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Abstract

Evaluation and monitoring of the cancer risk from space
radiation exposure is a crucial requirement for the
success of long-term space missions. One important task
in the risk calculation is to properly weigh the various
components of space radiation dose according to their
assumed contribution to the cancer risk relative to the
risk associated with radiation of low ionization density.
Currently, quality factors of radiation both on the
ground and in space are defined by national and inter-
national commissions based on existing radiobiological
data and presumed knowledge of the ionization density
distribution of the radiation field at a given point of
interest. This approach makes the determination of the
average quality factor of a given radiation field a rather
complex task. In this contribution, we investigate the
possibility to define quality factors of space radiation
exposure based on nanodosimetric data. The underlying
formalism of the determination of quality factors on the
basis of nanodosimetric data is described, and quality
factors for protons and ions (helium and carbon) of
different energies based on simulated nanodosimetric
data are presented. The value and limitations of this
approach are discussed.
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Bewertungsfaktoren für den Strahlenschutz

im Weltraum basierend auf nanodosimetri-

schen Daten

Zusammenfassung

Abschätzung und Überwachung des Krebsrisikos durch
Strahlungsbelastung im Weltraum ist eine wichtige Vor-
aussetzung für den Erfolg von Langzeit-Missionen im
Weltraum. Eine wichtige Aufgabe für die Risikoab-
schätzung ist die adäquate Gewichtung des Beitrages
der verschiedenen Komponenten der kosmischen Strah-
lung zu dem Krebsrisiko relativ zur Strahlung niedriger
Ionisationsdichte. Derzeit werden Bewertungsfaktoren
der terrestrischen und extraterrestrischen Strahlung
durch nationale und internationale Kommissionen fest-
gelegt, basierend auf dem aktuellen strahlenbiologi-
schen Kenntnisstand und der angenommenen Verteilung
der Ionisationsdichte der Strahlung am jeweiligen
Bewertungsort. Dieser Ansatz macht die Bestimmung
von Bewertungsfaktoren für die Strahlung im Weltraum
relativ kompliziert. In diesem Beitrag berichten wir über
die Möglichkeit, Bewertungsfaktoren für den Strahlen-
schutz im Weltraum mit Hilfe von nanodosimetrischen
Daten zu bestimmen. Der zugrunde gelegene Formalis-
mus wird beschrieben, und Bewertungsfaktoren für Pro-
tonen und Ionen (Helium und Kohlenstoff) basierend
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auf nanodosimetrischen Daten werden vorgestellt. Vor-
teil und Grenzen dieser Methode werden diskutiert.
Keywords: nanodosimetry, space radiation, quality
factors
Schlüsselwörter: Nanodosimetrie, kosmische Strah-
lung, Bewertungsfaktoren
Introduction

The risk of radiation-induced cancer and other late radia-
tion effects from exposure to space radiation is one of the
major challenges of long-term space exploration; humans
will be exposed to these hazardous radiation fields for
longer periods of time than has ever been experienced.
Space radiation comprises a wide range of particles with a
broad spectrum of energies. For example, the space radia-
tion environment in low earth orbit (LEO) contains galac-
tic cosmic rays (GCR) and energetic solar particles, i.e.,
electrons and protons, as well as neutrons and photons
generated by inelastic nuclear interactions in the Earth’s
atmosphere and in the spacecraft’s hull. Beyond the
Earth’s magnetic field, the radiation environment is domi-
nated by GCR superimposed with relatively short solar
particle events (SPEs) associated with coronal mass ejec-
tions. In the energy range from 100MeV per nucleon to
10GeV per nucleon, GCR consist of 87 percent protons,
12 percent helium ions, and 1 percent heavier ions [1]. Due
to their high energy, GCR easily penetrate the shielding of
spacecraft and a variety of secondary charged particles
and neutrons is produced. Protons are also the major
component of SPEs, which, due to their high fluence rates,
pose an acute risk for the health of astronauts.

Close monitoring of the radiation exposure of humans
in outer space and on the surface of landing sites not only
requires measurement of the absorbed dose received by
personnel but also assessment of the radiation quality.
For the evaluation of space radiation exposure, the life-
time fatal cancer risk is estimated by multiplying an age-
and gender-dependent risk coefficient and the dose equi-
valent, which is generally defined as the product of absorb-
ed dose, D, and the quality factor, Q, associated with the
radiation environment. In the United States, the National
Council on Radiation Protection (NCRP) has adopted
the organ dose equivalent, HT, as the appropriate quan-
tity for radiation protection in space [2]. This quantity,
which was defined by the International Commission on
Radiation Units (ICRU) [3], is given by

HT ¼
1

mT

Z
mT

Z
L

QðLÞDðLÞdL

� �
dm (1)

where Q(L) is the quality factor as a function of linear
energy transfer (LET), L, previously defined by the Inter-
national Commission on Radiological Protection (ICRP)
[4], D(L)dLdm is the dose deposited in the mass element
dm by radiation in the LET range between L and L+dL,
and the integration is over the entire LET range observed
and over the mass of the organ.

Organ dose equivalents for representative SPEs and
annual GCR spectra have been determined using radia-
tion transport codes such as BRYNTRN and HZETRN
[5] in combination with computerized human anatomical
models [6]. Although this approach provides useful esti-
mates of the radiation dose and cancer risk in space, there
are disadvantages including uncertainties of the radiation
transport codes and difficulties with LET as a unique
descriptor of radiation quality. Alternative methodologies
including a fluence-based approach and a microdosime-
tric event-based approach have been suggested to over-
come some of these problems [7].

In this contribution, we present a new approach that
defines quality factors based on nanodosimetric ioniza-
tion cluster-size distributions. Nanodosimetry is a relativ-
ely new technique that measures the number of ions
induced by charged particles within a wall-less sensitive
gas volume representing a DNA segment [8]. Since radia-
tion carcinogenesis is believed to be initiated by a DNA
damaging event, one can assume that the risk of cancer
induction is proportional to the number of such initiating
events. Direct measurements of the number of radiation-
induced events involving a complex DNA damage allows
calculating a quality factor defined as the ratio of the
frequency of such events induced by space radiation to
that of low-LET reference radiation. The results of this
approach with protons and light ions are presented and its
advantages and limitations are discussed.
Methods

Nanodosimetry and the Ion-counting Nanodosimeter

Nanodosimetry provides a means for measuring the num-
ber of radiation-induced ionizations within a nanoscopic
sensitive volume (SV). With existing technology using a
low-pressure gas, the interaction volume is magnified to
the millimeter scale and, therefore, accessible to direct
measurement. The quantity of interest for applications in
radiation protection is the frequency distribution of ioni-
zation clusters formed in a SV that simulates ionizations
in a DNA-like segment and the surrounding water layer,
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Figure 2. (a) Sequence of electrical signals registered from the

ion counter, each pulse corresponds to a single ion induced by

one primary charged particle. (b) Efficiency map of the sensitive

volume.
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from which radiation-induced radicals can diffuse to the
DNA and damage it.

The nanodosimeter developed at the Weizmann Insti-
tute of Science and Loma Linda University is shown
schematically in Figure 1. The interaction volume of the
device is a cylindrical gas volume of 120 Pa propane, 5 cm
in height and 5 cm in diameter. The scaling condition is:
1mm in the detector corresponds to 2.8 nm in water.

A wall-less, narrow and elongated SV is formed by
means of superposition of electric fields E1 and E2. The
radiation-induced positive ions drift toward a 1-mm dia-
meter aperture at the bottom of the gas volume under
electric field E1 of 60V/cm. The electric field E2 extracts
the ions through the aperture and accelerates them toward
a vacuum-operated ion-counting electron multiplier
(model AF180HIG, SGE Analytical Science, Melbourne,
Australia); ions are accelerated through a potential diffe-
rence of 8 kV with respect to the aperture plate. For a
single primary particle, a cluster of radiation-induced ions
in the SV results in a train of pulses that is registered by
the nanodosimeter data acquisition system; the trigger is
provided by the primary particle traversing the gas
volume [9,10] (Fig. 2a). The SV is defined by the three-
dimensional distribution of ion collection efficiency
(Fig. 2b), which has been both measured and calculated
using a Monte Carlo ion transport code with good agree-
ment of both data sets [11]. The ion origin along the SV is
derived from its drift-time measurement; selection of cer-
tain drift-time limits permits segmenting the full-length
SV into shorter sub-volumes [9,10]. Selectable tissue-equi-
valent SV lengths range from about 5 nm, which is the
resolution limit due to ion diffusion, to about 150 nm,
Figure 1. Cross-sectional view of the nanodosimeter installed on t

Center.
which is the maximum length defined by the height of the
gas volume. A more detailed description of the nanodosi-
meter (ND) and its performance has been given elsewhere
[9,10].
he proton research beam line at Loma Linda University Medical
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Table 1

Specifications of particles for which nanodosimetric data were

simulated in this work.

Particle type Particle energy Particle LET

(MeV) (keV/mm)

Electron 0.1 0.4

Proton 0.5 40.0

1.0 25.0

5.1 8.1

10 4.7

20 2.7

100 0.7

250 0.4
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It is important to note that the SV was conceptually
designed to simulate a cylindrical segment of DNA with
the surrounding water shell of a few nanometers in thick-
ness from which damaging species produced in water
radiolysis can diffuse to the DNA. With the current
configuration of the SV ion extraction efficiency
(Fig. 2b), it is reasonable to assume that we are approxi-
mately simulating the high efficiency of direct DNA ioni-
zations within a cylinder of about 2 nm diameter (0.8mm
in the ND gas phase) matching that of the DNA double
helix, whereas the rapidly falling ion collection efficiency
with radial distance from the SV axis simulates the effi-
ciency of diffusing water radicals and hydrated electrons
to cause damage in the DNA.
Helium ion 1 223

5 91

10 56

15 41

20 33

25 27

30 24

Carbon ion 10 797

20 580

40 385

100 202

250 90
Monte Carlo Simulation of Nanodosimetric Data

In this work, we simulated nanodosimetric cluster-size
distributions of electrons, protons, and light ions with a
dedicated Monte Carlo code developed at PTB and des-
cribed in detail in [10,12]. The code, in its current form,
utilizes a cubic propane gas volume of 125 cm3 and a
combination of experimental and theoretical ionization
cross sections of electrons, protons and light ions up to
neon; it simulates the transport of charged hadrons and
electrons in the gas with energies down to 10 eV (e.g., the
ionization potential of propane). The code calculates
the location of the ions induced by the primary particle
in the SV, which is defined by a look-up table of ion
collection efficiencies as a function of radial distance from
the SV axis and height above aperture plane. Ion clusters
are then transformed into ion-signal pulse trains based on
the experimentally measured location-vs.-drift time rela-
tionship. The code has been benchmarked against experi-
mental data with good agreement [10,13–15].

Track segments of low-LET 100-keV electrons
(0.4 keV/mm) and charged hadrons, including protons,
helium-4 ions, and carbon-12 ions with LET values rang-
ing from 0.4 to approximately 800 keV/mm were simulat-
ed. LET values in water were taken from SRIM [16]
(Table 1). Ions were assumed to be in a fixed charge state
given by their equilibrium mean charge. Particle energies
were selected to provide an overlap in LET values between
the different hadrons. Electrons were chosen as the low-
LET reference radiation. The primary particles were inci-
dent on the gas volume perpendicular to the SV axis as a
uniform circular beam of 3 cm in diameter. Three different
SV sizes were simulated: the full SV without any restric-
tions, corresponding to about 150 nm on the equivalent
nanometer scale, a 16 nm-equivalent long SV (about 50
base pairs on the DNA scale), and a 7 nm-equivalent long
SV (about 20 base pairs). All simulations were performed
with 106–107 incident primary particles ensuring adequate
statistics.
Determination of Quality Factors from Nanodosimetric

Data

In order to derive a quality factor for a given radiation, we
applied the general model formalism developed and ini-
tially validated by Garty [17]. It converts ionization clu-
ster frequencies measured with the nanodosimeter into
DNA damage cluster frequencies.

The formalism predicts the probability that a cluster of
nion ions registered in the full or sub-segmented SV of the
nanodosimeter produces a DNA damage cluster of a
specified number of DNA strand breaks. This probability
is then converted into DNA strand break cluster yield,
which is defined in the radiochemical sense as number of
clusters per unit energy deposited. The model for conver-
sion of ionization cluster size frequencies to DNA strand
break clusters has one basic parameter, i.e., the probabi-
lity, psb, that an ionization observed in the SV will be
converted into a strand break in the equivalent DNA
segment.

We have previously estimated the parameter psb using a
least-square fit of double strand break (DSB) yields pre-
dicted by the ND-data-based formalism to those obtained
with a plasmid DNA assay and found that best-fitting
values are in the range of 10–20 percent [17]. This is in
agreement with findings from radiochemical studies show-
ing that OH-radicals created from ionizations near the
DNA have a probability of about 13 percent to form a
DNA strand break and that 65–50 percent of all strand
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breaks are due to the indirect effect from diffusing OH
radicals, a percentage that is decreasing with increasing
LET [18]. In this work, we used a nominal value of
psb ¼ 0.15 but also tested the sensitivity of the quality
factors with respect to choosing parameter values of 0.10
and 0.20, respectively. To simplify matters, it was assumed
that psb does not depend on LET of the primary radiation.

DSBs are considered important lesions for radiobio-
logical endpoints including cell lethality and cancer induc-
tion. Most DSBs are repaired by repair-competent mam-
malian cells, but complex DSBs, which are associated with
additional strand breaks in the vicinity of two opposing
strand breaks, pose a problem to the enzymatic repair
machinery and often lead to mis-repair since they require
the homologous recombination repair mechanism, which
is only available in late S and G2 phases of the cell cycle.
Therefore, we assumed that the critical lesions relevant for
radiation carcinogenesis are DNA damage clusters with
nsbZ3 and not all strand breaks are located on the same
strand.

Assuming that one ion in the nanodosimeter SV cor-
responds to either none or one strand break in the equi-
valent DNA segment, the conditional probability to
observe a DNA damage cluster with exactly nsb strand
breaks given that an ionization cluster with nion was
observed can be described by the binomial probability

PsbðnsbjnionÞ ¼
nion

nsb

 !
pnsb

sb 1� psb

� �nion�nsb (2)

Let fND(nion) be a representative nanodosimetric cluster-
size distribution, i.e., the relative frequency of events with
ionization clusters containing nion ions obtained with a
particular radiation field. The frequency distribution is
normalized to the total number of events with one or more
ions (nionZ1). The frequency of ionization events leading
to exactly nsb strand breaks in the DNA segment is then

f sbðnsbÞ ¼
Xnion_max

nion¼1

f NDðnionÞPsbðnsbjnionÞ (3)

where nion_max is the practically observed largest ioniza-

tion cluster size. Further, let pdsbðnsbÞ ¼ 1� 1
2

nsb�1 be the

probability that not all out of nsb strand breaks occur on
the same DNA strand; the frequency of DSBs with exactly
nsb strand breaks (nsbZ2) is given by

f dsbðnsbÞ ¼
Xnion_max

nion¼2

f NDðnionÞPsbðnsbjnionÞpdsbðnsbÞ (4)

Further, the frequency of complex DSBs, i.e., those
with nsbZ3, is given by

f dsb�c ¼
Xnion_max

nsb¼3

Xnion_max

nion¼nsb

f NDðnionÞPsbðnsbjnionÞpdsbðnsbÞ (5)
Normalizing this frequency to the average amount of
energy deposited per energy deposition event, we have for
the yield of critical DSBs

Gdsb�c ¼
f dsb�c

W
Pnion_max

nion¼1
nionf NDðnionÞ

�
f dsb�c

WM1
(6)

where W is the mean energy required to form an electron-
ion pair and M1 is the first moment of the nanodosimetric
distribution, which is equivalent to the mean cluster size of
events with nionZ1.

The nanodosimetric quality factor for a certain radia-
tion was defined as the ratio of complex DSB yields for the
radiation under investigation and a reference radiation:

QND ¼
Gdsb�c

G
ref
dsb�c

(7)

Due to weak dependence of nanodosimetric cluster-size
distributions on LET in the 0.1–1 keV/m range, the res-
ulting Q factor should not be sensitive to the choice of
reference radiation in this LET range. Here, we chose
primary electrons of 0.4 keV/mm as reference radiation.
Results

Ion and DNA Damage Cluster-size distributions

Ionization cluster-size distributions were simulated for
electrons (reference radiation), protons, helium ions, and
carbon ions of different energies (see Table 1) and for
three different sensitive volumes (see above). Results for
the 16 nm long SV will be presented first and those for the
large and smaller volume will be presented below (Depen-
dence of Quality Factors on Sensitive Volume Length).
Figure 3 shows representative ionization cluster-size
distributions for the 16 nm long SV for the highest and
lowest LET values of each particle type. Note that events
with a single ion, although not representing a true cluster,
were included in the distributions. The distributions were
normalized to the number of registered events with at least
one ion, excluding particles traversing the gas volume
without ion registration in the SV. Ionization cluster-size
frequencies generally declined with increasing size, but for
high-LET particles intermediate (3–10 ions) and large
ionization clusters (410 ions) where more frequent and
small clusters (1 or 2 ions) less frequent than for low LET
radiation. There was no obvious LET threshold for large
clusters, as these were also observed with low-LET radia-
tion.

Each ionization cluster-size distribution was converted
to a distribution of strand breaks per DSB. The resulting
distribution, normalized to the total number of DSBs, is
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Figure 3. Ionization cluster-size distributions simulated with a

sensitive volume of 16 nm equivalent length for the lowest and

highest LET of the particle species used in this work.

Figure 4. Distribution of the number of strand breaks associat-

ed with DSBs based on a conversion of the ionization cluster-size

distributions shown in (Fig. 3).

Figure 5. Nanodosimetry-based quality factors as a function of

LET derived from ionization cluster-size distributions obtained

with a SV of 16 nm equivalent length. The Q-factors from ICRP

Publication 60 are shown for comparison.
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shown in (Fig. 4). DSB complexity was expressed as the
number of additional strand breaks associated with a
‘‘simple’’ DSB, defined as two strand breaks on opposing
DNA strands within a segment of DNA equivalent to the
SV. Thus zero associated strand breaks would correspond
to a simple DSB, one associated strand break to a DSB
with one additional strand break, etc. It is obvious that for
low-LET radiation (100 keV electrons and 250MeV pro-
tons) the majority of DSBs (480 percent) was simple,
whereas for high-LET particles the majority of DSBs was
associated with additional strand breaks.
Quality Factors versus LET

The yield of DSBs with at least three strand breaks
(complex DSBs) was derived for each particle type and
energy; quality factors were calculated by taking the ratio
of this yield to the yield of complex DSBs of 100-keV
electrons. The resulting quality factors for the 16 nm long
SV are shown in (Fig. 5) as a function of LET and
compared to the LET-dependent quality factors defined
in ICRP Publication 60 [4]. One should note that the
general trend of the quality factors is similar to those
defined by the ICRP with practically constant values in
the 0.1–10 keV/mm LET range, a steep rise for LET values
in the 10–100 keV/mm range, and a leveling-off beyond
100 keV/mm. However, the pronounced quality factor
peak at 100 keV/mm, defined by the ICRP, is not seen for
the nanodosimetry-based quality factors. Of note, the
quality factors for protons with LET values between 0.1
and 10 keV/mm are higher than 1, i.e., about 1.3–1.4, and
protons have an about 20 percent higher quality factor
than helium ions for the same LET. Differences in quality
factors for different particles of the same LET are not
defined by the ICRP.
Dependence of Quality Factors on Conversion Probability

We tested the sensitivity of the derived quality factors to
the choice of the value of the conversion parameter psb.
Figure 6 shows the quality factor versus LET for the
16 nm long SV for three different values of psb (0.10,
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Figure 6. Nanodosimetry-based quality factors as a function of

LET derived for different values of the conversion parameter psb:

the upper (dotted) lines connect the values that were calculated

with psb ¼ 0.10, the lower (dashed) lines connect the values

calculated with psb ¼ 0.20, and the solid lines connect the values

calculated with the nominal value of psb ¼ 0.15.

Figure 7. Nanodosimetry-based quality factors as a function of

LET for three different sensitive volume sizes.

292 R.W. Schulte et al. / Z. Med. Phys. 18 (2008) 286–296
0.15, and 0.20). The value of psb ¼ 0.15 yielded quality
factors closest to those defined in ICRP Publication 60. In
the LET range of 0.1–100 keV/mm, the upper and lower
limits of quality-factors were within 10 percent of the
nominal quality factor values, but larger differences, up
to a factor 2.5, were seen for the LET range of
100–1000 keV/mm. Generally, it is obvious that a larger
conversion factor will increase the yield of DSBs for any
radiation. However, the smaller value (psb ¼ 0.10) result-
ed in higher quality factors and the higher value
(psb ¼ 0.20) in lower quality factors than the intermediate
value. This is due to the fact that with increasing psb the
absolute yield of complex DSBs increased more for the
low-LET reference radiation than for the radiation of
higher LET.
Dependence of Quality Factors on Sensitive Volume Length

We investigated the dependence of quality factors on the
length of the sensitive volume (Fig. 7). The 16 nm long SV
yielded quality factors that were most compatible with
those defined in ICRP Publication 60. The full-length SV,
which has an approximate equivalent length of 150 nm,
resulted in 2–3 times lower quality factors and the small
SV of 7 nm length resulted in about three times higher
quality factors. It is clear that the large SV will register
many more ionizations including those that may not
interact to form DSBs due to a separation larger than
the presumed critical distance for interaction (10–20 base
pairs or 3–7 nm). This would falsely increase the number
of complex DSBs, in particular for low-LET radiation,
explaining the lower values for the quality factors derived
from the large SV. On the other hand, the small SV (7 nm)
is likely to undersample the number of clusters leading to
complex DSBs. This may lead to an underestimation of
the number of complex DSBs generated by low LET
radiation, as the associated ionization clusters are pro-
bably spatially less dense than those caused by high-LET
radiation. This would explain an overestimation of the
quality factor derived from the small SV.
Discussion and Future Directions

Despite current technical limitations preventing compact
nanodosimeters to be utilized for space flights, we have
investigated the possibility to derive quality factors of
space radiation with nanodosimetry. Since experimental
data for a larger range of heavy ions and LET values are
scarce, we performed Monte Carlo simulations of the
experimental nanodosimetric data for protons, helium
and carbon ions, as well as 100 keV electrons, the latter
used as low-LET reference radiation. The Monte Carlo
code developed at the PTB for that purpose has been
extensively validated in comparison with experimental
nanodosimetric data with protons and helium ions
[10,13,14]. For heavier ions, the code remains to be vali-
dated as experimental data do not exist at this time.

Our results obtained with a nominal 16 nm long SV and
a probability of 0.15 for ion-to-strand-break conversion
agree generally well with the Q(L) LET dependence devis-
ed by the ICRP in their Publication 60 [4]. One notable
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difference in the low-LET range is that the quality factor
up to an LET value of 10 keV/mm was in the range of
1.3–1.4 for protons with energies 45MeV in our work
but defined as 1.0 by the ICRP. Our value is consistent
with relative biological effectiveness (RBE) values in the
range of 1.1–1.2 for high-energy protons compared to g
rays at radiotherapeutic doses (1.8–2 Gy) with a tendency
of higher RBEs in the low-dose limit [19]. A second
difference is the about 10% higher Q(L) value for protons
compared to helium for the same LET This observation is
in agreement with higher cell-survival and mutation-
induction RBEs of low-energy protons compared to those
of helium ions at the same LET [20,21].

It should be mentioned that nanodosimetry is not the
only option for evaluating and monitoring quality factors
and equivalent doses for space radiation exposure. The
use of very compact solid-state microdosimeters to moni-
tor space radiation quality is rapidly evolving and was
recently modeled with silicon-on-insulator (SOI) micro-
dosimeters for solar protons [22]. The MIDN (MIcroDo-
simetry iNstrument) developed by the United States
Naval Academy contains three SOI microdosimeters loca-
ted at three different locations on the MidSTAR-1 space-
craft [23]. MidSTAR-1 is the first of the MidSTAR series
and was launched aboard a Lockheed-Martin Atlas V
rocket in March 2007. From the microdosimetry spectra
recorded by the microdosimeters, the mean dose weighted
lineal energy, average quality factor, and dose equivalent
can be determined using the protocol outlined in ICRU
report 36 [24].

The main difference between the microdosimetry and
the nanodosimetry approach to determine quality factors
is in the geometry of the sensitive volume and the conver-
sion of event-size distributions into a radiation quality
factor. Microdosimetry records stochastic energy deposi-
tion events in micrometer volumes and one assigns quality
factors to components of the lineal energy spectrum.
Nanodosimetry, on the other hand, records individual
ionizations occurring in simulated DNA segments and
one calculates the quality factor based on the frequency
ratio of critical DNA damage events (complex DSBs).
This approach may be more directly related to cancer
initiating events, however, additional radiobiological res-
earch correlating nanodosimetry data with biological end-
points such as mutations and cancer induction will be
needed to confirm this view.

The approach suggested here has its specific limitations,
some being of conceptual nature as discussed next, and
others of technical nature, as discussed below. There are
several assumptions implicit in our approach that should
be discussed and critically evaluated.
�
 Our approach provides quality factors based on the
relative frequency of complex DSBs, which are presu-
mably responsible for radiation-induced late effects.
Current hazard-rate radiation risk models assume an
age-dependent base-line risk modified by a relative risk
(RR) factor, which is expressed as the product of a
function of the effective dose equivalent and a function
of age at exposure and time since exposure [25]. The
effective dose equivalent is a weighted sum of organ
dose equivalents derived from equation (1) and multi-
plied with organ-specific weighting factors [26]. The use
of a multiplicative quality factor in equation (1), here
derived from relative frequency of complex DSBs,
implies that the relationship between dose (or fluence)
and DSB induction is linear. This is implicit in our
model due to the assumption that only single particles
contribute to ionization clusters (see last discussion
point below), and has also been confirmed by experi-
mental studies of DSB induction [27].

�
 Central to our approach is the assumption that com-
plex DSBs with three or more strand breaks are the
most relevant DNA lesions for radiation-induced can-
cer. Error-prone repair of DSBs has in fact been reco-
gnized as the predominant mechanism for radiation-
induced genetic and chromosomal injury leading to
cancer in the BEIR VII Phase 2 Committee Report
[25]. Moreover, not all DSBs are equal in their repara-
bility and most DSBs with just two breaks separated by
a few base pairs can be repaired by the non-homolo-
gous end joining (NHEJ) repair mechanism [28]. With
any additional break, however, a small piece of DNA or
genetic information is lost from the break site and DNA
repair appears to become error prone and chromosomal
rearrangements are more likely. Moreover, while com-
plex breaks can be repaired in principle by homology-
directed repair (HR), this mechanism is not available
throughout the cell cycle and has a limited capacity in
most mammalian cells [28]. These facts support our
assumption that DSBs with three or more strand breaks
are relevant in the process of carcinogenesis.

�
 The value of the parameter psb is critical for the nano-
dosimetric conversion model. We assumed a nominal
value of 0.15 based on existing radiochemical know-
ledge and the assumption that the SV is a representa-
tive model for cellular DNA. It is important to note
that psb is essentially a radiochemical parameter. Its
value depends on the kinetics of the chemical reactions
of the initial water radiolysis products (e.g., the hydro-
xyl radical) within the scavenging environment of the
DNA [29]. The subsequent cascade of signaling and
repair responses of cells, which is likely to be respon-
sible for the large variations in intrinsic radiosensiti-
vity, should not affect psb. Therefore, one may assume
that the value of psb is well preserved among different
cell types and species.
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�
 The parameter psb was assumed to be independent of
LET. It is possible that the average distance between
neighboring ionizations in ionization clusters is
smaller for high-LET than for low-LET irradiation.
This would mean a higher probability for radicals to
recombine before they interact with the DNA and thus
a smaller quality factor for high LET than calculated
here. We have not yet investigated this effect, but a
study of the LET-dependence of the distance between
individual ionizations with theMonte Carlo simulation
code we have used here will be part of future work.

�
 Built into the conversion of ionization clusters to
strand break clusters is the assumption that a single
ion does not produce more than one strand break. This
assumption is supported by experimental evidence that
low-LET DSBs are formed by two radicals rather than
a single radical mechanism and that DSBs produced by
alpha particles are formed by several radicals [30].

�
 It was assumed that only single primary particles con-
tribute to ionization clusters. This assumption is justi-
fied by the small geometric cross section of the nano-
dosimetric SV and the low-dose/fluence space radiation
environment [31]. For example, 32 protons of 250MeV
traversing a typical mammalian cell of 20 mm2 cross
section deliver a dose of 0.1 Gy. Based on our estimated
absolute cluster size frequency spectrum per unit
fluence, we estimate for the probability that more than
one out of 32 protons deposit ionization clusters of any
size in the 16-nm SV is approximately 10�10, which is
negligibly small.

Due to its design, the nanodosimeter in its current
implementation does not give any information on the
regional association of complex DSBs. The importance
of regional spatial clustering of energy deposition events
in DNA for the formation of chromosomal exchanges and
whether one or two DSBs are needed for these chromoso-
mal rearrangements is still a matter of active debate [32].

Our approach did not predict the sudden decrease of
RBE in the high LET range of 100–1000 keV/mm which
has been incorporated into the ICRP-defined quality fac-
tors. LET-dependent RBE maxima for various biological
endpoints, which have served as a database for the choice
of quality factors, have been observed over a rather large
range of LETs depending on endpoint and particle species
[4,26,33]. Other factors than a decrease in the frequency of
large clusters may have contributed to the decline of RBE
for particles of high LET, for example, the low penetra-
tion power of high-LET protons and light ions and
saturation effects for heavy ions. Bettega et al. [34] sugge-
sted that for low doses of high-LET ions only a fraction of
cells are actually traversed by the ions, which would lead
to an overkill effect in those cells hit and no effect (except
for a possible bystander effect) in those cells not hit. Of
note, Groesser et al. [35] investigating the RBE of high-
energy iron ions with LETs up to 250 keV/mm for micro-
nucleus formation, which are believed to be the result of
complex DSBs, observed leveling-off of RBE for LET
values in the 100–250 keV/mm range rather than a peak,
similar to the nanodosimetry-defined quality factors
reported here.

In recent years, we have obtained experimental nano-
dosimetric distributions with the nanodosimeter develop-
ed at the Weizmann Institute of Science and Loma Linda
University with protons of a range of energies and alpha
particles [13] as well as high energy electrons from a
strontium-90 beta source (unpublished). Such measure-
ments have demonstrated the usefulness of nanodosime-
try. However, the current technology has its limitations,
foremost its lack of portability due to the need of sophi-
sticated pumping and gas systems and its slow data acqui-
sition time when sampling from a single SV. If the realm
of nanodosimetry is to be investigated further, in particu-
lar for applications in space radiation protection and
monitoring, an improved nanodosimeter is required that
can be deployed on spacecraft. For this, the basic concept
of the nanodosimetry apparatus may need to be revisited.
A compact gas-based nanodosimeter sampling from a
large array of SVs would be one possible solution. This
will require the development of a two-dimensional ion
detector operating in the same low-pressure gas environ-
ment as the detection volume. Gas-based two-dimensio-
nal micro-pattern detectors exist for photon and electron
detection [36] but, so far, not for ions.

In addition, solid-state nanodosimeters of truly nano-
meter SV size should be investigated and developed in
order to further develop this field of research. Attempts to
develop solid-state radiation detectors sensitive to the
track structure of charged particles was recently underta-
ken using the response of LiF thermoluminescent detec-
tors (TLD-100) and based on recombination of electron
hole pairs in spatially correlated trapping luminescent
centers of LiF detectors [37]. It was observed that the
shape of the glow peak produced by the TLD depends on
the track structure. However, interpretation of this data is
complicated and this technology is unsuitable for real-
time nanodosimetry. A more effective method for real
time nanodosimetry utilizing nanotechnology and quan-
tum dots (QDs) is currently being explored by one of the
coauthors (ABR) of this contribution. In contrast to gas
nanodosimetry, such a device would register and quantify
energy depositions by the track of charged particles in
QDs embedded in a tissue-equivalent organic matrix. This
mode of solid-state nanodosimetry has the potential for
significant improvements over current technology. The
development of such detectors would be useful across a
range of therapeutic and radiation protection applicati-
ons, including space radiation; however, an adequate
R&D program needs to be conducted.
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Conclusions

This study has demonstrated that nanodosimetric data
yield meaningful quality factors for space radiation
protection, which are based on a biological endpoint
namely the ratio of complex DSBs. The advantage of the
proposed method is that it does not require identification
of individual particles in a complex radiation field. Prac-
tical application of nanodosimetry in space radiation pro-
tection requires further technical development, in particu-
lar, of a compact nanodosimeter as well as biological
verification studies.
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