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Abstract. High density plasmas created by high-voltage pulsed discharges in liquid helium below 4.2 K, 1 atm, and 
cryogenic helium gas near 4.2 K, 1 atm, have been investigated by spectroscopic measurements in the visible 
spectral range. The well known atomic lines exhibit strong and broadened profiles with underlying continua at 
early stages. Several experimental findings indicate that this broadening is dominated by Stark broadening caused 
by the presence of the, transient plasmas. The spectral profiles are therefore used to deduce the plasma densities, 
which are on the order of 10" crn" at 0.2 ps after the breakdown. The electron temperatures are measured kom the 
ratios of total spectral line intensities to continuum intensities. It turns out to be about 35,000 K at 0.2 p. The 
measured plasma parameters suggest that the observed plasmas are moderately strongly coupled plasmas with 
Coulomb coupling coefficients around 0.1. In addition, some strong spectral features are observed near 430 nm, 
which can be assigned to He2 transition (g'8;--a3&,+). The reaction mechanisms are discussed in this paper. 

1. INTRODUCTION 

For many years, a variety of high-density plasnlas that were beyond the scope of conventional laboratory 
experiments have been generated by novel methods such as laser implosion of a small target [I ,  21. 
Azechi et al. [2] generated a strongly coupled (non-ideal) and partly degenerated plasma with density on 
the order of ~ m - ~  and electron temperature of 0.5 keV attained by the laser implosion. Here, the 
strongly coupled plasma means that the Coulomb coupling coefficient r defined by the ratio of the 
average Coulomb energy to the average kinetic energy is not much less than unity. Shock wave 
compression in gases or solid materials have been measured to generate non-ideal plasmas with densities 
on the order of 10'' cm3 and electron temperature around 1 eV [3]. One of the authors (A. W. DeSilva) 
and his collaborator measured by means of laser scattering a plasma with densities 10" cmV3 and electron 
temperature 2 eV [4]. Peaked spectra caused by ion-acoustic fluctuations in the collision dominated 
plasmas were detected and fitted to Bhatnagar-Gross-Krook model among various versions. 

On the other hand, spectroscopic measurements have been employed extensively to investigate 
plopelties of dissolved i~npurities in liquid helium (LHe). Spectroscopic measurements were carried out 
to measure dissolved clusters from metal target caused by laser ablation [ S ] .  Laser-generated sparks 
have been employed to analyze liquids spectroscopically [6 ] .  Our spectroscopic study presented here 
was motivated by a possible existence of cryogenic plasma states generated by high-voltage pulsed 
discharges in LHe [7]. The cryogenic plasma, i.e., positive and negative ion mixture with temperature 
below 4.2 K dissolved in LHe, may be an unknown subject in physics of condensed matter. Time- 
resolved emission spectra resulting from sparks in LHe and cryogenic helium (He) gas are here measured 
in the visible spectral region from 380 nm to 720 nm. In LMe, a high power discharge will create a 
gaseous He bubble between the electrodes, as occurred in other liquids [6 ] .  The measurements we made, 
in fact, are limited to transient gaseous He plasmas in cryogenic environments immediately after the 
pulsed discharge. The results show that the well known neutral He atomic lines are strong and 
broadened with underlying continua at the early stages. Several experimental findings indicate that this 
broadening is dominated by Stark broadening caused by the presence of the transient plasmas. The 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1997426

http://www.edpsciences.org
http://dx.doi.org/10.1051/jp4:1997426


(34-320 JOURNAL DE PHYSIQUE IV 

spectral profiles are therefore used to deduce the plasma densities. The electron temperatures are 
measured ffom the ratios of total spectra1)line intensities to continuum intensities. These data suggest 
that the observed plasma with relatively high density and low electron temperature due to rapid cooling 
are moderately strongly coupled plasmas beyond the scope of conventional discharges in gas at room 
temperature. In addition, there are some strong spectral features near 430 nm (23300 cm-'), which can 
be assigned to the He2 transition (g3~:---a3~:). They are not observed in 77 K and 300 K, 1 atm, He 
gas under the same experimental conditions. By analyzing these spectral data, the emissions of neutral 
atomic He are estimated to be from the hot core of the plasma while the strong molecular He2 transitions 
occur at the rapid cooling edge layers, where the molecular He ions become dominant positive ions. 

The outline of this paper is as follows: the experiment is described in section 2, analyses and 
discussions of the measured results are given in section 3, and conclusions are presented in section 4. 

2. EXPERIMENTS 

Pulsed discharges of -22 kV are made between tungsten rod electrodes separated by 1.5 mm in a Dewar 
bottle filled with LHe or with.cryogenic He gas. The peak discharge current measured by a Rogowski coil 
is about 50 A with 0.5 ps duration as shown in Figure 1. The states of He examined are (1) superfluid 
LHe Il with temperature 1.62 K and pressure 5.8 Torr, (2) normal fluid LHe with 4.2 K and 1 atm, (3) 
cryogenic He gas near 4.2 K and 1 atm, (4) He gas near 77 K and 1 atm, and (5) He gas at 300 K, 1 atm. 
The case (1) is attained by evacuation cooling, i.e., the pressure of He gas above the LHe surface is kept at 
5.8 Torr. The cases (4) and (5) are investigated for comparison. 

0 1 2 
Time (GS) 

Figure 1:  The discharge current vs time measured by a Rogowski coil. 

The light emissions from the spark are collected through a vertical transparent slit made on the Dewar 
bottle by a lens and focused into the entrance slit of a 0.25 m monochromator fitted with a 1200 
grooves/mm grating. The detector is a MCP high-speed gated image intensifier head combined with a 
multichannel detecting system. The 1024 channels cover a spectral region of 46 nm when the center 
wavelength of the monochromator is set to 550 nm. Spectra at various delay times td after the discharge 
can be measured in a certain spectral range without the necessity for scanning the spectrometer. The time 
resolution is 0.4 11s. No pal-ticular efforts have been made for getting spatial resolution. The data are 
average values of all line-of-sight emissions. The calibration of the spectral response is carried out by 
using a tungsten-filament 2,854 K standard lamp. 



3. ANALYSES AND DISCUSSIONS 

3.1 Determination of Plasma Densities 

3.1.1 Spectral Line Broadening 

The emissions from discharges in all five cases (1)--(5) in a spectral region from 380 nm to 720 nm last 
typically about 6-8 ps. In the low temperature cases (1)--(3), the spectra show extremely broadened 
neutral He atomic lines together with a very strong continuum background at the early stage after the 
discharge. Then, the continua gradually disappear. Most of the strong atomic lines 388.9 nm (3p3P- 
2s3s), 447.1 nm ( 4 $ ~ - 2 ~ ~ ~ ) ,  501.7 nm (3p'~-2s'~), 587.6 nm ( 3 $ ~ - - 2 ~ ~ ~ ) ,  667.8 nm (3d1D-2p'~) 
and 706.5 nm ( 3 ~ ~ s - 2 ~ ~ ~ )  in this spectral region appear and become increasingly narrow in line width as 
time elapses. An example of case (I)  near the spectral line 587.6 nrn is shown in Figure 2. 

Wavelength (nm) 

Figure 2: Time-resolved emission spectra near 587.6 nm ( 3 d ~ - 2 ~ ' ~ )  in 1.62 K, 5.8 Tom liquid helium. Note the line 
broadening and continuum at early stage. 

For the gas cases in our conditions, the observed spectral line broadening can be considered to be 
dominated by Stark broadening as in usual dense plasmas. The plasma densities can be accordingly 
calculated with the use of the theory developed by Griem and his co-workers [S-101. In LHe cases (1) 
and (2), however, the plasma is believed to be located in the gas bubble bounded by LHe, in which the 
pressure may be very high and decreases rapidly as time progresses [6] .  The line width, therefore, may 
result partially from the effects other than that of the local electrons and ions. Nevertheless, the 
following experimental findings indicate that the broadening in LHe is also dominated by Stark 
broadening. 

Firstly, the measured spectral line profil~s and numerically calculated Stark profiles can be well 
fitted with each other. The numerical calculations of the Stark spectral line profiles are based on the 
impact approximation for electrons and quasi-static approximation for ions as were described by Griem 
and the co-workers [8-101. Two examples of the fittings for the spectral line 587.6 nm at delay time 
0.2 ps and 1.4 ps, respectively, in the case (1) are shown in Figure 3. The poor fit at the line center is 
probably due to contributions from low-density edge layers because of the spatial and temporal 
nonuniformity of plasma parameters in the discharge region. 
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Figure 3: The comparison behveen theoretically calculated Stark profiles and the measured spectral line shapes of spectral line 
587.6 nm at delay time a) 0.2 ps and b) 1.4 p in 1.62 K, 5.8 Ton superfluid liquid helium. 

Secondly, the plasma densities deduced fiom a few different isolated lines by fitting the line profiles 
exhibit consistency within an error limit under the assumption that the mechanism of Stark broadening 
dominates the spectral line profiles. The results after Debye shielding correction [9] of spectral lines 
388.9 nm, 587.6 nm, 667.8 nm and 706.5 nm in case (I) are given in Table I. Some of the data have 
large deviations from others. For example, the density qbtained from line 667.8 nm at the delay time t d=  

1.0 ps is very low. However, these inconsistencies are not worse than those in gas cases. Taking into 
account the experimental errors, e.g., time jitter (-0.1 ps) of MCP delay in our single shot measurements 
and the accuracy of numerical calculation according to Refs. 8-10, errors in density determination from 
He neutral atomic lines can be estimated to be as large as 35%. 

, , I . , .  

- Experiment td=0.2 1 s  --- Theory 

Table I: Plasma densities obtained by fitting different emission spectral l i e s  for 1.62 K, 5.8 Ton, liquid helium. 
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'-" The experimental spectral line profile is too difficult to obtain because of strong continuum background or poor signal-to- 
noise ratio. 



Finally, the average plasma densities deduced from spectral line shifts and those obtained from the 
line widths show consistency within the error limit under the assunlption that the mechanism of Stark 
broadening and shift dominates the spectral line profiles. When there exist a large number of free 
charged particles near the He atom emitters, the spectral lines will not only be broadened, but also shifted 
[8-101. Our experimental results show such shifts, just as was expected theoretically. Despite the 
large error inherent in line shifts theoretically and experimentally [8-91, the plasma densities can roughly 
be deduced from the fitting values of the shifts. The average densities in the cases (1) obtained from 
shifts and widths of 388.9 nrn, 587.6 nm, 667.8 nm and 706.5 nm are depicted in Figure 4. 

Delay Time b (us) 

Figure 4: Comparison between average plasma densities obtained from shifts and profiles of spectral lines 388.9 nm, 587.6 nm, 
667.8 nm and 706.5 nm in 1.62 K, 5.8 Torr superfluid liquid helium. 

3.1.2 Determination ofplasma densities 

Plasma density is one of the important parameters that are used to describe a plasma environment. The 
value is also very important for establishing the equilibrium in the plasma. One of the advantages of 
measuring the density through Stark broadening is that the density can be calculated with good accuracy, 
even when. the electron temperature T, is not accurately known because Stark broadening is insensitive to 
Te 

In Figure 5, the average densities after Debye shielding correction, determined fiom line profiles of 
neutral lines 388.9 nm, 587.6 nm, 667.8 nm and 706.5 rim, are plotted for the cases ( 1 x 3 )  as functions 
of the delay time td. The plasma densities are 4 . 4 ~ 1 0 ' ~  cm", 3 . 6 ~ 1 0 ' ~  cm" and 1 . 3 ~ 1 0 ' ~  cm-3 at the 
earliest stage of td = 0.2 ps in the cases (I), (2) and (3), respectively. They are 8x10 '~ ~ m - ~ ,  6x10 '~  cm-3 
and 6 x 1 0 ' ~  ~ m ' ~ ,  respectively, at td = 3.8 ps. Such plasma densities, on the order of 10" cm", are much 
higher than the values, 1 . 4 ~  10" and 1.1 x 10" ~ m - ~ ,  produced, respectively, in the cases (4) and (9, 
at td = 0.2 ps. Here, it should be mentioned that, at td = 0.2 ps, the measured line profile may be 
influenced by the remains of the discharge electric field strength. However, this effect is estimated to be 
minor, because much lower densities are acquired under the same discharge conditions in the cases (4) 
and ( S ) ,  and the plasma formed may also shield itself fiom this effect. After 3 ps, the electron densities 
in the cases (2) and (3) converge to about 6x10 '~ ~ m * ~ .  For the case (I), however, they remain above 
7x10 '~  cm" for a long time. Subsequent decreased emission intensities result in poor signal-to-noise 
ratios, and there exists a limitation in the instrumental spectral resolution. Accordingly, this 
phenomenon requires fiuther investigation. 
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Figure 5: Plasma densities as functions of delay time td in cases (1) 1.62 K, 5.8 Torr superfluid liquid helium (He), (2) 4.2 K, 1 
atm normal fluid liquid He and (3) 1 atm He gas near 4.2 K. 

In addition, in terms of the plasma densities obtained here and electron temperatures, which will be 
discussed in the next section, the densities of neutral He atoms at the breakdown region can be estimated 
by Saha equation. It turns out that the density of neutral ground-state He atoms at delay time td = 0.2 ps 
is on the order of loL6 c11-1-~, while typical plasma density at this moment is 10" ~ m ' ~  in the cases ( l H 3 ) .  
This fact provides another evidence for dominant inechanisin of Stark broadening. 

3.2 Determination of Electron Temperatures 

3.2.1 Measurement ofElectron Temperatures 

The observed underlying continuum light in our measurements is considered mainly to arise from 
recombination radiation and bremsstrahlung due to atomic processes. By using the observed continuum, 
the electron temperatures can be deduced by relative line-to-continuum intensities described by Griem in 
Ref. 8. The procedure of this niethod is to calculate the ratio of the measured total spectral line intensity 
to the continuum intensity in a certain wavelength band, e.g. 10 nm, centered at the line. .This result is 
then compared with the calculated one 181. The ratio is a function of electron temperature and is 
independent of the plasma density. Comparing with other spectroscopic methods for electron 
temperature determination, this method is normally restricted to simple pure gases such as hydrogen and 
He, because continuum intensities can be precisely calculated. However, it permits rather precise 
temperature determinatioils in ;elatively low temperatures (15,000 K < T, < 30,000 K). As in most of 
other spectroscopic methods, this method is also only applied to local thermodynamic equilibrium (LTE) 
plasmas. The validity of LTE under our conditions will be discussed in the next subsection. 

Figure 6 shows the measured T, as functions of delay time td  in the cases (1)--(3). It is found that, 
at delay time td  = 0.6 ps, T e ;  32,000 K, 33,000 K and 25,600 K for the cases (1)--(3), respectively. 
They are 19,100 K, 15,900 K and 17,500 K, respectively, at td = 3.0 ps. The decay time of Te in the case 
(1)  has some similarities to that for the case (3). In the case (2), however, the decay seems to be 
somewhat faster than others. The theoretical [8] and experimental uncertainty in the temperature 
measu~.ements is estimated to be 20% for the delay time td  between 0.6 ps and 3.0 ps in the cases (1)-(2) 



and between 0.2 ps and 3.0 ps in the case (3). Before 0.6 ps in LHe cases, a very strong continuum 
background and extrenlely broadened emission line profiles prevent the determination of T,. On the 
other hand, after 3.0 ps, the continuum background becomes too weak to obtain electron temperature 
within error 30%. 

Delay Time b (us) 
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m 
Sr 

Figure 6: Electron temperatures as functions of delay time in cases (1) 1.62 K, 5.8 Tom superfluid liquid helium (He), (2) 4.2 K, 
1 atm normal fluid liquid He and (3) 1 atm He gas near 4.2 K. 
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In order to determine electron temperature T, by using the method described above, it is necessary to 
assume that the plasma establishes a state of LTE soon after its formation. Although it is not certain that 
LTE exists in this transient plasma, there are some general arguments for the existence of LTE. Firstly, 
the lower criterion imposed on plasma density, for which the plasma will be within 10% at LTE for the 
excitation and ionization distributions, is 2 x 1 0 ' ~  cm". From our experimental results up to 3.8 ps, the 
electron densities satisfy this criterion. This suggests that LTE can be attained during this time. The 
high plasma density and high pressure in the bubble formed by breakdown in LHe imply high collision 
frequencies between constituent particles. Secondly, the criterion of the time for the excitation and 
ionization distributions to establish equilibrium is estimated to be less than 70 ns in our LHe cases at t d =  

0.2 ps [8, 111. The time for establishing a kinetic equilibrium between electrons, heavier neutral atoms 
and ions turns out to be less than 1 ns at t d =  0.2 ps [8, 121. Therefore, LTE is suggested in the plasmas 
produced in our experiments, although it is not yet possible for us to make an experimental comparison 
between three temperatures, i.e., ionization, excitation and electron temperatures, directly. Nonetheless, 
some deviations from LTE cause no great errors in temperature determination by the method of relative 
line-to-contin~1~1111 intensities for all neutral He lines which we have used, as long as densities are above 
1 0 ' ~  cm-3 [S]. 

3.3 Coulomb Coupling Coefficient r 

The Coulomb coupling coefficient r o f  a plasma defined as the ratio of the average Coulomb energy to 
the average kinetic energy call be calculated from measured plasma densities and electron temperatures. 
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According to the plasma parameters measured in the cases (I), (2) and (3),  the r factors of the transient 
plasmas are arot~nd 0.1 which is about 5 times greater than that for the case (5). Therefore, our plasmas 
in cryogenic environments are considered to be moderately strongly coupled plasmas. 

3.4 Analyses of Reaction Dynamics 

As one of advantages, the spectroscopic observations can provide not only plasma parameters such as 
density and electron temperature but also the information on reaction dynamics of the plasma. 

In our experiments, the observed emissions fiom excited neutral atoms are very intense. These 
emissions were, however, coinpletely absent in Kimura's spectra of nitrogen ion-impinged cryogenic He 
gas in this spectral range [13]. Only transitions of atomic He 706.5 nm ( 3 ~ ~ s - 2 ~ ) ~ )  and 728.1 nm 
( ~ ~ ] S - Z ~ ' P )  occurred in Brooks and Hunt's proton beam irradiated cryogenic He gas [14]. The failure 
to observe atomic lines was considered to arise from associative ionization reaction (Hombeck-Molnar 
process) [ 151, 

In our case, the concentration of neutral ground-state He atoms in the center part of breakdown is 
relatively low. It is reasonable that most of excited atomic He transitions occur with significant 
intensities as in the case (5) at the hot core of the transient plasma. 

In addition to the neutral atomic spectra, some strong spectral features are observed near 23300 cm-' 
(-430 nm) in the cases (1)-(4). Here, for the convenience of assignment, unit of frequency is used. 
The time-resolved spectra from 22100 cm-I to 24400 cm-' ( -410450  nm) for the cases (1) and (2) are 
shown in Figure 7. According to the spectrai data given by Orth and Ginter 1161, they consist primarily 
of spectra of Hez transitions, P branch, g 3 ~ ~ ( ~ ~ ~ 3 ~ ~ ( v = 0 )  as marked in Figure 7. A few weak peaks 
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450 440 430 420 410 
I I I I 

-. 0:2 LLS - - 

Frequency (cm-') Frequency (cm-') 

Figure 7: The time-resolved emission spectra from 22100 em-' to 24400 em-' (-410-450 nm) at delay time 0.2 p, 1.0 p, 1.8 
ps and 3.4 ps after discharges in cases a) 1.62 K, 5.8 Tom liquid helium (LHe), and b) 4.2 K, 1 atm LHe. 



can be assigned to v(1-1) vibrational band with N=l, 3 and 13. No lines of the R branch are identified. 
yere, it should be mentioned that the spectral resolution and frequency precision of our system is about 6 
cm-I at 18182 cm" (550 nm). The assignments are accordingly limited to this precision. Some lines of the 
band may be ruled out because of line shift due to high pressure or line mixing. The line marked x is 
probably caused by the transition g-a (0-O), N=17. However, the frequency discrepancy is as large as 
1 I cm-I. 

The only reasonable source of excited He;(g3z;) seems to be neutralization of ionic species. No 
experimental observations and theoretical expectations about the formation of He2*(g32;) by other way 
have been reported. One of possible ionic species is He;. In plasmas of high neutral density, Hec ions are 
rapidly converted to He2+ ions through ion conversion processes [15]: 

The associative ionization process (1) also occurs rapidly for excited atoms with levels higher than n=2. 
It is commonly believed that the He: ion formed from reactions (1>--(3) are in highly excited vibrational 
states [IS, 171. However, the spectra we observed in low temperature are found to be "hot" rotational 
ttisQibution maximized at N=15 with "cool" vibrational distribution (v=O and 1) of Hez*. The resultant 
molecules of the transition should be rotationally excited molecules in a3z,' state. As a progenitor of 
~e;(g~~,"),  He; ion probably relaxes to its ground vibrational state very fast. However, it is very 
difficult to picture a mechanism to explain the formation of H~;(~~c,") or its progenitor, He: ion, in 
highly rotationally excited states. 

Rotational distribution of non-thermal equilibrium was observed in temperature lower than about 
200 K by Callear and Hedges [18]. Infrared absorption spectra from metastable He molecules (a3C:) 
were previously examined with proton beam irradiation by Brooks, Hunt and Tokaryk [17, 191. It was 
observed that the vibrational-rotational distribution within the a3z,: state was far from thermal 
cq~~ilibrium. There were three different vibrational-rotational groups: thermal inolecules (v=O, N=l), 
rotationally excited molecules (v=O, 91N121) and vibrationally excited molecules (lO<v<12, N=l ) .  
They suggested that the rotationally excited molecules were the products of neutralization of ~ e 3 '  ions 
rather than He2' ions, which were considered to be progenitor for the vibrational excited ones. 

Evidence of the existence of ~ e ;  ions in low temperatures was given by Patterson [20]. It was 
proposed that the reaction leading to a stable He3+ was a three-body process or a four- body reaction [17], 

The rate of formation of He; from He; was found to be faster than the formation of He; through 
reaction (2) and (3) at 76 K. Further studies made by other researchers indicated that ~ e ;  ion was, in 
fact, the dominant ion in 76 K He afterglow and the neutralization of these ion species produced ~ e ;  and 
He (211. 

Obviously, this reaction model can explain our spectra very well. However, it seems to be 
impossible to estimate that the molecular emissions come from the hot core of the plasma. At edge 
layers, where the density of neutral He atoms is very high and all kinds of particles are undergoing a rapid 
cooling, ~ e , '  ions are formed quite readily. According to the intensities of the spectra presented here, 
He; ions may be created very copiously in outer layers during and after the discharge. They lead to 
recombination within the time resolution of 0.4 ps. 

In conclusions, as schematically illustrated in Fig. 8, the intense neutral atomic He spectra are 
considered to be from the hot core of the plasma, where the dominant positive ions are Hec. The 
obtained plasma densities and electroil temperatures in this work art? spatial average values of the line-of- 
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sight in this region. In contrast, the strong molecular He2 transitions are considered to occur at rapid 
cooling edge layers. They are suggested to be a subsequent process of neutralization of ~ e 3 '  ions. In 
other words, in edge region of the plasma, He3+ are the dominant positive ions. Here, it should be noted 
that the so-called "hot core" and "rapid cooling edge layer" are two extreme conditions. Between these 
two conditions, there may exist some region where both excited atoms and molecules are emitting and the 
kinetics are much more complicated. The object we viewed is a very dense transient plasma with 
extremely large temperature and density gradients. 

High Plasma Density 
Hot Core 

\ 

Neutral He 
Atomic Emissions 

f 

i 

Rapid Cooling Low Plasma He, Molecular 
Density Edge Layer Emissions 

Figure 8: The schematic diagram of the discharge region. 

4. CONCLUSIONS 

Thedme-resolved emission spectra from high-voltage pulsed discharges in LHe below 4.2 K, 1 atm, and 
cryogenic helium gas near 4.2 K, 1 atrn, have been examined in a spectral region from 380 to 720 nm. 
The spectra exhibit both the well known neutral atomic lines, which are strong and broadened with 
underlying continua at early stages, and intense molecular He2 transitions. 

Several experimental findings indicate that the broadening of neutral atomic lines in LHe cases is 
dominated by Stark broadening. The spectral profiles are therefore used to deduce the plasma densities, 
which are on the order of 10" ~ m ' ~  at 0.2 ps after breakdown. The electron temperatures are measured 
from the ratios of total spectral line intensities to continuum intensities. It turns out to be about 35,000 
K at 0.2 ps. The gaseous plasma state with relatively high density and low electron temperature is 
obtained in cryogenic environments. According to the plasma parameters obtained here, the Coulomb 
coupling coefficient r a r e  around 0.1 which is about 5 times greater than that in the room temperature He 
gas case. Therefore, the plasmas are considered to be moderately strongly coupled plasmas. 

However, the obtained plasma parameters are limited to the region of the plasma hot core, where the 
emissions of neutral excited atoms are substantial. At rapid cooling outer layers, ~ e ~ +  ions are proposed 
to be dominant positive ions. The strong molecular He2 transitions are estimated to be a subsequent 
process of neutralization of ~ e ?  ions. 

The present work makes the first investigation on a transient plasma produced by pulsed discharge in 
LHe environment. The present results would be helpll  to understand the physics of very dense helium 
plasmas. 
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