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Digital Characterization of Particle Tracks for Microdosimetry
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ABSTRACT

Work is in progress to develop a digital approach to microdosimetry
and to construct a prototype instrument to obtain digital information
about charged-particle tracks. The objective of such a device is to
measure the numbers of electrons produced in various subvolumes of a
chamber gas along a particle's path. This paper describes results of
Monte Carlo calculations of charged-particle tracks in a cubical time-
projection ionization chamber containing methane. Results are presented
to show the effects of electron diffusion during charge collection. The
calculations indicate that the optimum ratio of field strength and
pressure is about 0.6 volts cm™! torr~!. Examples of proton, carbon-

ion, and electron tracks are shown.



INTRODUCTION

Measurement. cf the numbers of ion pairs in various volume elements
along a charged particle's path in a gas would pruvide digital informa-
tion about the track. Knowledge of the original position coordinates of
every electron collected in an ionization chamber would represent a
complete description of the ionization track. The present work presents
some calculations for a time-pzijection chamber in the shape of a cube,
having edges 10 cm in. length. The electrons produced in the chamber
drift parallel to the Z axis under the influence of an applied field and
are collected on the XY plane. To within the resolution of the detection
system, the coordinates (x, y) of their arrival in the collecting plane
is measured by an array of detectors in that plzne; the drift distance z

of the electrons is obtained from the measured time of arrival in the

collecting plane.

This is the second report on this work. The first paper(l) pre-
sented some calculations for protons in a chamber containing P-10 gas
(90% Ar and 10% CHy4). The present paper gives results of calculations
made for protoms, carbon ions, and e’ >:‘rons in methane. The effect of
electron diffusion during collection -s studied. Several examples show
how different chamber specifications could be used, depending on the
particular application for the chamber, i.e., dosimetry, LET measurements,
or measurement of microdosimetric distributions.

CALCULATIONAL APPROACH

As described in more detail in Ref. (1), we have developed a Monte

Carlo computer code to calculate the detailed transport of heavy charged

particles and electrons in mixtures of argon and methane. The code can

transport all particles until their energies go below the threshold for



producing ionization in the gas. For a charged particle in the chamber,
we thus calculate the positions of all of the electrons as they reach
subexcitation energies. These are the electrons collected, either under
saturation conditions or with gas multiplication, to produce a signal in
resporse to the interaction of the charged particle with the gas.

To perform thbe Monte Carlo calculations, sets of cross sections
have been constructed for ionization and excitation of methane and argon
molecules by protons and carbon ions as functions of particle energy.
For electrons, we have used a modified version of a Monte Carlo code we

(D

developed for water. As described earlier, experimental cross-section
data are used insofar as they are available for choosing flight distances
and energy losses. Otherwise, '"phenomenological"™ cross sections are
used, which we selected to be consistent with stopping powers and W
values at energies for which such information is available. Our stopping
ions thus produce the "right" amount of ionization in the gases,
consistent with experimental data.
DIFFUSION

The calculations simulate the diffusion of electrons as determined
by measured values of D/p (the ratio of the diffusion coefficient D and
mobility M) as ‘a ‘function £ E/P (the ratio of the electric field
strength E and the pressure P of the gas in the chamber). The data of
Hunter, Carter, Christophorou, and Lakdawala(z) for CH,; were used in the
present calculations. The projection of the root-mean-square diffusion
distance in any direction during a drift time t is given by A ='VEBE:
If the drift distance is z and the drift velocity is w, then t = z/w.

In terms of the electron mobility, w = HE; therefore

A= ‘f (1)



As a measure of the relative effect of electron diffusion, one can use

the value A; calculated for z = 1 cm: Ay = V(2/E) (D/p). Plots of this-
quantity as a function of E/P for CH, at three values of chamber pressure
are shown in Fig. 1. While D/p depends only on E/P, the value of Ag

also depends inversely on \fﬁi As seen from the figure, diffusion is

minimized in the range 0.4 < E/P < 1.0 in the pressure range from 1-100

torr. The examples below will illustrate how the digital characteriza-

tion of a track is affected by the pressure.

EXAMPLES OF PROTON, CARBON-ION, AND ELECTRON TRACKS

Figure 2 shows the track of a 500 keV proton, traveling parallel to
the Y axis and entering a 10 X 10 X 10 cm® methane chamber near the
center of its XZ face, as indicated by the arrow. For this example, we
envision a uniform 10 X 10 cm? array of detectors in the XY plare,
represented by the squares shown there. Each dot in Fig. 2 shows the
position of one of the 1605 subexcitation electrons produced in the
chamber by this prot;n, which loses 47.6 keV in traversing it. The
field-strength and pressure are E = 10 volts/cm and P = 10 torr
(EfP = 1.0 volts cm ™! torr™1).

To simulate the diffusion of the electrons as they drift to the
detectors in the XY plane, we displaced the original (x,y,z) coordinates
of the electrons in the following manner. From the z coordinate of each
electron, we calculated the root-mean-square diffusion distance A from
Eq. (1), above. A computer library program was then used to randomly
select displacements in the X, Y, and Z directions from a Gaussian
distribution having that value of A. The displaced positions, which
would be those inferred from the arrivals of the diffused electrons in

the XY plane with precise resolution, are shown in Fig. 3 for the same



track as in Fig. 2. Tracks nearer the collection plane would appear
less spread out, while those further away would be more diffuse. Of the
original 1605 electrons produced by the proton in Fig. 1, 45 diffuse out
of the chamber (through the walls y = 0 and y = 10) before reaching the
XY plane.

Figure 4 shows the appearance of the track of an 80-keV carbon ion
which entered the chamber the same way as the proton. This carbon ion
is stopped by ~2.2 cm of the chamber gas and produces 1622 electrons,
the initial energy being selected to produce about the same number of
initial ionizations as the proton in Fig. 2. Figure 4 shows the carbon
track after diffusion, as it would "appear" after collection in the XY
plane. Only 1405 of the original 1622 electrons are collected, since
many diffuse out of the chamber through the XZ plane (y = 0). Because of
the difference in the W wvalues for the track segment of the 500 keV
protor. and the stopping carbon ion, energy proportionality exists only
to within a factor of ~2, even apart from the relatively larger number
of electrons that diffuse out of the chamber from the carbon ion.
However, the chamber's ability to discriminate between the spatial
patterns of the events in Figs. 3 and 4 is clearly evident.

The tra9k of a 100-keV electron, entering the chamker along the
same path as the other ions, is shown in Fig. 5. In;order to have more
than just a few ionizations, the gas pressure for the electron was
increased to 100 torr and the field strength to 100 volts/cm, maintaining
E/P = 1.0 volus cm™ torr~l, as before. The electron lost 2.55 keV of
energy and produced 96 ion pairs in traversing the chamber. As seen

from Fig. 1, the increased field strength with the same E/P reduces the



root-mean-square diffusion distance by a factor of \/551 The appearance
of the track after diffusion is shown in Fig. 6. In this example, 2 of
the original 96 electrons diffused out of the chamber without being
collected.
DISCUSSION

This paper summarizes work done to date on studies of the feasibility
of designing a time -projection chamber to obtain digital information
about charged-particle tracks. The examples presented here illustrate
the different spatial patterns of the electrons collected as the result
of the passage of a proton, carbon ion, or electron in the chamber gas.
The particular design criteria for a prototype chamber would depend on
the use for which it is intended. With the particular version presented
here, for example, the proton in Fig. 3 would be distinguished from the
carbon ion in Fig. 4, even though both produced a comparable amount of
ionization. The number of electrons in most volume elements where
ionization occurs is large enough to permit proportional counting by the
detectors in the XY plane, so that the amount of dose deposited in the
gas by the proton or carbon ion could be measured. This measurement,
together with the knowledge of the spatial extent of the tracks, would
enable LET in the gas to be determined. Such information is directly
relevant to neutron dosimetry. For microdosimetry, determination of the
energy absorbed in the various volume elements would provide the distri-
butions in specific energy from single events. Whereas the amount of
diffusion exemplified by Figs. 2 and 3 would not be critical for neutron
dosimetry, it would adversely affect the determination of single-event

spectra. A smaller or flatter chamber would be more appropriate for

0

this purpose.



Other combinations of particle LET, gas pressure, and electric
field strength can give tracks with an appearance like that in Fig. 6.
In this regime, one approaches the "ultimate” digital characterization
of a track in which the position of every electron in a track segment is
determined. (With sufficient resblution, a track is characterized by
binary information; each volume element in the chamber contains with
high probability either 0 or 1 subexcitation electron.) In principle,
one can thus obtain information about correlations and proximity relation-
ships.

The next phase of this work will be concerned with the development
of an analysis algorithm for converting measured responses in the detectors

into information about the track that produced them.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
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FIGURE CAPTIONS
Projected root-mean-sqﬁare electron diffusion distance, Ay, for
a drift distance of 1 cm as a function of E/P for pressures

of 1, 10, and 100 torr.

Track of 500 keV proton traversing the CHy chamber before
electron diffusion, with E = 10 volts/cm and P = 10 torr.

The grid in the XY plane represents -an array of 100 detectors,
each having é sensitive area 1 cm X 1 cm. The chamber gas
occupies a cubic volume, having 10 cm edges. This proton
deposits 47.6 keV of energy and produces 1605 subexcitation

electrons, represented by the dots.

Appearance of track in Fig. 2 after diffusion of electrons into
the XY collection plane. A total of 1560 of the original
1605 subexcitation electrons reach the XY plane, the others

having diffused out through the walls y = 0 and y = 10 cm.

Appearance of the track of an 80 keV carbon ion (after diffusion)
entering the chamber in the same way as the proton in the
previous figures, with E = 10 volts/cm and P = 10 torr, the
same as before. Both the proton and carbon ion produce about
the same number of subexcitation electrons originally in the

chamber (1605 by the proton and 1622 by the carbon ion).



Fig. 5.

Fig. 6.

Track of 100 keV electron traversing chzaber along same path
as the proton in the p}evious figures. In this instance,
P = 100 torr and E = 100 volts/cm. This electron produces 96

ion pairs and loses 2.55 keV of energy in the chamber.

Electron track from Fig. 5 after diffusion. Two of the
original 96 electrons diffuse through the chamber walls
(y =0 and y = 10 cm) without reaching the detectors in the

XY plane.
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