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Abstract

A nanodosimetric technique and first ionization cluster spectra on the DNA scale are pre-
sented. Single radiation-induced ions are extracted through a small aperture from a wall-less
sensitive volume formed in a tissue-equivalent gas; after acceleration in vacuum, the ions are
counted by an electron multiplier. Low ion diffusion permits forming well defined tissue-
equivalent sensitive volumes, down to the scale of 0.1 nm; the upper limit is of the order of
a few tens of nm. Distributions of ionization clusters deposited by a-particles in sensitive
volumes down to 1.1nm X 1 nm (diameterxlength) are presented, with the relevance to
nanodosimetric studies on the DNA scale. Present limitations and possible improvements
are discussed.
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1 Introduction

A nanodosimetric technique and first ionization cluster spectra in small dilute gas volumes,
simulating the DNA sizes, are presented in this article.

According to contemporary radiobiological concepts, the failure to repair radiation in-
duced DNA damage can lead to cell death or mutation. More recently it has been hypoth-
esized that radiation energy deposits directly within the DNA helix or in the surrounding
layers of water molecules may lead to a local concentration of individual DNA lesions such
as base damages and strand breaks'. The initiating events for these so-called multiply dam-
aged sites are local clusters of ionization, which have been predicted by theoretical track
structure calculations based on Monte Carlo codes?. Multiply damaged sites are assumed
to present a problem for the cellular repair system and are likely to represent biologically
relevant DNA damage®. The measurement of local ionization clusters in DNA-size volumes
demands investigation and development of novel nanodosimetric devices, as these would be
most relevant to assess DNA and chromatin damage?. As the interest shifts from micrometer
dimensions, e.g., the diameter of a cell nucleus (~ 10 wm) or the interaction range between
chromosome breaks (~ 1 pm), to nanometer dimensions, e.g., the diameter of chromatin
fibres (~ 25 nm) or DNA helix (~ 2 nm)?, the volumes in which ionizations are measured
should also be in the range of 1-30 nm accross. The results of experimental nanodosimetric
studies, combined with those of direct radiobiological investigations, could provide a better
understanding of the mechanism of radiation damage to living cells and the reason why some
damaged DNA escapes repair and results in cancer or cell death. They would also provide
valuable input for biophysical models of cellular radiation damage®. There is a variety of
practical applications in radiation protection and monitoring, as well as in radiotherapy.

Ordinary microdosimetry deals with ionization distributions in tissue-equivalent spherical
gas volumes of 0.2 - 10 pm in diameter, i.e. at the level of the nuclei and chromosomes.
Tissue-equivalent proportional counters (TEPC) are generally used. The counter integrates
the charge deposited in a single event, yielding, after gas multiplication, a pulse proportional
to the deposited energy.

There have been many attempts to minimize the tissue-equivalent sensitive volume size
in TEPCs”® ?; the smallest achieved cavity size in an ultraminiature counter corresponds
to 5 nm®. However, the interaction of the lonizing particles with the cavity walls distorts
the measurements, which is particularly problematic for cavity sizes below the track radius.
A different method'® ' 12, which is based on a drift chamber coupled to a single-electron
counter, should permit formation of wall-less sensitive volumes. This electron counting
technique measures the number of ionizations by counting pulses induced by individual
lonization electrons. The ionization volume is coupled to a gas electron multiplier by a small
aperture which determines the dimensions of the sensitive volume. Compared to proportional
counters, the single electron counting technique provides a measure of the deposited energy
with an improved resolution; it is independent of avalanche fluctuations, because it measures
in a direct way each individual ionization electron. This method, intensively investigated by
us, is, however, diffusion-limited, down to a size of a wall-less sensitive volume of the order
of ten tissue-equivalent nanometers. This limitation originates form the fact, that under
conditions corresponding to small tissue-equivalent lengths, the ionization electrons undergo



a quasi-ballistic transport, with diffusion that strongly depends on their initial energy.

Another recent nanodosimetric approach!?, also relying on the registration of deposited
electrons, consists in optically imaging the fine structure of ionizing particle tracks traversing
a low-pressure gas volume. The ionization electrons along the track induce avalanches, of
which the emitted light is recorded with an intensified CCD camera. The technique should
permit recording of radiation-induced ionization patterns in a few micrometer size tissue-
equivalent sensitive volume, with a resolution in the range a few tens of nanometers. The
total deposited energy is derived from the charge integrated by the CCD.

A complementary method allowing coverage of the nanometer and sub-nanometer range,
consists in counting radiation induced positive ions, which undergo a considerably reduced
diffusion. First attempts to measure ion signals were undertaken in the early seventies!%- 15 16, 17,
but did not come to practice during that time. A modified approach, which is based on
counting jons induced in a gas jet is presently under investigation!® 9.

Independently, a novel ion counting nanodosimetric technique was recently proposed
in our works*»?'. The first results presented in this article demonstrate the feasibility of
studying ionization effects on the tissue-equivalent DNA scale.

2 The ion counting nanodosimeter

2.1 General concept

The concept of the ion counting nanodosimeter is shown in Figure 1. An energetic charged
particle traversing a low-pressure gas ionization cell, typically at about 1 Torr, induces
ionizations around its track. Radiation-induced ions drift under an electric field E,, through
a narrow aperture, towards an ion counter (under E,). The electric field configuration and
the size of the aperture define the sensitive volume, shown in the figure. In the ion counter,
which is a vacuum-operated electron multiplier, fast signals result from multiplied secondary
electrons originating from the interaction of vacuum-accelerated ions with the multiplier
surface. An appropriate differential pumping system has to maintain the pressure difference
between the ionization cell and the ion counter region. Due to the low transverse diffusion
of the ions (compared to that of electrons) and their low initial energy, there are practically
no lower limits on size of the sensitive volume; sub-nanometer resolution can be reached.
Moreover, as charges do not undergo gas multiplication, there are no limits to the type of
gas to be investigated. This is a considerable advantage, which permits selection of various
gases for simulating the chemical composition of different fine subsystems of the living cell.

2.2 The sensitive volume evaluation

The size and the shape of the sensitive volume depend on the transverse diffusion of the
lons during their drift towards the aperture. In addition, the length of the volume along
the electric field can be selected by defining the time interval during which arriving ions are
detected. Using the known diffusion model?? one can easily get an expression for average
arrival time ¢ and rms transverse displacement of an ion, Z,,, during its drift under an
electric field,

i=L/EK (1)



Zion = \/D/K\[2L/E (2)

Here D is the transverse diffusion coefficient , K — the ion mobility, L — the drift distance
and E - the electric field strength.

It should be noted that in multiatomic gases (of interest for dosimetry), a multitude of ion
species can be produced, each having a different diffusion coefficient and mobility. Moreover,
various ion-molecule reactions are possible, which leads to subsequent transformations of
the ions during the diffusion process. Therefore, the ion transport data required for the
nanodosimeter sensitive volume evaluation should be averaged over the spectrum of the
initially produced ion species and over various “transport channels”, connected to various
transformations during the diffusion. Such data are not available in the literature.

In order to model the expected performance of an ion counting nanodosimeter, a method
for measuring ion transport parameters, namely, D/K and K as a function of E /p (p being
the gas pressure) has been developed and utilized 2. These measurements provided distri-
bution functions of the drift time and the transverse diffusion, averaged over all ion species,
which are induced by radiation in a given gas and drift in that gas under an applied electric
field. The measured data and their analytical approximations for propane, used in this work,
are shown in Figure 2. The reduced ion mobility K, in F igure 2b is related to K by the
equation 273

P
=seg T 5 (3)
where p is the gas pressure in Torr and T is the gas temperature in (°K). The average arrival
time was calculated using equation (1); according to our measurements, its distributions were
approximated as Gaussians, with relative rms deviation of 0.18.

To obtain the sensitive volume size and configuration, a function f(L, R, t,,ty) was cal-
culated, which is the probability that an ion, induced in a point (L, R) of the ionization cell,
passes through the aperture and reaches the ion detector within the time window (t1,t2). The
coordinates L and R are the distances from the aperture plane and the aperture axis respec-
tively; ¢, and ¢, are measured from the reference detector pulse (see Figure 1). f(L,R,t1,t3)
was assumed to be a product fi(L, R)f>(t,t) of two independent probability functions,
depending on the ionization point position and on the drift time, respectively. To obtain
fi(L, R), according to the diffusion model?2, a distribution function ¢ r(T) was calculated,
which represents a probability density for an ion induced in the point (L, R) to reach the
aperture plane at a distance r from the aperture center; then f;(L, R) was calculated as
an integral of ¢, g(7) taken over the aperture area. The function fa(t1,t2) was calculated
as an integral of the drift time distribution over the selected time window. To calculate
the sensitive volume without any time selection, fa(t1,2) is taken to be 1. The calculated
sensitive volume configurations for the conditions of our measurements are presented later
(see Figures 5 and 6).
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2.3 The prototype nanodosimeter setup

A schematic view of the ion counting nanodosimeter prototype setup is shown in Figure 3. It
contains three chambers: an ionization cell, a vacuum decoupler and a high vacuum chamber
with an ion detector. '

The ionization cell is flushed with a low pressure gas. It contains a collimated 24! Am
a-particle source and a PIN diode (Hamamatsu Photonics S1223-01), providing a reference
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signal for the acquisition system. Gas ionization occurs across the ionization cell, by direct
a-particle impact, or through the mediation of §-rays. Under the applied electric field, the
ions drift towards a circular aperture; some of the ions (according to the sensitive volume
configuration) pass through the aperture and are accelerated towards the ion detector. The
reference signal from the PIN diode provides the acquisition system with a trigger induced by
the collimated a-particles traversing the whole length of the “region of primary ionization”
(see Figure 3b). This is a cylindrical region of 3 mm in diameter and a distance of 4 mm
between its axis and the aperture plane. The trigger rate of the a-beam is about 400 particles
per second; the aperture diameter is 0.85 mm.

The vacuum decoupler serves to provide a two-stage differential pumping, to maintain
the pressure difference between the ionization cell and a high vacuum ion detector region. It
contains ion guiding electrodes, which also limit the gas flow into the high vacuum chamber.

The high vacuum chamber is maintained under pressure of the order of 1073 Torr,
which permits safe operation of the electron multiplier (EM) of a multiple dynode type (ETP
electron multipliers, Massachusetts, USA; model DM205). The chamber contains electrodes
accelerating the ions up to about 3 keV and focusing them into the EM. At this ion energy
the EM efficiency was measured to be above 90%. It provides 10 ns wide pulses, far above
noise (see Figure 4a).

The acquisition system is based on a Tektronix 2440 digital oscilloscope connected
to a PC computer, which is supplied with a program for the signal analysis?>. The system
is triggered by the reference pulse from the PIN diode. An example of an ionization event
recorded by the digital oscilloscope is shown in Figure 4a. Identification of the individual
ion-induced pulses is made by a signal analysis program using a correlation method?*. Each
recorded event corresponds to a sequence (cluster) consisting of one or several ions induced
within the sensitive volume (in a direct or an indirect way) by a single a-particle detected
with the PIN diode. Frequency distributions of the ion cluster sizes, i. e., the number of ions
in a cluster, are obtained from a series of records. An additional selection of the sensitive
volume size, in the direction parallel to the electric field, is made by counting ions within a
selected time window, as shown in Figure 4b.

3 Results and discussion

3.1 The sensitive volume

One of the important practical aspects of an ion counting nanodosimeter is the ability to
form a sensitive volume of a desirable tissue-equivalent size. As discussed above, the sensitive
volume size and configuration in the laboratory frame depend on the aperture geometry, the
applied electric field strength, and the ion transport parameters; the scaling factor connecting
the laboratory frame size with the tissue-equivalent one is proportional to the gas density.
While there is practically no lower limit to the sensitive volume size, its upper limit depends
on the highest possible gas pressure in the ionization cell. The latter, in turn, is limited by the
design and the efficiency of the differential pumping system; it should provide an acceptable
vacuum in the region of the electron multiplier. A two stage differential pumping system
in the present setup permits reaching a propane pressure of about 0.75 Torr, maintaining
the vacuum at the EM on the level of 107* Torr; this is the upper permissible vacuum
limit for its operation. Improving the differential pumping system should permit a pressure



increase by a factor of 2 or 3, and, therefore, corresponding increase of the sensitive volume
dimensions.

Calculated configurations of the sensitive volume for propane at 0.54 and 0.73 Torr are
presented in Figure 5. They are shown as contour plots of the efficiencies of extracting
lons, originally induced by radiation in various locations of the ionization cell. The contour
plots are presented for two very different extraction electric field strengths, further discussed
below. One can see that, in both cases, the sensitive volumes (within the efficiency contour
of 0.5) form approximately cylindrical regions, with a diameter corresponding to that of
the aperture (0.85 mm). Its length-to-diameter ratio strongly depends on the electric field
strength, and varies from a value of 3 under the low electric field condition of 16.8 V/cm
(Figure 5a) to a value of 8 under the high field condition of 210 V/em (Figure 5b). The
corresponding sensitive volume tissue-equivalent sizes (diameter xlength) are 1.1 nm x 3 nm
and 1.5 nm x 12 nm, respectively. To achieve smaller, more precise defined sensitive volumes,
the extended sensitive volume formed under the high extracting field can be further divided
by applying time selection windows. This way, completely closed wall-less sensitive volumes
can be formed (Figure 6).

According to our recent model estimations, the most biologically relevant sensitive vol-
ume is a cylinder of about 2 nm in diameter and 8 to 16 nm in length. Such volume has been
practically reached with our technique. Further increase of the tissue-equivalent sensitive
volume is possible by increasing the gas pressure (which requires improving the pumping sys-
tem), or by increasing the gas pressure in combination with reducing the aperture diameter
(maintaining the same gas flow), as discussed in our previous work?!.

3.2 Ion cluster distributions

The measurements of the ion cluster distributions were performed under two different electric
field strengths.

Low extraction field. An example of an ion cluster distribution spectrum, obtained in
0.54 Torr propane under an electric field of 16.8 V/cm, is shown in Figure 7. One can see
that clustered ionization events were detected, reaching a value of 9 ions per cluster at the
107* level. The electric field was defined by a 8.4 V potential difference across the 5 mm
spaced electrodes (Figure 3). This voltage was chosen below the gas ionization potential to
prevent additional ionizations by slow secondary electrons accelerated within the ionization
cell. Therefore, the observed ion clusters are those induced by single a-particles (directly
or via the é-rays). The obtained distribution can be considered as a true nanodosimetric
spectrum, measured in a given tissue-equivalent sensitive volume. From Figure 5a, one can
see that the total volume size (without any time selection) is about 1.1 nm x 3 nm. However,
the data spectrum in Figure 7 was obtained with a time selection window of 4 us, which,
according to the measured ion transport parameters, corresponds to an ion drift distance of
0.75 mm, or to approximately 1 nm on a tissue-equivalent scale. Therefore, the spectrum
in Figure 7 corresponds to a tissue-equivalent sensitive volume of 1.1 nm in diameter and
1 nm in length.

High extraction field. As discussed above, biologically relevant sensitive volumes require
high extracting electric field conditions. However, in the present version of our instrument,



the high applied electric field induces some charge multiplication, which leads to significant
distortion of the initially deposited ion distribution.This phenomenon occurs, because the
electrons ejected in radiation-induced ionization processes are accelerated under the electric
field and may gain sufficient energy to cause further ionizations. The electron multiplication
1s generating an excessive number of ions within the sensitive volume, and therefore the
obtained ion cluster spectra do not represent true nanodosimetric spectra. Nevertheless,
the sensitive volume size and configuration do not depend on the charge multiplication
processes and remain unchanged; the resulting ion cluster distribution spectra represent the
cluster distribution of the total number of deposited ions in this volume, regardless of their
mechanism of deposition. This permits preliminary testing the apparatus with large sensitive
volumes formed under the high electric field conditions.

Examples of spectra obtained under these conditions (210 V/em, 0.73 Torr) are shown
in Figure 8. All histograms in this figure were obtained from the same set of recorded pulse
sequences by counting the number of pulses within various time intervals, corresponding to
the sensitive volume configurations shown in Figures 6. The histogram a shows a relatively
small average number of ions in a cluster, as the core of the corresponding sensitive volume is
outside the primary ionization region (Figure 3); here the radiation induced ions are formed
mostly by the é-rays emitted across the particle track; the secondary electrons emitted in
other parts of the ionization cell do not contribute to ion formation, as they are accelerated
in the opposite direction. The ion yield and the average number of ions in a cluster are
significantly larger in histograms b and c. Histogram ¢, measured in the largest sensitive
volume, exhibits the highest values of ion yield and the largest ion clusters.

The high electric field conditions results demonstrate the ability to obtain nanodosimet-
ric spectra from sensitive volumes, the dimensions of which can be selected off-line, while
processing the stored data. However, in order to have data which are valuable for nan-
odosimetry, the distortion of the ion distributions caused by charge multiplication should be
eliminated. This can be achieved by the following technique: the high stationary electric field
is substituted by a pulsed field, applied with a certain delay after the passage of the primary
lonizing particle. During this delay, within a few tens of nanoseconds all radiation-deposited
electrons will be cleared out of the sensitive volume under a low electric field. Upon appli-
cation of the high electric field pulse, only the radiation-induced ions will be present in the
lonization cell; they practically can not cause further ionization during their extraction, and
the real distribution of the radiation-induced ions will not be distorted.

4 Conclusions

The results presented in this work are a first demonstration of the ability to obtain nanodosi-
metric spectra on a scale of the DNA, by a novel single ion counting method. This method
permits definition of a small wall-less sensitive volume, well distanced from any solid mate-
rial in the device. Off-line time distribution analysis of a single collected data set provides
nanodosimetric spectra corresponding to various sizes and locations of the sensitive volume.

The reported technique is able to provide nanodosimetric data for sites in the range from
a fraction of a nanometer up to a few nanometers in diameter and few tens of nanometers
in length. Thus, it covers the DNA-relevant range of sizes. Combined with other modern
nanodosimetric and microdosimetric methods, it will permit to cover the whole range of
relevant cellular target sizes.



The new technique is not limited to biological samples. It provides ways of studying ra-
diation damage to sub-micrometric electronic devices, a field of prime importance in particle
physics and space science.
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Figure 1

A conceptual diagram of the single ion counting method. Ions, released by a charged particle
within the sensitive volume of a low-pressure gas ionization cell, drift through an aperture
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The laboratory ion counting prototype.

a) General schematic view.

b) An enlarged view of the ionization cell. The distance between the electrodes is 5 and
10 mm in the low and high field measurements, respectively.
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a) An example of a recorded ionization event with a six ion cluster; propane, 0.65 Torr,
E=210V/cm. The pulse sequence from the ion detector, after a fast preamplifier, was
recorded using a Tektronix 2440 digital oscilloscope (4 ns digitization bins).

b) A schematic representation of the off-line longitudinal selection of the sensitive volume.
The signal analysis program counts the number of pulses only within the time window.
Different event records are shown.
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Calculated sensitive volume configurations at two gas pressures and very different electric
field strengths, without arrival time selection; the aperture diameter is 0.85 mm. The contour
plots represent the collection efficiency of ions deposited in a point (L, R) of the ionization
cell. L and R are the laboratory scale distances (in millimeters) from the aperture plane and
the aperture axis correspondingly; [ and r are the corresponding distances (in nanometers)
on the tissue-equivalent scale.
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Partial sensitive volumes selected from an initially larger volume (Figure 5b) using time
windows, as shown in Figure 4b. The plot coordinates and the contour levels are the same
as in Figure 5. The time windows are indicated in the plots.
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A measured nanodosimetric spectrum of ion clusters deposited by a-particles in a propane
tissue-equivalent volume of 1.1 nm x 1nm (diameterxlength). The histogram is normalized
to the number of detected a-particles.
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Figure 8

Measured nanodosimetric spectra of ion clusters, deposited in time selected tissue-equivalent
propane volumes, of various sizes and locations along the ion drift axis. The spectra a, b
and c correspond to the sensitive volumes marked in d. The same volume configurations are
shown in Figure 6 in more details. All spectra in this figure was obtained from the same
data set by off-line processing. The distributions comprise both radiation-induced ions and
additional avalanche-induced ions under the high applied electric field of 210 V/em (see text
for discussion)
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