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Oxygen atoms and nitrogen molecules as spectroscopic

probes for the temperature determination in non-equilibrium cryogenic helium plasma jets 

Introduction

The lack of information on the temperature of helium gas is a typical problem in experiments with non-equilibrium cryogenic helium plasmas, where the temperatures of heavy species (neutrals and ions) are less than 100 K, while the electron temperature is much higher, ~ 10000 K. In pure helium, the gas temperature determination by optical emission spectroscopy is not a simple task, despite the fact that many neutral and ionic states of He atoms and He 2 this was observed in the absorption spectra from the metastable He 2 (a 3 Σ + u ) state [2,3,4] and in the emission spectra of the He 2 (c 3 Σ + g ) state [5]. These facts reveal the presence of concurrent mechanisms for the population of the excited states and for the collisional transfers within rotational levels [START_REF] Ochkin | Nonequilibrium distribution of N 2 (C 3 ) molecules over the rotational levels in a gas discharge[END_REF]. The observed high T rot of the excited states probably results from the very short life times ~ 10 ns [7], reaching ~ 1 ns, for the high Rydberg states of He 2 [8]. It was shown that the rotational spectra of He 2 * molecules may be used for gas temperature measurements in the glow discharges at rather high pressure and current values [9,10] while a typical emission spectrum of the d 3 Σ + u -b 3 Π g transition of He 2 * from a cryogenic helium plasma jet at T< 100 K is shown in Fig. 1. For quantum numbers Nʹ  5, the Boltzmann plot of the normalized rotational lines intensities, shown in the inset of Fig. 1, gives T rot ≈ 760 K which is much higher than the gas temperature. However, the much steeper decay of the intensities for lower Nʹ values indicates a tendency for the collisional equilibrium between T rot and the gas temperature for the low rotational levels of the d 3 Σ + u state. One exception only for cryogenic plasmas was reported in the literature for the He 2 excimer solvated in the liquid helium [11]: the lowest allowed rotational quantum state of the d 3 Σ u + state was exclusively populated. The presence of impurities in helium gas changes the emission spectra observed in different plasmas initiated by radiofrequency (RF), dielectric barrier discharge (DBD), corona, direct current (DC) discharges or by highly energetic particles [12,13,14,15,16,17,18,19,20]. Lowering the temperature of the helium gas usually causes decreasing of the impurity emission intensities accompanied by increasing of the emission intensity from the helium atoms and molecules [14,15]. Nevertheless, fast cooling (for T ≈ 100 K within time ~ 0.1 ms) of the helium plasma jet allows observation of intense emission from impurity species at temperatures ~ 10 K [12,16,18,21,[START_REF] Popov | AIP Conference Proceedings[END_REF]. This peculiarity of non-equilibrium plasmas may be used for the estimation of the cryogenic jet temperature from the optical spectra of the impurity particles. For instance, the ratio of the emission intensities of the NO molecule doublet, corresponding to the transitions B 2  1/2 -X 2  1/2 and B 2  3/2 -X 2  3/2 , has allowed Popov et al to estimate a temperature of about 20 K in the cryogenic plasma jet [START_REF] Popov | AIP Conference Proceedings[END_REF]. Moreover, the rotational temperature ≈ 5 K of NH 3 molecules, very close to the cell temperature of 3.8 K, was measured [17] in so-called a cryomicroplasma, a specific type of plasma in cryogenic conditions within a very geometrically restricted discharge volume (< 1 mm 3 ) [START_REF] Ishihara | [END_REF]24].

In this work we compare two methods, based on the optical emission spectroscopy, intended for the temperature determination in the cryogenic non-equilibrium plasmas. Both of them use the natural impurities always present in helium gas, namely oxygen and nitrogen molecules. The former uses the relative intensities of the oxygen atom triplet at 777 nm, corresponding to the 3s 5 S 2 -3p 5 P 1,2,3 transitions. The latter uses the rotational structure of the first positive (1 + ) system of the molecular nitrogen, corresponding to the B 3  g -A 3  u + transition [25,26]. We will present the spectra recorded at different locations of the cryogenic helium plasma jet and the temperatures deduced from their comparison with synthetic spectra. Then the reliability of these probes for the determination of the kinetic temperature in cryogenic (T < 100 K) non-equilibrium plasmas will be discussed.

Experimental setup

An experimental approach using injection of the gaseous helium jet containing a small admixture ~ 1 % of impurities into superfluid helium (He II) was developed in the early 1970s [START_REF] Gordon | Stabilization of nitrogen atoms in superfluid helium[END_REF]. The experimental setup was described in detail elsewhere [28]. The gas mixture passed through a quartz capillary of about 3 mm inner diameter and was pre-cooled by liquid nitrogen (see Fig. 2). Electrodes were located around the quartz capillary and powered with an RF generator (53 MHz, 60-90 W) providing a discharge, which ionized the gas, produced metastable helium atoms, and dissociated impurity molecules. Under a small pressure gradient (P ≈ 260 Pa) across the capillary, a well-formed jet is created after the passage of the gas mixture through a small orifice (0.75 mm diameter) at the end of the capillary. The typical velocity of the jet at the exit of the orifice, whose temperature is 100 K, is about 200 m/s at a flow rate of 5•10 19 atoms/s. As the already pre-cooled jet expands into the helium cryostat, the whole gas (helium + impurities) in the jet is cooled efficiently by the dense helium vapor and the temperature of atoms and molecules in the jet drops from about of 100 K near the orifice down to 1.45 K at the surface of the superfluid He II in the collection beaker. Similarly, as the helium vapor becomes denser with the decreasing temperature, the jet velocity should decrease with increasing of the distance from the orifice. The beaker was placed 25 mm below the capillary orifice and a constant liquid helium level in the beaker was provided by a fountain pump located at the bottom of the helium dewar [28].

In the experiment, we used research grade "pure" helium from Linde Electronics & Specialty Gases with 99.9999% purity. The oxygen content of the helium cylinder is ~ 1 ppm. Even such a small admixture of oxygen is easily observable in the "pure" helium plasma jet [18], as seen in Fig. 1a. In some experiments, the gas is a premixed He with up to 0.5% volume of N 2 . The flux of the gas entering the cryostat is preset by a Brooks Instrument 5850E flow controller. The typical flux of 5•10 19 atoms/s creates a crater in the HeII surface easily observable due to the strong green emission (Fig. 2a), while at a lower flux of 1•10 19 atoms/s, we can see of a bright radial plasma layer spreading along the cold liquid surface (Fig. 2b). The temperature of liquid helium in the cryostat approximately 1.45 K corresponding to its saturated vapor pressure ≈ 400 Pa was maintained by adjusting the pumping speed of helium vapor from the cryostat. This temperature was measured by a Lake Shore germanium thermometer. The optical emission from different parts of the plasma jet could be collected by a lens which forms the image of the jet onto the entrance face of an optical fiber bundle. In this way the emission was collected from areas with different temperatures along the jet length and diameter. The fiber location (height) was determined by its position above the HeII level in the beaker. The fiber is split into two separate channels, one of which was attached to an Ocean Optics spectrometer and the other to an Andor Shamrock SR500 spectrograph. The Ocean Optics spectrometer HR2000+ was used for recording the spectra over a broad wavelength range (200-1100 nm) with a spectral resolution of 1.3 nm, whereas the Andor spectrograph, backed with a Newton EMCCD camera, was used to obtain high resolution spectra, with a spectral resolution of 0.05 nm.

Temperature probes for cryogenic helium plasma jets

We have chosen two different species, present as natural contaminants in helium gas, as temperature probes in the cryogenic helium plasmas. The first one is an oxygen atom, whose emission is greatly enhanced at cryogenic temperatures [18,29], and the second one is a nitrogen molecule, for which the rotational structure of the bands of the 1 + system can be an indication of the gas temperature [25,26]. However, to understand the variation along the plasma jet of the relative intensity changes of the different components of oxygen 777 nm line and of the distribution in rotational lines of the N 2 (1 + , 2-0) band, it is also necessary to analyze mechanisms responsible for the production of O atoms and N 2 molecules in the excited states of these transitions, and the effective lifetimes of these states, as well as the mechanisms of collisional transfers between the neighboring fine-structure or rotational levels. In the following, we will successively discuss advantages associated with each of these probes by analyzing the origin of O 777 nm lines and N 2 (1 + , 2-0) band emissions, and will show examples of observed spectra and finally will discuss the kinetics of O( 5 P J ) atoms and N 2 (B 3  g ) molecules.

O( 5 P J ) atoms as temperature probes

The emission intensity of atomic oxygen lines is strongly enhanced in cryogenic environments at T ~ 10 K. When O 2 concentration in the helium carrier gas is lower than 0.1 % (1000 ppm), molecular oxygen is completely dissociated by the discharge. As shown in Figs. 1 and2a, the oxygen content of about 1 ppm in a helium jet is enough to produce the emission of the oxygen lines. The recorded emission spectra contains many spectral lines of atomic oxygen, including the 3s 5 S 2 -3p 5 P 1,2,3 transitions at 777 nm [18]. The oxygen triplet lines at 777.19, 777.42 and 777.54 nm are good candidates for the temperature determination because the energy gaps between the fine-structure levels of their upper states 3p 5 P 3,2,1 equal to 3.67cm -1 (T ~ 5.3 K) between J=3 and J=2, and 2.02 cm -1 (T ~ 2.9 K) between J=2 and J=1, respectively, are comparable to the kinetic energy of particles in cryogenic medium (see the state diagram in Fig. 3). Such a level configuration makes the system particularly sensitive to the temperature changes below 30 K. Fig. 3. Scheme of the oxygen atom energy states populating the 3p 5 P 1,2,3 levels emitting to the 3s 5 S 2 state, and the transition wavelengths.

The spectra of the triplet lines, simulated under the assumption of Boltzmann equilibrium between fine-structure levels, are shown in Fig. 4a for temperatures 20, 15, 10, and 5 K. For instance, the experimental spectrum detected from the bottom part of the plasma jet formed by "pure" helium gas, with no nitrogen admixture, passed through a RF discharge area is shown in Fig. 4b (green line) along with its best fit, corresponding to 12.5 K (black dotted line).The triplet lines are well resolved at the spectral resolution of a spectrometer better than 0.1 nm (see Fig. 4b). Usually we were not able to observe the 777 nm emission in the spectra of helium plasma jets containing more than 0.1 % molecular nitrogen.

To simulate the intensities of the triplet lines at different temperatures, we used the level energies 86631.45, 86627.78, 86625.76, and 73768.2 cm -1 , respectively, for the 5 P 3, 5 P 2, 5 P 1, and 3s 5 S 2 states, the transition probabilities 3.325•10 7 , 3.293•10 7 ,and 3.306•10 7 s -1 , and the wavelengths 777.1944, 777.4166, and 777.5388 nm, correspondingly [30]. 

Kinetics of O( 5 P J ) atoms

The oxygen lines at 777 nm are always present in the emission spectra of atmospheric pressure (AP) room temperature helium plasmas, even when using "pure" helium gas with less than a few ppm impurity [31,32,33,34]. In these plasmas, the commonly proposed mechanisms for the production of O( 5 P J ) atoms are electron impact excitation of the ground state O atoms and the dissociative excitation of the ground state O 2 molecules by He( 3 S 1 ) and/or He 2 (a 3 Σ + u ) metastable species [34,35,36]. Nayak et al have recently measured lifetimes of 4 and 9 µs for He( 3 S 1 ) and He 2 (a 3 Σ + u ) metastable species, respectively, in an AP helium RF plasma in which the amount of the total impurities (O 2 , N 2 and H 2 O) was lower than 10 ppm [37]. Considering the rate coefficients for the quenching of these metastable species by nitrogen and oxygen, which are in the range of 1•10 -16 m 3 /s [38], with 200 ppm impurity in the helium gas jet, these metastable species should survive for about 10 mm inside the cryostat and partly reach the He II surface. However, besides contribution from He( 3 S 1 ) and He 2 (a 3 Σ + u ), one can also imagine other production mechanisms of O( 5 P J ) atoms in the afterglow. One of them could be the VUV photoexcitation of O 2 by the Hopfield continuum of helium, which extends from 60 to 110 nm [39]. This continuum emission He 2 (A 1 Σ + u -X 1 Σ + g ) from the RF discharge inside the quartz tube exits from the small orifice in its bottom and propagates all along the gas jet flow in the cryostat. The helium medium is fully transparent to this emission because the lower state of the transition, X 1 Σ + g , is dissociative, while photons with < 78 nm have enough energy to induce the photodissociation of O 2 into the O( 5 P J ) state. As was observed by Reuter et al, VUV photons belonging to the O and O 2 transitions are also emitted from the oxygen impurity present in He discharge [40]. These photons can also be absorbed by O and O 2 of the helium jet, producing O( 5 P J ) atoms. The other possibility for producing excited O atoms could be electron-ion and/or ion-ion recombination within the gas jet. It is well known that different types of positive and negative oxygen ions are produced in helium discharges containing an O 2 impurity [41,42,43]. These charged particles are transported with the gas flow into the cryostat, where the dissociative electron-ion recombination of metastable ions O 2 + (a 4  u ) and/or ion-ion recombination O x + -O y -, with x=1-2 and y=1-3, can also produce O( 5 P J ) atoms. Nevertheless, whatever the production mechanism, considering the large number of pathways there should be a high tendency for the fine-structure sub-levels of the O( 5 P J ) state to be populated with relative probabilities close to their statistical weights: 2J+1.

Considering almost identical transition probabilities for the all 3 components of the 777 nm triplet [30], their relative intensities are proportional to the population density of sub-levels, N J. In the steady-state, the rate equations which describe the populations N J can be written:

𝜕𝑁 𝐽 𝜕𝑡 = 𝑆 𝐽 -𝐴 𝐽 + 𝑘 𝐻𝑒 • 𝐻𝑒 + 𝑘 𝑞,𝑛 • [𝑄]) • 𝑁 𝐽 𝑛 + (𝑘 𝐽 ′ ,𝐽 • 𝐽 ′ 𝑁 𝐽 ′ -𝑘 𝐽 ,𝐽 ′ • 𝑁 𝐽 • 𝐻𝑒 = 0 (1) 
where J and J' (=1, 2 or 3) refer to the three sublevels, S J is the population rate of the sublevel J; the second term represents the depletion of the sublevel J by radiative decay and quenching by helium atoms of density [He] (transfers out of the 3 sublevels) and by species "q" (N 2 and O 2 ) of density [Q]; and the 3 rd term corresponds to collisional transfers, with rate coefficients k J',J. , between sublevels, induced by helium atoms. It is obvious that the k J,J' coefficients are related to each other by the principle of detailed balancing:

𝑘 𝐽 ′ ,𝐽 = 𝑘 𝐽 ,𝐽′ 2𝐽 +1 2𝐽 ′ +1 𝑒𝑥𝑝(- 𝐸 𝐽 -𝐸 𝐽 ′ 𝑘𝑇 𝑔 ) (2) 
where E J is the J levels' energy and T g is the gas temperature. Solving together the 3 rate equations of the sublevels for deducing the relative densities N J is beyond the scope of this paper because many of the rate coefficients are not known. However, the analysis of the 2 nd term of Eq.

(1), which is the decay frequency of N J , and its 3 rd term, the populations mixing frequency of the sublevels, can provide some insight relative to the evolution of the density ratios with the gas temperature; this latter being continuously decreasing from the exit of the discharge tube until the surface of He II.

We know of one experiment in which cross-sections  J,J' of 2. [45] of O( 5 P J ) was not shortened by its collisional quenching, O( 5 P J ) atoms of the cold-jet would suffer several collisions during their lifetime, inducing transfers between the sub-levels and leading to the equilibrium of their populations with T g . Belikov et al have measured the quenching coefficient k q (O 2 ) of O( 5 P J ) by O 2 and predicted its 1/T 0.8 variation with the temperature [46]. Also, Dagdigian et al have reported on comparable rate coefficients for the quenching of O( 3 P J ) by N 2 and O 2 molecules and of O( 5 P J ) by O 2 [47]. Without any other information in hand, we consider a rate coefficient for the quenching of O( 5 P J ) by N 2 similar to the value reported in [46] for its quenching by O 2 . For the numerical estimates, we will take the conservative value k q =1•10 -15 m 3 s -1 , measured in [46] at T = 77 K and will consider 100 ppm of N 2 in He (value used in the present work when recording together both oxygen and nitrogen spectra). At the exit of the discharge tube, with T ≈ 100 K we deduce a quenching frequency of about 4•10 4 s -1 and considering the T -0.8 dependence of the rate coefficient, we obtain 3•10 5 s -1 and 1.5•10 6 s -1 at T = 25 and 10 K, respectively. These quenching rates are more than an order of magnitude smaller than the radiative decay frequency of the O( 5 P J ) state and thus, the quenching by N 2 and O 2 , whose content under the conditions of Fig. 4 was 1 ppm, can be neglected in Eq. (1).

We also couldn't find any publication on quenching of the O( 5 P J ) state by He atoms. As a general rule, the rate coefficients for the quenching of electronically excited atoms by He and Ne are much smaller than for the heavier rare-gases, Ar, Kr, and Xe [48]. This probably results from smaller polarizability of the former and the less attractive nature of O( 5 P J )-He potential curves. We should emphasize that, due to the zero spin momentum of He and the total spin conservation rule during a collision, only transfers to the other quintet, 3s 5 S 2 state have a non negligible probability. But with 1.84 eV energy gap between states, the curve crossing between He-O potentials originated from 3s 5 S 2 and 3p 5 P J states, required for the population transfer, is hardly acceptable. Taking a conservatively large value of k He = 1•10 -17 m -3 , we deduce quenching frequencies of 4•10 6 , 1.2•10 7 , and 3•10 7 s -1 at 77, 25 and 10 K, respectively, which are at most comparable to the radiative decay frequency of the O( 5 P J ) state.

Thus, under the assumption of the independence of  J,J' cross-sections on T g , the population mixing times by He of the sub-levels will be much shorter than the lifetime of the O( 5 P J ) state and the Boltzmann equilibrium assumption will be a good approximation in helium plasma jets with N 2 content less than 1000 ppm. The simulated profiles of Fig. 4 have been obtained under this assumption, with almost infinite lifetime of O( 5 P J ) state. In section 4 "Discussion" of the paper, however we will see that the constant  J,J' hypothesis is highly questionable.

N 2 (B 3  g ) molecules as temperature probes

The emission spectra from excited states of N 2 molecule, especially the first positive (1 + ) and the second positive (2 + ) systems, are very popular for the gas temperature determination in plasmas [START_REF] Ochkin | Spectroscopy of Low Temperature Plasma[END_REF][START_REF] Bruggeman | [END_REF]51,52]. In AP room temperature helium plasmas, the emission intensity of the 1 + is often very weak and the 2 + systems is commonly used for the determination of T rot [53,54,55]. However, approximate 10 s radiative life time of the upper state of the 1 + system, B 3  g [56,57], should be much more favorable for reaching the translation-rotation equilibrium than in the C 3  u , the upper state of the 2 + transition, whose radiative life time is only ≈ 40 ns [57]. The longer life time of the B 3  g state can be an advantage for the establishment of a rotation-translation equilibrium, induced by collisions with the helium bath gas even at pressures as low as a few tens of mTorr [58].

Another advantage of the 1 + system of molecular nitrogen is its high emission intensity in cryogenic plasmas, even in the afterglow [19,59]. Even at the nitrogen content less than 1000 ppm we were able to see spectra of both atomic oxygen and molecular nitrogen. It is worth noting that cooling down the plasma jet enhances the emission intensity of molecular nitrogen: up to seven spectroscopic systems of N 2 and N 2 + have been observed from the bottom, coldest part of the plasma jet [19]. The accumulation of molecules in the lowest rotational levels, resulting from collisional transfers by cold atoms of the cryogenic helium, simplifies the rotational structure of the bands and allows one better distinguishing spectra corresponding to different systems, even if they are within a few nm of each another.

The rotational structures of molecular nitrogen spectra were synthesized by two means: the PGOPHER program for simulating and fitting rotational, vibrational, and electronic spectra of molecules [60,61] in which full Boltzmann equilibrium at one rotational temperature is assumed, and a home-made code to simulate rotational spectra with two temperatures. The latter allows us to make an estimation of the temperature span between the outer (cold) part of a plasma jet and its hot core.

The experimental spectra detected from the top, middle, and bottom parts of the plasma jet formed by the gas mixture [N 2 ]/[He] = 1/200 passed through the RF discharge area are shown in Fig. 5 along with their best simulations. The 2-0 band of the 1 + system is the main spectral feature and its intensity increases upon lowering the jet temperature [19]. The 8-3 band of the infrared afterglow (IRA) system, corresponding to the B′ 3 Σ u -B 3 Π g transition of molecular nitrogen becomes observable at the plasma jet temperature below 50 K within the spectral range between 778 and 780.5 nm (in the right side of the vertical dashed line). The intensity scale was diminished within this range by 15 fold in Fig. 5. The temperatures evaluated from the rotational structures of the 2-0 band of the 1 + system detected from the top, middle, and bottom parts of the jet are 50 K, 38 K, and 14.5 K, respectively, in Figures 5a, 5b, and5c. The temperatures evaluated from the rotational structures of the 8-3 band of the infrared afterglow system are 35 K and 11 K for the middle and bottom parts of the jet. The spectrum the 8-3 band detected from the top part is very weak for temperature determination. One can see no overlapping of the bands due to the depletion of their rotational temperatures at these temperatures. Estimated uncertainties associated with temperatures deduced from the band 2-0 of the 1+ system and the band 8-3 of IRA system are 10 % and 20 %, correspondingly.

Usually we were not able to observe the oxygen atom triplet in the spectra of helium plasma jets containing more than 0.1% molecular nitrogen. Molecular nitrogen spectra were still observable from plasma jets at nitrogen content as low as 50-100 ppm in the helium gas. At nitrogen contents less than 1000 ppm we were able to see spectra of both atomic oxygen and molecular nitrogen. A strong depletion of the rotational structure in the spectrum of molecular nitrogen allows us to easily distinguish it from the triplet lines of atomic oxygen. Examples of such spectra along with their interpretations are shown in Fig. 6. The rotational spectrum of the 2-0 band of the 1 + system of molecular nitrogen consists mainly of the branches Q 11 , Q 12 , Q 13 , P 11 , P 12 , P 13 , R 11 , and R 12 . The positions of these sequences' lines corresponding to the transitions from the different J" levels are shown with blue triangles down, magenta diamonds, violet triangles left, black squares, red circles, green triangles up, orange triangles right, and olive circles, respectively. The branch R 13 is not shown in Fig. 6 because the exclusively small values of the Honl-London factors for this branch [26,62,63]. One can see that the transitions mainly from the sublevel B 3  0g were observed from the middle part of the plasma jet. The rotational temperature of 30 K was estimated from this spectrum. Comparing spectra shown in Figures 5 and6, we point out the absence of oxygen 777 nm lines in the former ones. Due to the presence of large amount of nitrogen (0.5%) in helium gas, all He + and He 2 + ions, as well as He( 3 S 1 ) and He 2 (a 3 Σ + u ) metastable species, generated in the discharge are immediately converted to N 2 + ions by charge transfer and Penning ionization reactions [32]. Thus the primary channels for the production of electronically excited O atomsby helium metastable species, like dissociative excitation of O 2 or electron-O 2 + dissociative recombination, occurring at low N 2 content (and high helium ions and metastables densities) will be blocked. Observation of the spectra of the oxygen atom triplet at 777 nm simultaneously with the 2-0 band of the 1 + system of molecular system allows us to compare directly the temperatures estimated from the spectra detected from the emission along the jet.

Kinetics of N 2 (B 3  g ) molecules

In the same way as for O( 5 P) atoms, N 2 (B 3  g ) molecules of the cryogenic helium jet are produced from the long-lived species present in the afterglow. However, the reaction of atomic and molecular helium metastables with N 2 is known to result in Penning ionization and formation of N 2 + (B 2 ) ions [64,65] and thus, it cannot be the direct channel for the formation of N 2 (B 3  g ) molecules. But, besides the photo-excitation from N 2 (X), electronically excited N 2 molecules can also be produced by electron-ion dissociative recombination of N 3 + and N 4 + ions generated by the 3-body reaction of N + and N 2 + ions with N 2 and He [32,66]. However, the most expected reaction for the formation of N 2 (B 3  g ) molecules is the 3-body recombination of two N( 4 S) atoms [67,68], resulting from the dissociation of N 2 in the RF discharge and transported by the gas flow jet. Theoretical estimations predicted that the Aʹ 5  g + state of N 2 molecules is populated more efficiently due to recombination of nitrogen atoms in the ground state N( 4 S) at lower temperatures: the rate constant for the formation the Aʹ 5  g + state at T = 4 K is about one order of magnitude larger than that at 300 K [69]. It is well established that, N 2 (Aʹ 5  g + ) molecules, the primary product of the recombination reaction N( 4 S) + N( 4 S) [69,70], are then transferred to the coupled group of triplet states: G 3  g , B 3  g , W 3  u , Bʹ 3  u , and A 3  u + [71,72,73,74]. Populations of these 5 states being strongly coupled by collisional-radiative processes and due to the largest transition probability of the 1 + emission from the B 3  g state [57], a significant part of the molecules formed by N-N recombination will show-up in the emission intensity of the 1 + system. Formation of N 2 (B 3 Π g ) can also occur through the interaction between N 2 (A 3 Σ + u ) and N 2 (X 1 Σ + g ,v≥5) molecules [75], and in energy pooling reactions between N 2 (A 3 Σ + u ,v=0,1) molecules [76]. This is also true after production of N 2 molecule in any of the above cited triplet states by other excitation mechanisms, such as VUV photoexcitation or electron-ion recombination. Considering the complex formation mechanisms of N 2 (B 3  g ;v=2) molecules, it is hard to imagine a rotation level selectivity in its nascent population.

To analyze the kinetics of N 2 (B;2) molecules within the rotational levels, one can write equations similar to Eq. ( 1), in which N ,J will refer to the population of rotational level J of the spin coupling  sub-levels. In the steady-state, the rate equations describing the populations of rotational levels, N ,J can be written as:

𝜕𝑁 Ω ,𝐽 𝜕𝑡 = 𝑆 Ω,𝐽 -𝐴 Ω,𝐽 + 𝑘 𝐻𝑒 • 𝐻𝑒 + 𝑘 𝑞,𝑛 • [𝑄]) • 𝑁 Ω,𝐽 𝑛 + (𝑘 Ω,𝐽 ′ ,Ω,𝐽 • 𝐽 ′ 𝑁 Ω,𝐽 ′ -𝑘 Ω,𝐽 ,Ω,𝐽 ′ • 𝑁 Ω,𝐽 • 𝐻𝑒 = 0 (3 
) where 𝛺 (=0, 1 and 2) refers to the total angular momentum of electrons of the three sublevels [START_REF] Herzberg | Molecular spectra and molecular structure[END_REF], S ,J is the population rate of the sublevel J, and A ,J is the Einstein coefficient of the N 2 (B;2-A;0) transition, which is identical for all  and J values. The second term represents the depletion of the rotational level J by radiative decay and quenching by helium (transfers out of the spin sublevel ) and by species "q" (N 2 and O 2 ) of density [Q]; and the 3 rd term corresponds to collisional transfers induced by He atoms, whose density is [He], between J and Jʹ rotational levels, with rate coefficients 𝑘 Ω,𝐽 ′ ,Ω,𝐽 . We have considered that collisional transfers between  sublevels are negligible, similar to what was observed in the N 2 (C 3  u ) state by argon [START_REF] Setser | [END_REF].

Hereafter, we assume the 𝑘 Ω,𝐽 ′ ,Ω,𝐽 as identical for all three  spin sublevels and hence the subscript  will be omitted. A quenching rate coefficient for N 2 (B) by helium k He ~10 -18 m 3 s -1 at room temperature has been reported by Piper [79], who also indicated a rate coefficient of k N2 =3.10 -17 m 3 s -1 for its quenching by N 2 molecules. Also, rate coefficients in the range of 10 -17 m 3 s -1 have been measured for the transfer to the N 2 (W) state, induced by N 2 , argon or neon [73,80]. Neglecting the contribution from N 2 , and assuming the non T g dependence of the cross section, which thus involves a k He ~(T g /300) 0.5 •10 -18 m 3 s -1 variation of the k He with the gas temperature, the estimated helium collision induced lifetime of N 2 (B;2) inside the cryogenic helium jet will be about 5, 3, and 2 µs at 77, 25 and 10 K, respectively. These lifetimes are comparable to the few µs radiative life time of the N 2 (B) state [57]. Concerning population transfers between rotational levels, we couldn't find any publication reporting on k J,J' coefficients in the N 2 (B) state induced by He. Setser et al have found a transfer rate coefficient of about 10 -16 m 3 s -1 between rotational levels of the N 2 (C 3  u ) state by argon [START_REF] Setser | [END_REF]. Also, comparable k J,J' coefficients have been reported for the excited states of several diatomic molecules in collision with rare gas atoms, but also N 2 and H 2 [81,82,83,84 and references therein]. With k J,J' about 100 times larger than k q , one can expect about hundred J-transferring collisions during the lifetime of N 2 (B) molecule and thus a complete Boltzmann equilibrium between its rotational levels. However, according to the above cited works, the state-to-state rotational transfer rate coefficients, k J,J' , decrease with increasing energy gap between initial and final rotational levels, ∆𝐸 𝐽 ,𝐽′ = 𝐸 𝐽 -𝐸 𝐽′ . Several scaling laws have been proposed [81,82,83,85,86], including the power decay law:

𝑘 𝐽 ,𝐽′ ∝ ∆𝐸 𝐽 ,𝐽′ -β (4) 
where  is a positive constant, very close to 1 [82,83]. With E J =BJ(J+1), where B = 1.592 cm -1 is the rotational constant of N 2 (B;2) [57], the energy gap between successive rotational levels is ∆𝐸 𝐽 ,𝐽 +1 = 2𝐵(𝐽 + 1) and thus, the state-to-state transfer rate coefficient becomes smaller with increasing J. In addition, the sum 𝑘 𝐽 ,𝐽′ 𝐽′ of all coefficients out of the J level is larger for smaller rotational numbers [82,87], since there is a wider availability of Jʹ levels because of the smaller energy gaps.

In conclusion, under our experimental conditions of the cryogenic helium jet, the populations of low J levels of the N 2 (B;2) state can reach the Maxwell-Boltzmann distribution represented by a rotational temperature T r = T g , while the populations of high J levels may give T r ≥ T g . This fact can be observed in the N 2 (1 + ,2-0) band by a close observation of its low wavelength region, where rotational lines originated from high rotational levels are present. Figure 7 duplicates Fig. 5a, but with the wavelength scale starting from 770 nm, instead of 772.5 nm. There our experimental data (shown by black circles) are presented in Fig. 7 along with spectrum simulated with two different rotational distributions (red line) and the spectrum simulated for full Boltzmann equilibrium at T r = 50 K (blue line), as in Fig. 5a. The former considers 2 rotational temperature distributions, with density N J of the levels given by:

𝑁 𝐽 ∝ (2𝐽 + 1) exp - 𝐸 𝐽 𝑘𝑇 𝑟 𝐿 + 𝑅( 𝑇 𝑟 𝐿 𝑇 𝑟 𝐻 ) exp - 𝐸 𝐽 𝑘𝑇 𝑟 𝐻 (5)
where R is a coefficient which indicates the relative contributions of the two terms of (5) and T r L =30 K and T r H =120 K, which in the case presented in Fig. 7, are representative of the density distribution in the low and high rotational levels, respectively. It is clearly evidenced that the 2-T simulation reproduces much better the recorded intensities of the lines originating from high rotational levels, lines which are present in the short wavelength side of the spectra. 5a), with synthetic spectra with one (blue curve) and two (red curve) temperature distributions. Spectra of the 2-0 and 3-1 bands of the 1 + system are presented in Figure 8 from the plasma jet (gas mixture [N 2 ]/[He] = 1/400), recorded at 1 mm above the liquid helium level. . The larger uncertainty for T r H is related to the smaller signal to noise ratio in the short wavelengths side of the spectra, from which T r H is deduced.

The -line shown in Fig. 8 corresponds to the bound-bound transition of the nitrogen anion N -observable exclusively in solid matrices [88]. The appearance of the -line in spectra detected from the bottom part of the plasma jet confirms the presence of solid nanoclusters of molecular nitrogen and, therefore, low temperature (less than 64 K) of the jet.

To summarize:

1) The observed emission of N 2 (1 + ;2-0) results from the local production inside the helium gas jet of N 2 (B;2) molecules resulting from collisional-radiative cascades of population from higher lying triplet states, which formed probably by N-N recombination and/or dissociative electron-ion recombination (of molecular ions N 3 + and N 4 + ). We believe that the contribution of energy transfer from metastable species He( 3 S 1 ) and He 2 (a 3 Σ + u ) to the ground state N 2 (X 1 ) molecules should be neglected. It is well known that the by-product of their reaction is the Penning ionization, with production of N 2 + ions [64,65].

2) Following these indirect, multi-channel production ways of N 2 (B;2) molecules, it is hard to imagine a possible selectivity regarding the population distribution within the rotational levels of N 2 (B;2). Thus, we postulate that the nascent N 2 (B;2) is distributed over a large number of rotational levels.

3) With the amount of N 2 added to the feed gas considered in this work (≤0.5 %), collisions with helium atoms and nitrogen only slightly shorten the few µs lifetime of the N 2 (B;2) state. Thus, the rotational transferring collisions could be effective enough for modifying the nascent distribution within rotational levels before the emission of N 2 (1 + ;2-0) radiation.

4) It is worth noting the high rotational levels may keep partially a memory of their nascent distribution due to the increasing energy gap between adjacent rotational levels with J and thus decreasing He-induced transfer coefficients between them (see Eq. 4). It should be emphasized that the energy gap between J = 5 and 6 of N 2 (B;2) is about 20 cm -1 , which correspond to kT~ 30 K. Therefore, a Maxwell-Boltzmann distribution, with T r = T g is definitely reached within the low J levels during the life time of the N 2 (B;2) state while for the high J levels T g may be overestimated. Nevertheless, as one can see from Figures 5c and8 there were no the high J levels observed in the bottom part of jets.

In conclusion, simulations of the recorded rotational distribution of the N 2 (B) state with equation ( 5), T r L and T r H reveal the local gas temperatures in peripheral (cold) and central (hot) parts of the plasma jet. Moreover, this property is not limited to the vibrational state with v=2 of the N 2 (B) state: similar values of T r L and T r H were obtained also for the 3-1 band of the 1 + system (Fig. 8).

Discussion

The temperature of a gas mixture passed through a RF discharge region depends on the pressure, discharge conditions, gas mixture composition and flux. The gas temperature can't be lower than 77 K, the temperature of liquid nitrogen used to precool the gas mixture and remove the local excess heat from the RF discharge area. The plasma jet temperatures at three positions along the plasma jet evaluated from rotational structures of the bands of N 2 molecule and the intensities of the oxygen atom triplet lines are listed in Table 1. Position "Top" is near the exit of the capillary and at about 25 mm about the HeII surface; position "Bottom" being at 1 mm above this surface and "Middle" at 13 mm from it. Obviously, the intensity ratios of oxygen triplet lines provide the highest values at low nitrogen amount (< 0.1 %) in the jet. However, the temperature deduced from the relative intensities of oxygen 777 nm triplet lines should be considered with caution. We point out that this method provides the gas temperature under the assumption of a total Boltzmann equilibrium within the sub-levels of the O( 5 P J ) state. According to the analysis developed in section 3.2, the above assumption is valid only if the collisional transfer rate between sub-levels is much larger than their population decay rate, a condition which holds when the kinetic energy of collision partners is much larger than the energy gaps between O( 5 P J ) sublevels; or if O( 5 P J )-He interaction is of van der Waals type, with purely attractive potential curves. The presence of a hump on interaction potentials, even of only a few cm -1 height, can act as a barrier on the entrance channel of the sub-levels transfer reaction and invalidate the assumption we made in section 3.2 on non T g dependence of  J,J' cross-sections. With the diminution of transfer rates, the population mixing times of the sub-levels induced by collision with He will become larger than the lifetime of the O( 5 P J ) state and consequently the population distribution between O( 5 P J ) sub-levels will depend on their production rates. As pointed out in 3.2, the production rates of sub-levels should be very close to their statistical weights, 2J+1 and O( 5 P 3 ) atoms, which have the highest energy (see Fig. 3) will be produced with a larger rate than O( 5 P 1 ) atoms populating the lowest energy level. With the helium induced collisional transfers between sub-levels not being efficient enough for the establishment of a Boltzmann equilibrium between them, the population distribution will keep in memory the initial production rates of the sublevels. We can thus conclude that the assumption made in 3.2 relative to the temperature independence of  J,J' cross-sections for collision induced transfers between sub-levels of O( 5 P J ) state is not valid at cryogenic temperatures, indicating the presence of small energy barriers on the potential curves of the transient O( 5 P J )-He molecule. As one can see in Table 1 the temperature estimated from the triplet of oxygen atom (for the gas mixture [N 2 ]/[He] = 1/10000) may noticeably deviate from the one obtained with PGopher software from the rotational structures of molecular nitrogen, but remains within the temperature obtained by 2-T simulations. The real gas temperature and pressure/density of the environment govern the thermal relaxation rate of oxygen atoms. One can expect that at low pressure the level populations of the 3p 5 P state may deviate from the Boltzmann distribution law because of its very short life time ≈ 29 ns [45]. is rather large due to very low intensity of the spectra of the 2-0 band detected from a plasma jet with the low nitrogen content, 100 ppm (see Fig. 6).

The results listed in Table 1 show the highest temperature values in the helium plasma jet as high as 100-120 K. We should mention also that the temperature of jets expanding into vacuum decreases with lowering of the nitrogen content in the helium gas [16].

The temperatures evaluated from rotational structures of the 2-0 band of the 1 + system and the 8-3 band of IRAS of molecular nitrogen detected from the middle and bottom parts of the jet do match very well one with another: 38 and 35 K, 14.5 and 11 K, respectively (Table 1). This fact could be expected because of rather long life times of both the B 3 Π g and B′ 3 Σ u states, 10 s and 25-50 s, correspondingly [56,57]. Therefore, we can conclude the 1-T method (simulation with PGopher software) is convenient for the gas temperature mapping with high spatial resolution in inhomogeneous plasmas.

As we can see from Table 1, the jet temperatures above the superfluid helium level in the beaker, 4-8 K, are far above the temperature of the bulk HeII, 1.45 K. Such a temperature gap is related to the fact that the jet creates a crater with the depth of 5-10 mm (Fig. 2a). The crater is easily discernible due to the green glow below the HeII level in the beaker. We suggest the gas flow scattered from the HeII surface in the crater is the coldest part of the plasma jet. Unfortunately, our efforts to detect spectra from this diffuse greenish eddy were not successful until now.

We should also mention that spectra of the 2-0 band of the 1 + system and the 8-3 band IRA system of molecular nitrogen are located very close one to another and cover together only about 10 nm of spectral range (Figure 5). Therefore, both spectra may be detected simultaneously by a simple spectrometer consisting of a linear CCD detector and a grating efficient within the spectral range from 772 to 782 nm providing the spectral resolution of 0.1 nm or better. Such a simple device will be a good diagnostic tool for the temperature determination of helium cryogenic plasmas at temperatures below 100 K in the future.

Conclusions

We have proposed and tested two means for temperature determination of the cryogenic helium plasma jets containing small admixtures of either nitrogen (~ 100-1000 ppm) or oxygen (~ 1-10 ppm).

It was shown that the relative intensities of the oxygen triplet 777 nm lines may deviate from the real temperature of the gas in the cryogenic plasma afterglow due to the presence of small energy barriers on the potential curves of the transient O( 5 P J )-He molecule and the very short life time, ≈ 29 ns, of the 5 P J state. Our analysis indicates that these barriers of a few cm -1 on the potential curves of the transient O( 5 P J )-He molecule, formed during the collision, should limit the collisional transfer rates between the sublevels of O( 5 P J ) atom and thus, to the establishment of the Boltzmann equilibrium between them before the emission.

It was proved that the temperature of gas in non-equilibrium cryogenic helium plasmas can be determined from rotational spectra of the 2-0 band of the 1 + system and the 8-3 band IRA system of molecular nitrogen. The 2-T method allows evaluation of the temperature span within the observation area of inhomogeneous plasma while the 1-T method (PGopher software) gives the rotational temperature of N 2 molecules averaged over the area and is optimal for the gas temperature determination in locally homogeneous plasmas or mapping the temperature of inhomogeneous plasmas with high spatial resolution.

It was determined from rotational structure of the 2-0 band of the 1 + system of molecular nitrogen that the temperature of the jet entering cold (T ≈ 1.45 K) dense helium gas changes from 100-120 K at its top of the jet to 4-5 K at its bottom.

The temperature of cryogenic helium plasmas can be monitored by a simple spectrometer (with the resolution better than 0.1 nm) with the working range from 772 to 782 nm due to the compact location of the depleted rotational spectra of the 2-0 and 8-3 bands of the 1 + and IRA systems of molecular nitrogen, correspondingly.
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Fig. 1 .

 1 Fig. 1. Rotational structure of the emission spectrum of the d 3 Σ + ub 3 Π g transition of He 2 * observed from the cold helium gas jet passed through an RF discharge region. The relative intensities (normalized by the Q1 branch intensity, the Honl-London and (2Nʹ+1) factors) of the P, Q, and R branches determined from the spectrum are shown by open red circles, blue and green crosses, respectively, in the inset. The black line represents a Boltzmann plot of the rotational level populations corresponding to T rot ≈ 760 K. An orange asterisk marks the oxygen atom triplet lines of the 3p 5 P 1,2,3 -5s 5 S 2 transitions at 645.6 nm in the main figure.

Fig. 2 .

 2 Fig. 2.Experimental set-up: a) green emission of oxygen atoms from a crater on the HeII surface formed by a "pure" helium jet passed through the RF discharge; a scheme of the discharge zone is shown at the top: 1 -electrodes, 2quartz capillary, 3quartz tube, 4vacuum jacket of the source, 5thermal shield; b) helium-nitrogen plasma jet scattered on the HeII surface (gas mixture [N 2 ]/[He]=1/100).

Fig. 4 .

 4 Fig. 4. Dependence the relative intensities of the oxygen fine-structure triplet lines at 777 nm on the gas temperature: a) synthetic spectra for temperatures 20, 15, 10, and 5 K, red, dotted green, blue, and dashed violet lines, respectively, calculated assuming full Boltzmann equilibrium of the sub-levels; b) experimental spectrum (green line) recorded from the bottom of the plasma jet, near the HeII surface, together with the simulated one for T = 12.5 K (dotted black line).

Fig. 5 .

 5 Fig. 5. The best simulations (black lines) of experimental spectra (shown by red circles) of N 2 molecules detected from the top, middle, and bottom parts (a, b, and c figures, correspondingly) of the plasma jet formed by the gas mixture [N 2 ]/[He] = 1/200 passed through RF discharge area.

Fig. 6 .

 6 Fig. 6. Experimental spectra of the oxygen atom triplet and the rotational bands of the B 3  g ,v=2 -A 3  u + ,v=0 transition of N 2 molecule detected from the middle part of a plasma jet (gas mixture [N 2 ]/[He]=1/10000).

Fig. 7 .

 7 Fig. 7. Comparison of the experimental N 2 (1 + ,2-0) spectrum (black circles) from the top of the plasma jet (gas mixture [N 2 ]/[He] = 1/200 as in Fig.5a), with synthetic spectra with one (blue curve) and two (red curve) temperature distributions.

Fig. 8 .

 8 Fig. 8. The experimental spectra (black circles) detected from the bottom part of the plasma jet formed by the gas mixture [N 2 ]/[He] = 1/400 passed through RF discharge area and simulation (red line) of the 2-0 and 3-1 bands of the 1 + system of N 2 molecules.

Table 1 . 20 *

 120 The plasma jet temperatures along the jet height evaluated from rotational structure of the bands of N 2 molecule and the intensities of the oxygen atom triplet lines. -the uncertainty in T r L and particularly T r H

  

  5•10 -19 , 4.4•10 -19 , and 6•10 -19m -2 have been measured at 300 K for the exoenergetic transfers k 3,2 , k 2,1 and k 3,1 , respectively[44]. With 400 Pa He pressure in the cryostat, if no T g dependence of cross section is assumed, the value  J,J' =5•10 -19 m -2 will lead to transfer frequencies of 7•10 7 , 1.4•10 8 , 2.4•10 8 , and 4•10 8 s -1 at temperatures of 300, 77, 25, and 10 K, respectively. Consequently, if the 29 ns radiative life time
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