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Abstract 

We present preliminary results from a study of electron avalanches in a low 

pressure cylindrical microdosimetric counter. The technique is based on the 

Monte Carlo simulation of the motion of electrons in electric field and their 

interactions with the molecules of gas. All the electrons are traced simultaneously 

in time and their coordinates and velocities are recorded. It lets us study all 

temporal and space aspects of the electron avalanche development. In this work 

we have concentrated on a study of the dependence of gain, radial extent and 

time extent of the avalanche on the gas pressure. We explain our results by the 

existence of seeding region in the avalanche where a relatively small number of 

secondary electrons are created. Each of these electrons gives subsequently rise 

to a partial avalanche in the proper avalanche region. 

(To be submitted to Nuclear Instruments and Methods) 
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1 Introduction 

The topic of microdosimetry is related to the measurements of absorbed energy event 

distributions in volumes of tissue whose dimensions are equal or smaller than 1J.Lm. 

They are simulated by gas cavities filled with a tissue equivalent mixture of methane 

or propane based gas at low pressure. Tissue equivalent proportional counters (TEPC) 

are ordinarily constructed as small gas. chambers of cylindrical or almost spherical 

shape. The walls are made from plastic (mainly Shonka plastic A-150) and are, at the 

same time, used as the cathode due to the plastic's conductivity. The anode is a thin 

wire located in the middle of the cylinder. The sensitive volume is filled with methane 

or propane gas at very low pressure in order to simulate small volumes of tissue. 

The working regime of these counters is already near the operational limit of gaseous 

detectors as had been reported by many authors as a result of their experimental 

work. In order to improve the design of these counters and possibly to extend their 

operational limit it would obviously be useful to have a theoretical tool that would 

allow to study and to help to understand the motion of electrons and ions inside these 

counters. There were a few attempts to develop such a tool, notably by Segur at 

al. [1] using the Boltzman equation. Because of the rapidly changing electric field in 

the vicinity of the anode it has been however difficult to find well proven numerical 

method for it's solution. Also, the studies have been focused on the dependence of the 

gas amplification on the gas pressure and applied voltage, not including a discussion 

of the spatial and temporal development of the electron avalanche. 

In recent years there have been several attempts of Monte Carlo modelling of 

electron avalanches in electric field (e.g. [2, 3]). These calculations were done for de

tectors used in high energy physics experiments. These detectors work normally under 

atmospheric pressure of gas. The reduced intensity of the electric field on the anode 

surface ,!fl.., is therefore at least ten times smaller than in the case of microdosimetric 
p 

counters. 

We have developed a Monte Carlo technique suitable for the simulation of the 

electron avalanches also in microdosimetric counters. This allows us to visualize and to 

understand what is happening around the anode wire under the extreme conditions of 

high electric fields and low gas pressures. In this way, since all the electrons are traced 

simultaneously in time and their coordinates and velocities are recorded, all aspects 

of the electron avalanche development can be studied. Preliminary results from this 
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study are presented in this paper. 

2 The method of Monte Carlo simulation 

The program starts from a given number of electrons deposited at chosen space points 

at timet = 0. These electrons are then simultaneously traced in the cylindrical electric 

field in given time steps of equal length ~tsmp (sampling step). At the end of every 

~tsmp the information about all the existing electrons at that time is recorded. There

fore the choice of this time step depends on how detailed temporal picture is required. 

It is usually of the order of a few psecs. 

In each time interval ( t, t+~tsmp) every electron existing at timet is independently 

traced from timet to timet+ ~tsmp as follows. 

The electron is traced in small time steps ~telm (elementary step) which are a fraction 

of ~tsmp· The magnitude of this step is being recalculated from the electron's velocity 

and the electric field vector at the electron's current position. It is chosen in such a way 

that both, the electron's velocity and also the electric field vector at the new position 

change very little. In addition it is required that the electron travels only a fraction of 

it's mean free path, calculated from the electron-molecule cross-sections at the given 

energy, during the time interval ~telm· In each ~telm it is decided whether there is a 

collision between the electron and a gas molecule by generating a random number and 

the interaction process is chosen according to the corresponding cross section tables. 

If there was no collision, electron is moved in the electric field in time ~telm· If there 

was a collision, the electron is moved in the electric field to the collision time point 

fcol· Elastic, excitation and ionization collisions are considered. Electron is assumed 

to be scattered isotropically and in the excitation and ionization collision it also looses 

energy. After the collision the electron is continued to be traced ,using the new velocity 

vector, until it reaches the end of ~telm· In the ionization collision a new electron is 

created and it randomly shares the remaining energy with the parent electron. The 

angular distribution of it's emission is also taken to be isotropic. When the parent 

electron finally reaches the time t + ~tsmp, all the electrons created during ~tsmp are 

traced in the above described manner from their time of creation until they all reach 

the time t + ~tsmp· 

The simulation ends when all the electrons are captured by the anode wire. 
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Similar method was developed by Groh[4] from where we have taken the basic idea. In 

it's original form it is not however suitable for the gas pressures considered in this work. 

The time step in his work is based only on the mean free path and not on the variation 

of the electric field. This is adequate at 760 torr. At the gas pressures considered 

by us, the mean free path becomes so large that the electric field varies significantly 

on this distance especially in the vicinity of the anode wire and this has to be taken 

into account. Also his time step is calculated using only the average energy of all the 

electrons at a given time. We calculate this independently for each electron. 

3 Input data 

The simulations have been done for half inch TEPC counter with the cathode diameter 

of 1.27 cm and the anode diameter of 7 J1m. The counter was assumed to be filled 

with methane. Methane was chosen because the electron-molecule cross-sections are 

relatively well known. The following cross-section measurements were used: 

• elastic between O.OOleV and 1eV electron energy from Schmidt 91 [5], between 

1.5eV and 100 eV from Tanaka 91 [6] and for energy range 100 - 500 eV from 

Sakae 89 [7]. 

• ionization from Orient! 1987 [9] 

• excitation from [5, 4, 8] 

These cross-section data are summarized in Fig. 1 

4 Results 

4.1 Study of the avalanche development 

Monte Carlo simulations of the avalanche development starting with one electron has 

been made under different operational conditions of the counter i.e different gas pres

sures and applied anode voltages. Particular attention has been paid to the dependence 

of the various features of the avalanche development on the gas pressure for a given 

voltage. The coordinate system of the counter has been chosen in such a way that the 

4 



anode wire is perpendicular to the x, y plane and goes through the origin. For a given 

operational conditions of the counter around 100 Monte Carlo runs were done starting 

with one single electron (primary electron) released at point ( 4000pm,O,O) and time 

t = 0. During each run the following quantities have been recorded: 

• The complete trajectory of the primary electron,i.e. the x, y, z coordinates for all 

time steps ~telm· 

• The coordinates at which the positive ions were created. 

• Every few ps, the coordinates of the electrons existing at that timet were sampled 

and recorded. 

These recorded values allow a comprehensive analysis of the spatial and the temporal 

development of the avalanche, as will be discussed in the following paragraphs. The 

recorded quantities were plotted using the graphics package PAW [12] and inspected. 

From this we conclude the following: 

4.1.1 Spatial characteristics 

In Figures 2-7 the results of the M. C. calculations for different gas pressures and for 

voltages of 700V and 450V are shown. The following features can be observed: 

• The extension of the avalanche along the anode wire (along the z axis) increases 

with decreasing gas pressure, reaching the size of 2mm for the lowest pressure 

(see Fig. 7). This expansion is linearly proportional to the inverse value of gas 

pressure. 

• the avalanche is also expanding in the x, y plane with decreasing gas pressure. 

However, this expansion is limited, for gas pressures down to 6.9torr, to a region 

with radius of about 150pm which, in the following, we will call proper avalanche 

reg10n. 

• the region from the first ionization down to the proper avalanche region 1s 

however expanding significantly. In the following, we will call this region the 

seeding region. In this region only a few electrons( seeding electrons) are created. 

These have however significant consequences for the further development of the 

avalanche as a whole (see below). 
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• in all cases, the electron avalanche always completely surrounds the anode wire. 

This is very different situation from the conventional counters (operating usually 

at 760torr) where the avalanche is developing and contained on the side of the 

anode wire from which the primary electron is approaching. This effect is in

creasing with decreasing gas pressure which is caused by the fact that due to the 

increasing mean free path between the collisions with gas molecules, an electron 

has more chance to miss the wire and cause ionizations on the other side of the 

wue. 

• the above effect gets very pronounced at low pressures, when it can happen that 

a single electron will circle the anode a few times before it is captured. This can 

be clearly seen on Fig. 6. 

4.1.2 Time characteristics 

Figs. 8 and 9 show a typical time development of an electron avalanche for two different 

gas pressures. The horizontal axis is the time counted from the point of the release 

of the primary electron in psecs. On the vertical axis are for each time sample point 

plotted x coordinates of all existing electrons at that time. Both figures have the same 

scale for the horizontal and the vertical axis. In particular, they span the last 6000ps 

of the avalanche. From these figures one can clearly distinguish 3 different stages or 

regions in the avalanche development: 

drift region where the primary electron drifts towards the anode being affected only 

by the elastic and excitation collisions with the gas molecules. 

proper avalanche region where 95 percent of the electron-ion pairs are created (50pm 

for 69 torr, 150pm for 13.8 torr). 

seeding region between the point of the first ionization of the primary electron and the 

proper avalanche region where only a few seeding electrons are created. Each of 

these seeding electrons gives subsequently rise to a partial avalanche in the proper 

avalanche region. 

The time development of these partial avalanches can be more clearly seen from 

Figs. 10 and 11 which show the time distributions of ion creation. To complete the 

picture, Figs. 12 and 13 show the time developments in more details zooming on two 
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partial avalanches in each case. In these figures also the points where the positive ions 

were created are shown. 

Until now only two regions in avalanche development have been recognised i.e 

the drift and avalanche region and indeed at normal gas pressures where the proper 

avalanche and seeding regions merge together, this is sufficient. The seeding region 

becomes however very important at low pressures and provides an explanation for the 

behaviour of the various parameters describing the avalanche (see below). 

4.2 Statistical study of avalanche parameters 

As described above, around 100 runs were done for various operational conditions of the 

counter always releasing single electron from 4000f1m on the x axis. At the end of each 

run, when all the created electrons were captured by the anode,the recorded quantities 

were computer analysed and a number of parameters describing the avalanche were 

calculated. Here we will look at 3 of these, namely : gain and radial and time extent 

of the avalanche. 

4.2.1 Gain 

This is simply defined as the total number of electrons created in the avalanche. Figs. 

14 and 15 show histograms of gain for two different gas pressures. As has been well 

known, the average gain is increasing with decreasing gas pressure in spite of the number 

of gas molecules decreasing. This has been explained in [1 J by the fact that at low 

pressures many electrons turn around the anode wire thus having more chance to create 

further electrons. We find that this indeed is the case but this effect takes only place 

inside the partial avalanches. It results in partial avalanches having approximately same 

average number of ions in the considered gas pressure range. The real increase in the 

gain comes however from the increase of seeding region with the consequential increase 

in the number of partial avalanches. The attempt to make the statistical description 

of electron avalanche gain were done by Byrne who introduced the parameter b. The 

curves on Figs. 14 and 15 is the distribution function as predicted by [11 J namely: 

!( . ) . 1 1 ( gam ) gazn ~ gaznb- exp b . 
<gam > 

(1) 

where < gain > is the average gain and b is fitted parameter. As can be seen, the 

agreement between the data and the theoretical curves is very good. 
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4.2.2 Radial extent of avalanche D.R 

This we defined as a cylindrical region of such a radius from the anode within which 

95 percent of electron-ion pairs are created (proper avalanche region). Figs. 16 and 

17 show histograms of D.R for two different gas pressures. As expected, the average 

value of D.R is increasing with decreasing gas pressure but not so fast. An interesting 

feature of both distributions is how well the proper avalanche regwn is defined, i.e. 

how narrow both distributions are. 

4.2.3 Time extent of avalanche D.T 

We defined this as the time interval within which 95 percent electron-ion pairs are 

created. The end of the time interval is chosen to be the time when all the electrons 

were captured by the anode. The Figs. 18 and 19 show histograms of D.T for two 

different gas pressures. The fact that the average D.T is increasing with decreasing gas 

pressure is due to two effects: 

• The time extent of each partial avalanche is increasing because the electrons are 

circling the anode and it takes consequently more time before they are captured. 

• Increase of the seeding region has the consequence that a number of seeding 

electrons are produced far from the anode. They then drift towards the proper 

avalanche region reaching it at different times and the D.T becomes dominated 

by the fluctuations in the drift time. 

This later effect also explains the large fluctuations in D.T at low pressures. 

4.3 Dependence of the average values of Gain, ~R and ~T on 

the release point Tinit of the primary electron 

Study of this dependence is clearly important in order to understand the performance 

of a counter since the primary ionizing track can occur in any part of it's volume. We 

have considered 3 operational conditions of the counter namely 69torr , 34.5torr and 

13.8torr ,all of these at the anode voltage of 700V. This time we have however also 

considered different values of the distance of the release point of the primary electron 

from the anode rinit· Similarly as before, around 100 runs were done for a given pressure 
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and rinit· For each of the runs the values of Gain , f}.R and f}.T were calculated and 

from these for each set of 100 runs the average values of Gain , f}.R and f}.T. 

4.3.1 Gain 

The results are shown in Fig. 20. Even though we suffer from the lack of statistics, the 

characteristic dependence on rinit is clearly visible,namely the plateau region followed 

by a drop towards the low values of rinit for the two lower pressures. This is caused 

by the fact that the seeding region is being reduced with the consequential reduction 

in the number of partial avalanches. The effect is obviously stronger at low pressures. 

On Fig. 20 also the crossover point bellow 1000j.tm is noticeable. The fact that the 

crossover point occurs above 500j.tm, which is still well above the proper avalanche 

region even for 13.8torr (see Fig. 17) ,makes us believe that the average number of 

ions in a partial avalanche is actually decreasing with decreasing gas pressure and as 

was already pointed above, the dependence of the Gain on pressure is dominated by 

the size of the seeding region. 

4.3.2 f}.R 

It comes as no surprise , that the average size of the proper avalanche region is more 

or less independent of rinit for all pressures as can be seen from Fig. 21. 

4.3.3 f}.T 

The behaviour of f}.T is remarkably similar to that of Gain as can be seen from Fig. 22. 

Drop towards the small rinit for low pressures can again be explained by the expansion 

of the seeding region at low pressures. Releasing the primary electron sufficiently far 

from this region, it can take the advantage of it's full extent and will produce on average 

the same number of seeding electrons resulting in f}.T being independent of Tinit· By 

releasing the primary electron within this region, the number of seeding electrons drops 

and since the avalanche time is dominated by the fluctuations in their drift velocity it 

has the consequence that the f}.T drops also. There is a hint of a cross over point but 

this will have to be investigated further. 
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5 Conclusions 

We have presented results from a study of various electron avalanche parameters in a 

microdosimetric counter. The technique is based on the Monte Carlo simulation of the 

motion of electrons in electric field and their interactions with the molecules of gas. It 

allows us to study all space and temporal aspects of electron avalanche development 

since all the electrons are traced simultaneously in time and their coordinates and 

velocities are recorded. This approach depends only on the measured electron-molecule 

cross-sections. These results are already pointing to several important characteristics 

of the electron avalanche behaviour, in particular the existence of the seeding region 

in the avalanche where a relatively small number of secondary electrons are created. 

Each of these electrons gives subsequently rise to a partial avalanche in the proper 

avalanche region. This allows us to explain the dependence of gain and the time extent 

of electron avalanche on the gas pressure and the distance from the anode where the 

primary electron was released. The importance of partial avalanches has been already 

noted by Groh at al[3] but due to the lack of computer time they could not study 

this effect adequately. Also in their case the partial avalanches do not play such a 

significant role as at the gas pressures considered in this work. 

The operational limits of TEPC counters at low gas pressures are due to the fact that 

with decreasing pressure the size of the seeding region is increasing and consequently the 

counter is becoming less and less proportional. Another negative effect contributing 

to the loss of proportionality is the avalanche spreading along the anode wire. The 

present technique should allow us to establish these operational limits and to study 

possible improvements in the construction of these counters. 

At this point it is worth mentioning that the analysis is quite CPU time consum

mg. One run takes approximately 15 mins on VAX station 4000/90. It means that 1 

point shown on Figs. 20,21 and 22 takes about 1day of CPU time. 

We believe that this is the correct approach to fully understand the operation of 

these counters and we would like to investigate several aspects in full details in the near 

future such as the precise definition of a partial avalanche or the physical significance 

of the parameter bin the Byrne distribution. It should be noted that the method can 

be easily extended to other geometries other then cylindrical. This is simply done by 

providing the appropriate electric field map. 
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Figure 2: The path of the primary electron projected on the xy plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 69 torr and 700V. 
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Figure 3: The path of the primary electron projected on the xz plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 69 torr and 700V. 
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Figure 4: The path of the primary electron projected on the xy plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 13.8 torr and 700V. 
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Figure 5: The path of the primary electron projected on the xz plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 13.8 torr and 700V. 
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Figure 6: The path of the primary electron projected on the xy plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 6.9 torr and 450V. 
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Figure 7: The path of the primary electron projected on the xz plane. The points 

indicate the positions at which electron-ion pairs were created by secondary electrons. 

Calculated for 6.9 torr and 450V. 
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Figure 8: The space-time picture of avalanche development. The points are x coordi

nates of all existing electrons at a given time. Calculated for 69 torr and 700V. 
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Figure 9: The space-time picture of avalanche development. The points are x coordi

nates of all existing electrons at a given time. Calculated for 13.8 torr and 700V. 
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Figure 10: The time distribution of ion creation. Calculated for 69 torr and 700V. 
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Figure 11: The time distribution of ion creation. Calculated for 13.8 torr and 700V. 
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Figure 12: Same as fig. 8 but on a larger scale. The small squares indicate x, t positions 

where ions were created. 
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Figure 13: Same as fig. 9 but on a larger scale. Only the first two partial avalanches 

can be seen. The small squares indicate x, t positions where ions were created. 
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Figure 14: Histogram of Gain from single electron released at 4000p.m from the anode 

at 69 torr and 700V. The curve shown is the Byrne distribution 
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Figure 15: Histogram of Gain from single electron released at 4000p;m from the anode 

at 13.8 torr and 700V. The curve shown is the Byrne distribution 
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Figure 16: Histogram of the radial extent of avalanches from single electron released 

at 4000fim from the anode at 69 torr and 700V. 
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Figure 17: Histogram of the radial extent of avalanches from single electron released 

at 4000j.tm from the anode at 13.8 torr and 700V. 
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Figure 18: Histogram of the time extent of avalanches from single electron released at 

4000j.tm from the anode at 69 torr and 700V. 
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Figure 19: Histogram of the time extent of avalanches from single electron released at 

4000J-tm from the anode at 13.8 torr and 700V. 
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Figure 20: Dependence of the average gain Gain on the distance r'init from the anode 

at which the primary electron was released. Calculated for 3 different gas pressures 

and anode voltage 700V. 
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Figure 21: Dependence of the average radial extent of avalanche !J.R on the distance 

rinit from the anode at which the primary electron was released. Calculated for 3 

different gas pressures and anode voltage 700V. 
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Figure 22: Dependence of the average time extent of avalanche [}.T on the distance rinit 

from the anode at which the primary electron was released. Calculated for 3 different 

gas pressures and anode voltage 700V. 










