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1. Introduction

lon-counting nanodosimetry measures the numberirgfles ions deposited by an
incident ionizing particle or photon within a gaslwme simulating a nanometric volume of
condensed matter. In a recent publication we desdrithe performance of an ion-counting
nanodosimeter (ND), in which the radiation-indudedividual ionizations of charged-particle
tracks are counted in a millimeter-size, wall-leséume of dilute ga§ [}]. The use of mbar-
range gas-pressure permits expanding the nanomietnization track to millimeter-scale
dimensions. This ND has potential applications iwvecse fields that require knowledge of the
mean number of ionizations and its fluctuationshimitnanometric volumes of condensed
matter. lon-counting NDs described [1] have beestalled on research and medical
accelerator beam lines to investigate particle-teduion-cluster statistics over a broad energy
range. An important feature of the ND is that itmgises a completely wall-less sensitive
volume (SV), tunable by the internal electric fielohfiguration. The small SV is embedded in a
much larger gas volume, from which radiation-indudgens are registered. For applications
simulating a specific target volume, e.g., a DNArent, it is important to map out the exact
shape and size of the wall-less sensitive SV.

A schematic cross section of the ND is shown|inuFégll lons are generated
stochastically by traversing charged particles wvithe ND chamber filled with a working gas.
The primary particles are tracked by a silicon kiag telescope (STT). Under the applied
electric drift field E;, the ions drift towards the cathode located at ibdom plate of the
chamber, which contains a small (millimeter-sizegherture at its center. During the drift
process, the ions undergo collisions with gas mubés; which introduces a random component
(diffusion) into the ion motion. A much higher diec field E,, established below the aperture
plate, accelerates them to an energy of 8 keV tdsvéine ion counter (a vacuum electron
multiplier), where they are individually detectenddacounted. The ion registration efficiency of
a given ion is equal to the product of the probgbthat it drifts through the aperture (named
ion extraction efficiency) and the probability of ion detection at the iovunter. The former
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Figure 1. Schematic cross section of the ion counting ND.

depends on the starting point of the ion drift, &imel latter has been measured to be close to
100% at 8 keV for the ion counter used in our @ [2 the following, we assume that the ion
registration efficiency equals the ion extractidiiceency.

In the present work, the “SV map” is defined as Hpatial distribution of the ion
extraction efficiency within the ND gas volume. Thietailed shape of the SV map is
determined primarily by the diameter of the apertand the electric field configuration within
the gas volume; to a lesser extent it depends ®mgals and on the transport parameters of the
ions, such as drift velocity and diffusion.

Under typical ND operating conditions, the ND chamlis filled with 1.33 mbar
propane; 1mm in the gas phase is equivalent totaboun in the condensed phase (water,
DNA), based on the gas-to-water density ratio. Withaperture of 1 mm diameter, the SV
transverse dimension is in the 1.5-mm range andathextraction efficiency falls rapidly to
zero outside this range (from 80% to 20% over geah?2 mm. Mapping of a wall-less SV
with a spatial resolution of 0.1 mm dictated bysthapid lateral fall-off of the ion extraction
efficiency is challenging. We solved this task gstwo independent methods:calculational
method based on solving ion-transport equations miasured ion-transport parameters, and a
scanning method based on experimentally probing the SV whilgh-energy protons,
individually and precisely localized with the STT.

2. The calculational method

In this approach, previously measured ion diffusi[mameterM] were used to
derive a map of the SV. The extraction efficienéyoms originating from a given point in the
ND chamber was calculated by simulating the trajées of a large number of ions deposited at
this point and counting the fraction of ions amiyiwithin the limits of the ND aperture. The ion
motion is described by a drift along the electigdd direction, combined with a lateral diffusion
according to a Gaussian distributi[S]. The eledield in the gas volume, which is defined
by the potentials applied to all electrodes inahgdihose below the aperture plate (not shown in
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Figure 2. MeasuredD/K ratios as a function of reduced field stre@ [Bje dashed cues represe
estimated maximum and minimum limits of the ratios.

Figure 1), was calculated using the SIMION Qd’ehereby, the penetration of the electric field
E, through the aperture was taken into account. ®hemotion in the 3D-varying field was
calculated by summing the simulated motion withiseguence of segments, sufficiently small
to consider the electric field in each segment@adgeneous. In each segment, the drift along
the field was combined with a random lateral disptaentx; due to transverse diffusion, which
was sampled from a Gaussian distribution withrthedisplacement:
{ _>2 _2AL D (1)
E K

whereAL; is the length of theth segmentk; the local electric field in the segmebyX, the local
transverse diffusion coefficient, akg the local ion mobility. The ratiD;/K; is a function of the
reduced field strengtk/p;, wherep; is the local gas pressure. For our calculations,DVK
values for hydrocarbon ions in propane were reduivéhich were not readily available from
the previously published literature. Therefore, used the values obtained from our own
measurements described[4]. There, we medistive lateral spread of gas ions produced
by a-particles in propane and drifting in the parend gader a homogeneous electric field for
different values oE/p. The measured valu&/K as a function of reduced field strength are
shown in[Figure P. An example for simulated iofetréories in propane is shown[in Figufe 3.

lon extraction efficiency distributions were calaidd for a grid of points spaced 0.2
mm in lateral direction and 7 mm in vertical diieat Efficiency values at intermediate points
were obtained by linear interpolation. For eachd gyoint, a total of 5000 trajectories were
calculated. The SV map was determined for two cifie electric field conditions, reproducing
typical experimental conditions as described iradi@t section 3.2.

! http://www.simion.com/
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Figure 3. Simulated ion trajectories starting from a giverinpm the gas volume and equipotential i
above the aperture plate with 10 V and 1 V stepe felative fraction of trajectories traversing
aperture corresposdto the ion extraction efficiency. The lateralegat due to ion diffusion and !
focusing near the aperture are apparent.

3. The scanning method

3.1 Principle

This experimental method is based on the measuteohéme spatial distribution of the
integrated ion extraction efficiency using indiveduenergetic protons passing through the
gaseous SV, perpendicular to and at a preciselywkrdistance from its central axis. The ND
mounted on the research beam line of the protoela@tor at Loma Linda University Medical
Center (LLUMC) is equipped with a high-resolutiom 1S which allows reconstruction of the
trajectories of the particles traversing the ND mbar within 0.1 mm@]ﬂ]. Successful
application of this approach requires that the prpérticles (1) are minimally scattered in the
tracking detectors placed in front and behind tlas golume, (2) have a small ionization
probability to avoid multiple primary ionizationsithin the SV, and (3) contribute a small
number of ions due to secondary (delta) electronspared to those from primary ionizations.

To meet these requirements, we used 250-MeV probddukiple Coulomb scattering in
the silicon layers (400 um) of the STT is not siigaint at this energy. For the SV size of about
1.5 mm diameter in the present ND, the average meagsh of a track segment within the non-
zero efficiency region is about 0.3 pgfcn®n the other hand, based on an ionization cross
section of 4.654 10" cn? [1]] the mean-free-path mass length of 250 MeMqrs between
two successive primary ionizations in propane suali6pg/cri Thus, the likelihood that more
than one ion is generated by the probe partickaiall, and most observed events will have



either none or only one registered ion. The coatidn of ions generated by delta electrons
depends on their energy and origin. When electvatis energies in the 100 eV — 1 keV range
are produced by the probe particle within the 3\, robability of additional ionizations within
the SV is negligible; these electrons, due to theig ranges (~0.30 - 4 pg/érm propane),
typically escape the small SV region without indhgcfurther ionizations. For energies below
100 eV, the electrons have a short range but iwgization probability is small due to the rapid
increase of th&\-value (the mean energy required per ionizatiorth wiecreasing enerdﬂS].
There is, however, a non-negligible chance thatrgatie delta electrons produced at some
distance from the SV will reach it and deposit aoselary ion not caused by the primary
particle. Such ions, which introduce a systematiorén the measured ion extraction efficiency,
can be suppressed in two ways: first by applyingoaition-dependent time cut on the ion
arrival time, and second using a backgroundssition procedure, as described below.

3.2 Experimental setup and conditions

The ion-counting ND used for the scanning experisienas described in detail in our
previous work. The STT, which was added latmmprises two Si strip detector (SSD)
modules, placed in front and behind the ND, eachsisting of two Si planes with strips
oriented in horizontal and vertical direction raspmly The inner Si planes are located
at 13.5 cm from the SV axis on either side of thle Bhe detectors have a pitch of 194 pum, and
outer dimensions of 6.4 cm by 6.4 cm. The spatiolution of the probe-particle track
reconstruction is better than 0.1 mm.

For SV scanning data acquisition, a broad beam56f eV protons was collimated
with three pairs of lead bricks, forming a vertisét of about 1 cm width, which was centered
on the SV. Thereby, data collection from protonsssing the gas volume far from the central
axis of the SV was avoided. The data acquisiticiesy of the ND acquired data on an event-
by-event basis: for each event a trigger from aerparticle started a drift-time interval of
100 us, during which the ions drifting from theirigin in the SV to the ion counter were
registered and time-tagged. This was followed lgaal-out window of 15 us duration, during
which the probe-particle coordinate and ion diiftd data were transferred to the data
acquisition PC.

SV scanning data were acquired under two ND opegatonditions. The first set of
measurements was performed with a stationary fiklét E; of 60 V/cm across the gas volume.
A second data set was obtained with a pulsed-firtthction, in which a background extraction
field E; of 20 V/cm was superimposed with a 200 ps fieltbgpuwf 40 V/cm following each
particle trigger with a s delay. The purpose of the pulsed-field operationade was to
sweep out all the ionization electrons from thenshar volume under the low field (theys
delay is largely sufficient with the current chambize) before the ion extraction started under
the high field. This pulsed-mode operation avoiddtiplication of the electrons in the gas,
inducing unwanted secondary ions, as demonstramﬂbplsly. In addition, the thickness of
the aperture plate was different in each experiadesundition (0.3 mm in the first condition
versus 0.1 mm in the second). The plate thicknéfexta the extraction efficiency via the
electric fieldE, penetrating through the aperture and acting asasfng lens for the ions just
above the aperture. The thinner aperture plate imtasduced to extend the high-efficiency
region of the SV in the longitudinal direction.

The acquired raw data consisted of 16-bit binaryrdsoencoding the following
information for each event: the number of stripsording a hit for each Si-detector plane, the
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Figure 4. Correlation between the ion-drift time and teoordinate of the proton thk measured wil
the STT. Each dot corresponds to a registered prptoducing a registered ion. The straight |
represent the boundaries of the timg-window applied to suppress ions generated big diectrons; tt
dashed line corresponds to the level of the apeglate.

number of probe-particle triggers within an eventime tag of the first trigger in the event, the
number of ions registered in the ND, and time tagseach registered ion. Each experimental
run contained of the order of 50 million events5(&HBB of data). After rejecting events
containing pile-ups (i.e., events with two or mamiggers), events with missing track
information, events with more than two neighborstgps hit on an SSD module, and tracks
inconsistent with the primary proton beam direct{enattered primary particles), about 35-40
million events were available for further analysis.

For each event accepted for analysis, the profjadtory was reconstructed based on
the coordinate measurements provided by the folr #&nes, measuring the horizontgl &nd
vertical ) particle coordinates upstream and downstreanstheThe trajectories were sorted
according to their position intgbinning intervals of 1 mm anxtbinning intervals of 0.1 mm;
typically, there were about 5000 protons per binrtier, the number of ions associated with
each proton (typically zero or one) and their alitime were registered. As expected, in a
scatter plot of protory-coordinate versus ion drift time the points arattered around a line,
marking the linear relationship between the averawe drift-time and its depositiory-
coordinate 4). To suppress ions generayeenirgetic delta electrons formed at some
distance from the SV, an ion drift-time cut wasfpened by excluding ions with drift times
outside the time interval marked by the divergings in[Figure 4.
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3.3 SV map reconstruction

In our coordinate schemp (Figurk 1), the probeigestmove along thedirection with
known lateral X) and vertical §) coordinates. Assuming that the registered iogirate only
from primary ionizations along the probe-partictack, the mean number of ions,xyj,
recorded per proton is related to the integratmh{gz) ion extraction efficiency x(y) as

Y y)=] ey, 2dz= Au(x.y) )

whereA is the mean-free-path length with respect to iatnin in the low-pressure propane gas,
and £(x,y,z) is the ion extraction efficiency at a given looati The integration boundaries
correspond to the longitudinal distance betweerS 8B modules and the SV axis. Based on an
ionization cross section of 4.654 10" cnt we assumed = 6.468 cm at 1.33 mbar
propane.

shows, as an example for a recorded @atdh® mean number of registered
ions per particle as a function of the lateralatise from the SV axis for a vertical height of
y =14 5cm above the aperture plane. The graph demonsttaeshe data were approximately

Gaussian-distributed with a constant additive bemlkigd. The background can be attributed to
ions induced by delta electrons that were not @eduby the ion drift-time cut procedure. For
each availabley value, these data were thus fitted to a Gaussiantibn with an additive
background:

#(x, ) = 2y (y)exel- 2, () (x— 2 ()’ ]+ 2, (¥) 3)
where the model parametess — a, were evaluated by a nonlinear least-squares dittin
procedur€& The lateral coordinate of the Gaussian peak wasd to be constant to within +/-
0.1 mm over the range gfvalues, and its location was redefined as therakakis of the SV
(x=0). Furthermore, the firstvalue where the mean value exceeded the backgteuadwvas

redefined as the position of the apertyse= . The background-corrected model function

2 Minerr function of Mathcad 11, Mathsoft Enginegri@ Education, Inc., Cambridge, MA, USA.



Hige (X Y) =34(Y) ex;{— az(y)(x—as(y))z] was multiplied by the mean free path length taibt

an estimate for the integrated ion extraction &fficy p&,y), according to equation (2).
Due to the cylindrical symmetry of the setup widspect to the SV axis, the efficiency
distribution £(x,y,z) was assumed to be a radially symmetric functiofm,y , where

r =+ x?+ 7% is the radial distance from the SV axis. In thise, the integrated ion extraction

efficiency represents the Abel integral transforirthe efficiency distribution. The extraction
efficiency distribution &(r,y ) was reconstructed from its discrete projection ueal

>(%y)=> (iajb) (i,j=1,2, 3....a=0.1 mmb=1mm) using a standard reconstruction

algorithm for the Abel transform [9].

For direct comparison with the maps derived bydaleulational approach (section 2),
the scanned-map values were binned into 7-mm iatein vertical direction and values for
intermediatey-coordinates were derived by linear interpolation.

3.4 Monte Carlo smulations

In order to estimate the systematic error relatethé contribution of ions from delta
electrons that could not be fully suppressed byabeve-mentioned ion drift time cuts and
background subtraction, Monte Carlo (MC) simulasiovere performed with a dedicated proton
track-structure simulation code developed for ti2 [{]] The code was used to simulate the
data measured with the scanning method, i.e., g@mumber of registered ions per particle as
a function of the lateral and vertical coordinabéshe primary proton, for aa priori known
SV map, for which the SV map obtained with the gktional approach under stationary drift
field conditions was used. The integrated ion etioa efficiency,u(x,y), derived from the MC
simulation was then compared with that obtainedirdggrating the SV map. As the MC
simulations included delta electrons producing iahsome distance from the primary-particle
trajectory, the ion arrival time-cut procedure viagluded in the simulation by counting only
ions with an arrival time falling within an interivaf +2¢ around the mean arrival time for the
given proton-to-apertungcoordinate. The standard deviat@@and the mean of the arrival time
were obtained from the experimental drift-time dateown in[Figure j. Simulated data sets
were generated for proton tracks at lateral diggardrom the SV axis ranging from 0 to 3mm
with 0.2-mm intervals and at vertical distangesanging from 0.5 to 49.5 mm with 7-mm
intervals. A total number of IQroton tracks were simulated for each track locaind the
mean number of registered ions per proton was m@ied for each location. As in the
experimental procedure, the mean background nuofkiens for proton tracks beyond a 2-mm
x distance from the principal axis was subtractelde Thtegrated ion extraction efficiency,
u(xy), was calculated using equation (2). This was deitle and without ion arrival time cuts
and background corrections.

shows the results of the MC-simulatiortste¥he simulated integrated ion
extraction efficiency is plotted versus the latafistancex from the SV axis for three different
vertical y-coordinates and compared with the numericallygrated SV map used for the
simulation. These graphs demonstrate that withowt eorrection the magnitude of the
systematic error introduced by ions originatingnirdelta electrons ranges from 20-30%. This
error can be effectively suppressed to about 2-b@%pplying the correction procedures. The
correction is most effective at short distancemftbe aperture.
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4. Comparison of SV mapsderived with both methods

shows a side-by-side comparison and theilition of differences of the
calculated and scanned SV maps obtained for tlsé dxperimental condition: a stationary
electric drift field of 60 V/cm and an aperture tpldhickness of 0.3 mm. The efficiency maps
have a flame-like form, indicating that the extiactof ions is increasingly controlled by
diffusion at larger distances from the aperturéd@dg$rom a similar general shape, the two maps
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show some differences: the calculated map has adbradbase than the scanned one and the
region of high efficiency ( >75%) does not extersdfar above the aperture as in the scanned
map. One should also note that the ion extractificiency of the scanned map exceeds 100%
(up to 126%) near the aperture. This meatesfacto, that more ions are registered than
expected based on the assumed ionization crossrsewhich can be explained in part by gas
multiplication of electrons accelerated within tHeéft field and in part by a residual
contribution from delta electrons.

shows the maps and their differences oétiafor the second experimental
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Figure 8. Colorshaded representation of the SV maps and theierdiftes for 1.33mbar propa
pulsed-field extractionH; = 20 V/cm plus 40 V/cm pulse) and30nm aperture plate thickness: (A) r
obtained with the calculational approach; (B) mdpamed with the scanning approach; (C)
difference between the two maps.
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condition: pulsed drift field and an aperture pl#iekness of 0.1 mm. In comparison to the
maps of[Figure J7, the region of high efficiencyesds farther above the aperture, which is
expected since the thinner aperture plate resultsetter focusing by the penetrating fidigl
(Figure 3). Note that the scanned map obtained ruthéepulsed electric field condition stays
near 100% in the high-efficiency region (maximumi68%). This supports the assumption that
for a stationary high drift field of the first exfimental condition electron multiplication took
place in the gas, leading to the excess of ionsrebd under these conditions; this effect was,
in fact, strongly suppressed under pulsed-fielddd@mns. Nevertheless, there is a residual,
systematic excess of the ion extraction efficieimcyhe scanning method, most likely due to a
residual contribution from delta electrons.

5. Discussion and conclusions

Two conceptually different methods for mapping 8\¢ion extraction efficiency in an
ion-counting ND were investigated under two difféarexperimental conditions. The scanning
method provides a direct measurement of the integri@an registration efficiency but requires
about 40 hours of accelerator beam-time to achéesttistical accuracy of the ion extraction
efficiency of about + 5%. The calculational methsahaturally more rapid and economic; it is,
therefore, more practical for testing and optinggzithe electric field and geometrical
parameters. Nonetheless it is necessary to contpareesults of the two methods under well
defined conditions, which was one aim of this work.

The SV maps obtained with the two methods wergroilar shape but showed distinct
differences [Figure [7 arld _Figurg¢ 8), which are php related to different systematic errors
affecting each method. The largest quantitativeetdhces between the scanned map measured
under pulsed-field conditions and the calculateg mare up to +18% in the central region of
the SV and -23% in a small region at the base @f3¥ (sed Figure|8c). The scanning method
yielded ion extraction efficiencies larger than #®Qp to 126%) in a static field mode, which
can be attributed to secondary ions induced bytrelecmultiplication within the ND gas
volume, under the high static drift fielﬂl]. Thiwas significantly reduced (maximum
efficiency of 109%) after implementing the pulséeld ion extraction. Another systematic error
of the scanning method, also leading to an ovenasibn of the ion extraction efficiency, is
caused by ions induced by delta electrons thafasely assumed to originate from primary
ionizations. Since it was difficult to estimate ghtontribution from first principles, it was
simulated with a known SV map and the integratdidiencies derived from the simulated data
were compared to those obtained by numerical iategr of the SV map. It was shown that the
excess of efficiency introduced by ions originatifigm delta electrons can be reduced to
significantly less than 10%, in particular closethie aperture, by using appropriate ion arrival-
time cuts and a background correction.

Additional errors in both methods could originateni the uncertainties in the
parameters needed for calculating the ion extractdfficiency from either simulated or
measured data. The accuracy of the calculationghadeis determined by the accuracy of the
electric field simulation and that of the ion trpog parameters. Inaccuracy of the field
simulation may explain, in part, the observed défee in the detailed shape of the maps
obtained with both methods. lon transport pararsetere not available in the literature, and,
therefore, we used data from our own measureméhts.accuracy of th®/K parameter was
estimated to be of the order of +106 (Figufe 2}jitmhal measurements may further improve

-11-



the accuracy of this parameter. The accuracy o$thaning method depends on the accuracy of
the mean-free-path length for ionizations, whictswatimated to be about £5%

One of the goals of our work has been to measwréligiribution of ion cluster sizes in
equivalent DNA volumes of 10 — 50 base pairs ofgten(4—-17nm in condensed phase,
1-6mm in the ND gas phase) and to use these distritaitiompredict the yields of single and
clustered DNA damages in plasmids with an apprépiigophysical mod]. An important
question related to this goal is how accurately $\& map represents a model of a DNA
molecule surrounded by water in its “efficiency” ¢onvert radiation-induced ionizations to
DNA damage both by direct ionization and indirectiia diffusing free radicals. With the
configuration of the SV ion extraction efficiencgvealed by both methodf (Figuré 8), it is
reasonable to assume that we are approximatelylatimy the high efficiency of direct DNA
ionizations to produce damage within a cylindeabbut 2.3 nm diameter (0.8 mm in the ND
gas phase), whereas the rapidly falling efficiendydiffusing water radicals and hydrated
electrons to cause damage with distance from thé& BNepresented by the lateral fall-off of
the ion extraction efficiency in the SV. For examphe diffusion distance of hydroxyl radicals,
the most damaging water radical produced by iogizadiation, is of the order of 3 nm in the
physiological environment of the c@l], whichapproximately equal to the 2.5-nm distance
(0.83 mm in the ND gas phase) of the 50% ion etitlacefficiency surface from the SV axis.
One should note that the uncertainty of the pararaehat are important for a biophysical
model relating ion-cluster-size distributions to mdamage yields, i.e., the probability of each
registered ion to produce a specific damage (sttagdk or base damage), is relatively large
and is mostly determined by the complexity of thHeemical and biochemical processes
following the physical stage. Additional work witle needed to demonstrate how sensitive
biophysical models predicting the yield of DNA dayeabased on ND measurements are to
parameters of the SV map.

In conclusion, both methods provide valuable infation on the lateral fall-off of the
ion extraction efficiency and the length of thetigfficiency region; these data are important
for optimizing and interpreting the nanodosimetrieasurements for the simulation of radiation
effects in DNA segment]. The relatively goodreeement between both approaches
supports the use of the more practical calculatiorethod for SV mapping in future works.
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