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SPECTROSCOPIC INVESTIGATION OF LIQUID HELIUM EXCITED BY A CORONA DISCHARGE: EVIDENCE FOR BUBBLES AND 'RED SATELLITES'

   

Spectroscopic investigation of liquid helium excited by a

corona discharge: evidence for bubbles and "red satellites"

INTRODUCTION

Electrical discharge in dense dielectric liquids and high-pressure gases is a very complex process that involves electronic, thermal and hydrodynamic phenomena. The characteristics of the discharge are determined by the geometry of the electrode system, for instance, point-plane geometry is required to avoid spark breakdown within the inter-electrode space when a high electric voltage is applied. A specific advantage of the point-plane electrode geometry is that it makes the generation of discharges in very dense media, such as liquid helium (LHe), possible. The divergent spatial distribution of the electric field separates the charge formation region characterized by strong field strengths from the low field drift zone region where charge carriers drift without multiplication. The generation of the charges occurs very close to the tip electrode where the electric field is high enough for impact ionization of the fluid. The charge formation zone is usually much smaller than the inter-electrode gap. In the drift zone the electric current is determined by the carrier's mobility [1]. In high mobility liquids such as liquid Ar [2] the transient electric current of the corona discharge in the liquid reaches a magnitude of 0.16 mA [START_REF] Bonifaci | Proceedings of the 12 th International Conference on Conduction and Breakdown in Dielectric Liquids[END_REF]. To support such large currents intense ionization has to occur close to the tip electrode. The process is accompanied with the release of energy creating a gas-plasma ball in the small ionization region and the emission of luminescence. Spectroscopic analysis of the light emission from the ball allows us to estimate the temperature and the vapor density inside the non-equilibrium plasma formed by the corona discharge in liquid Ar [START_REF] Bonifaci | Proceedings of 1999 IEEE 13 th International Conference on Dielectric Liquids[END_REF]. Different to Ar the mobility of electrons and positive ions is very low in liquid He [START_REF] Meyer | [END_REF] and the electric current of the corona discharge in liquid He does not exceed 0.5 µA [6]. Such a low current gives hope that the plasma formation process is much less pronounced in liquid He than in liquid Ar and there is the possibility to produce localized excitations in the liquid phase which are known to produce intense luminescence in the visible and near infrared spectral range. This luminescence has been observed from superfluid 4 He bombarded with energetic electrons [7][8][9], from liquid helium excited by a corona discharge [10][11][12][13], from 3 He and 4 He clusters and droplets excited by monochromatic synchrotron radiation [14][15][16] and from liquid helium excited by femtosecond laser pulses [17,18]. We also note the recent photo excitation luminescence studies of LHe [19] as well as the pioneering work by Surko and Reif using vacuum ultraviolet (VUV) radiation [20].

In discharges the light emission process is believed to be initiated by electron avalanches in the strong field region leading to subsequent impact ionization of the fluid. The so-produced He + ions interact strongly with surrounding atoms leading to dimerisation He + + He → He 2 + and dissociative recombination of the ions He 2

+ + e -→ He 2 * . Eventually, neutral excimers and, after further dissociation, excited He atoms are formed. These excited He atoms and He 2 * excimers are the origin of the above mentioned luminescence. The visible luminescence stems from transition between high lying and lower-lying electronically excited states whereas the VUV radiation is due to transitions to the electronic singlet ground state. Radiative transitions between electronically excited states are usually very inefficient in condensed matter systems but in liquid He all excited He* and He 2 * reside in Rydberg states which gives rise to considerable structural rearrangement. This structural rearrangement is caused by the repulsive force between Rydberg electron orbitals and the surrounding ground state helium which as a consequence are pushed away within a short time [21,22] creating a void around the He* and He 2 *. This void is often referred as a bubble and has typical radii between 10-14 Å depending on the electron's orbital radius [23]. These bubbles are very similar to the well known bubbles in liquid helium that form around localised electrons. Within the confinement of these bubbles the excitations are almost isolated. The perturbation by surrounding ground state helium atoms is low and the electronic life time of the excited atoms or excimers is similarly long as for free species in the vacuum. However, the remaining perturbation by the ground state helium atoms surrounding the bubble is still strong enough to cause broadening and wavelength shifts of the atomic and molecular lines and the magnitude of the width and shift was found to depend on applied pressure. To obtain a better understanding of these effects we have set up are corona discharge excitation scheme and initiated a systematic spectroscopic investigation of liquid and dense gaseous He. Our method has the potential for a relatively simple and versatile excitation source to investigate electronic excitations and luminescence in liquid helium as it allows changes of pressures and densities over a wide range.

In this paper we report spectra produced by corona discharges with point-plane electrode geometry in liquid helium at 4.2K as a function of external hydrostatic pressure and the polarity of the electrodes. A rich spectrum, which contains atomic and excimer emissions from both singlet and triplet states has been observed. High resolution spectra recorded for low hydrostatic pressure in the LHe showed well resolved rotational structure of the molecular bands. The line intensity distribution of the rotationally resolved band was calculated for free molecules which revealed differences with respect to the excimer spectra in LHe. Surprisingly, these differences in line intensity depended on the polarity of the corona discharge. The hydrostatic pressure was also found to affect the line intensity distribution of the rotational spectrum of the confined He 2 * as well as the total luminescence yield.

EXPERIMENT

Our experimental set up consisted of a cryostat that allowed us to control the temperature from room temperature to 4.2 K over a wide range of pressures up to 10 MPa. At the cold finger of the cryostat a 50 Ω copper beryllium coaxial cell that could withstand pressures up to 10 MPa was attached. The cell was evacuated using a turbo molecular pump to about 10 -4 Pa and filled with ultra pure helium of grade N 60 (L'Air Liquide) which had an impurity concentration of less than 0.1 ppm of oxygen. The gas was passed through a series traps filled with a mixture of molecular sieves (3-10 Å) and charcoal, activated under vacuum typically at 350°C for 3 days, which were thereafter immersed in liquid N 2 .

The cell contained a point electrode that was made of an electrolytically-etched tungsten wire of 1 mm in diameter. The electrolytic etching resulted in tungsten tips with radii between 0.45µm and 2.5µm which were revealed by inspection with an electron microscope. The plane electrode was made of stainless steel and the plane electrode was always electrically connected to ground. The electrode spacing was 8 mm. All metallic electrodes were supported by Macor insulators. Negative and positive high voltages from a stabilized DC power supply (Spellman RHSR/20PN60) were connected to the point electrode. Positive and negative corona discharges were realized by changing the polarity of the point electrode. A Tektronix TDS540 oscilloscope or a Keithley 610 C Ampere meter was connected to the plane electrode.

The light emitted from the corona region was transmitted through a sapphire window, collected using a lens and focused on the entrance slit of a spectrograph. Spectra were recorded using an Acton Research Corporation spectrograph with 300mm focal length. The spectrograph was equipped with 3 plane gratings of 150 grooves/mm and two of 1200 grooves/mm, which were blazed at 750nm and 300nm, respectively. A liquid nitrogen cooled 2D-CCDTKB-UV/AR detector was located directly in the exit plane of the spectrograph. At the operating temperature of 153 K the dark current was lower than 1e/pixel/h resulting in a noise level that was only dominated by the read-out noise. The instrumental broadening was estimated by recording the spectral profiles of argon lines from a low pressure discharge lamp resulting in Δλ ins =0.12nm for the 1200grooves/mm grating.

RESULTS AND DISCUSSION

Spectra were recorded in the wavelength range from 400 to 1080 nm. Some representative spectra recorded at 4.2 K and 0.1 MPa are shown in figure 1. A large number of lines could be identified as due to transitions between excited atomic and molecular levels [START_REF] Herzberg | Molecular Spectra and Molecular Structure: I. Spectra of Diatomic Molecules[END_REF][START_REF]NIST ASD Output: Lines[END_REF]. Figure 2 shows a Grotrian diagram of the involved electronic states. The states are relatively dense and it can be seen that all upper levels of the atomic lines observed in the spectra have energies larger than 23 eV and that the corresponding lower levels have energies close to 21 eV. All the molecular energy levels lie lower: the upper electronic states of the molecular bands are close to 21 eV and lie near to the lower atomic states. Energy transfer is facilitated due to the high density of states and it is quite possible that the radiative relaxation of the high lying atomic states with n > 3 to the levels with principal quantum number = 2 precedes the excimer emission and possibly also their formation by collisions.

Figure 1b shows the spectral range from 560 -630 nm which is crowded with a number of overlapping atomic and molecular band. The F-singlet and f-triplet molecular bands can be identified with emission from three different vibrational levels (0--0), (1--1), and (2 --2) of the f 3 Δ u -b 3 Π g triplet. The presence of hot bands indicates vibrational temperatures of several 1000 K and thus relatively inefficient relaxation of the vibrational energy. Hot bands in the luminescence spectrum of electron bombarded liquid helium were reported by Dennis and co-workers [7]. They were also seen in the luminescence spectrum of photo excited He clusters and droplets [14]. The observation of hot bands gives some evidence for the presence of bubbles which impede the exchange of vibrational energy. The hot bands are shifted by up to 2 nm due to the different vibrational energies of the f 3 Δ u and b 3 Π g states having vibrational constants ω e of 1706.8 cm -1 and 1769.1 cm -1 , respectively [START_REF] Herzberg | Molecular Spectra and Molecular Structure: I. Spectra of Diatomic Molecules[END_REF]. The rotational constants B e of the f 3 Δ u and b 3 Π g states are 7.23 cm -1 and 7.44 cm -1 , respectively. At the resolution of our spectrometer rotational lines can only be partly resolved because transitions emerge from even and odd rotational levels eventually leading to many overlapping lines [START_REF] Ginter | [END_REF]27]. The situation is different for the spectral range between 630 and 670 nm shown in figure 1c. This range is less crowded and shows only the d 3 Σ u -b 3 Π g triplet and D 1 Σ u -B 1 Π g singlet transitions with well resolved rotational structure. The rotational constants (7.34 cm -1 and 7.45 cm -1 ) of the involved states (d 3 Σ + u and b 3 Π g , resectively) are similar to those of the f 3 Δ u and b 3 Π g states but due to the upper Σ-state only transitions from odd rotational K levels are allowed. This results in nicely resolved P and R lines that are spaced by 1 nm.

Figure 1d shows the spectral range between 900 and 930 nm. The c 3 Σ g -a 3 Σ u and C 1 Σ g -A 1 Σ u transition between the vibration states (0 --0) have been observed. The singlet C and A and the triplet c and a states have very similar potential curves. Therefore singlet and triplet rotational lines overlap quite strongly [12,13].

We also investigated the effect of hydrostatic pressure. Whereas at low pressures atomic lines and molecular bands are well resolved a background continuum from 490 to 1200nm appears when the pressure p exceeds 4.0 MPa. No lines and bands are observed for p > 5.0 MPa. Another effect of increasing pressure is significant line broadening and line shifting towards shorter wavelengths as shown at the example of the atomic 3s 3 S 1 -2p 3 P triplet line at 706 in figure 3. In helium gas line broadening effects due to increased pressure can be explained by classical theory. Both shift and broadening of lines are proportional to the gas density [START_REF] Corney | Atomic and Laser Spectroscopy[END_REF] and are adequately explained by repulsive interaction between an excited atom and surrounded atoms [START_REF] Li | [END_REF] using the "impact approximation" [START_REF] Hindmarsh | [END_REF]. The line widths that are predicted by this theory are shown in Fig. 4 together with the observed widths of the 706 nm atomic line recorded in LHe at 4.2K as a function of the hydrostatic pressures. The density of the gas was determined for saturated vapor for the given pressures up to the critical pressure of 0.22 MPa [30]. It can be seen that the measured increase in line width is much smaller than the prediction for saturated gas using classical line broadening theory. This distinction is an important hint that the lines are emitted from He atoms in bubbles within the liquid [23] and not from the gas phase. In other words in the tip region at 4.2 K the liquid does not vaporize due to the presence of a corona discharge. We note that the classical line broadening theory uses the assumption of homogeneously distributed gas. For comparison we have also reproduced the pressure dependence of the line width from figure 6 in the paper by Hickman, Steets and Lane [23]. Their data agrees nicely with our measured widths for small pressures giving further evidence for the presence of bubbles in LHe excited by corona discharges.

In the following we analyse the triplet d -b transition. As can be seen in Fig. 1c and as has been mentioned above this transition reveals much better resolved lines that all the other molecular spectral features which allows us to compare the measured spectrum with a simulation. The d --b transition reveals a number of complications due to its triplet nature and therefore, we briefly review some of its spectroscopic characteristics. The d -b transition is characterised by Hund's coupling case b: the total angular momentum J is given by the vector sum of the electronic spin S and angular momentum of the molecule without spin K with K = Λ + N where Λ is the electronic angular momentum and N is the angular momentum of the nuclear rotational motion. The upper molecular d 3 Σ + u state has an electronic orbital moment Λ=0 and an electronic spin S=1 ( 3 Σ state) with a multiplicity of 2S+1=3 (therefore the designation 'triplet'). The spin of the 4 He nucleus is zero therefore the rotational wave-functions of the He 2 -molecule must be "symmetric" [START_REF] Landau | Quantum mechanics[END_REF]. The term d 3 Σ + u is odd (subscript "u") and in order to produce a totally symmetric state the rotational state has to be odd as well. The symmetry of the rotational wave function of the Σ + term is given by (-1) K . Therefore, quantum numbers of K of the allowed d 3 Σ + u states have to be odd and they possess the values K = Λ + 1, Λ + 3, Λ + 5,… = 1, 3, 5,…. Every K state then splits into three states with different total angular momentum numbers J = K-1, K, K+1, so J assumes the values 0, 1, 2 (for K = 1) etc. Therefore, for a rotating molecule, triplet fine structures are expected even if Λ = 0. The fine structure for the case Λ=0, S=1 ( 3 Σ states) have been discussed theoretically by Kramers [START_REF] Kramers | [END_REF]. We further recall that the level with J = K has maximal energy and the level of J = K -1 has minimal energy. The level of J = K + 1 is between them. The spin-splitting of the 3 Σ-term of He 2 molecule is very small [START_REF] Ginter | [END_REF]34] and cannot be resolved in our measurements.

The lower molecular term b 3 Π g of the transition has the electronic orbital momentum Λ = 1 and is characterised by Hund's case (b) because the coupling energy of L and S is too small to resist the tendency of the rotation to cause S to become uncoupled from the electric axis and coupled to the rotational axis [35]. Therefore, K and J are 'good' quantum numbers and the smallest value of K is K=Λ=1. Every state of 3 Π term is two fold degenerated (Λ-doubling) with alternating symmetry [START_REF] Landau | Quantum mechanics[END_REF].

Different to the odd d 3 Σ + u state the b 3 Π g term is even (subscript 'g') and as a consequence the rotational states with odd symmetry are absent because of the requirement that the total wave-function has to be symmetric. The quantum number K possesses the values 1, 2, 3, 4, … and every K-state is split into three levels with different J quantum number: J = K -1, K, K + 1. The total energy of levels with quantum numbers J and K can be expressed by the formula [START_REF] Landau | Quantum mechanics[END_REF] )
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where T e , ω e and B e are the spectroscopic constants that designate the electronic, vibronic and rotational energies, respectively. The last term in equation ( 1) relates to the triplet splitting with the splitting constant A e = -0.227 cm -1 [34] for the b 3 Π g term. The energy spacing between multiple levels J= K-1, K, K+1 is very small and can be neglected for our simulation. The order of the levels with increasing energy is K = 1: J = 0, J = 1, J = 2; K = 2: J = 1, J = 2, J = 3; etc. as shown in Fig. 5 for low lying levels.

The allowed transitions are controlled by the selection rule ΔJ = J' -J" = -1, 0, +1, where J' relates to the upper level and J" to the lower level [START_REF] Kovacs | Rotational structure in the spectra of diatomic molecules[END_REF]. The selection rules are connected with specific branches of rotational lines in a molecular band: ΔJ = 0 means the Q-branch, ΔJ = +1 means the Rbranch, and ΔJ = -1 means the P-branch. Therefore, for transitions of the Q-branch J' equals J" (or J => J), for the R-branch J' equals J"+1 (or J => J-1), and for the P-branch J' equals J"-1 (or J => J+1). The selection rules for K-quantum number are ΔK = 0, ΔK = +1, ΔK = -1.The transition J' = 0 => J" = 0 is forbidden [START_REF] Herzberg | Molecular Spectra and Molecular Structure: I. Spectra of Diatomic Molecules[END_REF]. The selection rules give rise for a number of lines: Lines with ΔK = ΔJ have high intensities and are called 'general branches' (shown in Fig. 5 as solid arrows) belong to. There are nine general branches such as Q1, Q2, Q3, P1, P2, P3, R1, R2, R3. The subscript 1 (for example Q1) means, that transition occurs from the level with maximum value of J in the triplet. The subscript 3 (for example Q3) means, that transition occurs from the level with minimal value of J in the triplet. The upper term is d 3 Σ + u and its states have odd K-numbers starting with 1. The rotational constants of the (0, 0) vibrational band of the d 3 Σ + u and b 3 Π g terms are close (7.34 cm -1 and 7.45 cm -1 [START_REF] Herzberg | Molecular Spectra and Molecular Structure: I. Spectra of Diatomic Molecules[END_REF]) and therefore all rotational lines of the Q-branch are close as well and cannot be resolved. These overlapping lines form the intense central peak of the band. The lines of the R-branch have wavelengths shorter than the lines of the Q-branch. The R-lines start with K'' = 3 because K'' = K' -1 and the lowest allowed value of K' and K'' is 1. The P branch is on the long wavelength side and the P-lines start with K' = 1. A level scheme with the allowed transitions is shown in figure 5.

The general transitions are accompanied by so-called 'satellite transitions' with ΔK ≠ ΔJ. There are ten satellite branches for the transition d -b of the He 2 molecule [START_REF] Kovacs | Rotational structure in the spectra of diatomic molecules[END_REF] such as Q R 12 , Q P 32 , Q P 21 , Q R 23 for the Q branch, P Q 23 , P R 13 , P Q 12 for the P branch and R Q 32 , R P 31 , R Q 21 for the R branch. The superscript shows the value of ΔK, for example ΔK = 0 for Q-satellites. The capital letter relates to ΔJ, for example ΔJ = -1 for an P satellite line. Q-, P-, and R-satellites have the same wavelengths as the corresponding lines of the general branches. Thus every rotational K-line is a superposition of three lines from the general branch and some lines from satellites.

The spectral energies of the P-and R-rotational lines relative to the central Q-peak are given by:
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.25*10 -4 cm -1 are the spectroscopic constants for He 2 in the gas phase. The level with K'=1 is the lowest level allowed for the 3 Σ upper state such like K''=1 for the lower 3 Π state. The electronic energy between these levels is E 0 =15623cm -1 [START_REF] Ginter | [END_REF] and corresponds to the band head with the wavelength of 640.08 nm. The spectral position of the Q-, P-, and R-lines calculated using Eq.( 2) is shown in Fig. 6. The calculated wavelengths of the rotational lines are in a good agreement with the measured line frequencies reported in the literature [START_REF] Ginter | [END_REF]. Comparison of our measured spectrum with the position of the rotational lines of free molecule shows that the spectrum recorded for LHe at 4.2 K is shifted by 0.5 nm towards shorter wavelengths.

The rotational line intensity is proportional to
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Here S J'J" is the Hönl-London factor [START_REF] Kovacs | Rotational structure in the spectra of diatomic molecules[END_REF], pop(J') is the population of the upper level J'. The Hönl-London factor depends on the total angular momentum J' and J'' of the transition and it is different for the general lines and the satellite lines which both contribute to the measured spectrum. The Hönl-London factors S J'J" of the b-d triplet rotation lines have been calculated in [START_REF] Budo | [END_REF] and listed in [START_REF] Schadee | Communication from the Observatory at Utrecht[END_REF] as a functions of the J"-number of the lower rotational level of transition. In our approximation the multiplet splitting of the rotational levels is not resolved and the (K', K") transition line intensity can be expressed as a function of the K' quantum number of the upper triplet level. Thus, the line intensities for the Q-, P-, and R-branches can be expressed by the following simple formulae taking into account the contributions from general and satellite transitions ,
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Here K' is the quantum number of the upper level of the rotational transition.

The analysis above allows us to estimate the population of the rotational levels. A simulated spectrum based on the distributions calculated by equation ( 4) is shown in figure 6. The relative populations of rotational levels are presented in Fig. 7 as a function of the quantum number K' in a semi-logarithmic plot. In this semi-logarithmic plot a Boltzmann distribution corresponds to a linear function. We find that a Boltzmann distribution is only exhibited for large K'. The 'rotational temperature' derived from this distribution is 780K which is significantly higher than the temperature of 4.2 K of the liquid. Similar high rotational temperatures were observed for excimers ejected from photo excited 3 He and 4 He clusters and droplets [14,15]. Furthermore, the populations derived from the P-branch intensities are larger than those from R-branch lines intensities. This fact can formally be interpreted by the existence of an additional source of radiation. The magnitude of such a "red satellite" contribution can be obtained from the difference between measured and simulated spectra in the range of the P-branch lines. Contributions from higher vibrational transition such as (v = 1, v' = 1) can be excluded although its band head at 642 nm is close. The precise origin of the additional radiator is unclear yet and here we can only tentatively explain the red satellite bands as possibly due to a van der Waals bound molecular complex formed by the radiating atom or molecule and single helium atom.

Surprisingly, we observe a dependence on the corona discharge polarity. Spectra obtained with reversed polarity (positive tip voltage) show an increased intensity, Fig. 8. Red satellites have been observed in the vicinity of both atomic and molecular lines. At present we do not have an explanation for the polarity dependence. Further calculations and experiments on the nature of the profiles of the red satellite lines and bands are in progress and will be reported together with a more detailed account of the results presented here.

CONCLUSION

We have shown that, in liquid helium at 4.2 K localised atomic and molecular excited helium states can be created by using a corona discharge as excitation source. Spectra were recorded in a large range of hydrostatic pressures ranging from 0.1 to 4 MPa. The analysis of the observed shifts and widths shows a distinct behaviour from what is predicted by classical line broadening theory and provides evidence for the presence of emissions from species enclosed in bubbles. The analysis of the rotational line intensities of molecular bands reveals the existence of a new type of light emitter that contributes to the lower wavelengths of atomic and molecular bands. Surprisingly, the intensity of these 'red satellite' bands was found to depend on the corona discharge polarity. Further experiments and calculations are required to better understand the origin of this phenomenon. 
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 3 Figure 3. Profile of the 706nm atomic line for different pressures at 4.2K.

Figure 4 .

 4 Figure 4. Full-Width-at-Half-Maximum (FWHM) of the 706nm atomic line vs. pressure. Solid line: calculation using the 'bubble' model reproduced from figure6in[23]. Dashed line: calculation using the 'impact' approximation.
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 5 Figure 5. Schematic representation of energy levels and transitions between the d 3 Σ + u and b 3 Π g . The general bands are shown as solid arrows. Three Q-branch satellite lines Q R 12 are shown as dashed arrows.
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 6 Figure 6. Position of the rotational lines for (0 -0) band of the d 3 Σ + u => b 3 Π g triplet emisson. The points represent the measured spectrum. The simulation of the spectrum is shown as a thin line. The additional 'red satellite' radiator is shown as a thick line.
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 7 Figure 7. Relative population of rotational levels of the upper term d 3 Σ + u .
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 81 Figure 8. Rotational spectra of d 3 Σ + u => b 3 Π g transition for corona discharges with positive tip polarities in LHe at T=4.2K, P=0.142MPa.
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 678 Figure 6. Position of the rotational lines for (0 -0) band of the d 3 Σ + u => b 3 Π g triplet emisson. The points represent the measured spectrum. The simulation of the spectrum is shown as a thin line. The additional 'red satellite' radiator is shown as a thick line.
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