uSv d~! and 300-350 uSv d~!
respectively and 50-110 xSv d! in £ with an average Q— value ranging from about 2 to 8.
The statistical errors are less than 1%.

For the passive dosimeters, the PADLES (TLD+CR-39) measures a shielded dose rate of
about 269 + 16 uGy d™! and a dose equivalent of 694 + 53 uSv d~!. For the non-shielded
measurements the values peaked at 281 + 17 uGy d™!' and 743 + 55 uSv d~'. The DLR-
supplied TLD700 measures about 200 uGy d~! for the shielded configuration and the non-
shielded 230 4Gy d~! and for the neutron sensitive TLD600 the rates are about 10% higher.

The contribution to the dose rate from low kinetic energy particles and light nuclei is
about 75%, whereas the corresponding contribution to dose equivalent is about 40%
depending on the shielding configuration.
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