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1. INTRODUCTION 

The self-quenching streamer (SQS) mode is understood these days as one of the basic 

modes of gas counter operation.1) Because of its excellent characteristics, counters operated in the 

SQS mode are widely used in the high energy physics, and will be applied to other fields of 

radiation detection. 

Mechanisms of the SQS mode have been proposed by Atac et al.2) and Zhang3). In Atac's 

mechanism, the photo-ionization process by photons emitted from the recombination of Ar ions 

with electrons is important for the SQS transition. On the other hand, Ar metastable states 

accumulated in the avalanche play an important role in Zhang's mechanism. Both mechanisms, 

however, cannot explain the following evidence: the SQS transition can be induced by a-particles, 

even if sole quenching gas of CH4, C2H6, C3H8, isoGjHio, or CO2 is used as a counting gas.4) 

In the previous works, Ar-mixtures with molecular quenching gases were mainly used as 

gas filling to study the characteristics of the SQS mode. Hence, the SQS phenomenon has not been 

investigated for other rare gas mixtures. Since vacuum ultra-violet (VUV) photons from rare gases 

have different energy spectra with similar shapes each other,5) the SQS transition may depend on 

rare gases used as a base gas of mixtures. 

In the present work, the SQS transition for various rare gas mixtures is investigated in 

order to discuss the mechanism and the rare gas dependence of the transition. 

2. MECHANISMS OF THE SELF-QUENCHING STREAMER 

The mechanisms of the self-quenching streamer that have been proposed by Atac et al.2) 

and Zhang3) can be summarized as follows. 
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In Atac's mechanism, once an avalanche is developed with high gas multiplication, the 
electric field is weakened inside the avalanche by the space charge effect, the recombination of Ar4" 
with an electron may be promoted, and energetic photons may be emitted from the process, 

Ar+ + e-—> Ar*+hv. (1) 

Some energetic VUV photons with very short mean free paths may get out the avalanche and 
photo-ionize quenching gas molecules. The produced photoelectrons are multiplied at the 
avalanche tip, where the field is strengthened. Succession of these processes leads to the transition 
of the avalanche to a streamer. In this mechanism, the photo-ionization process plays an important 
role. 

Metastable states of Ar (referred to as Arm) are significant in the mechanism proposed by 
Zhang. The metastable states of Ar (Ar™) and the excited molecular states (referred to as Ar2*) are 
produced through excitation by the primary electrons drifting to the anode. They have a long life 
time in comparison with the time of avalanche growth. The metastable states Arm are de-excited 
through the Penning effect, 

Arm + B —> Ar + B+ + e", (2) 

where B represents a quenching gas molecule. The amount of molecule B decreases through the 

Penning effect. Consequently, Ar"1 accumulates near the anode wire, because the concentration of 

molecule B is limited. 

If the concentration of Arm (nm) exceeds a critical value, de-excitation of Ar"1 occurs at a 
rate proportional to nm

2 through the following processes: 
Arm + Arm _ > Ar + Ar+ + e" + hv, (3) 

Arm + hv —> Ar+ + e-. (4) 
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F ig . 1. Energy spectra of VUV photons from the discharge of rare gases.5) 
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Table 1. Peak energies of photo-emission spectra for rare gases and ionization potoentials of 
quenching gases. 

Rare gas 

He 

Ne 

Ar 

Kr 

Xe 

Peak energy of 
photons <eV) 

20.7 
18.1 
15.6 
16.7 
15.1 
11.64 
10.0 
10.05 
8.2 
8.45 
7.1 

Quenching gas 

CH4 
C2H6 
C3H8 
isoQHio 
CO2 

Ionization potential 
fcV) 

13.12 
11.6 
11.20 
10.4 
13.78 

1 

These processes can provide electrons at the tip of avalanche. Consequently almost all accumulated 

Ar"1 are de-excited abruptly to form a streamer. 

According to Atac's mechanism, energetic photons arising from the radiative recombination 

and the de-excitation of excited molecular states photo-ionize quenching gas molecules. These 

energetic photons should have enough energy to ionize the quenching gas molecules. Figure 1 

shows spectra of photons emitted from discharge of rare gases,5) and the peak energy of the 

spectra for all rare gases are listed with the ionization potentials of quenching gas molecules in 

Table 1. The basic processes relevant to the photon emission from Ar were reported by Sumner et 

al.6) Similar scheme may be possible for the other rare gases. The energetic photon from the 

excited molecular state of Ar, whose maximum energy is about 11.64 eV, can directly photo-ionize 

the quenching gas molecules of C2H6, C3H8, and isoC4Hio, but CH4 nor CO2 (see Table 1). 

Since the maximum energies of photons are 10.05 eV for Kr and 8.45 eV for Xe, the direct photo-

ionization process cannot occur for any of these quenching gas molecules. The SQS phenomenon, 

however, has been observed for the Ar- and Kr-mixtures with the all quenching gases in our 

previous work.7) 

3. EXPERIMENTAL PROCEDURE 

In the present work, the self-quenching streamers were measured with a cylindrical gas 

counter for various gas mixtures. The counter used consists of a cathode tube of stainless steel (14 

mm in diameter and 105 mm in length) and an anode of gold plated tungsten wire (50 |im in 

diameter) stretched along the axis. A window made of 10 u.m thick aluminized Mylar (2 mm in 

diameter) was attached on the cathode wall for irradiation of 5.9 keV X-rays from a 5$Fe source. 
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The gas filling was He-, Ne-, Ar-, Kr-, or Xe-based gas mixtures with molecular gas of 
CH4, C2H6, C3Hg, isoC^Hio, or CO2. The mixing ratio of the gases was fixed to 75/25 for a rare 
gas and a quenching gas. The counter was filled with one of the gas mixtures at one atmospheric 
pressure, which was measured with a digital manometer. 

4. RESULTS 

Pulse heights of signals were measured for all gas mixtures as a function of the applied 
voltage. The measured pulse height of signals was converted to the avalanche size, which 
corresponds to the number of electrons involved in an avalanche. Examples of the results are 
shown in Fig.2(a),(b) for rare gases and in Fig.3(a),(b) for quenching gases. The arrows in the 
figures indicate the transition voltage Vt, at which 50 % of signals are found in the SQS mode. The 
followings should be emphasized that the SQS transition is observed for all Kr- and Xe-mixtures, 
as well as Ar-mixtures, in spite of the fact that the energies of the photons from Kr and Xe are 
insufficient to ionize the quenching gas molecules. For He- and Ne-mixtures, the SQS transition 
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Fig .2 . Avalanche size as a function of the applied voltage for each rare gas mixture, (a) Kr-mixtures, 
and (b) Xe-mi*tures. 
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Fig. 3 . Avalanche size as a function of the applied voltage, (a) Mixtures with CH4, (b)Mixturcs with 
co2. 

does not occur for the mixtures of He-CH}, He-C02, Ne-CELj, and Ne-C02» despite the energies 
of the photons from He and Ne are enough for the photo-ionization. These cases may correspond 
to the GM mode. 

As shown in Fig.3(a),(b), the avalanche size in the proportional mode increases in the 
order of Xe-, Kr-, Ar-, and Ne-mixtures at a fixed applied voltage. The avalanche sizes for He-
mixtures, however, are rather high among these rare gas mixtures, except for He-mixtures with 
CO2, CH4, and C2H6. The order mentioned above is the same for the avalanche sizes in the SQS 
mode except for Ne- and He-mixtures. 

5. DISCUSSION 

(1) Atac's mechanism. 
The radiative recombination was proposed by Atac's et al., because the electric field is 

weakened by the space charge effect inside the avalanche. The energy balance of the recombination 

process (1) is 
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hv = E e + (E i-Ex). (5) 
This process may be kinematically possible. The cross section, however, is as small as 10*19 cm2 

(The exact value is not known for Ar to the author's knowledge). If this value is assumed, the total 
number of photons emitted may be 107 x 107 x 10*19 = 10*5 for an avalanche size of 107 electrons. 
Even if the energetically possible radiative recombination is assumed as an origin of energetic 
photons, its reaction rate or cross section is too small for the SQS transition. 

Furthermore, possible photon energy may correspond to the binding energy of an electron 
in the outermost orbit, i.e. 15.78 eV for Ar, 14 eV for Kr, and 12 eV for Xe. These photons can 
ionize most of quenching gas molecules. Instead of these photons, more favorable photons from 
the excited molecular states of rare gases were assumed when the present work was started, 
because these photon had been already known. These photons from Kr and Xe have insufficient 
energy to ionize directly the quenching molecules. The discussion on the photo-ionization of 
quenching gas molecules has some difficulty because, in the present work, the SQS transition has 
been observed in any of Ar-, Kr-, and Xe-mixtures. 

(2) Zhang's mechanism. 
In the mechanism proposed by Zhang, electrons to form a streamer are produced through 

the interactions between the metastable states (3) and (4). Thee processes do not need any 
quenching gas. The atomic metastable states of Ar have potential energies of 11.55 and 11.72 eV, 
and the life time longer than 1 sec. The reactions between the metastable Ar states is to be, in total, 

3Arm —> 2Ar+ + Ar + 2e*, (6) 
and the energy balance is as follows:8) 

35Eo = 2Ei + 2Ee, (7) 
where SEo is energy of the metastable state of Ar (rare gas), 

Ei the ionization potential of Ar (rare gas), and 
Ee the mean energy of the electron. 

If the atomic metastable states of Ar are assumed, 8En = 11.55 eV or 11.72 eV. Then the energy 
balance gives Ee > 0; these processes seem to occur. On the other hand, if a metastable state in the 
excited molecular states (5Eo =10 eV) is assumed, the energy balance gives SEn £ 0 eV; these 
reactions seem to be very critical. The metastable state in the excited molecular states with a 
sufficiently long life time of 3 \is may be largely excited, because they have lower energies than die 
atomic metastable states. Furthermore, since the SQS transition has not been observed for sole rare 
gases, it is supposed that some processes related to quenching gas molecules may be important for 
the SQS transition. 
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6. SUMMARY 

The SQS transition was clearly observed for Ar-, Rr-, and X-mixtures with CH4, C2H6, 
C3H8, isoQHio, and CO2, and for He- and Ne-mixtures with C2H6, C3H8, and isoC^Hio. For 
He- and Ne-mixtures with CH4 or CO2, the GM discharge was developed instead of the SQS 
transition. The avalanche size at the transition voltage decreases, in the order of He-, Ne-, Ar-, Kr-, 
and Xe-mixtures, except for He-mixtures with CH4 or CO2. 

The mechanisms of the SQS transition proposed by Atac et al. and Zhang have 
disadvantages to explain all the present results. If the photo-ionization is assumed as in Atac's 
mechanism, energetic photons whose yield is sufficiently large are needed for the SQS transition. 
The interaction between metastable states of rare gases proposed by Zhang may be energetically 
possible to produce electrons for the transition; effects of quenching gas in mixtures cannot be 
explained by this mechanism. 

Further investigation is necessary for microscopic processes occurring in the avalanche 
development. More detailed information is required on the atomic reaction cross sections of photo-
ionization, radiative recombination, metastable state interactions, etc. 
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