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SPECTROMETRY OF LINEAR ENERGY TRANSFER
AND DOSIMETRY MEASUREMENTS ON BOARD
SPACE- AND AIRCRAFTS

F. Spurny, O. Ploc, 1. Jadrnickova

Nuclear Physics Institute, Academy of Sciences of the Czech Republic, Prague

There are only few methods of dosimetry which could estimate the contribution of different particles
to the exposure on board space- and/or aircraft. We describe an attempt to estimate the contribution of
different components to the exposure level using:

— MDU-Liulin energy deposition spectrometer;

— thermoluminescent detectors (TLDs) in combination with the spectrometer of linear energy
transfer (LET) based on track etch detectors.

This equipment has been exposed on board:

— the international Space Station during one long period and two shorter shuttle missions;

— a commercial subsonic aircraft during several long-term monitoring periods from 2001 to 2006.

The data obtained have been treated from several points of view.

CymecTByeT TOJIBKO HECKOIBKO METOOB JO3UMETPUH, KOTOPhIE MO3BOSIIOT OLEHUTh BKJI A P 3HBIX
Y CTUI B ypoBeHb OOIydeHHS H OGOpPT X KOCMHYECKHMX Kop Oineil m ¢ MometoB. P Gor omuchB er
MOMBITKY ONPEAEeTUTh 3TOT BKJI [ MPU MOMOIIH:

— CHEeKTpOMeTp BblieieHHOoM aHepruu B Si, MDU-Liulin;

— TepMomoMiHecIeHTHbIX AeTeKTopoB (TJII) B koMOuH 1mu co criektpomeTpoM JIIID, H ocHOBe
TPEKOBBIX JETEKTOPOB.

DtH npubopsl O6bUTH 00TydeHsl H OOPT X:

— MexnyH poiHONH KOCMMYECKOI CT HIUM BO BpeMs OJHOIO JUIMHHOTO U JBYX KOPOTKHX IIOJIETOB;

— KOMMEpYECKOTO C MOIIET BO BpPeMsI HECKOJIBKHX JONTOCPOYHBIX MEPHOAOB MOHUTOPHPOB HUS B
teuenue 2001-2006 rr.

IMomyyeHHble 1 HHBIE H JIH3UPYIOTCS C HECKONBKUX TOYEK 3PEHUS.

PACS: 07.81.+a; 07.87.tv; 94.05.HK

INTRODUCTION

On board space vehicle, radiation fields are composed of primary cosmic rays, as well
as of secondary particles created during the nuclear interactions of primary radiation. Such
fields cover very large spectra of particle types, of theirs energies, and also of theirs linear
energy transfer (LET). A similar situation is encountered also on board aircraft at subsonic
or supersonic flight altitudes. Among particle types one should mention primary cosmic
rays, whose contribution is important on board spacecraft mainly. Secondary particles are
represented mainly by neutrons, photons, and mesons.
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There are only few methods of dosimetry which would estimate the contribution of all these
particles to the on-board exposure. The contribution describes an attempt to estimate it using:

e MDU-Liulin energy deposition spectrometer;

e thermoluminescent detectors (TLDs) in combination with the spectrometer of linear
energy transfer (LET) based on track etch detectors.

The contribution presents the results obtained during a few recent years on board the
International Space Station (ISS) and/or FOTON satellite, resp. on board a commercial
subsonic aircraft.

1. MATERIALS AND METHODS

1.1. MDU-Liulin Energy Deposition Spectrometer Based on a Si Diode. This equipment
(see Fig.1) was developed in the Bulgarian Academy of Sciences [1]. It is based on a
Si-semiconductor diode. The diode is situated at the head of the unit; it has dimensions
10 x 20 mm, the thickness 0.3 mm. It is covered by 0.4 mm of Al and about 0.3 mm
of epoxy resin. The equipment monitors simultaneously the doses and numbers of energy
deposition events in Si diode. The amplitude of the pulses is proportional to a factor of
240 mV/MeV of the energy loss (deposited) in Si. Final adjustment of the energy scale is
made through the 60 keV photons of ?*! Am. The amplitudes are digitized and organized in
a 256-channel spectrum. The dose D, in Gy in Si, is calculated from the spectrum as

D =K (EiA;)/Ma, 1)

where M, is the mass of the detector, in kg; F; is the energy loss, in J, in the channel i; A;
is the number of events in this channel; and K is a coefficient.

The experimental time of use of the instrument depends on the power of the accumu-
lators used and on the rate of the memory filling. Details of the use of that equipment
for the exposure on board aircraft have been covered comprehensively in previous publica-
tions [2, 3]; they can be summarized as follows:

a) Energy deposition spectra in Si detectors are
transformed to the dose in Si, D(Si).

b) This dose is, on the base of calibrations re-
alized in several on-Earth reference radiation fields
divided on the part corresponding mostly due the
energy deposited due to non-neutron and/or neutron
(and neutron-like) radiation field on board aircraft.

c¢) These partial values of D(Si) are converted to
the ambient dose equivalent (H*(10)) due to com-
ponents mentioned using conversion factors deter-
mined in the CERF high-energy radiation fields [4]
and during direct onboard-aircraft common mea-
Fig. 1. Photo of the MDU-Liulin equipment surements of MDU equipment with tissue equiv-

alent proportional counters [5].

The procedure adopted to calculate the contribution of different components on board

spacecraft is presented and discussed in the following chapters.
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1.2. Thermoluminescent Detectors. Two types of thermoluminescent detectors have been
used during our on-board studies:

o Thermoluminescent detectors (TLD) CaSOy4:Dy, the procedure of which preparation is
described in [6,7]. The detector is designed to determine dosimetric characteristics of the
radiation with low LET, it can measure photon kerma in tissue from 1 ©Gy. We have been
studying the properties of these materials for many years, including also their response to
charged particles with higher LET values, and/or to neutrons [8, 9].

o Thermoluminescent detectors (TLDs) Al,O3:C [10] were used also to estimate mainly
the contribution of on-board radiation component with low LET. They permit one to measure
dose equivalent due to low LET radiation from about 1 ©Gy. They have been studied for
several years, including the response to high LET radiation [11]. Their «light conversion
factor» (thermoluminescence yield) decreases with the increase of LET above a few keV/pum
more rapidly than for other «classical» TLDs, CaSO,4:Dy included.

1.3. LET Spectrometer Based on Chemically Etched PADC TED. A spectrometer of
the linear energy transfer (LET) based on a chemically etched polyallyldiglycolcarbonate
track-etch detector (PADC TED) can measure dose and dose equivalent distributions in LET
between 10 and 700 keV per pum in tissue [12—-15]. Two types of PADC were used: Page,
0.5 mm thick, and Tastrak, 0.5 and 1 mm thick. The etching time in SN NaOH at 70°C is for
all PADC used 18 h, removed layer is about 17 um thick on each side of the detector. The
spectrometer can measure dose equivalent from about 1 and 100 mSv. To determine LET
value of a particle, the etch rate ratio V (= Vp/Vp, where Vg is bulk etching rate and Vi
is track etching rate) is established through the measurement of track parameters by means
of an automatic optical image analyzer LUCIA G. The V spectra obtained are corrected for
the critical angle of the registration and transformed to LET spectra of registered particle
tracks on the basis of the heavy charged particle calibration. Recently, an upgrading of the
TED-based LET spectrometer calibration curves was achieved using the calibration by means
of heavier charged particles with LET between about 8 and 200 keV/um. Dose characteristics
(D, H) due to particles registered by the spectrometer can be calculated from the LET spectra

as
dN
D— / (E) Ldl: (1)

- | (i—f) LQ(L)dL; @)

where dN/dL is number of tracks per unit area in a LET interval; L is the value of LET;
Q(L) is the ICRP 60 quality factor [16].

It was found that the integral values obtained for neutrons agree with data measured
at CERN, an AmBe source and/or onboard Concorde with tissue equivalent proportional
counter [13, 14].

2. RESULTS AND DISCUSSION

2.1. Measurements with Passive Detectors on Board Spacecraft. General characteristics
of long-term exposures on board ISS station with passive detectors discussed in this contri-
bution are presented in Table 1. It should be mentioned that the solar activity has decreased
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Table 1. Time schedules of long-term exposures on board space stations™

Operation ISS exposure | MESSAGE | BASE A
Junction to station 30.11.01 17.10.03 18.09.06
Positioning for exposure 03.11.02 19.10.03 20.09.06
Exposure time, days 328 1 1
Landing 05.11.02 28.10.03 29.09.06
Altitude, km 380-420 360-400 340-360

*Inclination always about 52°.
**From that two days at about 100 km lower.

since 2002-2003, it follows that the exposure level would be at constant conditions during
2006 higher. This effect could be partially compensated because the flight altitude was for
2006 exposure lower.

Examples of differential LET distributions of the dose and dose equivalent are for TED
LET spectrometer samples exposed during BASE A mission presented in Fig. 2.
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Fig. 2. Differential spectra L*D(L) (a) and L x H(L) (b), experiment BASE A (ISS, September 2006)

One can see there that the LET distributions of both dose quantities are rather similar,
absolute values being a little higher in the case of Tastrak PADC material. Integral dose
quantity values have been calculated from these spectra using equations (1) and (2), it should
be reminded that these values correspond only to particles with LET higher than about
10 keV/um.

These integral values obtained from the TED LET spectrometer data, averaged for both
PADC materials used, are presented in Table 2, together with the integral values obtained
on the base of TLDs evaluation. One can see there that the results obtained, recalculated
to 1 day of exposure, are rather close to each other. Three factors have to be further
considered:

1. Decreases of solar activity from 2002 to 2006.

2. Higher flight altitude for the first two exposures when compared to the last one.

3. Two days of lower altitude exposure for MESSAGE and BASE A missions.
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Table 2. Results of TLDs and TED LET spectrometer evaluation during several space missions

. TLDs, TED LET spectrometer™
Mission
H, pSv/d | D, uSv/d H, pSv/d
ISS 212+ 15 22+ 2 202 £ 22
MESSAGE | 166 + 17 16 + 2 223 £ 27
BASE A 187 £ 15 32+6 236 £+ 38
*Corresponding to the particles with LET above 10 keV/pm.

The last factor would increase the values measured roughly by not more than 10%. The
similarity of all values determined would mean that, actually, the increase due to decrease
of solar activity compensates expected decrease due to lower flight altitude during shorter
missions.

2.2. Estimation of Neutron Contribution on Board Spacecraft with MDU-Liulin Equip-
ment. Due to long-term monitoring on board aircraft (2001-2005) and simultaneous measure-
ments on board spacecrafts (ISS — 2001; FOTON capsule — 2005), we were able to compare
energy deposition spectra at all the three cases. The results of this comparison are presented
in Fig. 3.
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Fig. 3. Comparison of relative energy deposition spectra on board aircraft and FOTON capsule (inside
SAA, outside SAA=GCR)

One can see that:

a) Relative energy distributions for Fqep, < 1 MeV are rather similar for aircraft and
spacecraft when flying out of South Atlantic anomaly (SAA), i.e., for galactic cosmic rays
(GCR);

b) For Eqcp < 1 MeV, the energy deposition spectra on board spacecraft represent a sum
of two components, that of neutrons and that of primary galactic cosmic radiation, while on
board aircraft only neutrons contribute;
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¢) Eqep spectra inside SAA are quite different from both other cases, being the results of
radiation belts protons energy deposition.

We have tried to interpret these data supporting that:

e Events with Eq., < 1 MeV correspond to low LET radiation;

e Events with Fqe, > 1 MeV correspond to the sum of neutron and heavier charged
particles of GCR (HECP).

Based on these assumptions, we have treated these data in the following way:

a) For low LET component D(Si) — D(tissue) — H*(10);

b) For neutron contribution in the region of Eq., > 1 MeV we have adopted the same
procedure as on board aircraft [2], considering that the neutron spectra are in both cases
similar (see Fig.4 [17]);

¢) For HECP we obtained H*(10) as: D(Si) = D(tissue); 5 x D(tissue) = H*(10); i.e.,
supposing that the average quality factor for this component of galactic cosmic radiation is
equal to about 5;

d) For flight inside SAA we supposed that all events are due to protons with average QF
~ 1.3, calculated from the energy deposition spectra in Si detector of MDU-Liulin.
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per logarithmic bin width
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Fig. 4. Neutron spectra on board aircraft, spacecraft, and at CERF

The critical point for the exposure to galactic cosmic radiation is to distinguish as correct
as possible the contribution of neutrons in the region of Eq., above 1 MeV. For that we
have taken profit of the fact that our database concerning exposure on board aircraft is very
large (more than 5000 flight hours at altitude, more than 40000 spectra, total D(Si) about
10 mGy). To improve the statistical reliability we have integrated all available data on board
aircraft and regressed their energy deposition spectra in the region of Eq.;, above 1 MeV. The
results obtained in this way are compared in Fig.5 with integrated energy deposition spectra
on board ISS (D(Si) total ~ 3 mGy), and/or FOTON capsule (D(Si) total ~ 1 mGy). One
can see there that, actually, the contribution of energy deposition events in the region of Fqcp,
above 1 MeV is clearly higher on board ISS and/or FOTON capsule than on board aircraft.

When using the procedure mentioned above, the contributions of different radiation com-
ponents estimated for both ISS and FOTON spacecraft are presented in Table 3. For com-
parison, the values of these contributions established on the base of passive detectors data
treatment are also presented in Table 3.
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Fig. 5. Comparison of relative energy deposition spectra on board aircraft, ISS, and FOTON in the
region above 1 MeV

Table 3. Total daily values of dose quantities on board space vehicles

Quantity ISS-MDU | ISS -TLD + TED FOTON
D(Si), uGy 237 £ 20 — 87+9
H™*(10) high, uSv | 284 450 316 + 46 115 4+ 23
H™(10) total, uSv | 622 488 518 = 72 316 £ 45
Neutrons, % 20.5+ 4.5 27.0 £ 5.7 14.5 £ 3.2

One can see there that the results obtained on board ISS with MDU-Liulin agree reasonably
well with those obtained with passive detectors. The results obtained on board FOTON are
naturally lower, considering its 100 km lower flight altitude.

2.3. Recent Results Concerning the Exposure on Board Aircraft. In this part of the
contribution we would like to present recent data concerning:

1. The analysis of the results of long-term measurements performed on board a commercial
aircraft in the period 2001-2006.

2. The results of long-term measurements with MDU equipment and passive detectors on
board the same aircraft during 2005.

Long-term measurements on board aircraft were performed with MDU-Liulin Si-diode-
based spectrodosimeter (MDU) placed on board aircraft (A 310-300) several times in 2001
to 2006. The general characteristics of database collected are given in Table 4. Dosimetric
characteristics are based on measurements with MDU and calculated by codes CARI-6 [18]
and EPCARD v3.2 [19].

Table 4. Statistics of database parameters

Parameter Minimum | Maximum | Most frequent value (frequency, %)
Altitude, ft 20,000 41,000 35,000 (25)
Vertical cut-off rigidity, GV 0 17 1-3 (70)
Apatity NM, counts/s 1020 1340 1130-1190 (50)
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Presently, the database mentioned contains more than 41,000 records. Each record consists
of dosimetric characteristics rates identified as H,,,(MDU), H*(10)EPCARD, E(EPCARD)
and E(CARI-6), and spectrum of pulses recorded in each of 256 channels of spectrometer.
They can be treated following:

a) date and time;

b) direction of flight (e.g., Prague-New York);

c¢) geographic coordinates;

d) altitude in feet (1 foot =30.48 cm);

e) vertical cut-off rigidity in GV (based on data in 1990 at 20 km);

f) Apatity and Oulu neutron monitors (NM) records (to estimate influence of actual solar
activity).

An advantage of the database is that we can choose rates of dosimetry characteristics
values measured and calculated for the same conditions taken from the long period. Thus,
the average values are mostly statistically significant and easily comparable. We have studied
their dependences on the parameters of altitude and rigidity. The results are shown in
Fig.6 as a function of altitude and in Fig.7 as a function of rigidity. The ratio of non-
neutron and neutron components of ambient dose equivalent rates are compared in Fig. 8
(as a function of altitude) and in Fig.9 (as a function of rigidity). Vertical bars indicate
the uncertainty including systematical (15% for both measurements and calculations [20] and
statistical (relative standard deviation for an individual value) uncertainties.
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Fig. 6. Rates of dosimetric characteristics mea-
sured with MDU and calculated with codes
CARI-6 and EPCARD v3.2 as a function of al-
titude (rigidity is from interval 1-3 GV)

One can see there that:

Vertical cut-off rigidity, GV

Fig. 7. Rates of dosimetric characteristics mea-
sured with MDU and calculated with codes
CARI-6 and EPCARD v3.2 as a function of
rigidity (for altitude at flight level 35,000 ft)

e Rates of dosimetric characteristics increase closely proportionally to ascending altitude

and decrease with ascending rigidity;

o H,,,(MDU) and E(CARI) values correlate well;

o H*(10)EPCARD values are systematically lower than measured; difference rises as a
function of altitude (at 30,000 ft is 3%, at 38,000 ft is 13%) and does not depend on the
rigidity; F(EPCARD) values are higher than measured between 1 and 3 GV of rigidity for
all flight altitudes and are lower from 5 to 17 GV;

e Ratio of non-neutron and neutron components does not depend on the altitude (see
Fig.8), but is high dependent on the rigidity (see Fig.9); neutron contribution is dominant
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Fig. 8. Ratio of non-neutron and neutron compo-
nents of H*(10) measured with MDU and calcu-
lated with EPCARD v3.2 as a function of altitude
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Fig. 9. Ratio of non-neutron and neutron com-
ponents of Happ(MDU) and H*(10)(EPCARD)
as a function of rigidity (altitude 35,000 ft)

(rigidity is from interval 1-3 GV)

above 7 GV; as far as the influence of rigidity is concerned, the fluctuations above 4 GV are
probably caused by lower statistics.

Database enables us to analyse relative D(Si) spectra. Figure 10 shows comparison of
relative energy deposition distributions at the same flight level 35,000 ft, at similar solar

activity (1130-1190 counts/s of Apatity
NM) and three different vertical cut-off

rigidities.

One can see that contribu-
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tion of events with FEg., between 0.2
and 0.6 MeV with ascending rigidity

>
Q
>
increases, is constant between 0.6 and X
0.9 MeV, and decreases between 0.9 and &
7.0 MeV. More measurements with MDU E 0.024
on aircraft flights in areas with rigidity £
from 4 up to 17 GV should be carried out & *°!7
to accumulate more data to reach better
statistics of integral and spectral values. 00 : : 0

To compare the results obtained with
MDU equipment and with passive detec-
tors (TLDs and TED-based LET spec-
trometer, the MDU was on board aircraft
(A 310-300) screwed on the inner aircraft
wall close to the entrance to cockpit. Si
diode, oriented by the surface 10 x 20 mm of Si diode to sky. Passive detectors were scotched
on its surface. The on-board exposure started on the 5th May 2005, the last flight was realized
on the 2nd January 2006. In total, 494 individual flights have been monitored during this
period. Integral values of dose quantities as obtained by means of different detectors and/or
evaluation procedures are presented in Table 5.

Fig. 10. Geomagnetic position dependence of Egep
distribution

One can see there that:
1) Generally, a good agreement can be stated when uncertainties of individually established
values are considered in the case of non-neutron component.
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Table 5. Integral values of dose quantities established on board an aircraft during the whole period
of monitoring

Method Quality Integral exposure value, mSv

Non-neutrons Neutrons Total
CARI E — — 11.9
EPCARD E — 4.90 11.7
H*(10) 4.31 5.72 10.0

MDU E~ 5.04 £0.50" | 6.20+0.92 | 11.2+1.3
TLD - Al203:C H*(10) 4.21 £0.30 — —
TLD — AIP glass H*(10) 4.40 £0.18 — —
LET spectr. Page H.pp(10) — 3.6 0.6 —
LET spectr. Tastrak | Happ (10) — 4.3+0.7 —

*Here and in all other cases, 1 s (reliability 67%) is given.

2) The values for neutron component are for MDU, when compared with calculation,
a little higher, however within the limit of statistical reliability, lower in the case of both
PADC-based LET spectrometer.

3) Lower values for LET spectrometer could be explained considering that it considers
only the events with LET higher than about 10 keV/um, while other methods estimate the
neutron contribution independently of LET, PADC-based LET spectrometer.

Finally, it should be mentioned that CaSO4:Dy TLDs have been exposed only from the
23rd August. Its reading corresponded to the value of H*(10) equal to (2.3 £0.2) mSv, in a
good agreement with non-neutron component contribution measured for the same period by
means of MDU equipment (2.6 4= 0.3) mSv.

CONCLUSIONS

It was proved that both approaches used to determine dosimetric characteristics, i.e. on
board space- and aircraft, MDU-Liulin energy deposition spectrometer and thermoluminescent
detectors (TLDs) in combination with the LET spectrometer based on track etch detectors,
permit one to get independent and relevant data, comparable with those obtained by other
methods. In some cases these methods bring new approaches how to treat that complex and
important problem.

To get still more relevant appreciation of these methods, other experimental data, sup-
plemented by properly chosen calculations, should be gathered. We are therefore continuing
studies similar to those described in this contribution.
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