STUDY OF A CORONA DISCHARGE IN SUPERCRITICAL PHASE AND NORMAL LIQUID HELIUM BY SPECTROSCOPIC AND ELECTRO-PHYSICAL METHODS
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Corona discharge is a simple method for injecting electrons in a dense cryogenic media such as the liquid helium. Such discharge has been realized near a micron radius point electrode subject to a few kV potential. The light emission process in the discharge zone is believed to be initiated by electron avalanches in the strong field region leading to subsequent impact ionization of the fluid. The He+ ions produced in the discharge interact strongly with surrounding atoms leading to the formation of He2+ dimer:

He+ + He → He2+
and the charge recombination event leads to the formation of diatomic excimer: 
He2+ + e− → He*2
Eventually, neutral excimers and, after further dissociation, excited He atoms are formed:
He2*→He*+He.
These excited He* atoms and He*2 excimers are the origin of the above mentioned luminescence. 

He2*→He2+hν

He*→He++hν

The visible luminescence stems from the transitions between the electronically excited states of the above mentioned species whereas the VUV radiation involves termination directly to the electronic singlet ground state. Radiative transitions between electronically excited states in condensed matter systems have usually very low intensities due to the presence of fast electric dipole allowed relaxation channels. However, in liquid helium such transition are either spin forbidden or have otherwise low transition dipole moments resulting in a rich emission spectrum within the atomic and diatomic Rydberg manifolds [1].
The spectroscopic observables are sensitive to the immediate surroundings of the emitting species, which makes emission spectroscopy a powerful tool for characterizing low temperature nonequilibrium plasma as a function of pressure [2].
In this work, we have studied the current-voltage characteristics, spectral composition, and the line shape parameters of atomic and rotationally resolved molecular bands for corona discharge by using of the electro-physical and spectroscopic techniques.
The experimental set up consists of a helium cryostat, which allows measurements from the room temperature down to 4.2 K. A 50 Ohm coaxial beryllium copper equipped with a sapphire window was attached to the cryostat cold head, which allowed measurements up to 10 MPa. The cell was first evacuated using a turbo molecular pump down to 10−4 Pa and then filled with ultra pure helium (N60 l’Air Liquide), which has an impurity concentration of less than 0.1 ppm of O2. Prior to filling the cell, helium gas was passed through a series of L-N2 immersed traps, which were filled with a mixture of molecular sieves (3–10 Å) and activated charcoal (activation under vacuum for 3 days at 350◦C). The point electrode placed inside the cell, was made of electrolytically-etched 1 mm diam. tungsten wire. Etching increased the tip diameter to 0.45-2.5 micron, which was determined by electron microscope. The grounded plane electrode was made of copper which was located 8 mm from the point electrode. All electrodes were carefully insulated with Macor ceramic. The point electrode was either negatively or positively polarized by a stabilized high voltage DC power supply (Spellman RHSR/20PN60). The current-voltage characteristics were measured by using a Tektronix TDS540 oscilloscope and a Keithley 610C Ampere meter. The corona discharge in this geometry is axially symmetric and it appears as luminous spherical region (ionization region) localized near the point electrode against the dark background. The light originating from the ionization zone was collected by a quartz lens, focusing it onto the entrance slit of the spectrograph (Acton Research Corporation 300i equipped with gratings of 150 g/mm, 1200 g/mm blazed at 750 nm and of 1200 g/mm blazed at 300 nm). The measured intensity of the radiation is averaged over the observed line and the exposure time. A liquid N2 cooled 2D-CCDTKB-UV/AR detector is located directly in the exit plane of the spectrograph. The noise level of the CCD detector is determined only by the read-out noise as the dark current of the camera is less than 1 e/pixel/h at 153K. The wavelength and intensity response of the detection system was calibrated by using a low pressure Helium and tungsten ribbon lamps. Line broadening due to the instrument response (1200g/mm grating) was estimated from the helium lines of helium lamp as Δλins = 0.12 nm.

The negative corona current has been measured at different temperatures and pressures in a space-charge-limited regime. In this regime, the corona current I is quadratic with respect to applied voltage V, i.e. plotting I1/2 vs. V is linear with a slope proportional to charge mobility µ (electrons for negative and positive ions for positive corona). This behavior was observed for negative corona in liquid helium (4.2K) and supercritical helium (<5.2K). The determined charge mobility for the electron in normal liquid helium at 4.2K is very low, 0.02 cm2/Vs as compared with positive ions 0.053 cm2/Vs [3]. This means that both electrons and positive ions have large effective masses in dense helium environments. On the contrary, in the gas phase electrons have much higher (kinetic) mobility. This behavior can be explained by the repulsive interaction occurring between electrons and helium atoms, as well as the formation of a positively charged helium clusters where additional ground state helium atoms may also bind by the charge- charge induced polarization interaction. In the gas phase, the electrons are quasi free and their mobility is determined by electron-helium scattering events whereas in the liquid phase, electrons localize in large bubbles (radius R approx. 20Å) and the mobility is then determined by the Stokes’ law. On the other hand, positive ions form charged helium clusters in both low temperature gas and liquid, and therefore the mobility is expected to depend much less on the surrounding helium density. The transition from the localized electron bubble state (low mobility) to the quasi free electron in gaseous helium is clearly observed between 0.1 – 0.5 MPa.

Intense rotationally resolved bands of He2(C1Σ +g – A1Σ +u, c3Σ +g – a3Σ +u) that belong to Δv=0 vibrational transitions can be clearly identified between 900 and 970 nm. The systems are resembles by Hund’s case b where the total angular momentum J is given by the vector sum of the electronic spin S and K = Λ+N where Λ is the electronic angular momentum and N is the angular momentum due to molecular rotation. Because 4He nuclei are bosons, the overall symmetry for the total wavefunction with respect to the exchange of nuclear indices must be even. For the He2* electronic states relevant to this study, the odd rotational states (K=1,3,…) are missing for the g symmetry states (i.e. c3Σ+g and C1Σ +g ) and even K rotational states (K=0,2,…) for u symmetry (i.e a3Σ+u and A1Σ+u ). No triplet fine structure splittings were resolved in the triplet manifold. The intensity of the triplet transition c3Σ +g–a3Σ +u is much higher than the corresponding singlet transition C1Σ +g –A1Σ +u. The singlet and triplet states He2* potentials corresponding to the C-A and c-a transitions are very similar to each other and therefore the bands overlap complicating the spectral analysis [4, 5]. The measured line shifts for both P and Q branches at the given temperatures of 11K and 6K are ranged in 0.25-0.51 nm and 0.16-0.75 nm, respectively. The observed P and R branch rotational line shifts of He2* are markedly different from the previous theoretical predictions [6].
In the high pressure and temperature regime the lines experience only small blue shift and develop a pronounced asymmetry. In this case, the overall line shift is less than the line width. On the contrary, in liquid helium the 706 nm line is very broad, symmetric and experiences strong pressure dependent blue shift. The difference between the gas and liquid phase results can be explained by the different surrounds of the emitters. In the liquid phase as well defined solvation cavity (bubble) forms, which interacts strongly to any spatial change in the Rydberg electron distribution caused by the electronic transition. In the gas phase, on the other hand, the emitter is only subject to weak random perturbations caused by collisions with individual helium atoms. In the latter case, the observed line shifts and broadening are small. The intensive blue wing must be due to repulsive interaction that takes place along the He*-He coordinate. In liquid He the motion of atoms can be neglected and distortion of spectral line occurs due to “static” interaction between the emitter and surrounding atoms. The interaction with the surrounding bubble can be very strong due to the large changes in the electronic extent of the corresponding Rydberg orbitals and the high density of the surrounding medium. 

Upon electronic excitation, the surrounding bubble interface initially overlaps strongly with the Rydberg electron wave function causing a large blue shift for the line, which is typically larger than the observed linewidth.

Symmetric (Gaussian) shape of the line follows from the model of emitter-in-cavity. The observed blue shifts for He* in the liquid and gas phases are linear increasing as a function pressure (0.5-6 MPa, in liquid helium at 4.2K and gas helium at 150K and 300K). Note that this behavior is very close to the critical isotherm that appears at 5.22 K.
The line has asymmetric shape with intensive blue wing if the pressure less than 0.4 MPa. One explanation for this observation could be that the creation of the bubble state is not energetically favored near the critical point or that the interfacial dynamics contributes significantly to the overall lineshape. The line shape becomes more symmetric at higher pressures and shifts further to the blue. Note that the medium is not liquid under these conditions but the density is apparently sufficiently high that the bubble state forms.
We have shown that corona discharge is well-suited to excite visible luminescence of liquid helium at 4.2 K and supercritical at 6 K and 11 K. The localized molecular excited states can be created in dense helium medium. The analysis of the observed low shifts shows consistency behavior from what is predicted by theoretical position of P and R - branch. Further experiments and calculations are required to better understand origin of the appearance and disappearance some branch and variation of their intensity.
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