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Cryo-FALP study of collisional radiative recombination of Ar + ions at 40 -200 K

New flowing afterglow apparatus, Cryo-FALP, was built to study ternary Collisional Radiative Recombination (CRR) of Ar + ions with electrons in He/Ar afterglow plasma at temperatures 40 -200 K. The obtained ternary recombination rate coefficient at 57 K is KCRR = (3±1)×10 -17 cm 6 s -1 . It is the first time that the KCRR was measured below 77 K. The measured temperature dependence KCRR ∼ T (-4.5±0.4) is in a good agreement with theoretical prediction. Key words. Collisional radiative recombination -ternary electron assisted recombination -flowing afterglow -Ar + -low temperature plasma.

Introduction

A binary recombination of singly charged atomic cations with electrons is slow process comparing to a dissociative recombination (DR) of molecular ions (like O + 2 or H + 3 , etc.). In low temperature plasma an overall recombination process can be enhanced by a ternary process where part of the recombination energy is transferred to a third particle (neutral or charged). When plasma electrons act as energy-removing third bodies, the process is referred to as collisional-radiative recombination, CRR. Schematicaly, the mechanism of collisional radiative recombination can be described by the formula:

A + + e + e αCRR ---→ A + e, (1) 
where A + denotes positive ion in general, α CRR corresponds to the effective binary recombination rate coefficient of CRR. The theory of CRR was originally developed by Bates [1] and Mansbach with Keck [2]. The analytical formula derived by Stevefelt [3] for the effective binary rate coefficient of CRR has the form: 

where T e is electron temperature given in K and n e is electron number density given in cm -3 . The first term belongs to the pure recombination through a collision with electron (note strong temperature dependence), the second term corresponds to the radiative recombination, where the exceeding energy is carried away by an emitted photon, and the third term accounts for the coupling between the collisional and radiative recombination. As only higher order Rydberg states participate on the CRR process, formula (2) holds more or less for all atomic and in some extent also molecular ions (for details see ref. [3] and references herein). This formula was confirmed also by the quantum mechanical calculations [4][5][6]. At our experimental conditions (n e ∼ 10 9 cm -3 , T e < 200 K) the first term (pure recombination through collision with electron) is dominant and the other two terms can be neglected.

Then the recombination process can be described by the simpler ternary recombination rate coefficient:

K CRR = α CRR /n e = 3.8 × 10 -9 T -4.5 e cm 6 s -1 .
Previous experimental studies have been carried out mostly at higher electron temperatures (1000 -4000 K, see compilation in [4]) and in only few cases also at 300 K [7][8][9][10]. It is not obvious, that the Stevefelt formula holds also at low temperatures (below 300 K). Only very recently CRR was studied in our laboratory at temperatures below 200 K and K CRR was obtained for temperatures from 77 up to 200 K [11]. Process of CRR has been studied also in ultracold plasmas in connection with formation of neutral antihydrogen, where it is expected that at high positron number density the production of antihydrogen via recombination of positrons with antiprotons can be enhanced by CRR process. Nevertheless in these experiments CRR is influenced by the presence of strong magnetic field confining the plasma and neutralization process can have different character [12][13][14].

To study CRR in low temperature plasma we constructed a new flowing afterglow apparatus, Cryo-FALP, where afterglow plasma can be cooled down to 40 K. In this paper we present the first results of the study of recombination in plasma dominated by Ar + ions in temperature range 40 -77 K. It is the first FALP apparatus ever build to operate at temperatures below the boiling point of liquid nitrogen.

Experiment

Modified version of the Flowing Afterglow with Langmuir Probe (FALP, for original design see ref. [15]) apparatus -Cryo-FALP (for details on the previous versions of FALP apparatuses operating at higher pressure see refs. [16][17][18][19]) was build and used to study CRR at temperatures down to 40 K. Scheme of the Cryo-FALP is shown in Figure 1. Helium buffer gas (300 -800 Pa) is flowing through a glass discharge tube into a stainless steel flow tube. Plasma, consisting of helium ions (He + , He + 2 ), helium metastables (He m ) and electrons, is created in pure He by a microwave discharge (2.54 GHz, 10 -20 W) ignited in a cavity attached to the glass discharge tube. Plasma is then driven along the flow tube by the flow of helium buffer gas. Downstream from the discharge region argon gas is added to the flow tube and Ar + dominated plasma is formed in the sequence of ion-molecule reactions:

He + + 2He -→ He + 2 + He He m + He m -→ He + 2 + e He + + Ar -→ Ar + + He He m + Ar -→ Ar + + He + e

He + 2 + Ar -→ Ar + + 2He (3) 
In order to set the optimal experimental conditions (He pressure and flow, Ar number density) at which Ar + ion is the dominant ion in afterglow plasma, a chemical kinetics model was developed and numerically solved (for details on reaction kinetics and the kinetics model see refs. [16,17,20]). The flow tube is divided into three sections with different temperature regime. The upstream section A of the flow tube, in which the microwave discharge is ignited, is kept at 300 K. The section further downstream, B, is cooled by liquid nitrogen to 100 -120 K. The following section C is placed in a large insulating vacuum chamber and is connected via copper braids to a cold-head of helium closed cycle refrigerator (Sumitomo). The temperature of section C can be adjusted to a value between 40 and 300 K. Further details on the design and construction will be given in a separate publication (ref. [21]).

Plasma, created in section A, undergoes many collisions with neutral particles. Through the collisions, after a short period of time outside of the discharge region (∼ ms), electrons and ions thermalize to the temperature of the neutral species (i.e. temperature of the walls). The thermodynamic equilibrium is reached and instead of the temperature of electrons (T e ), ions (T i ) and neutrals (T n ) only one temperature can be used T = T e = T i = T n (for details and discussion on plasma species thermalization in afterglow plasma see refs. [11,[22][23][24]). At the beginning of section B plasma is precooled via collisions with helium buffer gas to 100 -120 K and in section C to the desired temperature adjusted in the range 40 -300K (see discussion later on). Temperature of the wall is monitored by sensors (silicon diodes, thermocouples type T) mounted along the wall of the flow tube.

Recombination rate coefficients are derived from the electron density decay monitored along section C by the axially movable cylindrical Langmuir probe [17,[START_REF] Swift | Electrical Probes for Plasma Diagnostics[END_REF]. While gas flow velocity (v) (i.e. plasma flow velocity) is known, spatial position (L) of the Langmuir probe along the flow tube can be transformed into the time (t) passed since the plasma creation by the relation t = L/v. The decay of the electron density due to CRR and diffusion in quasineutral plasma ([Ar + ] = n e ) is described by the balance equation:

dn e dt = -K CRR [Ar + ] n 2 e - n e τ D = -K CRR n 3 e - n e τ D , (4) 
where τ D is characteristic diffusion time. K CRR and τ D can be obtained from the fit of the measured electron density decay under the assumption of K CRR and τ D being constant (for details on the data analysis see ref. [11]). Because of the temperature variation along sections B and C, gas density and flow velocity is changing along the flow tube. Plasma velocity v PLASMA necessary for determination of the decay time is measured by the modulation of the discharge and by monitoring the time delay of the distortion along the flow tube (see Figure 2). Plasma velocity depends on temperature (T ), on gas flow (F ) and on pressure (p). Because gas flow and pressure are constant along the flow tube, gas velocity is proportional to temperature (T ). When the gas temperature relaxes to the wall temperature, velocity is constant (see linear fits in Figure 2). In this region with constant temperature, from the decay of electron density, the effective recombination rate coefficient is obtained. Because of very strong temperature dependence of CRR, the measurements of the plasma velocity dependence on the flow parameters are very important in order to define conditions in which plasma is thermalized to the temperature of the flow tube wall. Measured dependence of the plasma velocity on "similarity parameter" φ = F T /p in Ar + and He + 2 dominated plasma is plotted in Figure 3. To better understand the thermalization of buffer gas and plasma with the flow tube walls a simple computer model of heat transport inside the flow tube was developed and numerically solved (for details on the computer model see ref. [21]). The examples of gas Fig. 3. The measured dependence of plasma velocity on the "similarity parameter" φ = F T /p, where F is gas flow rate, T is temperature and p is pressure of the buffer gas. Indicated is dominant ion in the plasma.

temperature evolution calculated for different gas velocities at temperature of the flow tube ∼ 40 K are plotted in Figure 4. The calculated buffer gas (and plasma) thermalization agrees well with the experimental insight gained from the plasma flow velocity measurements (linear fits in Figure 2) and from the measurements of the diffusion losses (see ref. [11]). 

Results and conclusions

The examples of the measured electron density decay curves at particular experimental conditions are plotted in Figure 5. Measurements of the electron density decays were performed at various experimental conditions in order to control and verify the thermalization of plasma with the flow tube wall. At low temperatures and high enough argon number densities argon clusters Ar + 2 with fast binary recombination rate coefficients (∼ 10 -6 cm 3 s -1 ) can be created. As the present version of FALP apparatus is not equipped with a mass spectrometer, one needs to follow the optimal conditions suggested by the chemical kinetics model and/or examine the dependence of α eff on [Ar] in order to exclude the formation of fast recombining Ar + 2 ions. Such measurements were performed (for results and discussion see ref. [21]) and after careful examination of the results, the eventual electron assisted ternary recombination rate coefficient K CRR of Ar + ion obtained at particular temperature in the range 50 -170 K is plotted in Figure 6. Open triangles denote experimental values obtained in the present version of FALP apparatus, full circles and squares correspond to values measured in the previous FALP experiment, where the flow tube was cooled by liquid nitrogen (for details see ref. [11]). The theoretical dependence (2) is plotted by dashed line (collisional term only). Dotted lines denote theoretical K CRR obtained from the formula K CRR = α eff /n e for two different electron number densities when all terms of equation ( 2) are involved in α eff calculation. The results show an excellent agreement of the measured K CRR with the theory down to 50 K. Further studies of CRR in Ar + dominated plasma are in progress.
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 1 Fig.1. Scheme of the Cryo-FALP apparatus. The temperatures of sections A, B are fixed at 300 and 100 -120K respectively. The temperature of section C can be adjusted to a required value in the range 40 -300 K. The plasma decay time is given by the position in the flow tube. The axially movable Langmuir probe is used to monitor plasma decay along the flow tube, decay time t = L/vPLASMA.
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 12 Fig. 2. The measurements of plasma velocity. The microwave discharge is modulated and the dependence of the time delay (∆t) of the responds is measured as a function of the probe position (L).
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 145 Fig. 4. Evolution of buffer gas temperature in section C calculated for different flow velocities. Solid line denotes calculated temperature of the flow tube wall, the flow tube construction, materials and heat transfers are considered.
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 6 Fig.6. Measured KCRR coefficient as a function of temperature. Dashed line corresponds to the theoretical value calculated from the collisional (first) term of equation (2). Dotted lines indicate the theoretical values of KCRR for two electron densities calculated using all terms of relation(2). Closed square and triangle are data measured by Skrzypkowski et al.[8] and by Berlande et al.[10].
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