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INTRODUCTION

Hypothesis

A series of passive integrating measurements of
environmental radiation with dosimeters located inside the
Mir Space Station will significantly expand the U. S.
database at the 51.6° inclination orbit, provide detailed
information on shielding effects, allow intercomparison of
dosimetric methods and provide data for extensive testing
of model calculations.

Objectives

Measurements of linear energy transfer (LET) spectra will
be made in the range of 5 to 1000 keV/µm using CR-39
plastic nuclear track detectors (PNTDs) in six area passive
dosimeters (APDs). Emphasis will be placed on
measuring the high-LET, short-range target fragmentation
component produced in interactions between high-energy
trapped protons and the nuclei of the stopping medium.

Total absorbed dose will be measured with
thermoluminescent detectors (TLDs) in the six APDs. The
combination of absorbed doses and LET spectra measured
with the PNTDs will allow total dose, total dose
equivalent and average Quality Factor (QF) to be
determined for each APD location inside Mir. Time
averaged dose rate and dose equivalent rate will be
determined.

Comparisons will be made between LET spectra, dose and
dose equivalent measured with different types of
dosimeters including the APDs and other dosimeters
currently in use on Mir. In addition to the University of
San Francisco (USF) detectors, each APD contains a
passive detector stack from Institute of Medical and
Biomedical Problems (IMBP) in Moscow. Comparisons
between these detectors will be for identical shielding
geometry. APDs are also placed near the NASA-JSC
TEPC microdosimeter and other Russian active
dosimeters. The agreement between dosimeter
measurements by different countries and institutions is an
important consideration in establishing a broad, reliable
database for the radiation environment in space.

Comparisons will be made between LET spectra and
absorbed dose measurements and corresponding
calculations based on environmental models and transport
codes. Shielding at each of the six APD locations will be
determined with the aid of a three dimensional mass model
of Mir. The trapped particle models (AP8, AE8), galactic
cosmic ray energy spectra models (CREME96) and codes
for propagating radiation through matter (BRYNTRN,
HZETRN, HETC) are tested in these comparisons.
Refinement of the modeling to the point where doses can
be accurately projected for any space flight (with exception
of unpredictable solar particle event doses) is a major goal
for NASA. Space flight measurements are a necessary part
of this development.

Comparisons will be made between measurements made
on the three missions on which APDs were flown, NASA
2/Mir 21, NASA 3/Mir 22 and NASA 4/Mir 23 to
determine the change in radiation environment as a
function of time and spacecraft altitude. The measurements
will be made with identical APDs in the same locations
on the Mir. The results will be correlated with records of
the altitude of Mir as a function of time. If possible,
correlations will also be made for spacecraft orientation
and solar cycle.

The effects of shielding will be investigated through the
concurrent measurements made internal and external to the
Mir using one of the six APDs exposed during the NASA
4/Mir 23 and NASA 5/Mir 24 missions and the External
Dosimeter Array (EDA) which was exposed during the
NASA 4/Mir 23 and NASA 5/Mir 24 missions on the
STD platform mounted outside the Kvant-2 module.
Shielding effectiveness in reducing space flight radiation
levels is a function of particle type and energy spectrum,
shielding material and spacecraft orientation. The
combination of detector stacks outside Mir (for depth-dose
measurements in the range of 0.01-3 g/cm2 shielding) and
inside the Kvant-2 module (estimated shielding depth of 5-
10 g/cm2) will provide extensive data on shielding
effectiveness.

Measurements of Dose and LET Spectra as a function of
shielding depth under thin shielding (0.01-3 g/cm2) by
TLDs and plastic nuclear track detectors mounted on the
EDA will be compared with model calculations using the
AP-8 and AE-8 trapped proton and electron models. It has
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been determined that for low altitudes, the AE-8 trapped
electron model poorly estimates electron exposure.
Results from the EDA measurements can be used as a
baseline for model validation.

Background/History

The use of TLDs to measure absorbed dose and CR-39
PNTDs to measure LET spectra has become standard on
missions of the U. S. Space Shuttle. APDs similar to
those deployed aboard Mir during the NASA 3/Mir 22
mission have been included on several Space Shuttle
missions since the inception of the program. These
dosimeters have also been used aboard the Long-Duration
Exposure Facility, the ESA Eureca retrievable spacecraft,
numerous Russian/Soviet Biocosmos missions and aboard
Mir itself.

The External Dosimeter Array (EDA) consisted of two
sets of passive radiation detectors, one provided by the
University of San Francisco (USF) and the other by the
Institute of Biomedical Problems (IMBP), Moscow. The
USF detector set contained two sets of thin TLD stacks to
measure dose as a function of shielding depth under low
shielding and two sets of CR-39 Plastic Nuclear Track
Detectors (PNTDs) to measure the LET spectra ≥5 keV/µ
m external to the Mir Space Station. The IMBP detector
package consisted of six stacks of TLDs to measure dose
as a function of shielding depth and one stack of PNTDs.
The EDA is pictured in Figure 1. The two detector
packages were mounted on an aluminum tray. The tray
contains a spring-loaded lock at the bottom of the front
end which fit in the STD platform permanently mounted
on the outside of the Kvant 2 module. The EDA was
installed and removed from the STD platform through the
use of a handle at the back end.

The EDA was delivered to Mir during the STS-81 Shuttle
mission and was deployed by the NASA 4 astronaut
during the EVA of 29 April 1997. It was retrieved during
the EVA by the NASA 5 astronaut on 5 September 1997
and returned to Earth by STS-86 on 5 October 1997. Prior
to external deployment and following retrieval of the EDA
from the STD platform, it was stored in the heavily
shielded Ceiling Panel No. 303 location inside the Kvant
2 module. This location in the interior of the Kvant 2
module roughly corresponds to the external location of the
STD platform atop two gyrodynes near the airlock of the
Kvant 2 as illustrated in Figure 2. Ceiling Panel No. 303
was also the location of APD-6, which served as an
internal control during the external exposure of the EDA.
The total external exposure of the EDA lasted 130.1 days
while its total time aboard Mir lasted 267.2 days (NASA
4 and 5 missions).

METHODS/RESEARCH OPERATIONS

Calibrations of TLDs with standard 137Cs source (Pre- and
Postflight).

Calibrations of PNTDs with accelerated heavy ion beams
(Pre- and Postflight).

Readout of TLDs for absorbed doses (Postflight).

Readout of PNTDs for LET spectra (Postflight).

Plot TLD dose measured outside Mir as a function of
shielding depth (Postflight).

Plot LET Spectra ≥5 keV/µm measured outside Mir as a
function of shielding depth (Postflight).

Combining of absorbed doses and LET spectra into total
dose and total dose equivalent (Postflight).

Functional Objectives

FO1. Measure absorbed doses at six locations inside
Mir.

FO2. Measure LET spectra (LET > 5 keV/µm) at six
locations inside Mir.

FO3. Combine measurements into total doses and total
dose equivalents for six locations inside Mir.

FO4. Measure depth dose at STD platform location
outside Mir.

FO5. Measure LET spectra versus depth at STD
platform location outside Mir.

Hardware Items

HWl. TLDs (7LiF- Harshaw TLD-700). 180 of size 1/8
x 1/8 x 0.035 inch. PI-provided.

HW2. CR-39 PNTDs. 238 plates of size 4.5 x 4.5 x
0.06 cm. PI-provided.

HW3. APD boxes (Lexan). 7 boxes of 9.8 x 9.8 x 5.2
cm outer dimensions. PI-provided.

HW4. TLD reader (Harshaw Model 4000). PI-provided.

HW5. PNTD reader (image digitizer system). PI-
provided.

HW6. Computers for data reduction and analysis. PI-
provided.

HW7. TLDs (7LiF- Harshaw TLD-700). 75 of size 1/8
x 1/8 x 0.0036 inch. PI-provided.

HW8. External Dosimeter Array (EDA) TLD stack
holders. NASA-ARC -provided.

HW9. EDA PNTD stack holders. NASA-ARC -
provided.
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The passive dosimeters (APDs) which were used in this
experiment began registering the environmental space
radiation from the launch of STS-81 and continued to the
landing of STS-86. The exposure for the APDs therefore
overlapped the three Shuttle flights. The measurements
constituted a single session as described in Table 1 below.

Method/Protocol

The method for absorbed dose measurements involved:

a. Placing annealed TLDs into two plates at the front
and back of each APD.

b. Transporting the 6 APDs on the Shuttle to Mir where
they were mounted at different locations.

c. After return the flight TLDs were read out along with
calibration and background TLDs.

d. Absorbed doses were generated from the calibration
data.

The method for LET spectra measurements involved:

a. Placing 6 stacks of CR-39 plates at the sides of each
APD.

b. Transporting the APDs to Mir as in b. above.

c. After return selected CR-39 plates were processed for
readout. The processing included etching of the plates in
6.25N NaOH solution at 50° C for either 36 or 168 hr.

d. The processed plates are read out on a semi-automated
image digitizer system. For each APD 6 plates are read
out; one for each angular orientation in the APD (X, Y,
Z) and for each processing time. The parameters measured
on each plate are the major and minor diameters of the
openings of the particle tracks located within a given area.

e. Track parameter files for the 6 measured plates from
an APD, along with the etched thicknesses and the
response curves for the CR-39, are used to generate a 4
solid angle averaged LET spectrum for the LET range > 5
keV/µm. The response curves are determined from CR-39
plates irradiated by accelerated particles of known LET. A
database of calibration measurements made in the past at
the LBL Bevalac, the German GSI accelerator and several
Japanese accelerators are on hand. New calibrations are
being performed at the Brookhaven AGS and the Japanese
HIMAC heavy ion accelerators.

RESULTS

List of Pre-, In-, and Postflight Anomalies

No preflight, inflight or postflight anomalies occurred on
the NASA 4/5 missions with APD-6 (Serial No. 0018) or
with the External Dosimeter Array.

Completeness/Quality of Data

Readout of the TLDs is complete and absorbed doses have
been determined for APD-6. The PNTDs have been
processed and have been read out. The 6 layers of CR-39
PNTD from the APD plus two control layers of CR-39
PNTD have been analyzed. LET flux, dose rate and dose
equivalent rate spectra have been generated for the APD.
Dose measurements from TLDs have been combined with
the integral LET dose equivalent spectra from PNTDs to
yield corrected dose, average dose equivalent and average
quality factor.

Readout of the TLDs flown on the EDA have been
completed. Dose rate as a function of shielding depth on
the outside of the Mir Station has been plotted.
Processing and readout of the PNTDs exposed outside Mir
is underway. Preliminary LET spectra has been plotted.

DISCUSSION

Status of Data Analysis

Internal Experiment

Six Area Passive Dosimeters (APDs) were exposed
throughout the Mir Core and Kvant 2 modules during the
NASA 4 mission. One of these APDs (APD-6) remained
on board Mir during the NASA 5 mission and served as an
internal control for the External Dosimeter Array (EDA).
The APDs contain a set of TLDs to measure the absorbed
dose and CR-39 plastic nuclear track detectors (PNTDs) to
measure the LET spectra ≥5 keV/µm. TLDs from APD-6
have been processed and readout. Mission averaged doses
and dose rates have been determined from the TLDs. CR-
39 Plastic Nuclear Track Detectors (PNTDs) from APD-6
have been processed and have been read out using a semi-
automated track analysis system. CR-39 layers oriented in
the x, y, and z planes of each APD were selected for
processing. One layer from each plane was chemically
etched in 6.25 N NaOH solution at 50°C for 36 hours,
while a second layer from each plane was chemically
etched in 6.25 N NaOH solution at 50°C for 168 hours.
Track data from each of the two layers at a given
orientation were measured and the differential LET spectra
for each detector was plotted. Detectors processed for 168
hours reveal the low-LET component for the spectrum
while the 36 hour processed detectors reveal the higher
LET component. The high LET component includes
short-range tracks (~10 µm) produced by the target
fragmentation of primary high energy protons on the
carbon and oxygen nuclei of the detector. The two
differential LET curves were then combined to produce one
spectrum for each of the three measured axes. These three
integral LET spectra were then folded together to produce
an average integral LET spectra for the given APD. High
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LET results from the CR-39 PNTDs will be used to
correct doses measured in TLDs and to determine total
dose equivalent and dose equivalent rate at each APD
location.

External Experiment

The External Dosimeter Array (EDA) contained two stacks
of thin TLDs. The TLD chips measured _” square and fit
into a 1 cm diameter Lexan holder. The Lexan holder was
in turn placed in a block of Al (Figure 2. Each TLD stack
was covered by a thin layer of aluminized Kapton. The
TLDs were exposed in vacuum. All TLDs from the two
external stacks have been readout along with ground
controls and absorbed dose as a function of shielding depth
has been determined. The EDA also contained two stacks
of circular CR-39 PNTD foils. The PNTD stacks were
mounted in pressurized Al canisters. The canisters were
open at the top and sealed with two layers of Aluminized
Kapton. Processing and readout of the PNTDs is
underway. A preliminary LET spectrum has been
measured.

Final Research Findings

Internal Experiment

Table 1 shows the average dose and dose equivalent rates
measured from TLDs in APD-6. Also shown in Table 1
are the average dose and dose equivalent rates measured
using TLDs and PNTDs for each of the four APDs
exposed during the NASA 4/Mir 23 mission inside the
Mir Core module. The mean dose rate measured in APD-6
was 304 ± 7 µGy/d while the mean dose equivalent rate
was 323 ± 19 µSv/d. The dose rates measured on NASA 4
varied from 307 µGy/d for APD-2 to 375 µGy/d for APD-
4. The average dose rate corrected for the high-LET
component for the four NASA 4 APDs was 336 µGy/d.

Figure 3 shows the integral LET flux spectra measured
using CR-39 PNTDs for APD-6 as well as the four
NASA 4/Mir 23 APDs. There is good agreement in the
curves at low LETs starting from ~5 keV/µm and
extending to ~200 keV/µm. Above ~200 keV/µm, the
curves tend to diverge. This is probably due to the poor
statistics in this region of the spectrum—there are
relatively few particles of high-LET. Figure 4 shows the
integral LET dose rate spectra measured for the five APDs.
Dose rate falls slowly with increasing LET up to ~200
keV/µm, again illustrating the relative scarcity of high-
LET particles. The same effect can be seen in Figure 5,
the integral LET dose equivalent rate spectra for the five
APDs. The slope of the curves are nearly constant up to
an LET of ~100 keV/µm. The slope then gets
progressively steeper up to an LET of ~1000 keV/µm.
This indicates that while the number of high-LET

particles was relatively small in comparison with low-
LET particles (<100 keV/µm), the high-LET component
is responsible for the major fraction of dose equivalent
above 5 keV/µm.

External Experiment

Dose rate measured in the thin TLD stacks as a function
of shielding depth in shown in Figure 6. Within the first
g/cm2 of shielding there is a three order of magnitude drop
in the dose rate decreasing from ~100 cGy/d at 0.01 g/cm2

to 0.1 cGy/d at 1 g/cm2. The dose under less than 1 g/cm2

is mostly from low energy electrons and protons which
are attenuated rapidly. Also shown in Figure 6 are the
results from an earlier measurement of dose as a function
of depth carried out on the outside of the Mir Space
Station in 1991. The 1991 measurements are
approximately one order of magnitude greater than the
NASA 4/5 measurements over the range of shielding
thickness measured. The 1991 measurements were made
near solar maximum while NASA 4/5 occurred during
solar minimum and this difference partially explains the
difference in the two sets of measurements. A model
calculation of the 1991 measurement was made using the
AP8MAX trapped proton code and is shown by the square
symbols. The model calculation also lies below the 1991
curves. the 1991 measurements followed on the heels of
several large solar particle events (SPE) which created new
trapped particle belts. These belts were first identified by
the SAMPEX satellite and contributions from these belts
led to the 1991 measurements being greater than the
model calculations. While the two sets of measurements
(1991 and NASA 4/5) were made at solar maximum and
solar minimum, they cannot be considered upper and
lower limits of the dose rate vs. shielding as a function of
solar cycle due to the elevated levels in the trapped
particles exposures due to SPE in the 1991 measurements.

Figure 7 shows preliminary Integral LET flux spectra
measured by the CR-39 PNTDs contained in the EDA.
Also shown in the plot is the integral LET flux spectra
measured by the APD-6 which was exposed at a location
inside the Kvant 2 module corresponding to the location
of the EDA outside Mir and which served as an internal
control during the external exposure. Both spectra contain
only the high-LET component measured in the CR-39
PNTDs that were processed for 36 hours. Because of the
high density of small stack at low shielding, the
externally exposed detectors could not be processed by the
168 hour method used to reveal the lower LET tracks. The
low-LET component was also removed from the APD-6
spectra in order to make a direct comparison possible.
While the spectrum measured in the externally exposed
detector lie above that measured on the inside of Mir, the
difference in the two curves is not as great as was
expected. At higher LETs it may be that attenuation of the
GCR flux by the shielding of the spacecraft is offset by



                                                            POSTFLIGHT SCIENCE      REPORT                                                  BENTON   

3-33

the production of short-range high-LET target fragments
produced in interactions between high-energy trapped
protons and the nuclei of the stopping medium. At lower
LET (<30 keV/µm) the externally exposed detector does
lie well above the internally exposed detector, illustrating
the effect of attenuation of the low LET particle flux by
the spacecraft shielding.

Conclusions

The mean dose rate measured in APD-6 was 304 ± 7 µ
Gy/d while the dose rates measured in the APDs on the
Mir Space Station ranged from 307 to 375 µGy/d with an
average of 336 µGy/d. This is in close agreement with the
dose rates measured during the NASA 2/Mir 21 and
NASA 3/Mir 22 missions. Since the shielding for these
locations most likely remained more or less constant
between the missions, the differences in the dose rate
probably reflect a difference in altitude of the Mir Space
Station. The Mir is periodically boosted to higher altitude
to counter the constant loss of altitude due to atmospheric
drag. At higher altitudes, the Mir passes through a larger
portion of the South Atlantic Anomaly (SAA) and
receives a greater exposure from the trapped protons in the
region.

Differences in LET spectra measured for the five APDs
probably reflect differences in shielding for the four APD
locations. At high LET (>200 keV/µm) statistics also
play a role in the LET differences. The change in slope
between 100 and 250 keV/µm seen in the LET spectra
from the previous two NASA-Mir missions is also
visible in the spectra measured for the NASA 4/Mir 23
mission. A study is currently underway to determine
whether this change in slope is caused by the peak in the
cosmic ray spectrum from relativistic iron or whether it is
from stopping protons and α-particles produced in high-
LET target fragmentation events between trapped protons
of the SAA and the nuclei of the stopping medium.

Dose rate as a function of shielding depth measured in the
thin TLD stacks exposed on the EDA show a three order
of magnitude decrease within the first g/cm2 of shielding.
The NASA 4/5 dose/depth profiles are significantly lower
than similar measurements made during 1991 at the same
location on the Kvant 2 module, illustrating in part the
significance of solar cycle. Preliminary LET spectra have
been measured for the CR-39 PNTDs exposed on the
EDA. The least shielding CR-39 layers were saturated
with tracks and could not be read out. The measured
spectrum agrees, lying somewhat above that measured in
APD-6 on the inside of the Kvant 2 module, but not by as
much as expected.
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TTTTAAAABBBBLLLLEEEE    1111....    DDDDAAAATTTTAAAA    CCCCOOOOLLLLLLLLEEEECCCCTTTTIIIIOOOONNNN    SSSSEEEESSSSSSSSIIIIOOOONNNNSSSS////FFFFUUUUNNNNCCCCTTTTIIIIOOOONNNNAAAALLLL    OOOOBBBBJJJJEEEECCCCTTTTIIIIVVVVEEEESSSS

Session Scheduled Actual Scheduled Actual Samples/
Name FO# HW# Day Day Subjects Subjects Parameters Method

NASA2
Internal 1,2 1,2,3 22Mar96 22Mar96 6 flight APDs 6 flight APDs 6 radiation Passive
space to to exposures dosimetry
exposure 26Sep96 26Sep96
NASA3
Internal 1,2 1,2,3 16Sep96 16Sep96 6 flight APDs 6 radiation Passive
space to to exposures dosimetry
exposure 22Jan97 22Jan97
NASA4
Internal 1,2 1,2,3 12Jan97 12Jan97 6 flight APDs 5 flight APDs  5 radiation Passive
space to to exposures dosimetry
exposures 22May97 22May97
External 4,5 1,2,7, Apr97 29Apr97 1 flight EDA Passive
space 8,9 to          9/5/97 1 flight APD dosimetry
exposures * June
NASA5
Return 6Oct97
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Figure 1. Diagram of the External Dosimeter Array.

Figure 2. Locations of External Dosimeter Array and APD-6 in the Kvant 2 module.
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Figure 3. Average integral LET flux spectra measured in APD-6 exposed in both the NASA 4 and 5 missions and
in the four APDs exposed in the Mir Core module during the NASA 4/Mir 23 mission.

Figure 4. Average integral LET dose rate spectra measured in APD-6 exposed in both the NASA 4 and 5
missions and in the four APDs exposed in the Mir Core module during the NASA 4/Mir 23 mission.
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Figure 5. Average integral LET dose equivalent rate spectra measured in APD-6 exposed in both the NASA 4
and 5 missions and in the four APDs exposed in the Mir Core module during the NASA 4/Mir 23 mission.

Figure 6. Dose rate measured in thin TLDs as a function of shielding depth on the outside of the Kvant 2. Also
shown are similar measurements made at the same location on Mir in 1991 and a model calculation for the
1991 exposure.
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Figure 7. Preliminary LET Flux Spectra measured on the External Surface of the Kvant 2 module during the
NASA 4/5 mission. Also shown is the 36 hr. (high LET) spectrum measured in APD-6 during the same time
period.
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