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1. INTRODUCTION

Radiation dosmetry on board the Internationd Space Station (1SS) is very important for
investigating biologica effects in a space radiation environment. Persond radiation dosimetry for
adronautsis a so a necessary manned space technology.

We have developed a Passive Dosmeter for Life Science Experiments in Space (PADLES).
The PADLES package congsts of two types of passve and integrating dosmeters, a CR-39 Pladtic
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Nuclear Track Detector (PNTD) and a ThermoL uminescence Dosmeter (TLD). PADLES sto be
utilized for monitoring radiation doses in the Japanese Experiment Module ‘Kibo' of the ISS and
the persond dosimetry of Japanese astronauts. Because the PADLES package islight, compact and
battery-less, it is convenient to use in space from the following aspects. less crew time required,
maintenance free, inddlation extremey close to biologicd samples, and easy to atach to
agtronaut’ s clothing and ExtraVehicular Activity (EVA) sits.

Thusfar, some Japanese research groups have frequently used a combination of the CR-39 and
TLD for space radiaion dosmetry in aLow Earth Orbit (LEO) where the ISS and Space Shuttles
fly®?. In 1998, some of the authors messured radiation doses using the combination of CR-39 and
TLDs for space radiation effect research of human culture cells on the STS-95 shuttle mission®.
Through these past space radiation measurements using the CR-39, there was serioudy recognition
that manua measurements of a large number of etch pits of the CR-39 were inefficient, laborious,
tedious, and needed too much time to get results. Japanese researchers related to space radiation
dosmetry, therefore, recognized a strong need for making a wel-cdibrated ‘standard’” dosmeter
package, establishing a higher-speed automatic andyzing system of the CR-39 and securing
technical experts in charge of the actua operations of radiation dosmetry for supporting Japanese
gpace programs that extend over along period of time. In 2000, we therefore sarted to develop the
PADLES sysem for a future routine dosmetry service on the ISS in the space environment
utilization center of the Japan Aerospace Exploration Agency (JAXA). Since 2001, we have carried
out ground-based experiments with gamma rays from **'Cs and ®Co, and heavy ion beamsfrom a
HIMAC accderator of NIRS, Jgpan, to obtain the TLD and CR-39 response data over awide linear
energy transfer (LET) range from an ionization minimum of 0.2 keV/um up to severd hundreds of
keV/um®. PADLES has o been examined on board the I SS, paralldl with the development of the
PADLES sysem.

In this paper, we firs describe the characteristics of gpace radiation to be measured with
PADLES. We then describe the present status of PADLES,; including the package configuration,
the methodology, the procedure for space radiaion dosmetry, and the andyss sysem. The
performance of an automatic analysis of the CR-39 etch pitsisaso discussed.

2. Characterigicsof spaceradiationin LEO

There are three primary radiation sources (gaactic cogmic rays, solar paticle events, and
protons trapped in Earth’ s radiation belts) in free gpace outsde spacecraft in LEO with an dtitude of
300 to 500 km. The radiation environment inside spacecraft, however, becomes more complicated.
When passng through the walls and facilities of the spacecrafts, these primary space radiations
produce many secondary particles due to thelr interactions with eectrons and nucle that conditute
the spacecraft’s mass. These secondary particles such as energetic charged particles and neutrons,
contribute to increase doses for astronauts and the bio specimens used for space experiments. The
space radidion environment in LEO is characterized asfollows: 1) remarkably high contribution of
high LET radiaion having a high qudity factor (QF) influentid to living entities; 2) absorbed dose
rates in space have a vaue of afew hundred times as much as those on the ground; 3) radiation
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damage under microgravity.

3. PADLES

CR-39s have been utilized by Japanese researchers in space radiation dosmetry and for
tracking High-Z and high-Energy (HZE) particles in space biologicad experiments dong with
bio-specimens, for example, slkworm and human cell culture. One year’s effort was needed to
obtain the results from the CR-39, because of the manua measurements for a number of etch pits
with an optica microscope. The bio-specimens involved changed generations within afew months.
Infuture biologica experiments on board the ISS, therefore, it is desired that CR-39s be analyzed as
s00n as possible so that biologists can reasonably make an experiment program for the recovered
bio-specimens based on the dosimetric results given by the CR-39.

PADLES has been developed as an exclusive system for space radiation dosmetry in JAXA.
Usng this system, we can promptly obtain radiation doses for aloading period with high satistical
accuracy, and without encountering errorsin the manua measurements of a CR-39.

31 Methodology

PADLES measures an absorbed dose, 1.2 . . . .
a Liner Energy Transfer (LET) wm F . Mg:SiO4Tb
distribution of heavy-charged particlesfor > T |
10 keV/um-water and a dose equivdent o137 /
based on a QF-LET relation recommended N
R L= eVfum 1

by ICRP60 (ICRP, 1991) “. The origind
dosmetric concept was described in detall
in previous papers 9 M |n the present
PADLES method, the totd doses ae
expressed in terms of the sum of the dose
for <10 keV/um and that for > 10 keV/um.

The LET didribution from 10 to 50
keV/um is measured with a CR-39 plate

F(L)=¢ - bLOG(L) |

06 | F(L)=a-b LOG(L) : L>140keVf pm ]

13=<L=<140keV/ um

04 |

¥ ]

TL Response Relative to Proton: F(L)

etched for 135 h. This somewhat long 0 . . . -
etching time is required for detecting Long 10" 10” 10' 10° 10° 10*
Range Paticles (LRPs). Because LRPs LET of Incident Particle : L (keV/ hm-water)

often have lower LET vdues in space
radiation fields, a longer etching time is
needed for developing a sufficient etch-pit
Sze to observe under an optica microscope. The LET digtribution for > ~ 50 keV/um is measured
with a CR-39 plate etched for 5.5 h. This shorter etching time is required for detecting Short Range
Particles (SRPs) with high LET vaues such astarget fragmentsinduced by primary space radiation.
The absorbed dose and dose equivdent for = 10 keV/um can be cdculated from the LET

Fig. 1 TL response asafunction of LET used in the
PADLES system.
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distribution.

TLD readouts are cdibrated with 160 MeV protons and corrected for fading effects a their
loading temperatures™ ™). The absorbed dose for < 10 keV/um is obtained by subtracting the part
of the TLD readout due to pace radiation exceeding 10 keV/um, Dyg-10, from the total TLD
reaedout. We experimentally obtained the LET response function of TLD (M@SO4Th) as
illustrated in Fig.1. Dygs10 IS estimated by using the LET digtribution for > 10 keV/um measured by
the CR-39 and the LET response functionsof TLD for > 10keV/umin Fig.1.

3.2. Analyssprocedure

Figure 2 gives a schematic diagram of the sandard PADLES andys's procedure. Two
programs, “TLDPADLES’ and “AutoPADLES’ were developed for a prompt and routine
andyss. This sysem dradticdly reduces the maximum anayss time of the PADLES package,
typicaly down to about two weeks.

321, Preparation of packages

A sandard PADLES package consgts of four CR-39 pladtic plates (HARZLAS TD-1: Fukivi
Chemicd Indudry) and seven TLD eements (TLD-MSO: Kasa Optonics, LTD.) as depicted in
Fg.3. A TLD is M@S O, powder seded in a glass tube with Ar gas. The dosmeter package is
wrapped in Al foil and permace tape to shidd the TLD eements from light. One of the CR-39
plates is a sample previoudy exposed to heavy ions (448 MeV/n S, 410 MeV/n *Fe) with the
HIMAC heavy ion accderator. This plate is used as a reference to check sengtivity stability of the
CR-39 during a space flight experiment. The externd sze of the package istypicdly 25 cm x 2.5
cm x 0.6 cm. Ground-control packages are prepared aong with the flight packages for each space
experiment. To measure the positions and the LETs of HZE particlesincident to biologica samples,
we use agack of CR-39 plates and the biologicd samplesare used for tracking particle trgectories.

About two thousand TLD dements were prepared for PADLES. Every dement was exposed
to gammavrays from *’Cs and ®Co to check the individua TL response. TLD PADLES managesa
database of dl TLD dements, includin%oserid number, hisory of use, present satus, individud
cdibration condants for protons and >Co gamma rays, and TL readouts in past exposure
experiments. By usng TLDPADLES, aset of TLD dementsis selected for each flight experiment
0 that the response deviaion isless than 5%. The TLD dements are annealed at 500°C for 20 min
before packaging.

After the flight experiments, the PADLES packages are disassembled in a JAXA |aboratory,
and the TLD and CR-39 are andyzed following the procedure outlined in Fig.2.
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FA : Eunctionsof TLD PADLES

Package preparation
CR-39
- LD Seleting d  TLD dements
(Response deviation within +£5%)
Numbering and cuttingof CR-39plates
| Annealirg TLD elements & 500°C for 20 min |
Asserrbling theflight and graund-control packages
(3 CR-39 sredts, 1refererceshedt and 7 TLD demerts per package)
* Referencesheeswereexposed to the Si and Fe ions havi ng known LETs
| Flight Experiments |
Disassembling packages | .
| 9 packag  Functionsof AUTO PADLES
Dose measurements CR-39 TL
Chamical etching with a7\ sodium hydroxide soluti an & 70°C TLread cut withaTLD reader (Kyckko-2500)
for 55h (SRP) and 13.5h (LRP) between 30°C to 40°C for 15s

* SRP: Shat RangePatides
* LRP: LongRarge Particles 1
Acauiring the8-bit gray-levebitmap images of eich
pits by ascaming g/stem (LUZEX-SE, Nireco)

Dose cdibration congtantsequivaent
Semi-automatic measLrements of to 160 MeV/n protons

theminar andmajar axes of each etch pit
by dlipsefitting of the openingmouth

D 1io: Absorbed dose measured by TLD

track formationsensitivity SVt/Vb-1 f : )
Calibration curve Svs REL Fading correcti on factors for the loadng

Correctionfor adipangle temperature and period
dependenceon S 2

Caunt factor )
LET response functions

LET distributions of heavy—charged particles=10 keV/pm

K : menTL efficiency for=10keV/ 4 m

Dose equivalents =10keV/um Absorbed doses =10keV/ ¢ m I

absorbed doses <10keV/ym

Total absorbed doses(rate) Flight experiment conditions

Fig. 2 Standard procedure of space rediation dosmetry by PADLES.
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322 CR-3analyss

The CR-39 plates are etched in a 7N
NaOH solution a 70 °C for 5.5h and 13.5h
immediately after the return. The bulk etch
rate of TD-1 is gpproximatey 1.7 unmvh.
Etched plates are rinsad in running water
and are desiccated in adesiccator with sllica
gd & room temperaiure for two days.
Etched surfaces are scanned by a digitd
image acquidgtion system with an optica
microscope  (LUZEX-SE; Nireco) to
acquire 8-bit gray-leve bitmap images. The
minor and mgor axes of the opening
mouths of etch pits are semi-autometicaly
measured by the AutoPADLES program
with an dlipse-itting agorithm™. Even if
the opening mouths are overlgpped, the
dlipsefitting dgorithm can effectively
separate and andyze them. As aresult, we
can dradticaly reduce the CR-39 andlyss
time compared to former fully-manua
measurements, athough some part of the
etich pits ill require to manud
re-anayzation.

The track formation sengtivity of an
etch pit is caculated from the mgor and
minor axes of the etch pit, and a bulk etch
amount. The track formation sengtivity is
converted to the LET vaue of a incident
particle usng a cdibration curve (Fg. 4).
The detection efficiency of the particles
having the LET vaue is ds0 cdculated

CR-39 EEIES TLD-MSO

Nuclear track Thermoluminescent

detectors ;%15“ Dosimetry

100 ¢ T '
n-*':
s
10 I ,-.I" E
[ e
L
n 1 é '_.-".
w d
01k »” ;
d
/ .
:_, ® Heavy ions
------- Calibration curve
0.01

10" 10? 10° 10*

-1 2
LETZOOeV(MeVg cm“-water)

Fg. 4 Cdibration curvefor high-energy heavy ionsof TD-1.
The curve can be applied to both the 5.5 h and 13.5 h etched
samples.

from a criticd angle of the track formation sengtivity on the assumption that the space radiation
fidd is isotropic. The detection efficiency in the present PADLES method is corrected for a dip

angle dependence™,

323. TLDanalyss

TLD dements are measured by a KY OKKO TLD reader 2500 (Kasal Optonics, LTD). The
TL sgnds are integrated from 30 °C to 400 °C for ~15 sec. These readouts are converted to
absorbed doses using the cdibration factors determined by exposure to 160 MeV protons because
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Fig. 5 Relative thermoluminescence yields of Mg,SiO,: Th for gamma rays and 0.54 keV/um protons

as afunction of an absorbed dose up to 2 Gy.

the absorbed dosein LEO isdominated by protons having several hundreds of MeV.

The PADLES packages will be regularly recovered from JEM every 6 months. The absorbed
dose for 6 months on the ISS is expected to be about 35 to 55 mGy from results of past space
experiments, depending upon solar activity. We confirmed the linearity in the TL response of
TLD-MSO up to 2 Gy-water with 160 MeV protons and ®Co gamma rays asillustrated in Fig.5.

We dso confirmed that the linearity for heavy
ions (274 MeV/n '2C, 448 MeV/n S, 443
MeV/n “Ar, 410 MeV/n *Fe) is good up to
100 mGy™.

The PADLES packages will dways be
kept adjacent to the biological samples. The
TLD dements therefore undergo different
storage temperatures of -80 °C to 37 °C for up
to 6 months. We invedtigated the fading
characterigtics of TLD for high-energy heavy
ions (160 MeV/n H, 150 MeV/n “He, 500
MeV/n *Fe) at different temperatures of -80
°C to 60 °C for up to 6 months as shown in
Fig.6. The fading rates in TL response, as
functions of temperature and time during
pace radiation exposure, were incorporated
into AutoPADLES to correct absorbed doses
measured by the TLD.

Relative TL yield (a.u.)

1.5

0.5

—c—-80°C
-=— -20°C
> — +4°C

--X--R.T.

<o - +37°C

- A— +60

50 100 150 200

Time after irradiation (day)

Fig. 6 Fading effect of Mg,SiO, :Th irradiated by 10
mGy protons up to 6 months.
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4. Fully-automatic analyssof CR-39 usng AutoPADLES

So far, PADLES has been utilized twice for radiation effect research in space. One was for
biologicd effect research in the STS95 misson of the Space Shuttle Discovery (8.9 days from 29
October to 7 November 1998). This misson had a unique orbit of a high dtitude (574 km) and a
low inclination (28.45°) (NASDA and Eril Research 2003) ™. The other was for radiation damage
research with Charge-Coupled Devices (CCDs) of a High-Definition Teevison camera (HDTV).
Thiswas along-term experiment on the | SS Russian segment for 446 days from 21 August 2001 to
10 November 2002, and three PADLES packages were loaded for radiation monitoring and
tracking of HZE particles incident to CCDs. The orhit of the ISS Russan segment was 389 km in
average dtitude and 51.6° in indination, which was a norma ISS orbit. The three PADLES
packages were exposed for 71, 256, and 446 days respectively.

Using CR-39 plates |oaded in the STS-95 mission and the | SS Russan segment, we examined
the performance of automatic etch-pit andysis by AutoPADLES in space radiation dosmetry. Firdt,
we automeaticaly obtained LET digtributions by AutoPADLES without any manua correction. For
verification of AutoPADLES, an operator checked every dlipse andyzed by AutoPADLES for a
manud correction; removing etch-pit-like objects due to dust and atificid scratches, and
reandyzing objects on which AutoPADLES faled in dlipse fitting. Figure 7 depicts LET
digtributions in the ISS Russian segment for 71 days. The LET didribution from Auto PADLES
was higher than that with the manua correction for LET vaues exceeding 10 keV/um, but the
differencewas smdl asshownin Fg. 7(a). We dso caculated LET digtributions from LRP samples
(135 h etching) and SRP samples (5.5 h etching). Figure 7 (b) showsthat the LET distribution from
the SRP sample was in agreement with that from the LRP samplein alower LET region. Thisresult

10°

i
o
w

O AUTO PADLES
® AUTO PADLES+ manual correction |3

O LRP

102 F
s ® SRP

102 F

10" f (] 10" f ]

10° . F 0k 3

10" F % 10" F [

10 F [ )
:
: 10° F §?$ 4 10° F

10 e jEfe b
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LET-water (keV/um) LET-water (keV/um)
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..
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®

Fg. 7 LET didributionsin the ISS Russan segment for 71 days. (8) Comparison of LET digtributions measured by
AutoPADLES without a manua correction for dlipse fitting of etch pits and that with the manua correction. (b)
Comparison of LET digtributions measured from a SRP sample and that from aLRPsample.
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indicated that the present PADLES system has the ability to estimate LET digtributions for 10
keV/umusing only 5.5 h etched samplesfor radiation dosmetry in LEO.

Table.l compares absorbed doses and dose equivaents among four different CR-39 andyss
methods. The absorbed doses were in good agreement within errors among the four methods.
Because 90 % of absorbed dosesin LEO is attributable to the lower LET radiation of <10 keV/um,
the difference in the etch-pit measurements contributes less to total absorbed doses. Thetotd dose
equivaents obtained by “fully-automatic AuUtoPADLES’ were about 9 % higher than those
obtained by “semi-automatic AutoPADLES’ in both space flights of LEO. Results by the automatic
elipse-fitting in AutoPADLES included dust. The mgor and minor axes of inclined tracks were
frequently overestimated because a binarization process before the dlipse fitting in AutoPADLES
extracts an excessively dark tail aong with etch-pit mouths. Such overestimations in the etch pit
andyss of AutoPADLES is currently under investigation. The dose equivdents measured by
“SRP+LRP’ were in good agreement within errors with those by “SRP’ as depicted in Table 1. If
LET digtributions are able to be estimated by using only SRP samples, we can further save the labor
inthe CR-39 andysis.

The result of PADLES on STS-95 and the Russan service segment were very consstent with
padt flight resultson ISS,

Table 1 Comparison of results with different CR-39 andyss methods in LEO radiation
dosmetry by PADLES. “Fully-automatic AutoPADLES’ implies a fully-automatic dlipse fitting
of etch-pits “Semi-automatic AutoPADLES’ implies that dlipses fitted in AutoPADLES were
manudly corrected by an operator. “ SRP+LRP” impliesthat the LET distribution for > 50 keV/um
was measured with a SRP sample and the LET didtribution from 10 to 50 keV/um with a LRP
sample. “SRP’ implies that the LET didribution over the whole region for > 10 keV/um was
measured with only a SRP sample. Errors are Satistical ones (one sandard deviation).

Fully-automaticAutoPADLES ~ Semi-automatic AutoPADLES
SRP+LRP SRP SRP+LRP SRP

ISS Russian sarvice segment (71 days)
Absorbed Dose Rate [mGy/day] 028+0.01 028+0.01 0.28+0.01 028+0.01
Dose Equivaent Rate [mSv/day] 058+0.02 058+0.02 053+0.02 053+0.02
Mean QF (ICRP60) 208+0.13 207+0.13 193+012 189+012
STS-95 mission (8.9 days)
Absorbed Dose Rate [mGy/day] 153+018 153+018 152+018 152+018
Dose Equivaent Rate [mSv/day] 302+019 297+£019 280+0.19 2.73+019
Mean QF (ICRP60) 198+0.26 195+0.26 184+025 180+0.25

5. Futureworks

At present, PADLES packages are being applied to the MATROSHKA and ALTCRISS
projects on board the ISS. MATROSHKA is an internationd project conducted by the German
Aerogpace Center in Cologne (DLR: Deutsches Zentrum fuer Luft und Raumfahrt) for estimating
an agtronaut’s exposed dose during EVA with various types of passve and active dosmeters. A
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human phantom was set up with the dosmeters in a pressurized container, the thickness of which
samulaes the shidding effect of a pace suit. The container was ingtaled on an outsde wall of the
Russian segment for 538 days in the firg flight from 19 January 2004 to 11 October 2005. The
ALTCRISS project was conducted by the Nationa Ingtitute of Nuclear Physics (INFN), and one of
the objectives is to study the ISS radiaion environment at various postions in the ISS under
different shieding configurations. In 2007, after JEM is attached to the International Space Stetion
(1SS), the PADLES system will be widdy gpplied for monitoring radiation environments ingde
JEM, a persond dosmetry for Japanese adtronauts, and international experiments such as
MATROSHKA and the ISS biologicd research experiment proposed in the internationd
announcement of opportunity in order to investigate biologica effects produced by aspace radiation
environment. Data will be offered to astronauts and researchers from 2008 and will be regularly
recovered from the | SS every 6 months.

6. Summary and conclusons

We developed the PADLES system in order to support Jepanese space programs that extend
over a long period of time. This system includes a ‘sdandard’ dosmeter package congsting of
CR-39 PNTDs and TLD-MSOs, a high-gpeed scanning sysem for the CR-39 PNTDs, the
TLDPADLES program managing TLD dements and the AutoPADLES program for autometic
andyss of CR-39 etch pits. AutoPADLES aso has the function of automatic caculation of space
radiation doses from readouts of the CR-39 PNTDs and TLDs based on detailed response data of
the dosmeters for high-energy heavy ions. The PADLES system dlows us to provide dosmetric
results for biologica researchers within 2 weeks after the return of ther PADLES packages to
JAXA.
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