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ABSTRACT

Measurements of the mean gas amplification factor in isobutane and in argon-isobutane mixtures are performed at total gas pressures of 10, 20, 30, 60 and 90 kPa over a range of reduced electric field strength 5(104 < Sa < 1.4(106 V m-1 kPa-1. At low partial pressure of isobutane deviations from an exponential growth of gas gain with applied high voltage are observed. The gas gain at which this over-exponential effect occurs, increases as the isobutane partial pressure increases. The over-exponential growth of gas gain is explained by the contribution of secondary avalanches started by photons due to non-efficient quenching. The number of additional electrons produced per electron in an avalanche depends on the isobutane partial pressure.

The dependence of the reduced gas gain on the reduced electric field strength in isobutane indicates that electrons are not in equilibrium with the electric field for Sa values above about 3(105 Vm-1kPa-1. In mixtures, the Sa value at which the non-equilibrium effect is observed decreases with decreasing percentage of isobutane in the mixture for the same total pressure. The gas gain data were fitted by an analytical model that takes into account non-equilibrium effects. A reduced first Townsend ionization coefficient of the form 
/P = A* exp(-B*/Sa) was derived. The fitting parameters A* and B* increase when: (i) the pure isobutane pressure decreases, (ii) the isobutane concentration in the mixtures increases at constant total pressure, and when (iii) the total pressure decreases at constant isobutane concentration. The /P for isobutane is compared with other experimental and calculated values which are all obtained for equilibrium conditions. An interesting behavior of the ionization coefficient curves for argon-isobutane mixtures is found: at low Sa the /P increases when the isobutane concentration decreases, while at higher Sa the opposite behavior is observed. Both the reduced electric field strength and the ionization coefficient where the multiplication starts (M = 2) increase with the decrease of the total pressure, as well as with the increase of isobutane concentration in the mixture at constant total pressure.

1. INTRODUCTION

The electron multiplication process in high electric field is one of the most prominent characteristics of proportional counters. The formation of electron avalanches results in gas amplification or gas gain. A good counter gas should provide high gas gain, large dynamic range of linear (proportional) response, low operating potential and long life-time [1,2]. Polyatomic gases, in general, satisfy the first two requirements, but they require high operating voltages and may have short life-time due to decomposition to neutral or charged fragments which then polymerize at the anode surface. In contrast, pure rare gases require low operating voltages and have long lifetime, but are not suitable for proportional counter operation because of the large number of UV photons that cause the spread of the avalanches through the counter. To ensure the desirable proportional counter characteristics, a certain amount of a quenching admixture, usually a polyatomic gas, should be added to a rare gas.

Rare gas - hydrocarbon mixtures are therefore widely used, and the gas gain in such mixtures has been studied [3-9]. It has been shown that a small amount of an admixture significantly affects the gas gain. If the ionization potential of the admixture is lower than the energy of the rare gas metastable level, the deexcitation of rare gas metastable states in collisions of the second kind may result in the ionization of the admixed molecule (the Penning effect). Due to the enhanced ionization, the Penning mixtures, as compared to pure gases, have higher Townsend ionization coefficient, higher gas gain, lower operating voltage, lower mean energy required to form an ion pair (W) and lower Fano factor (F) which is a measure of statistical fluctuations in the number of primary ion pairs [10], and may have improved counter energy resolution which depends on W and F values. Various Penning mixtures have been studied recently in order to define conditions for optimal energy resolution, and they indicated that good Penning mixtures could not be used in proportional counters at high gas gains [11-15]. 

The occurrence of the Penning effect in argon-isobutane mixture at low isobutane concentrations makes this gas mixture interesting for various applications, but its counting characteristics are not yet completely known. A comprehensive study of various properties of argon-isobutane mixtures in a proportional counter [16] included the mean gas amplification, statistical fluctuations of gas amplification (so-called single-electron spectra), the mean value required to form an ion pair (W), and the energy resolution. The main aim was to determine the dependence of all the mentioned quantities on isobutane concentration fraction and on the total pressure of the mixture, as well as to define mixture parameters (composition, pressure) which result in optimal performance. A summary of the complete experimental results is presented in [17], and the detailed analysis of ionization yield is provided in [18]. Some results concerning pure isobutane, together with the results for propane, DME (Dimethyl-ether), propane-based and isobutane-based tissue-equivalent mixtures, have been given in [19]. In this paper the results concerning the mean gas amplification factor and the first ionization Townsend coefficient of isobutane and argon-isobutane mixtures are presented over a wide range of reduced electric field strengths applied in a proportional counter. 

Gas gain for 5.48 MeV  particles in a low-pressure isobutane-filled proportional counter at reduced electric field strengths between 6(105 and 2.2(106 Vm-1kPa-1 was recently measured by Shakkeeb et al [20] and analyzed by different gas gain models. Ionization coefficients in (iso)butane under equilibrium conditions in a parallel plate counter were measured by Heylen [21], Leblanc and Davis [22], Lu et al [23] and Sharma and Sauli [24], and those in argon-isobutane mixtures by Sharma and Sauli [24] in uniform fields and by Yamane [3] in weak non-uniform fields. Segur et al. [25] calculated the ionization coefficient in isobutane under equilibrium conditions. No data on ionization coefficient in isobutane and argon-isobutane mixtures in strong non-uniform fields (i.e., under non-equilibrium conditions) exist. The experiments with argon-isopentane mixtures at low gas pressures showed systematic differences for different gas pressures [26].

In the next section we give a short overview of the gas amplification in a proportional counter. The effects of high electric field strengths (non-equilibrium effect) and of low quenching concentration fraction (non-linear effect) are discussed. Section 3 describes the experiment. The results concerning the mean gas amplification factor and the ionization coefficients in both pure isobutane and argon-isobutane mixtures are given and discussed in Section 4.

2. 
MODELS OF GAS AMPLIFICATION IN A PROPORTIONAL COUNTER

The mean gas amplification factor M (gas gain) is defined as the number of avalanche electrons produced by each initial electron (which is formed by interaction of an ionizing radiation with the gas) and by its successors as it travels towards the central wire:





 EMBED Equation.2  [image: image1.wmf]n

N

M

e

=


(1)

where Ne is the total number of electrons collected at the anode and n is the number of initial electrons directly formed by ionizing radiation.

The gas gain M is determined by the chamber geometry, the operating voltage, the filling gas or gas mixture, and the gas pressure. A large number of analyses has been carried out [26-37] to derive a general expression for M for a variety of gases suitable for proportional counter operation. The following assumptions have been usually made to simplify the problem: electrons are in equilibrium with the applied electric field; the only multiplication process is through electron collisions; photoelectric effects are neglected; no electron is lost in negative ion formation or recombination; and space charge effects are negligible. Fluctuations of the gas gain are also neglected. Having these assumptions in mind, the mean gas amplification factor M is generally written as
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where a and b are the anode and cathode positions, respectively, and (r) is the first Townsend ionization coefficient defined as the mean number of electrons produced by a free electron per unit pathlength in an electric field. This fundamental parameter depends on the nature of the gas, its pressure P, and the applied electric field strength E. In a cylindrical proportional counter with the anode of radius a, and cathode (cylinder) of radius b, the electric field strength E(r) at the radius r produced by a potential difference V between the cathode and the anode is
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To exclude the pressure dependence of the ionization coefficient one usually defines the reduced ionization coefficient, /P, and the reduced electric field strength S = E/P. Now, the reduced ionization coefficient /P is a function of the reduced electric field strength only. This relation is exact for a parallel plate geometry (i.e., homogeneous electric fields) and if direct ionization by electron impact is the only ionization mechanism.

Since the electric field in a cylindrical counter varies with the position (Eq.3), it is usually characterized by its reduced strength at the anode surface, Sa. Following its definition and Eq.(3), the Sa can be parameterized in the following way:
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Rossi and Staub [27] showed that any expression relating the gas amplification factor M to the counter geometry and gas-filling parameters is a function of (P(a) and K = V/ln(b/a). The integration in Eq.(2) is carried out over the counter radius, a < r < b, but it may be limited to the region where gas amplification is possible, i.e., from the anode radius a to the critical radius rc beyond which the field is too low to support the gas amplification. The general expression for the gas amplification factor then becomes
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where Sc and Sa are the reduced electric field strengths at the critical radius rc and the anode, respectively. 

Equation (5) shows that gas amplification measured by different counters has to be normalized with respect to K (or equivalently, with respect to P(a(Sa, Eq.(4)). Then, the curves of the reduced gas gain, lnM/K, vs. Sa obtained by different counters may be compared. In theory, it is convenient to look at the changes in lnM/K vs. Sa for constant values of K (see figures in [25]). In experiments, however, one has a counter filled to a given pressure, and it is more convenient to compare reduced gas gain (in that case expressed as lnM/(P(a(Sa)) measured at different pressures P, as will be done throughout this paper.

The dependence of /P vs. S is rather complicated, and is usually described as the „S-shaped curve“. It is difficult to find a single analytical function that describes all the regions of the /P curve equally well. Therefore, there were attempts to approximate some regions of the /P vs. S curve by various analytical forms [37, 38], leading to various expressions for the gas amplification factor by using Eq.(5) [26-38]. Several models of /P functions and the corresponding formulae for M are shown in Table 1. The expressions are obtained and valid over limited range of Sa values and for a specific gas, and therefore cannot be extended to other gases or to the complete range of possible Sa values [37, 38]. 

A general formula for /P derived from theoretical consideration of gas ionization by electrons in an electric field was proposed by Aoyama [38] (see also Segur et al [25]). The applicability of the general approach for the large number of gases and gas mixtures used in proportional counters was verified. The reduced ionization coefficient thus obtained is


[image: image6.wmf](

)

1

exp

-

-

=

m

m

BS

S

A

P

a


(6) 

where A, B and m (0 ( m ( 1) are coefficients which have to be determined experimentally. When /P (Eq.6) is substituted into Eq.5 and the integration carried out, the reduced gas gain becomes
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If b>>rc>a, and Sc<<Sa, the second term in brackets can be neglected (except when m(1).  From the Aoyama’s general three-parameter formula for /P (Eq.6) various previously obtained expressions can be derived. For example, when m=1 the Diethorn’s formula is obtained [29], and when m=0, the expression for /P is
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This is the relation obtained by Townsend [35, 39] and Campion [28], and used by Williams and Sara [32] in gas gain determination (Table 1). The Eq.(8) was found to hold reasonably well in uniform fields [25, 28], and it is also often used to describe the ionization coefficients (and the corresponding gas gains, Table 1) in non-uniform fields with a suitable choice of constants [28, 40]. Recently, Zastawny [26] discussed again the gas amplification in proportional counters, and proposed to use Eq.(8) as a standard formula for the ionization coefficient because (i) it has a simple and justified physical interpretation, and (ii) it appropriately represents the true shape of the experimental /P curve in a wide range of the reduced electric field strengths. The constants A and B can be determined by plotting  ln(lnM/K) vs. Sa-1 and performing a linear regression analysis. The unit of the ratio B/A is Volt, and therefore the value of the B/A is a measure of the effective ionization potential of a gas [40].

2.1. Non-equilibrium effect

The calculation of gas gain by using Eq.(5) is based on the assumption that the ionization coefficient /P, as well as drift velocity and diffusion coefficient, depends only on the value of the electric field strength at a given location in space. This is known as the equilibrium assumption, and it means that the value of the ionization coefficient in a non-homogeneous electric field is equal to its value in a homogeneous field of the same strength, i.e., that the electron has attained equilibrium with the electric field. The equilibrium value of /P does not depend on the pressure, and consequently, the reduced gas gain obtained for some value of the electric field strength does not depend on P, and a single valued curve lnM/K vs. S is obtained for different pressures P [25]. The gas gain analysis can then be performed by the different approaches presented in Table 1. 

The assumption of equilibrium conditions is true for pressures high enough that the variation of the field over the electron mean free path is low [8, 25, 41]. In a cylindrical proportional counter, however, large field gradients over one or a few electron mean free paths are common, especially at low gas pressures, and the above mentioned equilibrium condition may not be met. Segur et al [25, 41] developed a Monte Carlo method for gas gain calculation taking into account non-equilibrium effects, and have shown that the true ionization coefficient is generally different from its equilibrium value. The higher the electric field gradient, the stronger is the non-equilibrium phenomenon [41]. When the product P(a is high enough, the ionization coefficient is lower than its equilibrium value for all S values [8]. This is because the ionization mean free path is longer than that under the equilibrium conditions - under conditions of non-homogeneous electric field an electron must drift over a longer distance than in the homogeneous electric field to reach the same energy [25]. For low P(a values, another non-equilibrium effect takes place and causes that the ionization coefficient near the anode wire becomes higher than the equilibrium value. This is explained by electron rotation around the anode wire at low pressures. The equilibrium values of /P obtained in parallel-plane geometry are not influenced by this effect. The effect of electron rotation around the anode at low pressures is shown by Monte Carlo calculations of Pruchova and Franek [42]. 

Therefore, in nonuniform electric fields, especially for high S values, the ionization coefficient is not a function of Sa only, but depends on the pressure, or equivalently, on the values of K. Consequently, the gas gain also depends on both quantities, Sa and P [25]. It follows that instead of a single valued reduced gas gain curve for different pressures, a set of curves corresponding to different pressures is obtained, as it will be shown later (see also Fig. 14 in ref. [25]). 

Under non-equilibrium conditions classical gas gain formulae presented in Table 1 are not valid because they do not account for the field gradient effect or for the electron rotation around the anode wire. Segur et al [25] took into account the change of the electric field along the electron mean free path and derived the expression for the reduced ionization coefficient which has the same form as that in Eq.(6), with the difference that the coefficients A and B are now explicit functions of the field gradient. The non-equilibrium coefficients dependent on P (or, on K) we hereafter denote as A* and B*:
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and B*/A*=Vi*. The generalized formula for gas gain is also given by Eq.(7) in which A and B coefficients are replaced with the non-equilibrium coefficients A* and B*, respectively. The gas gain under non-equilibrium conditions is therefore a function of both Sa and K.

2.2. Non-linear effect

Under certain conditions, i.e., over some region of the applied high voltages, the number of electrons in the avalanches is proportional to the number of electrons produced by an incident particle. This is the region of true proportionality. Non-linear effects are introduced when the applied voltage is increased. (A gas gain curve represents a semi-log plot of gas gain M as a function of high voltage. If there are no deviations from the exponential dependence of M on V, the gas gain is shown as a line. By the „non-linear effect“ we consider here and throughout the paper any deviation from such a gas gain curve.). Two kinds of non-linear effects may be distinguished [1]. The increase of gas gain with the applied voltage slower than exponential is caused by a space-charge effect and is important for high gas gains in high-pressure gases and/or for high count rates. On the contrary, the increase of gas gain faster than exponential is due to the formation of additional electrons in the gas or on the counter walls, and is usually called the over-exponential effect [13]. Only the over-exponential effect is discussed here. 

In pure rare gases, a photon emitted by an excited rare gas atom may, for instance, generate a successor avalanche by photoemission of slow electrons at the cathode. Avalanches, started by such photoelectrons due to poor quenching, follow the main avalanche and form a so-called avalanche chain [43]. Avalanche chains are detected also when secondary processes are taking place elsewhere in the counter gas volume. An increase in gas gain more rapid than exponential with high-voltage changes (Eq.7) is a direct consequence of the avalanche chain formation. Moreover, this process is a „divergent positive feedback process“ which results in the unstable gas amplification and limits the maximum attainable gain in photosensible gas detectors [13, 44, 45]. To quench the UV photons emitted by the excited rare gas atoms and dimers (excimers), and thus to reduce a number of successive avalanches, a polyatomic quenching admixture should be added to a rare gas. The amount of the quenching admixture should be high enough to quench all the emitted photons preventing thus an avalanche chain formation. In poorly quenched gas mixtures a strong dependence of the gas gain on the applied high voltage is observed [45].

A relatively simple extension of the theory of gas gain may explain the over-exponential increase in gas gain due to unquenched UV photons [13]. In the following discussion, the term "main avalanche" is used for the avalanche started by the initial n0 electrons directly formed by the ionizing radiation, and its gas amplification factor is M1. The total gas gain obtained by the avalanche chain, which is measured in an experiment, is Mtot. The number of electrons in the main avalanche started by n0 electrons is
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Let  be the number of secondary photoelectrons produced per electron in the avalanche. The number of photoelectrons produced in the main avalanche is the N1. If all of these secondaries are subject to full avalanche gain M1, then the next generation avalanche has
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electrons. This process of formation of new avalanches may continue, and in general, a relation between the number of electrons in two successive avalanches is
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The total number of electrons produced in such an avalanche chain is
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The total gain, Mtot, in the avalanche chain can be then expressed by the gain in the main avalanche, M1, and the number of secondary electrons per an avalanche electron:
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It is obvious that when  = 0 the total gain is simply equal to the main avalanche gain, and no over-exponential effect will be observed. The product M1 must be much less than unity, M1 ( 1, so that a linear gas gain curve in the semi-log plot is observed. When M1 ( 1, a breakdown occurs [13].

3. EXPERIMENTAL SETUP

As it was mentioned in the introduction, the results presented in this paper are part of the comprehensive study of argon-isobutane mixtures in a proportional counter [16, 17]. The proportional counter method of ionization yield measurement was described in details in [18]. It follows the method developed by Srdo( [46] and Srdo( and Clark [47], and consists of the measurement of pulse height distributions (spectra) produced by single electrons, and by low-energy X-rays under the same experimental conditions. A scheme of the experimental setup is shown in Fig. 1. A proportional counter specially designed for low-energy photon detection was used [16-19, 46]. The inner diameter of the stainless-steel counter was 50 mm, the length was 15 cm, and it was placed in a copper shield, 80 mm in diameter. The anode was a stainless-steel wire of 25 m in diameter. The X-rays from 55Fe source passed through a collimator and entered the active counter volume through the Be window whose thickness was 5 m, and then went across an additional collimator aligned with the counter cathode which was on the cathode potential. 

Single electrons were released by UV radiation from a 28 nm thick semitransparent Al film deposited on the quartz rod. The Al film was aligned with the cathode. As the source of UV radiation, a lamp emitting mostly the line 253.7 nm (photon energy 4.9 eV) was used. The photoelectrons thus produced had initial energies below 1 eV and were incapable of producing immediate ionization. The analysis of single-electron spectra will be presented separately.

The electronic part of the experimental setting consisted of a high voltage supply, a preamplifier, a shaping amplifier, a multichannel analyzer (MCA) and an on-line computer (Fig. 1). A charge sensitive preamplifier (PA) was coupled directly to the anode wire to lower the input capacitance increasing thus the signal-to-noise ratio. A precision pulse generator was used to calibrate the amplifier and the analyzer, as well as to measure the noise contribution.  The average RMS value obtained from several measurements was (150 ( 10) electrons. 

The gases were manufactured by LINDE AG company, and were used without further purification. According to the manufacturer's specification, isobutane purity was >99.95%, with (500 ppm butane as an impurity. The purity of argon was (99.9996%, with impurity levels (1 ppm of N2, (1 ppm of H2O, and (0.1 ppm of various alkanes.

Argon - isobutane mixtures were prepared by mixing the two gases in the proportional counter. First, the counter was filled with isobutane to the predetermined partial pressure, and then filled up with argon to the desired total pressure of the mixture. Measurements were performed at five total pressures (10, 20, 30, 60 and 90 kPa) and for each pressure several mixtures with various concentration fractions of isobutane (between 2.2% and 50% by volume) were prepared. The range of isobutane partial pressures was therefore 1 ‑ 27 kPa.

In addition, isobutane-based tissue-equivalent (TE) gas mixture (51.4% isobutane, 42.3% CO2, 6.3% N2) [48] was also measured at pressure equal to 10 kPa. W value and the Fano factor for isobutane-based TE gas were already published [49].

3.1. Measurement of the gas amplification factor

To determine the mean gas amplification factor M (Eq. 1), we applied a pulse-matching method [50-52]. The number of initial electrons was calculated from the known initial energy of incident radiation (T0 = 5.9 keV) and the W value of a gas as ni = T0/W. By the use of the pulses of known amplitudes from the pulse generator, a calibration curve, channel at MCA vs. voltage pulse, was obtained.  Finally, the gas amplification factor could be determined from
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where C is the distributed capacitance of the system, e is the charge of an electron, G is the electronic gain, J is the channel number of the line peak position, and k is the calibration factor (5.08 mV/channel). Acorr is the correction factor that must be taken into account to obtain the correct value for the mean gas amplification factor because of the difference in rise-times between the charge input from the proportional counter and that of the pulse generator [50-52]. Two series of measurements were performed. The shaping constants were 4 s (rise time) and 2 s (shaping time) in the first series, and 8 µs and 4 µs, respectively, in the second series of the experiment. The correction factor Acorr in Eq.(15) was determined from the Table 1 in Mathieson [51]. The difference between the pulse heights for different time constants was checked also experimentally, and the measured ratio agreed with the ratio of the correction factors of ref. [51].

For pure isobutane W = 23.4 eV [10]. For mixtures, the same value was taken, according to the figure published in [18, 53]. The uncertainty introduced by using this value instead of the real one was estimated to (5% for mixtures with partial pressure of butane (2 kPa, and to (10% for mixtures containing less than 2 kPa of isobutane. The overall uncertainty in the gas gain determination was estimated to app. 7% and 12%, respectively. 

The pulse height distributions obtained by 55Fe source were measured for each gas mixture at different gas gains. The lowest gas gain ((10) that enabled detectable spectra was determined by the RMS level of the preamplifier. The highest gas gain was limited by the preamplifier output of 1 V that resulted in the highest gas gain of 3(104. The high-voltage steps were usually 50 V, except in the regions of high gain gradients, where the steps were smaller (10-30 V). A typical 55Fe spectrum in argon-isobutane mixture is shown in Figure 2. A slight asymmetry (a shoulder) at the right-hand-side of the main peak at 5.9 keV is due to the 6.49 keV Mn K X-ray that is not separated from the main peak. The Ar escape peak at 2.9 keV is also observed in argon-isobutane mixtures. The experimental spectra were fitted to a Gaussian distribution, and the mean value (mean channel) and standard deviation were calculated, and thus the energy resolution was determined.

4. RESULTS AND DISCUSSION

4.1. Gas amplification 

The mean gas amplification M as a function of the anode voltage was determined for pure isobutane at pressures equal to 10, 20, 30 and 60 kPa, for argon - isobutane gas mixtures of various concentration ratios at the same pressures and at 90 kPa, and for the isobutane-based TE gas at 10 kPa. The gas gain curves, i.e., the logarithm of M as a function of the applied high voltage V, are presented in Figure 3. In pure isobutane at all pressures, as well as in the isobutane-based TE gas, the gas amplification is an exponential function of the applied voltage (i.e., the electric field strength) in the whole range of gas gains, 10 < M < 3(104, and appears as a line on the semi-log plots. No space charge effect, which would cause slower growth of gas gain compared to the exponential for small variations of the applied high voltage, has been observed.

The high voltage required for the same gas amplification factor increases with the increase of the isobutane concentration fraction in the argon-isobutane mixtures. At the same time, a slope of the gas gain curve is lower implying that the gas gain becomes less sensitive to small changes in high voltage. The slope of the gas gain curves becomes lower also for higher total pressures while keeping the gas composition constant (Fig. 4.) [see also ref. 54]. It means that the gas gain changes faster with the change in the applied high voltage for lower total pressures and for lower isobutane concentration fraction, i.e., the gas gain is more sensitive to the changes in high voltage in poorly quenched gases, as observed also by Va’vra et al [45]. The change in the slope of the gas gain curve with the pressure indicates a non-linear pressure dependence of gas amplification in the proportional counter [54]. In Fig. 5.a we show the values of the applied anode voltage required to obtain the gas amplification of 103 as a function of the isobutane concentration. The different curves correspond to various total pressures. The anode voltage does not increase linearly neither with the total gas pressure nor with the quencher concentration. In Fig. 5.b the voltage required for gas gain of 103 and 104 is shown as a function of isobutane partial pressure. All the data for the mixtures regardless of the total mixture pressure form a single curve, i.e., the high voltage required to obtain a given gas gain is determined by isobutane partial pressure. Total pressure of the mixture can be adjusted to meet other requirements. This fact may be important when one has to choose the best mixture for a certain application.

4.2. The range of linearity of gas gain

The gas gain curves shown in Fig. 3. demonstrate that above a certain value of the gas gain deviations from the apparent linear relation begin, i.e., the gas gain starts to increase faster than exponentially. Such an over-exponential [13] increase was observed also in Ar-CO2 [55, 56] and in Ar-CH4 mixtures [6, 55], at low partial pressures (<10 kPa) of admixtures for gains >104, and in Ar-0.3% C2H2 mixture [14, 57].

The over-exponential increase starts at lower gains in mixtures with lower isobutane concentration for constant total pressure (Fig. 3). It is also more pronounced at lower total pressure for the same mixture composition, as can be seen by comparing the gas amplification factor in mixtures of the same composition at different total pressures (Fig. 4). These observations indicate that the linearity region is not defined by the concentration of isobutane in the mixture, but rather by its total amount (partial pressure), as it was already noticed by Rose and Korff [29].

In the following section we present the analysis of the gas gain data in the region where the deviations from the linear increase of M with the applied high voltage in a semi-log plot are observed. First, the maximal gas gain M0 still in the linear range is determined, and then the number of new electrons produced per electron in the avalanche,  is calculated. We also determine what fraction of the total avalanche containing 104 electrons represents the main avalanche. The following iterative procedure was used: In the first step, the complete experimental gas gain curves (Fig.3) were fitted by an apparent linear function

log M = s(V + I 








(16)

and the slope s and the intercept I were obtained by fitting. The linear correlation coefficient r2 was also calculated. If r2 ( 0.999, no further adjustments have been made. If r2 < 0.999, the highest gain (at highest V) was excluded from the linear fit, and the r2 of the new line was calculated. The successive subtraction of the highest gain was repeated until the satisfactory value (( 0.999) of the correlation coefficient was obtained. The highest gas gain M0 which still lied on the line (and was included in the line fit) represented the upper limit of the range of linearity of the semi-log gas gain curves. It was found that M0 depended on both the isobutane concentration fraction and the total pressure of the mixture P, as expected from the visual inspection of Figs. 3 and 4. Hence, M0 is shown in Fig. 6. as a function of isobutane partial pressure (p). In pure isobutane no deviation of the gas gain from the straight line is observed up to the highest gas gain measured, as well as in argon-isobutane mixtures containing more than 10 kPa of isobutane and in isobutane-based TE gas. If M0 and p are shown on a double-logarithmic scale (Fig. 6.), the data for partial pressures in the range 1 - 10 kPa may be approximated by a linear function, leading to the following relation between these quantities:

M0 = l (p/kPa)k

(l = 758.6, k = 1.564 ( 0.097, n = 26, r = 0.96)

(17)

where l and k are obtained by the fitting procedure, n is the number of data points, and r is the linear correlation coefficient. The relation is obtained for isobutane partial pressures above 1 kPa, but it may be extrapolated to lower partial pressures. For example, for partial pressures of 0.5, 0.2 and 0.1 kPa, the M0 of 260, 60 and 20, respectively, is obtained. At higher gains non-linear effects due to insufficient quenching take place. This relation may be used to determine maximal gas gain which can be obtained under stable conditions, i.e., before the avalanche chain formation starts, when one wishes to use Penning mixtures containing usually very low concentration of a polyatomic admixture in an application that requires high gas gain. If higher gas gain is required, the amount of the quenching admixture should be increased.
Up to now, we have determined the gas gain where deviations from the straight line in a semi-log plot begin. At higher applied voltages, the photon-induced secondary effects increase the gas gain, and the total avalanche consists of the first (main) avalanche and its successors. It is interesting to see what fraction of the total avalanche represents the main avalanche, as well as how many new electrons are formed by each electron from the main avalanche. By using the values of s (slope) and I (intercept) of Eq. 16, the gas gain curve can be extrapolated above the M0 value. Such a straight line represents the gas gain of the main avalanche M1. We compare now the M1 and Mtot values at the voltage that in each mixture resulted in Mtot = 104. (Although in some mixtures containing larger amount of isobutane Mtot approaches 3(104, the gas gain of 104 is reached in all gases.) The ratio M1/Mtot then gives the fraction of the number of the main avalanche electrons in the total number of electrons in the avalanche chain. This ratio increases with the increase of isobutane concentration, but depends also on the total mixture pressure. Therefore, it is shown in Fig. 7 as a function of the isobutane partial pressure. The M1 value is a function of the isobutane partial pressure only, it increases as the partial pressure increases, and reaches the Mtot value for p ( 10 kPa. The M1 value at p = 1 kPa is (2500 ( 500), showing that only about 25% of the total gain in such mixtures is due to the main avalanche, and the rest is due to secondary effects. Fonte et al [13] found that for partial pressure of about 0.5 kPa of admixtures in Ar-based and He-based gas mixtures, the first avalanche presents only very low fraction (<10%) of the total charge collected in the avalanche chain. Chechik and Breskin [44] found that the fraction of secondary avalanches strongly depends on the gas mixture, its composition and pressure. 

Comparison of M1 and Mtot (measured data) by applying Eq.(14) enables the calculation of . The values of  discussed below are again calculated for the voltage which resulted in Mtot = 104. The  values evaluated from the measured gas gain curves show that the number of photoelectrons per electron in an avalanche decreases with increasing isobutane concentration fraction due to more efficient quenching, but the rate of the decrease is again determined by the total pressure of the mixture. Therefore, in Fig. 8 the quantity  is shown as a function of isobutane partial pressure. At the lowest partial pressure (1 kPa)  is equal to (2.5 ( 1)(10-4, and it decreases as the partial pressure of isobutane increases. The values of  smaller than 5(10-6 are the result of the experimental and fitting uncertainties (small deviations of the measured Mtot from the linear fitting function), and are obtained also for pure isobutane and the isobutane-based TE gas. Because the gas gain is an exponential function of the applied voltage, the applied method for the estimation of the  value may result in a relatively large scatter of the results. Fonte et al [13] studied the number of UV photons per an avalanche electron in mixtures of rare gases with TEA (Triethylamine), CH4 and C2H6, and found a similar linear relation of log vs. log p for all studied mixtures. 

From the results shown in Figures 6, 7 and 8, it may be concluded that argon - isobutane mixtures containing more than about 10 kPa of isobutane may safely be used at gas gain above 104, and a linear response will be obtained throughout the whole gas gain range. Mixtures containing between 3 and 10 kPa of isobutane can be used at lower gas gains (depending on p, Eq. 17) which may still be high enough for spectroscopy of X-rays in the 5  10 keV energy range. A partial pressure less than (3 kPa of isobutane in the mixture is not enough to ensure stable operation of the proportional counter at gains higher than 2000, which is not enough for many practical applications.

4.3. Reduced gas gain and non-equilibrium effect

In homogeneous electric fields, i.e., under equilibrium conditions, the plot of the reduced gas gain, lnM/K, or more exactly lnM/(P(a(Sa), vs. the reduced electric field Sa for various pressures should result in a single curve [25]. Our measurements, however, do not reveal a single curve neither for pure isobutane nor for any of the argon-isobutane mixtures. Figure 9 shows that in all gases the same value of the reduced electric field Sa results in lower reduced gas gain for lower gas pressures. Such a behavior indicates that the non-equilibrium conditions dominate at lower pressures, i.e., that the electrons achieve equilibrium with the field more easily at higher pressures, for the same value of Sa. Similar curves were observed in methane at pressures 1  10 kPa (Fig. 8 in ref. [41]), and in tissue-equivalent gases at pressures 1.8  18 kPa (Fig. 14 in ref. [25]). The measured gas gain was always lower than the calculated equilibrium gas gain, and departures from the equilibrium were more pronounced at the lower pressures. Comparison of our reduced gas gain curves for pure isobutane (Fig. 9a), intermediate isobutane concentration (30%, Fig. 9b) and low isobutane concentrations (Fig. 9c) shows that the reduced electric field strength where the non-equilibrium effect starts decreases with the decrease of isobutane concentration. The upward curvature of the gas gain curves for low isobutane concentrations at high reduced electric field strengths is a result of non-linear effect for gas gains above M0, as discussed in the previous section.

In theoretical studies the reduced gas gain lnM/K is shown as a function of Sa with K as the parameter (e.g., in ref. [25]). Our measurements were performed using a single anode diameter and four pressures (10  90 kPa) resulting in a rather narrow range of K values (90  260 V) where at least two datapoints were obtained. Therefore, such curves are not shown here. However, the expected behavior for non-equilibrium conditions is obtained: the reduced gas gain increases with increasing K at constant S value.

4.4. The ionization coefficients 

Various relations for the dependence of /P on S lead to various relations for gas gain vs. S, as shown in Table 1. For each relation, the measured gas gain data presented in a suitably chosen coordinate system result in an apparent linear dependence, if the assumed relation /P vs. S is correct. Moreover, under equilibrium conditions, data obtained for different pressures should lie on the same line [8, 41].

We tested the following gas gain models from Table 1: the Aoyama model with m = 0 (i.e., the Williams-Sara model, Eq. 8), with m = 1 (i.e., the Diethorn model), with m = 1/2 and m = 1/3, and the models of Khristov, Kowalski, Rose-Korff, and Zastawny. Graphs showing the lnM/K (for the Khristov, Kowalski, Rose-Korff, Diethorn and Zastawny models) or ln[lnM/K] (for the Aoyama models with m < 1) as a function of the Sa-1, Sa0.5, Sa-0.5, ln Sa, ln(Sa/S0)+S0/Sa-1, and Sam-1, respectively, were made for each gas. The datapoints for different total pressures did not fall on the same curve in any of the investigated relations. Such a behavior is typical of non-equilibrium conditions that prevail in low-pressure gases. The gas gain models presented in Table 1 were derived under equilibrium conditions, and therefore it is not surprising that none of the models described the measured data correctly for all pressures. However, some of the plots revealed linear relations when the data for each pressure were analyzed separately. The best correlation coefficients r² were obtained (in decreasing r² values) with the approaches of Williams-Sara (Eq. 8 with pressure-dependent coefficients), Rose-Korff, Aoyama with m = 1/3 and Khristov. The approaches of Diethorn, Zastawny and Aoyama with m = 1/2 revealed a linear dependence only for low Sa values (larger pressure), while the Kowalski model did not give a linear relation at any pressure. This model [36] was based on gas amplification measurements in various mixtures of rare gases with polyatomic gases, covering only a limited range of low Sa values, 104 - 2(105 V m-1 kPa-1, which is below the Sa range in our measurements. 

From the inspection of our gas gain data described above, we concluded that the ionization coefficient in isobutane and argon-isobutane mixtures over the investigated range of Sa values would be best represented by Eq.8 with the pressure dependent coefficients, given in Eq.9.

Isobutane

In Fig. 10 we present the plot of ln[lnM/(P(a(Sa)] vs. Sa-1 for pure isobutane.  The data for each pressure are fitted with a linear function. The slope and the intercept of the fitted lines change with the pressure in a systematic way. The determined coefficients A* and B* (Eqs.8, 9) for isobutane are shown in Table 2, and compared with the results of other authors. The range of Sa values over which the coefficients are obtained is also given. Although the other results are obtained under equilibrium conditions in uniform electric fields, the A and B values of LeBlanc [22] can be compared with ours obtained for 60 kPa pressure, those of Heylen [21] with our data for 30 kPa, and those of Shakkeeb et al. [20] with ours for 20 and 10 kPa. The agreement in A is satisfactory in all cases, whereas the differences for the coefficient B are somewhat greater. 

The obtained coefficients A* and B* decrease with the increase of isobutane pressure. According to Heylen [21], the coefficient A is directly related to the electron ionization efficiency and it represents the reciprocal of the electron mean free path at unit pressure. From our data we determine the mean free path equal to 3, 2, 1.5 and 1 µm for pressures 10, 20, 30 and 60 kPa, respectively. The effective ionization potential Vi*=B*/A* increases with increasing isobutane pressure. At higher pressure the mean free path is shorter, the reduced electric field is weaker, and therefore the mean energy gained from the field along a mean free path is lower. As a consequence, the relative number of non-ionizing collisions increases at high pressures.

The reduced first Townsend ionization coefficient /P of isobutane obtained by inserting the values of A* and B* from Table 2 into Eq.8 is shown in Fig. 11 as a function of the reduced electric field strength Sa at the anode surface. Obviously, different pressures result in different /P curves. Whereas the difference between the curves for the two higher pressures (60 and 30 kPa) is not very pronounced, it is significant for the two lower pressures (20 and 10 kPa). For comparison, the experimental values obtained in uniform electric fields [21-23], and the values calculated under equilibrium conditions by Segur et al [25] are also shown. Data of Sharma and Sauli [24] are not included in the figure because the range of S values in their chamber was much lower (< 3(104 V m-1 kPa-1) than in the present experiment (> 105 V m-1 kPa-1), and their /P values are correspondingly smaller (< 35 m-1 kPa-1). Heylen [21], Leblanc and Davis [22], and Sharma and Sauli [23] found that the reduced ionization coefficient can be well represented by the Townsend formula /P = A exp(-B/S) (Eq.(8)) for relatively low S values. Lu et al [23] found that the /P vs. Sa is almost linear for low Sa in the range 1.5(104  3(105 Vm-1kPa-1. In this relatively narrow range of low S values the exponential function can be approximated by a line. No significant difference is observed among various data sets for Sa < 3(105 Vm-1kPa-1. In stronger fields, the highest values of the ionization coefficient are the calculated ones. The measured /P in uniform fields above 7(105 Vm-1kPa-1 is lower, indicating the onset of non-equilibrium effects. Our /P curves generally follow the equilibrium curve only for low gains at a constant pressure, while for higher gains (in stronger fields) they increase more slowly, and are below the equilibrium curve. The /P values under non-equilibrium conditions (Sa>3(105 Vm-1kPa-1) become higher for lower pressures at a constant Sa value. This effect may be explained by the rotation of electrons around the anode wire, which is more pronounced at lower pressures.

Similar sets of curves of /P vs. S were obtained under non-equilibrium conditions by other authors [8, 41, 58, 59]. Figure 4 in ref. [41] shows the calculated reduced ionization coefficient under non-equilibrium conditions for methane-based tissue-equivalent gas. Several curves with different P(a values seem to have the common part at relatively low S values, but for higher S they show different behavior: The growth of /P with S is first slowed down, and then followed by a decrease for still higher S (above 4000 Vcm-1Torr-1 = (3(106 Vm-1kPa-1). For low P(a at high S the non-equilibrium ionization coefficient is higher than the equilibrium one. The calculated /P curves in argon for different pressures (Fig. 4. in ref. [8]) under non-equilibrium conditions have a similar behavior. Differences between the equilibrium and non-equilibrium values are minimal for low S values. The increase in maximal /P value with the decrease in the gas pressure, similar as presented in our Fig. 11, is measured also in methane-based tissue-equivalent gas [58].

Argon - isobutane mixtures

The gas gain data obtained in argon-isobutane mixtures are analyzed in the same way as described above for pure isobutane. Only gas gains smaller than M0 are considered in the analysis. The coefficients A*, B* and Vi* are obtained for each mixture of given concentration ratio and total pressure, and are shown in Fig. 12. Both coefficients A* (Fig. 12.a) and B* (Fig. 12.b) decrease with the increase of total gas pressure for a given concentration ratio, and for a constant total pressure both increase with the increase of isobutane concentration. The coefficients A and B were found to increase with increasing the isobutane concentration in argon-isobutane mixtures (isobutane concentration >8%) obtained in a parallel plate chamber at reduced electric field strengths up to 3(104 V m-1 kPa-1 [24]. However, our data are taken over Sa values from 5(104 to 1.4(106 V m-1kPa-1, and therefore cannot be directly compared with those in refs. [24], as well as with those of Yamane [3] which were determined for low concentration fractions of isobutane, <4%, and in weak non-homogeneous fields (Sa <2.2(104 Vm-1kPa-1).

The value of B* is related to the total and inelastic collision cross sections, and these increase with increasing molecular weight [21]. Consequently, mixtures containing a greater amount of atomic gas, Ar, should have lower values of B*. Indeed, our results show a decrease of B* with the decrease of the isobutane concentration fraction in the mixture (Fig. 12b). 

The effective ionization potential Vi* should be greater than the ionization potential I of the gas because some energy is dissipated in non-ionizing collisions. Therefore, it is expected that the value of Vi* in mixtures changes continuously with the mixture composition, providing that there is no interaction between the gas components. In the case of argon-isobutane mixtures, it is therefore expected that the Vi* increases as the isobutane concentration decreases. Our results show that the effective ionization potential Vi* (Fig. 12.c) increases with the increase of total pressure for a constant concentration ratio, and increases with the increase of isobutane concentration. We explain this effect by the Penning effect present in argon-isobutane mixtures. The Penning effect becomes more pronounced as the isobutane concentration decreases, and as a consequence the Vi* value decreases. For low isobutane concentrations Vi* reaches the ionization potential of isobutane (10.57 eV [60]) indicating that almost all excited rare gas atoms transfer their excitation energy to ionization of isobutane. 

As an example of the ionization coefficient in argon-isobutane mixtures we show the /P for Ar + 10% isobutane mixtures at different total pressures in Fig. 13. Similar curves for other mixtures can be obtained by using coefficients listed in Table 2. The general behavior of /P curves in mixtures of the same composition is the same as previously described for pure isobutane (Fig. 11).

Previous experiments [3, 24, 61] with argon-based mixtures performed in weak reduced electric fields showed that /P increased with the decrease of the quenching concentration at a constant S value, until an optimal concentration (usually very low, <1%) is reached. Our data show an interesting behavior of /P in argon-isobutane mixtures (Fig.14). For a constant Sa value, /P increases with decreasing isobutane concentration only at relatively low Sa, and at a certain value of the field strength /P starts to increase with the increase of isobutane concentration. The „crossing point“ of /P curves is observed at about 1, 1.5, 2.5 and 4 (105 Vm-1kPa-1 for total pressures 90, 60, 30 and 10 kPa, respectively.

From the obtained coefficients A* and B* it is possible to calculate the reduced electric field strength (Sa,0) where the electron multiplication starts, i.e., where the gas gain is M = 2, as well as the corresponding value of the ionization coefficient (/P)0. The Sa,0 and the reduced ionization coefficient (/P)0 decrease with the increase of the (total) gas pressure, in both pure isobutane and in mixtures of constant concentration ratios (Fig. 15). Tokanai et al [62] found that (/P)0 increases with the decrease of P(a, which is in accordance with the present result. The higher reduced electric field strength needed for the start of multiplication at lower pressure is the consequence of the non-equilibrium conditions, i.e., in strong non-uniform fields electrons behave as they were in a much weaker field. When the mixtures of various concentrations but constant total pressure are concerned, (/P)0 increases with the increase of isobutane concentration.

5. CONCLUSION

In this paper the analysis of gas gain data measured in the intermediate and strong non-uniform electric fields in a cylindrical proportional counter filled with isobutane and argon-isobutane mixtures is presented. It is shown that the isobutane partial pressure determines the deviations from the linear relation between the gas gain and the applied high voltage in a semi-log plot: the lower the partial pressure of isobutane, the lower the gas gain where the over-exponential increase starts. The over-exponential increase of the gas gain is explained by avalanche chain formation due to non-efficient quenching of photons in mixtures containing low isobutane partial pressure. The number of electrons formed in an avalanche chain due to insufficient quenching per each avalanche electron is calculated and it depends on the isobutane partial pressure. No over-exponential increase of the gas gain for gains up to 3(104 is observed when the mixture contains more than about 10 kPa of isobutane.

In the same experiment the energy resolution was also measured (results presented in ref. [17]). At a relatively low gain of several hundreds, the energy resolution was better in mixtures with lower isobutane concentrations (partial pressure), but at higher gains it degraded very fast. The fast worsening of the energy resolution can be correlated with the over-exponential increase of the gas gain. The increased number of statistical processes involved in avalanche chain formation in mixtures with non-efficient quenching does not only cause an over-exponential increase in gas gain, but also an increase in the relative variance of avalanches started by single electrons [16, 17]. A complete study of the statistics of single electron avalanches will be presented in a separate paper.

The analysis of the reduced gas gain data show that the gas amplification process in pure isobutane and in argon - isobutane mixtures in high reduced electric field strengths proceeds under non-equilibrium conditions. For pure isobutane the non-equilibrium conditions are observed for the reduced electric field strengths above 3(105 Vm-1kPa-1, and for mixtures at lower field strengths.  None of the gas gain models derived for equilibrium conditions can successfully describe the measured gas gain over the whole range of Sa values at all pressures. However, for each pressure separately, good fits are obtained by applying the gas amplification model of Williams - Sara, modified by Segur et al [25] to take into account the non-equilibrium effects. 

The reduced first Townsend ionization coefficient, /P, derived from the measured gas amplification data, is a function of the Sa and of the gas pressure P. Comparison with /P values obtained in parallel plate chambers or calculated for the equilibrium conditions in isobutane resulted in satisfactory agreement at relatively low reduced electric field strengths, while at higher Sa values our data are lower than the equilibrium /P values.

The phenomena of non-equilibrium of electrons with the electric field in low-pressure proportional counters require accurate calculations of gas gain and ionization coefficient in strong (non-uniform) electric fields where such phenomena take place. New measurements, such as those by Colautti et al [59], are also needed. Mixtures of a rare gas and a molecular gas are of special interest, because the possible Penning effect increases the number of electron-ion pairs formed in the mixture by an ionizing particle. However, the amount of the quenching admixture in the Penning mixture is usually not high enough for a sufficient quenching of UV photons. In such a case, the upper limit of the gas gain may be low, too low for some applications. No systematic measurements of the ionization coefficient in Penning mixtures, or generally in rare gas - molecular gas mixtures, in strong non-uniform electric fields exist up to now. It would be necessary to perform more measurements under various non-equilibrium conditions to justify the presently observed „crossings“ of the ionization coefficient curves for different concentrations of the quenching admixture at electric field strength which depends on the total mixture pressure. Currently, we have been performing similar measurements of the ionization coefficient in argon-propane and argon-DME mixtures and the preliminary results show that the same behavior of /P is obtained. 
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Figure captions:

Fig. 1.
a) A schematic view of the experimental setup. HV = high voltage supply, Pa = preamplifier, MCA = multichannel analyzer, PC = personal computer.
b) A schematic view of the proportional counter. The source of single electrons (SE) consists of an UV lamp and a quartz rod with a thin Al layer [17-19]. The 5.89 keV photons entered the counter through the Be window. Note that the sizes of the SE and 55Fe sources and the proportional counter are not proportional to the real dimensions. 

Fig. 2. 
Typical pulse height distribution produced by the 5.89 keV photons from the 55Fe source in an argon - isobutane mixture: Ar + 20% isobutane, total pressure P = 10 kPa, gas gain M = 1340, energy resolution R = 14%.

Fig. 3. 
Gas amplification as a function of applied high voltage (gas gain curves) in isobutane and argon-isobutane mixtures at total pressure P of a) 10 and 20 kPa, b) 30 kPa, c) 60 kPa, d) 90 kPa. Isobutane concentrations are indicated on each figure. In addition, gas gain for isobutane-based TE gas at P = 10 kPa is shown in Fig. 3a. Two sets of data for the same concentrations on Figs. 3a and 3b correspond to two series of measurements, see text. 

Fig. 4.
Gas gain in argon-isobutane mixture of fixed composition (30% isobutane) at different total pressures. Two sets of data for the same total pressure correspond to two series of measurements, see „Experimental“.

Fig. 5.
a) High voltage needed for the gas gain of M = 103 as a function of isobutane concentration in argon - isobutane mixtures. b) High voltage needed for the gas gains of M = 103 and 104 as a function of isobutane partial pressure in the mixture regardless of the total mixture pressure. High voltage for the gas gain of M = 103  in pure isobutane as a function of the gas pressure is also shown. Lines are obtained as polynomial fits of the second order, and are shown here to guide the eye. 

Fig. 6. 
The highest mean gas amplification factor M0, still in strictly proportional region, in argon-isobutane mixtures, as a function of isobutane partial pressure. Above M0 the over-exponential effect is observed. Line represents the function M0 = 758.6 (p/kPa)1.564 (Eq.17). 

Fig. 7. 
The number of photoelectrons per an electron in an avalanche, , as a function of partial pressure p of isobutane for different total mixture pressures P. The  values are calculated at Mtot = 104. In mixtures containing more than about 10 kPa of isobutane the  values have already approached the  values for pure isobutane, <5(10-6 (not shown in figure). 

Fig. 8.
The ratio of the number of electrons in the main avalanche, M1, and the total number of electrons in the avalanche chain, Mtot, as a function of isobutane partial pressure p at Mtot = 104. In mixtures with non-efficient quenching, the first avalanche presents only 20-40% of the total avalanche at the anode. 

Fig. 9.
Reduced gas gain lnM/(P(a(Sa) as a function of the reduced electric field strength at the anode surface, Sa, in a) pure isobutane and isobutane-based TE gas mixture, b) argon-isobutane mixtures with intermediate isobutane concentration (30%), and c) mixtures with low isobutane concentrations ((5%). The onset of non-equilibrium phenomena is observed in all cases: the lower the isobutane concentration, the lower the Sa where the onset is observed. The over-exponential increase of gas gain above M0 in mixtures with insufficient quenching is observed as upward curvature in Figures 9.b and 9.c. 

Fig. 10.
The “Williams-Sara” plot of the measured gas gain data in pure isobutane: ln[lnM/(P(a(Sa)] is shown as a function of Sa-1. The data for each pressure are well fitted by a linear relation, but the slopes of the lines change with the pressure. 

Fig. 11. 
The reduced first Townsend ionization coefficient /P for pure isobutane under non-equilibrium conditions as a function of the reduced electric field Sa. Comparison with experimental values [21-23] measured in homogeneous electric fields, and the calculated values [25] under equilibrium conditions. 

Fig. 12.
Dependence of the coefficients (a) A* and (b) B* from Eq.(8), and (c) of the effective ionization potential Vi* on isobutane concentration in argon - isobutane mixtures. Polynomial fits to the data are also presented as guides for eyes. For fixed concentration fraction, A* and B* values decrease with the increase of the total mixture pressure, while the Vi* increases. For a constant total pressure, all the values increase with the increase of isobutane concentration. 

Fig. 13.
The reduced first Townsend ionization coefficient /P as a function of the reduced electric field strength Sa in Ar + 10% isobutane mixtures at different total pressures. 

Fig. 14.
Ionization coefficient in several argon-isobutane mixtures illustrating the crossing of the /P curves for different isobutane concentration at constant total pressures. Isobutane concentration and total pressure are given for each curve. The crossings of /P curves are indicated by circles.
Fig. 15.
The value of the ionization coefficient (/P)0 where the electron multiplication starts (M = 2) as a function of isobutane partial pressure. Datapoints for the same concentration of isobutane form a family of curves denoted by lines that decrease with the increase of the pressure. The datapoints for the constant total pressure form another family of curves (symbols) which increase with the increase of the partial pressure (i.e., with increasing isobutane concentration). 




Table 2. The coefficients A*, B* and Vi* for the ionization coefficient (Eqs. 8, 9) in isobutane determined by the analysis of the gas gain measured in strong non-uniform electric fields (Fig. 10). Comparison with A, B and Vi values obtained under equilibrium conditions. The coefficients for isobutane-based TE gas are also presented.
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isobut-TE
10
29.1 ( 0.5
400 ( 4
13.8 ( 0.1
  680 - 1400

isobutane
10
33.2 ( 0.8
435 ( 9
13.1 ( 0.3
1050 - 1450


20
25.0 ( 0.2
336 ( 2
13.44 ( 0.09
  350 -   750


30
24.2 ( 0.5
20.2 ( 0.2
318 ( 6
285.8 ( 1.5
13.2 ( 0.2
14.15 ( 0.08
  280 -   580


60
16.7 ( 0.2
246 ( 2
14.7 ( 0.1
  180 -   360


Other results
A 
(103 m-1kPa-1 
B
(103 Vm-1kPa-1
Vi
V
S range
(103 Vm-1kPa-1 

Sharma, Sauli [24]
134    
273.6


  <32

Leblanc [22]
17.10
272.0
16

<282

Heylen [21]
20.52
306.3
14.9

<509
measured to 1520

Devine [in 21]

223.4-255.5



Shakkeeb [20]
23.28
262.2
11.26
(620 - (2200
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