
MOLECULAR PHYSICS, 1984, VOL. 52, No. 3, 541-566 

An investigation of  the laser optogalvanic effect for atoms 
and molecu le s  in recombination- l imited plasmas 

by J U R G E N  P F A F F ,  M A R I A N N E  H. B E G E M A N N  and 

R I C H A R D  J. S A Y K A L L Y  

Depar tment  of Chemistry,  University of California, Berkeley, 
California 94720, U.S.A. 

(Received 24 November 1983 ; accepted 28 January 1984) 

In this paper the nature, the characteristics, and the potential applications 
of the optogalvanic effect are explored in a broad set of experiments. The 
optogalvanic effect was investigated, for the Ar, Ne, He, Ar +, He +, Cu and 
Na atoms and N2, H~, CO, CN, NH2, He2, and CuO molecules in recombina- 
tion-limited hollow cathode plasmas, with the use of dye lasers. Compara- 
tive studies of the time dependence of transitions from metastable and 
non-metastable states of neutrals and non-metastable states of ions were 
made. Autoionizing transitions in Cu(I) were found to yield very strong 
OGE signals. An examination of the various processes known to be 
important in such plasmas indicates that associative ionization is a very 
effective means for coupling light energy into the plasma. Measurement of 
Rydberg transitions in the helium dimer suggests that optogalvanic 
spectroscopy in recombination plasmas may be useful as a way to study such 
molecules with repulsive ground states by generating them 'from the top 
down ' by recombination. 

I. INTRODUCTION 

T h e  optogalvanic effect (OGE) ,  in which intense light f rom a laser is used to 
induce current  or voltage changes in a plasma, has recently been exploited for a 
number  of purposes, including analytical flame spectroscopy [1], laser stabiliza- 
tion [2], plasma diagnostics [3], atomic spectroscopy [4] and most recently, 
molecular spectroscopy [5], and dynamics [6]. T h e  generality of the O G E  is 
evidenced by the facts that four different types of plasma sources have been 
utilized for these studies, viz. flames [1], positive column DC discharges [2-4], 
hollow cathode DC discharges [4] and radiofrequency discharges [5], that lasers 
operating throughout  the visible and infrared have been employed as radiation 
sources, and that both resonant transitions and broadband non-resonant  back- 
ground signals are observed. 

T h e  mechanism of the O G E  has generally been thought  to involve laser 
enhancement  of the ionization rates of atoms or molecules present in the plasmas 
or a laser-induced depletion of the populations in metastable excited electronic 
states [6]. Several models of the O G E  have been constructed, each appropriate 
for a given type of plasma. However ,  these are principally phenomenological  
in nature and do not account for many of the complex processes occurring in 
ionized gases that could, in principle, be involved in a laser-induced impedance 
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change. Particularly, the mechanisms responsible for the OGE observed with 
infrared lasers may not be the same as those that are important at visible fre- 
quencies. 

We have previously reported the observation of infrared optogalvanic spectra 
obtained near 2-7 txm using a colour centre laser [7]. Transitions originating in 
low-lying Rydberg states of neon, argon, lithium, and barium atoms, generated 
in commercial hollow cathode lamps, and of hydrogen and helium atoms, 
generated in a planar hollow cathode (PHC), were observed in this preliminary 
work. In this paper we present the results of a study in which the OGE was 
used to obtain electronic spectra of a variety of atoms and molecules in the PHC 
and in a slotted hollow cathode (SHC) using pulsed and cw dye lasers operating 
at visible wavelengths. In addition, we report the first definitive detection 
by this method of atomic ions having high second ionization energies (He + , 
At+). 

The objective of this research was to explore the potential of recombination- 
limited hollow cathode discharges for optogalvanic spectroscopy of atoms, 
molecules, and ions. In particular, electron-ion recombination can dominate 
the plasma loss mechanisms in these types of discharges ; since this process can 
be state-selective, the OGE in a hollow cathode plasma could provide a sensitive 
new detection technique for laser-induced electronic transitions in molecular 
ions. Furthermore, since electron-ion recombination can produce the corre- 
sponding neutral species in a high Rydberg state, which then relaxes by radiating 
and/or predissociating, the OGE in a recombination-limited plasma offers the 
prospect of carrying out spectroscopic studies of neutral molecules generated 
' f rom the top down ', i.e. by forming the molecules in high Rydberg states 
through recombination. Such a scheme could prove valuable for investigating 
the electronic structures of molecules for which the corresponding positive ions 
are stable, but whose own ground states are repulsive (e.g. H 3, N H  4, HnO, 
Hez, Ne 2, He l l  and ArH), particularly because optogalvanic spectroscopy can 
be a sensitive means of monitoring predissociation channels in such systems and 
would therefore be complimentary to emission studies, such as those recently 
conducted by Herzberg and his collaborators on Ha [8] and N H  4 [9]. 

2. EXPERIMENTAL 

A block diagram of the OGE apparatus is given in figure 1. Pulsed laser 
radiation was generated with a flashlamp pumped dye laser (Chromatix CMX-4) 
and cw radiation by a ring dye laser (Spectra-Physics 380-C) pumped with either 
an argon or krypton ion laser (Spectra-Physics 171), all rented from the San 
Francisco Laser Center. The operating parameters of these lasers are sum- 
marized in table 1. The wavelength of the visible laser radiation was determined 
by coupling a fraction of the power into a commercial hollow cathode lamp 
filled with neon and recording the neon optogalvanic spectrum along with 
that from the hollow cathode discharge generating the plasma being studied. 
The laser beam was directed through either the PHC or the SHC with from one 
to 12 passes. The pulsed laser could be focused in order to achieve multipassing, 
however, the focusing itself had no noticeable effect on the parameters of the 
OGE signal. The HC discharges were driven by a regulated DC supply with a 
ballast resistor inserted in series. Laser induced impedance changes in the 
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plasma were detected by monitoring the discharge current  through an additional 
series resistor (100 f~) or by directly monitoring the voltage across the discharge 
itself. T h e  O G E  signal was ac coupled (10 nF)  into a boxcar averager 
(PAR162/164) or a lock-in amplifier (PAR124A) and displayed on a two channel 
strip chart recorder  along with the neon calibration spectrum. 
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Figure 1. Schematic diagram of the optogalvanic spectroscopy experiment. 

"Fable 1. Operating parameters of the laser systems. 

Pulse Peak Average Line Repetition 
Laser system width power power width rate 

Flashlamp pumped dye laser 
(Chromatix CMX-4) 1 /zs 3.3 kW 100 mW 3 cm -x 30 Hz 

Ring dye laser 
(Spectra physics 171/380c) * * 500 mw 0.1 cm -1 ew 

Diagrams of the hollow cathode systems used in this work are presented in 
figure 2. T h e  P H C  design is essentially that used for the gain cell of a copper  
vapor laser by Warner  et al. [10]. I t  consists of two 10 cm long pieces of copper 
X-band waveguide (1.3 • 2.5 cm) that are mounted  in parallel in an a luminium 
anode block. Water  cooling of the cathodes is achieved through the use of 
0.75 cm diameter copper  tubes which pass through the anode block. These  are 
also used to make electrical connections to the cathodes. Isolation of the cathode 
feedthroughs f rom the anode is achieved with the use of teflon mounts  and o-ring 
seals. T h e  ends of the waveguide are sealed with silver-soldered strips of copper 
to allow for the water cooling. The  separation of the cathodes is adjustable f rom 
0.5 cm to 1.5 cm. Aluminium spacers are placed between each cathode and the 
aluminium anode so that the distances between the copper cathodes and the 
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anode block are kept small enough (~< 1 ram) to prevent the occurrence of a 
discharge in the gap between them. In the SHC configuration the slot that 
confines the discharge is bored into a 10 cm long copper cathode, with a cross 
section of 0"7 x 0"7 cm. An opposing planar copper anode is placed ~< 1 mm 
away from the cathode, confining the negative glow discharge to the slot region. 
The copper anode and slotted cathode are both hollow to allow for water cooling, 
and are mounted into the aluminium block with teflon seals, electrical connec- 
tions, and water feedthroughs similar to those used for the PHC. 

Anode 3athodes 

Planar 
Hollow 
Cathode 

Cooling 
Water 

Anode Cathode 

Slotted 
Hollow 
Cathode 

Figure 2. Cross-sections of the hollow cathode discharge cells used in this work. Top : 
Planar hollow cathode (PHC), as described by Warner et al. [10]. Bottom: 
Slotted hollow cathode (SHC) 

In the PHC plasma the surface of each cathode is covered with a thin 
luminous glow (cathode glow) which is bounded by a dark space (cathode 
sheath) about 1 mm thick. The region between the two dark spaces (the nega- 
tive glow) is sampled by the laser beam. With the geometry of this discharge, 
the positive column is normally suppressed. The properties of a PHC plasma 
have been rather thoroughly investigated for the case of pure helium at both 
high and low current densities and for pressures in the range 4-8 torr [11]. 
In pure helium, nearly all ( ~ 99 per cent) of the discharge potential (200-600 V) 
appears across the cathode sheath regions. Ionization in the negative glow is 
maintained primarily by ' beam electrons ' ; these electrons are produced by 
bombardment of the cathode surfaces with positive ions, photons, and metastable 
atoms and are accelerated through the cathode sheath to energies approaching the 
full cathode fall (~200  V). These electrons, as well as secondary electrons 
produced by ionizing collisions of beam electrons with the background gas, are 
trapped between the sheath potentials and degrade in energy by elastic and 
inelastic collisions until the majority of electrons thermalize to approximately 
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Figure 3. A He Rydberg series originating in 3s 3S to np 3po is observed near the red wing 
of the strong 6678.2 A He line. The broadening of high-n lines is caused by the 
plasma Stark effect (Holtzmark theory [12]). 

~ 0.7 eV ( ~  900 K). The electron and ion densities in the negative glow plasmas 
can exceed 1013 cm -3 for current densities of 0.01 A cm -~ and vary approxi- 
mately linearly with current. An estimate of the electron density in these 
studies was made possible by the measurement of the He 3s 3S to np 3p Rydberg 
series, obtained with the CMX-4 laser system (figure 3). Transitions to levels 
with n as large as 27 are clearly distinguishable, while higher members are 
obfuscated by the very strong He 2p ~Po-3d 1D transition. Stark broadening 
of the high-n lines is clearly discernible. The Stark-broadened linewidth for 
high principal quantum numbers can be approximately related to the plasma 
density by Holtzmark theory [12] whence 

AA-  A~ Zvh  cZMe (rip- n?)Ni?/3, (1) 

where Z and Z~ represent the nuclear charge of the radiator and perturber 
respectively, A 0 is the resonance wavelength and Np is the sum of electron and ion 
densities, which are assumed to be equal. Since the Stark-broadened linewidth 
increases with both electron density and n, high-n levels can only be observed at 
low electron densities. From the linewidths of the 3s 3S-np 3p series, we estimate 
an electron density (ne) of 1-2 x 1011 cm -3 in helium, using rather mild discharge 
conditions ( I=0 .15  A, cathode spacing= 1.0 cm, P = 3  torr, J=0 .003  A cm-2), 
which allowed for the observation of high n levels and thus enabled us to set a 
lower limit on the electron density under these conditions. By scaling to the 
higher pressures and current densities of the slotted cathode (0.024 A cm -~) we 
estimate considerably higher electron densities, approaching 2 x  1013cm -3. 
Because of the combination of a high plasma density and a very low electron 
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temperature in these discharges, both radiative electron-ion recombination and 
three body recombination are important loss mechanisms for the charged par- 
ticles, along with ambipolar diffusion. When operated at appropriate pressures 
and currents, the plasma can be extremely quiet and stable. These characteris- 
tics of high plasma density, low plasma temperature, and very stable, noise-free 
operation make these special hollow cathode plasmas attractive for optogalvanic 
spectroscopy of molecules. 

Although the slotted hollow cathode has not been modelled in the same 
detail as the PHC, its characteristics are known to be very similar [11]. Due to 
the smaller cathode surface area the current density is higher and because of the 
smaller volume the discharge operates at a higher pressure, typically between 
5 and 10 torr. The largest OGE signals were found with the slotted cathode 
configuration. In this configuration there is a much better overlap of the laser 
beam with the discharge. Consequently, the laser-perturbed portion of the 
discharge carries a correspondingly larger fraction of the total current. 

3. RESULTS 

Using the flashlamp-pumped dye laser and the cw ring dye laser systems, 
electronic spectra of Ar, He, Ne, Ar +, He +, Cu and Na atoms (table 2) and of the 
N2, H2, CO, CN, NHz, He~, and CuO molecules (table 3) were observed. 
Current, pressure, and time dependence of the atomic OGE signals were 
measured. 

3.1. Atomic spectra 

The extensive spectra observed for neutral argon, neon, and helium atoms, 
originating in both metastable and non-metastable levels, were used primarily 
to probe the conditions in the hollow cathode plasmas. Laser-enhanced 
ionization was generally believed to be the mechanism for the OGE involving 
non-metastable states. Ionization of laser-excited atoms or molecules occurs 
principally through collisions with other excited species or with thermal elec- 
trons. In argon the upper levels of the observed OGE transitions are 2100- 
5100 cm -1 below the lowest Ar + state. The laser excitation thus transfers the 
Ar atom from an initial state lying > 25 kT below ionization by thermal electrons to 
a state which lies from 3 to 5 kT from ionization. The laser excitation therefore 
greatly increases the number of electrons that are capable of ionizing the atoms. 
In contrast, we have observed Ar + transitions in which the upper states lie 
60 000 cm -1 below the next ionization potential. In this case the excited species 
is still more than 80 kT below the ionization potential, with respect to thermal 
electrons, such that laser enhancement of ionization by collisions with thermal 
electrons can clearly be excluded as an important mechanism for the OGE. 
While for other species studied by OGE the situation is intermediate between 
these extreme cases, it is clear that mechanisms other than laser enhanced 
ionization must be considered to be of general importance for OGE transitions 
from non-metastable levels. 

The most intense Cu(I) transitions observed were those terminating in 
states above the lowest ionization potential, and which therefore exhibit auto- 
ionization [13]. These transitions, in which the laser excitation directly increases 
the number of electrons in the discharge (autoionizing lifetime of ~< 10 ps), are 
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T a b l e  2. Atomic  t rans i t ions  observed.  
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Species 
Ai r  wave-  

T rans i t i on  l eng th /A  C o m m e n t  

He  I 
He  I 
H e  I 
He  I 
He  I 
He  I 
He  I 
He I 

He  I I  

Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
A r  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 
Ar  I 

Ar  I I  
Ar  I I  
Ar  I I  
Ar  I I  
Ar  I I  
Ar  I I  
Ar  I I  
Ar I I  

Cu I 
Cu  I 
Cu I 
Cu I 
Cu I 
Cu I 
Cu  I 
Cu  I 
Cu  I 
Cu I 
Cu I 
Cu I 
Cu I 

Na  I 
N a  I 

2s 1S-3p 1po 5015-7 
2s 1S-7p xpo 3355.5 
2s 1S-8p 1po 3297.7 
2p l p ~  1D 6678-2 
2p 1P~ ID 4921.9 
2p 1P~ 1S 5047.7 
2p sP~ ZD 5875.6 
3s 3S-np 3po 6698.1-6855.1 

n = 4 - n = 6  6560 

4p--6s 
4p-7s 
4p-8s 
4p-6a 
4 p - 7 d  
4p-4d' 
4p-5a' 
4p-6s' 5650-6690 
4p-7s" 
4f-5d' 
4p ' -7s '  
4p "-8s' 
4p'-7s 
4p'-8s 
+p'-5d 
4p '-6d 
4t,'-7d 
3d 4F9/2---4 p 4D~/2~ 6643-7 
3d 4F~/2-4 p 4D5/2~ 6684-3 
3d 4F5/2-4 p 4Da/2~ 6638-2 
3d ~F3/~-4p 4D1/2~ 6639'7 
3d 2P1/2-4 p 3P1/2~ 6666"4 
3d 2P3/2-4 p ~$1/3 ~ 6483"1 
3d 3P1/2---4 p ~$1/2 ~ 6103.6 
3d 4F5/2--4 p 2D312~ 6138"7 

4s 2S1/2-4p 2P3/z~ 3247.5 
4s 2Sa/a-4P 2P1/2~ 3274-0 
4s ~ 2D3/2-4p" 2F5/2~ 3279"8 
4s 2 2D5/2--4p 2P3/2 ~ 5105"5 
4s 2 2Dz/2-4"p 2P1/2~ 5782" 1 
4p 2P1/2~ 2D3/2 5153"2 
4p' 3Fs/2~ 4D3/2 5034'4 
4p' gF7/2~ ' 2Ds/2 5076"2 
4p" 4DT/3~ 4D5/* 5144"1 
4p" ~P3/2~ 2D3/2 5158"4 
4p' 2F~/2~ 4D5/e 5200"9 
4p" 4Ds/,~ 4Dz/2 5212"8 
4p'  4D3/2~ ' 493/2 5250"5 

3s 2S1/3-3 p 2p3/2~ 5890"0 
3s 2S1/2-3 p 2P1/2~ 5895-9 

Metas tab le  lower state 
Metas tab le  lower state 
Metas t ah le  lower state 
S h o r t  l ived ( <  1 ns)  lower  s tate  
Shor t  l ived ( <  1 ns)  lower state 
Shor t  l ived ( < 1 ns)  lower s tate  
Shor t  l ived ( < 1 ns)  lower state 
15 ~< n ~< 27 Rydbe rg  Series 

19 lines wi th in  0.7 cm -1 

~ 70 lines 

U p p e r  states of the  t rans i t ions  lie 
more  than  60 000 cm -1 be low the  
2nd  IP 

Auto ion iz ing  u p p e r  state 
Auto ion iz ing  u p p e r  state 
Auto ion iz ing  u p p e r  s tate  
Auto ion iz ing  u p p e r  state 
Auto ion iz ing  u p p e r  s tate  
Auto ion iz ing  u p p e r  state 
Auto ion iz ing  u p p e r  state 
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Table 3. Molecular transitions observed. 

Laser Air wave- 
Species mode Transition (v', v") length/A Comment 

N~ cw B 3Hg-A 3Zu+ Av=4 progres- 5845-6190 
+ sion 

Pulsed v" = 0-6 

cw (13,10) 

1 pt CW C4 I~U__ a l~g+ (0, 0) 

NH2 cw 2Ar2B 1 

H2 Pulsed i 3Hr aHu 

CuO 

He2 

CO 

Upper state 
predissociated 

5960-6000 Ledbetter band 

(0, 9, 0-0, 0, 0) Generated from 
52, A, r subbands N2 + Hz 
(0, 10, 0-0, 0, 0) 5700-6200 
II, ~ subbands In discharge 
(1, 6, 0-0, 0, 0) 

subband 

(o, o) 
(1, 1) 
(2, 2) 

CW A 2Z+-X 2Iia/2,1/2 (0, 0) 
(1, 1) 

CW I 3Zu+-b 3Flg (0, O) 
cw I 3IIu -b ~IIg (0, 0) 

(1, 1) 
cw ~ 3Au-b 3Hg (0, 0) 

(1, 1) 

Pulsed d aA~-a alqr (3, 0) 
(4, 1) 
(7, 0) 

CN Pulsed A 2H-X 3E+ 

5830-6050 Very weak 

6059-6165 Metal sputtered 
from cathode 

5680-6050 Repulsive 
ground-state 

6380-6670 

5030-5145 

(7, 2) 5480-6220 Generated from 
(8, 3) C2N2 in 
(9, 4) discharge 
(4, 0) 
(6, 2) 6400-6820 
(7, 3) 
(8, 4) 

perhaps the op t imum type of resonant transitions for detection by the OGE.  It  
has been noted [14] that lines originating in autoionizing states can only be 
observed in arc emission spectra above a min imum current  of ~ 1 A, and that 
these lines increase in intensity with both arc current  and pressure, whereas the 
sharp, non-autoionizing lines do not exhibit this behaviour.  Th is  indicates that 
the rate of ion-electron recombination, which produces the autoionizing states, 
has to be high enough to rival the autoionization rate in order  for emission 
to be detectable f rom such autoionizing states. In  emission these autoionizing 
lines are, for obvious reasons, much weaker than the non-autoionizing lines. 
In  OGE,  however, the situation is exactly reversed ; the autoionizing transitions 
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are ~ 10 3 more intense than the non-autoionizing transitions. The linewidths 
of these transitions are 5-10 cm -1, noticeably broader than non-autoionizing 
transitions. This suggests that accurate linewidths obtained from OGS could 
be a means for measuring picosecond autoionizing rates, which are difficult to 
measure by emission spectroscopy because of pressure and Stark broadening. 
Such measurements were not attempted in this exploratory work, since the 
linewidth was limited by the laser bandwidth (3 cm-1). The similar utilization 
of linewidths of optogalvanic transitions to measure picosecond predissociation 
rates of the HCO radical has recently been demonstrated by Vasudev and Zare 
[15]. 

The largest resonant OGE signals observed in this work ( > 1 Vpp) were those 
from the He 2p-3d singlet transition at 5875 A and the 2p-3d triplet transition 
at 6678 A. 

We estimate that, given the noise levels in these experiments (0.3/~V), a 
relative absorption of 5 x 10 -7 can be detected, assuming the same efficiency of 
this He transition for producing an impedance change. It is interesting to note 
that these particular transitions neither originate in a metastable level nor 
terminate in a high Rydberg state, and therefore would not be expected a priori 
to be an optimum candidate for detection by OGE. As we discuss later in the 
paper, the opening of very efficient associative ionization channels is responsible 
for these extraordinarily strong signals. 

In figure 4 the current and pressure dependences of the Ar(I) 4p[1/211- 
6s[1/2]~ and 4p[5/213-7s[3/2]~ transitions at 5882.6 and 5888'6 A, respectively, 
are shown. Both transitions increase in intensity with increasing current, albeit 
somewhat irregularly. The reason for such an irregular variation is the simple 
fact that the PHC cannot be operated over a continuous range of currents without 
effecting a change in the plasma mode ; hence it is difficult to establish more than 
a general trend. The increase of OGE signals with current is a very general 
behaviour and is most likely the result of increasing the population in the lower 
level of the transition due to both inelastic electron-atom collisions and electron- 
ion recombination processes, the rates of which increase with the plasma 
density. Furthermore, all of the neutral species studied here yielded more 
intense signals at small cathode spacing due to the same effect, viz. increased 
plasma density. 

The pressure dependences of the OGE signals vary with the particular species 
and states observed. In figure 4 it is clear that the two argon transitions origina- 
ting from States differing only by the values of the j - /coupl ing ,  and separated in 
energy b y  1360 cm -1, have completely different pressure dependencies. The 
4p[�89 to 6s[1/2]~ transition exhibits no pressure dependence over the range be- 
tween 1-5 and 5 torr. The lower state of the transition has the least energy of all 
the states with the excited electron in a 4p orbital. The energy difference between 
the lowest state in the 4p manifold to the next higher state is 1360 cm -1. 
Excitation of the higher state in collisions with He therefore is hampered by a 
Boltzmann factor of ~ 1.5 • 10 -3 as compared with quenching of the higher 
state. Collisional quenching could only occur to states with different orbital or 
different principal quantum numbers. The cross section for such quenching 
processes is clearly too small to be observed at the pressures employed here. 
The transition 4p[5/213-7s[3/2]~ decreases approximately linearly with increas- 
ing pressure, however, indicating a rapid quenching of the lower level to the 
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Figure 4. 
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lowest state of the 4/) manifold. A decrease of the OGE signal with pressure is 
the type of behaviour most frequently noted for transitions studied here. 
Collisional quenching is known to decrease the populations in highly excited 
electronic states of atoms and molecules quite efficiently at the pressures used 
in this experiment (several torr). As a result, one would generally expect OGE 
signals that originate in such levels to decrease with pressure. 

Evidence for the importance of highly excited electronic states in maintain- 
ing the discharge is obtained from the fact that continuous background signals 
were observed in all the laser OGE spectra, and that they increased dramatically 
at low pressures. Direct laser ionization (bound-free transitions) of highly 
excited states, which are quenched at higher pressure, is most probably the 
source of this background. Anomalously large non-resonant OGE signals 
were observed when the pulsed dye laser output was focused onto the cathode 
surface. Laser-induced voltage decreases as large as 180 volts (90 per cent 
of the total discharge voltage) were measured for helium at wavelengths around 
6500 A. Hence, the discharge impedance could essentially be switched to zero 
with a laser pulse. We attribute these large surface effects to laser vaporization 
of carbon, which was deposited on the cathode surface while running a discharge 
in He/CO or He/C~N2(100 : 1) mixtures. Vaporization of carbon by the focused 
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laser pulse produces a cloud of carbon atoms with high density above the 
cathode surface. The ionization potential of carbon is significantly lower than 
that of He (11.3 eV versus 24-6 eV). Therefore a high density cloud of carbon 
ions is produced close to the cathode surface shortly after the laser pulse, 
essentially causing the discharge to ' arc '. The carbon ions are then accelerated 
into the cathode surface and are redeposited, extinguishing the arc. The small 
cathode surface area exposed to the laser slowly gets cleaned, and as a result we 
observe a decrease of this surface effect with a time constant of seconds or 
minutes, depending on the history of the cathodes." 

In previous studies of the OGE, spectra of several atomic ions have been 
detected; of these Eu +, Ba § [16], and U + [17] have quite low second 1Ps 
(11.25 and 10.00 eV respectively, IP 2 of U is not available) while the spectra 
attributed to I § are tentative assignments [18]. The fact that electron-ion 
recombination is a major loss mechanism for ions and electrons in the PHC 
plasma suggests a general mechanism for the detection of optogalvanic spectra of 
ions formed in this environment, viz. laser-induced changes in their recombina- 
tion rates. In order to examine this possibility, OGE spectra of He + (IP2= 
438 909 cm -1) and Ar + (IP~=222 848 cm -1) were studied. As indicated in 
table 2, the unresolved n = 4 to 6 transitions in He + and eight transitions in the 
3p 4 3d-3p4(3P)4P series in Ar + were observed. All of the ionic lines were found 
to increase in intensity with increasing current and to decrease in intensity with 
increasing pressure. The ion signals maximized at the largest possible cathode 
spacing (1.5 cm). This supports the contention that it is a laser-induced change 
in recombination rate of the ions with electrons that is responsible for the signals. 
Increasing the cathode spacing has the effect of decreasing the diffusion losses of 
ions and thus enhances the relative importance of ion-electron recombination. 

In figure 5 the t ime dependence of (a) metastable He(2s 1S-2p 1p) vs 
non-metastable He(2piPo-4slS) and (b)ionized He ( n = 4 - n = 6 ) v s  neutral 
He(2p 1Po-3dlD ) are compared. All of these signals exhibit at least one 
positive and one negative portion, indicating that at least two different processes 
are involved in the OGE. The OGE signal originating in a radiatively meta- 
stable level of He(I)  consists of a strong positive part (increase in discharge 
current) peaking at about 4/xs, followed by a strong negative part (decrease in 
discharge current) peaking at ~ 7/xs, and a weak long time positive part maximiz- 
ing at ~ 15/xs. By comparison, a He(I)  signal originating in a non-metastable 
(short-lived) level possesses a slightly earlier strong positive-going part and a 
much weaker and slightly later negative part. The n = 4  to 6 transition of He + 
exhibits a time dependence very similar to that of the non-metastable He(I)  
transition, but the early positive part of the signal is much broader and occurs 
about 0.5/xs before that of He(I), while the late negative part occurs at the same 
position as that of He(I). Due to the markedly different time dependences of 
Ar + and He + compared to neutral Ar and He it was possible to effectively 
separate ionic from neutral spectra by setting the gate of the boxcar averager at 
different delay times (figure 6). This proved to be a powerful advantage in 
studying the ionic OGE signals. The time-resolved non-resonant background 
signals exhibited the same characteristic voltage changes as the resonant ones, 
however, with a different magnitude. The initial fast positive portion of the 
signal occurred within ~ 1/xs of the laser pulse, followed by a negative portion 
at 2-3/~s. A long positive tail extending to 50/xs of the laser pulse and peaking 
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Figure 5. Time dependences of different types of OGE signals, as measured with a 
boxcar integrator after pulsed laser excitation. (a) Comparison of an OGE signal 
originating in a non-metastable state of He with one from a metastable state. 
(b) Comparison of an OGE signal from l ie  + with that from neutral He (non-meta- 
stable). 
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at ~ 10 Fs was often observed. T h e  implications of these different t ime depen- 
dences are discussed later in this paper. 
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Figure 6. Optogalvanic spectra of Ar. The difference in the time dependences of a G E  
signals of neutral species relative to those from ionic species is utilized to separate 
their spectra. Upper trace : boxcar gate was set 6/~s after the triggerpulse for the 
laser. Lower trace: boxcar gate was set 19.5 ffs after the triggerpulse for the 
laser. 

3.2. Molecular spectra 
Electronic spectra of several molecules (table 3) were detected with the same 

methods as used to obtain the atomic spectra discussed above. T h e  B zIIg- 
A zxu+ (First  Positive) system of N 2 was observed f rom 5845 A to 6190 A in 
pure N 2 and Nz/He discharges at pressures f rom 1-4 torr  and currents  of 
100-400 mA. T h e  c 4 1Hu-a" leg+ (Ledbet te r )  system a t  ~5977  A was also 
observed. F rom the relative intensities of the various bands observed in the 
First Positive System, the vibrational temperature  for the A 3Z~+ state was 
estimated to be T v ( A ) g 2 2 0 0  K ~and was independent  of discharge Conditions 
over the range studied here. A port ion of the N~ spectrum obtained with the 
cw dye laser is shown in figure 7. I t  was noticed that the sign of the laser- 
induced impedance change appears opposite for different transitions. As noted 
by Feldman [19], predissociation in the B 3Hg state of N 2 occurs f rom levels 
with v~> 12;  transitions to these levels deplete the discharge of electron- 
producing excited states and probably explain the observed increase in discharge 
impedance upon laser excitation of these vibrational bands. However,  one must  
be cautioned that when using phase-sensitive detection with the a G E  it is 
possible that the phase of the lock-in is op t imum for certain signals but  not for 
others and that for some transitions it is peaked for a port ion of the plasma 
response which corresponds to an opposite voltage change (see pulsed laser time 
dependence measurements) .  Since it is the t ime average of the plasma response 
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that is actually measured, signals with differing time dependences can appear 
with opposite sign after lock-in processing. 
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Figure 7. A part of the extensive a G E  spectrum of N2 is shown, including the (7, 3) band 
originating in the lowest metastable triplet state (A 3Zu+) and the Ledbetter band, 
originating in the Rydberg state a" leg+. 

The ring dye laser, when operated with the unidirectional device and bire- 
fringent filter but no intracavity etalon, provided a resolution of 0.1 cm -1. 
However, due to the scanning characteristics of the laser, wavelength assignments 
were limited to an accuracy of ~ 1 cm -1. It was observed that the relative 
position of Ne calibration lines shifted by as much as 35 GHz in consecutive 
scans and, as evidenced by monitoring the laser output with a 20 GHz spectrum 
analyser, this coincided with mode-hopping of the laser. Consequently, exact 
rotational assignments of very dense spectra, such as those of N 2 in figure 7, were 
difficult to make with this system. 

The ZA1-2B x system of NH 2 (in the region from 5700 A to 6200 A) was 
observed in hydrogen discharges containing trace impurities of N 2 (figure 8). 
Transitions to Z, A and F vibronic levels of the 0, 9, 0 band and II and q~ levels 
of the 0, 10, 0 band, as listed by Dressier and Ramsay [20], were observed. 
These spectra increased in intensity upon the addition of N 2 to the discharge, 
being strongest with a few per cent N 2 in ~ 2.5 torr H 2 at currents of ~ 500 mA. 
Due to the shortness of the rotational progressions observed and the poor scan 
characteristics of the laser, rotational temperatures could not be extracted for 
these spectra. 

In pure H 2 discharges, very weak transitions were observed in the i31Jg- 
c 3H u system of H 2 in the region from ~5830-6050 A. Typical discharge 
conditions were 1 torr H 2 and 150 mA discharge current. 

Two bands, at ~ 6059 and ~6165 A, were observed in mixtures of N2/He 
and H2/He under very different discharge conditions. These were subsequently 
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assigned to the A ~Z+-X 2II3/~,1/2 transition of CuO((0, 0) and (1, 1) bands) [21]. 
Observation of this system indicates the possible application of optogalvanic 
spectroscopy to the investigation of metal-containing molecules generated in a 
discharge by sputtering metal from an appropriate cathode. It is possible that 
the metal oxide was sputtered directly from the cathode surfaces or that it was 
generated from sputtered Cu atoms and impurity levels of oxygen. Optimum 
conditions for observing CuO were not determined, but it was detected in 
discharges of 1.5 torr He/0.02 torr N~ and currents of 330 mA , and also in a 
mixture of 9-2 torr He and 0.025 torr H 2 with 700 mA current. In the latter 
case spectra of NH 2 were also observed, indicating the presence of other con- 
taminating gases. 

Several molecular bands originating in the b 3H 0 state of H% were observed 
in the region between 5680 and 6050 A in discharges of pure helium at ~ 10 torr 
and 300 mA. These bands (figure 9) were assigned [22] to the electronic 
transitions f 3Zu+-b aHg, f 3II,,-b 3Hg, and f aAu-b al-I o (table 3). There are two 
major channels for the production of H% in the plasmas used here : 

(i) Three-body He metastable recombination 

He* + 2He(ls)-+He2* + He(ls)  + AE. 

(ii) Recombination of He2 + molecular ions 

He2 + + e- + M(electron, He(ls))  -+H%* + M +  AE. 

The observation of Rydberg spectra of He~ lends credibility to the idea of 
developing OGE into a general method for obtaining spectra of molecules with 
repulsive ground states by generating them ' f rom the top down' .  This is 
especially indicated by the fact that our observed He~ spectra originate in the 
b ali a state, which cannot be formed directly by the metastable recombination 
process. (It  should be noted that both the a ay,+ and A 1Z~+ states directly 
formed by process 1 have lower energies than the b 3Hg state). Intensities of 
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individual rotational lines were measured in an effort  to characterize the rota- 
tional temperature  of this species. T h e  interesting results of these measurements  
will be discussed in the next  section. 
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Figure 9. The OGE spectrum of Hez originating in the non-metastable Rydberg state 
(b 3IIg). Atomic He lines at 5876 A (unresolved) are also shown. The atomic He 
lines near 5876 A are at least two orders of magnitude stronger than the molecular 
lines. A cw ring dye laser was used for the excitation. 

T h e  d3Ai-a  ZH r (3, 0), (4, 1), and (7, 0) vibrational bands of CO were 
detected f r o m  (6380 A-6670 A) and f rom (5030 A-5145 A) in He discharges 
containing a few per cent CO at total pressures near 3 torr  and discharge currents  
of 250 mA. The  spectrum of the (3, 0) band (figure 10) consists of 27 rotational 
branches, each with approximately 18 lines in the range between 15 625 cm -1 
and 15 220 cm -t .  This  gives a density of about  1 l ine/cm -1. With the laser 
bandwidth of 3 cm -1 it was impossible to revolve single rotational lines. Only 
a few intense bandheads could be assigned unambiguously.  

Finally, the A 2 I I -X  2X+ system of CN was observed over the range from 
5480-6220 A and f rom 6400-6820 A. in a mixture of a few per cent C2N 2 in 
He at pressures of 1.3 torr  and currents of 150 mA. 

Of these molecular spectra, the N2, NH2, and H~ systems have previously 
been observed with O G E  detection by Feldman [19] in a DC positive column 
discharge and by Suzuki [23] in an RF plasma. In  those studies NH~ was 
observed in discharges of NHz, whereas in the present  case it was seen in mixtures 
of N~ and H 2 as discussed. T h e  CuO, He2, CO, and CN data represent  the 
first detections of these molecules by OGE.  
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Figure 10. The (3, 0) band of CO originating in the lowest metastable triplet state 
(a 3IIr), excited with a pulsed dye laser, is shown. The rotational structure is 
unresolved due to the ~ 3 cm -1 band width of the CMX-4 laser. 

4. DISCUSSION 

4.1. Time dependence and kinetics 

The  complexity of the time-resolved O G E  signals seen in figure 5 clearly 
indicates that several kinetic processes are involved in effecting a laser-induced 
change in the plasma impedance. The  impedance first decreases upon laser 
excitation of a transition (positive OGE signals in figure 5 correspond to a 
decrease in impedance, or an increase in the current) then increases, and finally 
decreases again, in some cases below the steady-state value, before asymptotically 
returning to steady-state conditions. This  behaviour can be qualitatively 
explained as follows : the laser creates a non-equil ibrium excited state popula- 
tion which can perturb the plasma through a number  of different processes. A 
change in plasma impedance will occur when these processes either change the 
charged particle density or mobility. The  specific processes which must  be 
considered are : 

(i) Electron impact ionization : 
X*  + e- ~ X  + + 2e-. 

(ii) Superelastic collisions : 
X* + e-(thermal) --~X + e-(E >> thermal ). 

(iii) Associative ionization : 
X *  + X-+X2+ + e- + AE 
(AE is usually small because the dimer ion is formed with highest 
probability in a rotation-vibration state nearly resonant with the 
excitation energy). 

(iv) Penning ionization : 
X* + Y*(metastable)-+X + + Y +  e- + AE. 
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(v) Cathode photoemission : 
X * ~ X + h v  
h v +  M - + e - +  AE. 
If the energy of the photon is higher than the work function of the 
cathode material, an electron can be created by photoemission.) 

Laser-induced changes in recombination rates, charge exchange, or ion-molecule 
reactions have not yet been considered in this model because molecular ion 
spectra have not yet been observed, and these processes are expected to be of 
secondary importance for the studies of the neutral species discussed here. 

In the negative glow region of a discharge the current is carried principally 
by electrons, although the ion density is nearly the same, because the electron 
mobility is much higher than the ion mobility. The production of additional 
electrons from ionization of the excited states populated by the laser, as well as the 
increased production of fast electrons through superelastic collisions of slow 
(thermal) electrons with these excited states, decreases the plasma impedance 
during the exciting laser pulse. Immediately following termination of the laser 
pulse the plasma experiences a decrease in the excited state populations, relative 
to steady-state conditions. The laser excitation has, in effect, caused a trade-off : 
the steady-state population of plasma-excited states for the momentarily 
increased plasma conductivity, from ionization and superelastic collisions. These 
processes in turn, convert the laser-excited states to ground state species and 
thereby decrease the density of plasma excited states. The excited state 
population serves as an energy reservoir for the electron gas, coupled through 
superelastic collisions. Decreasing the density of plasma excited states will 
cause a decrease in the average electron temperature, thus lowering the electron 
drift velocity and hence raising the plasma impedance. This is the origin of the 
negative part of the OGE signal, which corresponds to the increase in impedance 
following the initial fast positive signal. 

The excess ions produced during the laser pulse have no significant impact 
on the discharge impedance until they drift into the cathode fall region, where 
they are accelerated into the cathodes. The fast rise of the negative portion of 
the OGE signal, which sometimes leads to a second positive signal, is most likely 
due to the contribution of the excess ions produced by the laser. 

The perturbation in excited state population density caused by the laser will 
return to equilibrium with a time constant characteristic for the respective 
state. When this perturbation is small compared with the total population in 
the reservoir (lower) state, the temporal behaviour can be described by a single 

rate equation, h t = - 71nl + 7ono, (2) 

where n 1 is the population in the state perturbed by the laser, n o is that in the 
reservoir state for populating nt, and 71, 70 are the loss rates. 

If n o is not significantly changed by the laser, the solution of (1) is 

nt = nl(0 ) exp ( - 7xt) +7o no . (3) 
7t 

Defining An to be the change induced by the laser at the time t = 0 then we have 

n 1 = - An 1 exp ( - 71t) + 70 no . (4) 
71 
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This shows that after the perturbation, the population n t returns to the equili- 
brium value (7o/71)no with a time constant of 1/71. It means thatlonger-lived 
excited states take longer to recover from a perturbation. As we will see later, 
for the case of metastable He, the collisional loss rate is on the order of 10 a s -a. 

We shall now discuss the relative importance of the processes involved in 
the maintenance of the discharge. The current density is mainly due to elec- 
trons in the negative glow region : 

j =  eneva. (5) 

Changing either the electron density (ne) or the electron drift velocity (va) will 
result in a change in discharge current. The fractional change can be written as 

dj=dn~4dva (6) 
J ne V d " 

The contribution due to electron-ion pair production is given by 

dj 1 (ion contribution neglected). (7) 
j no 

Superelastic processes, in which the electron receives the excitation energy of the 
atom or molecule, will raise the electron temperature. The increase in the 
energy density of the electron gas is : 

dE Eex c E~x c 
-E- = E(thermal)n~ - 3/2 kTen~ (8) 

The excitation energy is transferred in a superelastic collision to kinetic energy 
of the electron, which subsequently will raise the electron temperature as this 
fast electron is thermalized. This thermalization occurs on a nanosecond time 
scale under the conditions used in our experiment [11], and the change in 
electron temperature is 

dT____~_dE (9) 
T e E" 

The electron drift velocity depends upon the electron temperature [24] 

v d ~ (T)al 4. (10) 

This leads to a fractional change in current density due to electron gas heating : 

dj dvd 3 Eex c 1 
7 = v----~- = 4 3/2 kT'~ ~" (11) 

Comparing (11) with (7) shows that electron gas heating has a larger effect on 
the plasma than electron-ion pair production when 3/4 (Eexc/3/2 kTe) > 1. All 
of the processes previously mentioned can influence the plasma impedance by 
either or both of these mechanisms. These collisional processes, however, have 
to compete with the radiative decay of the excited levels in order to create an 
OGE signal. We will discuss the collision rates for the specific case of the 
helium 2s 1S-3p 1p0 transition at 5016 A. 
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(i) electron impact ionization 
The cross sections for excited state (n >/3) ionization by electron impact are 

unknown. However, this cross section scales [25] as 

1 
aion(n, l)~ IP(n, l----~) ; (12) 

Using the cross section [11] ~ i o n ( l s ) = 5 x l O  -17, we obtain the estimate 
Crion(3p)",8X 10-16cm2. The  kinetic energy of thermal electrons in our 
discharge is approximately 1000 K. With the IP(3p)= 12 106 cm -1 we obtain 
a Boltzmann factor at ~ 6  x 10 -6. The  density of non-thermal electrons with 
sufficient energy to ionize the 3p state, however, is only two orders of magnitude 
lower than the thermal electron density [11]. We have measured he(thermal) 
~ 1.5 x 10 n cm -3. The  ionization rate due to the non-thermal electrons is : 

ne(l '5 eV)aion(3p)Vre 1 ~ 100 s -1. 

(ii) Superelastic collisions 
The cross sections for superelastic collisions are related to the cross sections 

for electron impact excitation by the Klein-Rosseland formula [25] 

aji (AE) = crij(E j - E i + AE) ~ Ej - E i + AE (13) 
gj AE " 

where Ei, Ej represent the energy of lower, upper states, AE is the energy of 
thermal electrons, and gi, gj are degeneracy factors. The  electron impact 
excitation cross section for the 3p 1p state is known [26] : 

~i~(187 000 cm -1) = 3.5 • 10 -18 cm 2. 

This  yields crji ~ 3 • 10 -16 cm 2. The  rate for superelastic collisions is given by 

n~(thermal)Vrel~ji ~ 900 s -1. 

(iii) Associative ionization 
The cross section for this process has been measured [27] for all n = 3 states 

and 
~(3 1p)=3.1 A 2. 

The  He ground state density is typically 5 x 1016 cm -3 in our experiment and the 
neutral gas temperature is approximately the cathode temperature (300 K). 
The  rate for associative ionization is then 

n~ieVcr(3 1p)=3  x 106 s -1. 

(iv) Penning ionization 
This process is energetically possible only when both He atoms are in an 

excited state. Because the metastable density is the highest among all of the 
excited states, the reaction He* (metastable) + He(3 1p)_+He + + He + e-  + AE is 
the dominant  Penning process for the He(3 1p) state. Because the metastable 
density is about 4-5 orders of magnitude below that of the ground state [11, 25], 
the rate can be expected to be small compared with associative" ionization, 
although the measured cross section for the metastable-metastable Penning 
ionization is comparatively high [28] : 

cr(2s) ~ 85 A 2. 
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For  nu~(~) ~ 5 x 1013 cm -3 we obtain a rate of 8.5 x 103 s -1 for Penning ionization 
of the metastable state. Although the cross section for n = 3 is not known, it is 
reasonable to assume that they do not differ substantially. 

(v) Photoelectric 4fect 
T h e  3p 1p state radiatively decays to l s l S  and 2saS  at 5 3 7 A  ( A =  

5.66 x 108 s -a) and 5016 A (A = 1-34 x 107 s -1) respectively. It  has to be con- 
sidered that for transitions to the ground state the plasma is optically thick at the 
pressures used here. T h e  mean free path of the photon can be calculated as 
follows : 

1 
Mean free path = 

n i l e  �9 Crab s" 

With 

and 

A z)  A 
%bs= ~ ~v  (14) 

I/ 
AvDovvler = c (8 kT  In 2/m) '/2. (15) 

T h e  mean free path for a 537 A photon is ~ 1 x 10 -3 cm and 2.7-0.5 cm for a 
5016 A photon assuming the density of He(2s aS) to be 1-5 x 1013 cm -3. Th e  
ratio of the A values (A537/A~016~42) implies that an excited 3P 1p0 atom will 
emit a 537 A photon and reabsorb it 42 times before it will emit a 5016 A photon.  
T h e  excited state therefore (statistically) ' travels ' a total distance of 42 times 
1 x 10 -3 cm before it decays through the 5016 A channel. If  the laser photon is 
absorbed close to the cathode surface the 537 A photons can hit the cathode and 
cause the emission of an electron, thus contr ibuting to the OGE,  particularly 
because these photoelectrons will be amplified in the cathode fall region. 

The  lifetime of the excited state is mainly given by the decay via the 5016 A 
channel because the 537 A channel is optically thick. This  means that the 
radiative decay rate is 1-34 • 10 -7 s -1. 

Of all the collisional processes discussed, associative ionization is the most 
effective for competi t ion with radiative decay. 20 per cent of the 3p ip0 
populat ion will not be lost through associative ionization. Using this fact and 
equation (7) with n e = 2 • 1011 cm -z the fractional change in current  density per 
absorbed 5016 A laser photon is 

d / ~  1 x 10-1~/photon. 
J 

T he  noise level in a pure He discharge as measured by the voltage drop across a 
100 ~ ballast resistor at 500 rnA discharge current  typically is 0.5/~V (lock-in 
at 5 kHz).  This  means that a fractional change in total current  of 10 -8 will be 
detected with a signal to noise ratio of one. If the laser excited volume equals 
the discharge volume a total current  change of 10 -8 can be achieved by the 
absorption of 104 photons.  

Other  ionizing processes are not very impor tant  for the O G E  as far as 
electron-ion pair product ion is concerned because their rates are several orders 
of magni tude smaller than that of associative ionization. However ,  processes 
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like Penning ionization and superelastic collisions, for example, release a high 
amount of excess energy to the electron. The excess energy in a Penning 
ionization He*(2s)+He*(3p) - -~He++e+He is ~ 1 5 0 0 0 0 c m  -1. Due to the 
factor (3/4 Ee,:e)/(3/2 kTe) in equation (11) one such collision has about 100 times 
more effect on the discharge due to electron gas heating than the production of 
electron-ion pairs. 

In order to establish a detailed model for the OGE one has to know the 
collisional rates of both upper and lower states. If, for example, the cross section 
for Penning ionization of the 2s 1S were negligible as compared with the 3p 1po 
state then the total excess energy of 150 000 cm -1 would contribute to an opto- 
galvanic signal. If the cross sections were equal however, only the photon 
energy would contribute to the OGE because with or without absorption the 
He* atom would undergo a Penning collision with the same probability. The 
only difference is that with the absorption the additional energy of the photon 
is deposited in the electron gas. This shows that in suitable cases, where the 
absorption of a photon opens or closes very energetic channels, the effect on the 
plasma can be tremendous. This explains the observed fact that OGE is a very 
sensitive method to study molecules in excited states. 

Laser excitation of the previously mentioned He n = 2-+n = 3 transitions at 
5875 and 6678 A opens the channel for associative ionization. The n=  2 states 
(E<171 130 cm -1) lie below the energy necessary for associative ionization 
(IP(HeI)-Do(H%+)= 179 236 cm -1) while the n = 3  states (E> 183 230 cm -1) 
lie above the energy threshold. These lines consequently exhibit extraordinarily 
strong OGE signals. The 5048 A line originating in the same lower state as 
the 6678 J~ line exhibits a weaker OGE signal (normalized to the oscillator 
strength) because the cross-section for associative ionization of the upper state 
4s 1S is small. 

4.2. He 2 rotational populations distribution 

In figure 11 the intensity of H% rotational lines divided by the HSnl-London 
factors is plotted logarithmically versus K ( K  + 1 ) in order to evaluate the popula- 
tion distribution of the rotational levels. The HSnl-London factors were 
corrected for /-uncoupling [29]. The observed non-linear plot indicates that 
the rotational population distribution is non-Boltzmann, hence we cannot 
assign a unique rotational temperature. The He 2 molecules are formed either 
by three-body recombination of metastable He or by electron-ion recombina- 
t ion; processes, which leave the He 2 molecules in non-equilibrium rotation- 
vibration states. One would expect that the He~ rotational dist(ibution will 
thermalize in collisions with neutrals (the most abundant species in the discharge) 
to translational temperature. The temperature of neutrals is found to be 
~300 K in the hollow-cathode discharge used here [11]. For low rotational 
quantum numbers (K ~< 8) we observe a fast drop in intensity corresponding to a 
temperature of 300 K. Above K = 8  a change of curvature occurs and the 
decrease in intensity with J is substantially slower. We attribute this to the fact 
that He 2 (b 317~) has a large B value of 7.447 cm -1, hence R - T  transfer in 
collisions with neutrals becomes inefficient as the rotational energy level spacings 
become larger than the translational energy of the neutrals. Theory and 
experiments indicate a symmetry-induced selection rule for rotational transitions 
in homonuclear molecules by collisions [30] of A K =  +2, +4. The K = 8 + 1 0  
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Figure 11. The intensity of He2 rotational lines, normalized to modified H6nl-London 
factors S* (/-uncoupling [29]), is plotted versus K(K+ 1) to obtain the population 
distribution of the rotational energy levels. 

transition corresponds to AE=280 cm -1, while the translational energy (kT) 
at 300 K is ~200 cm -1. R-T  relaxation through collisions with neutrals thus 
becomes inefficient for K~> 8. Collisional relaxation and excitation of rotating 
He 2 molecules by thermal electrons become more important at this point. The 
electron temperature (Te) is known to be ~ 1000 K. The slope of the curve for 
K between 8 and 17 yields a rotational ' temperature ' of ~ 800 K, corresponding 
to an energy of ~ 5 6 0 c m  -1. For K~>18 (K(K+l)~>340)  the rotational 
spacing for A K = 2  becomes larger than the thermal electron kinetic energy. 
The decrease in intensity above K =  18 consequently levels off because collisions 
with electrons then become inefficient at relaxing these high rotational states. 
Rotational lines with K values as high as 23 have been observed in this work. 
The energy of a rotational level with K = 2 3  is ~4050 cm -1. Conservation of 
energy and angular momentum makes it very unlikely that He 2 is formed in 
these highly excited rotational states because neither the neutral atoms involved 
in three-body recombination nor the electrons and ions involved in electron-ion 
recombination have sufficient angular momentum. Non-thermal electrons with 
sufficient energy do not carry enough angular momentum to excite He 2 (K~> 20) 
rotations. However, vibrational-rotational energy transfer of the type 

He2(vl,/s + He2(v2, K2)-+He2(v1-1, K'I)  + He2(v2, K'2) 

is known to be an efficient channel for vibrational relaxation of light molecules, 
if the rotational energy becomes larger than the translational energy [31-33]. 
Therefore the most likely mechanism for rotational heating of He 2 up to K = 23 is 
vibrational-rotational energy transfer of the above type. For the intermolecular 
vibrational-rotational energy transfer the values for K1, K'I,  K2, and K'~ can 
always be chosen to make this process nearly energy resonant, and probable as 
far as angular momentum transfer is concerned. In addition there is reason to 
believe that the He 2 density in the centre of a hollow cathode discharge at 4 torr 
and 500 mA is higher than the corresponding density of high energy electrons. 
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5. SUMMARY 
In this work we have investigated the optogalvanic effect for Ar, He, Ne, 

Ar +, He + , Cu, and Na atoms and the N~, H2, CO, CN, NH~, H%, and CuO 
molecules in recombination-limited hollow cathode plasmas. 

Comparative studies of the time dependences of neutral He transitions 
originating in metastable and non-metastable levels with those of He + transitions 
suggests a general mechanism for the OGE in which laser-excited states first 
produce an increase in conductivity through enhanced electron impact ionization, 
superelastic collisions, or enhanced associative ionization; a decrease in con- 
ductivity then results, caused by electron cooling from an increased density of 
low-quantum state species produced in the initial step. A second increase in 
conductivity is sometimes observed at later times, due to the effects of altered ion 
densities, that in turn result from the initial step on the plasma impedance. The 
initial increase in conductivity occurs somewhat earlier for ions than for neutrals, 
as a result of increased cross-sections for collisional deactivation of the excited 
states. The different time dependence was utilized to substantially enhance the 
intensities of optogalvanic electronic spectra of He + and Ar + ions, relative to 
those of neutral species. 

It was shown that the linewidths of atomic Rydberg series extending to high 
n can be used to provide a convenient measurement of the plasma density in these 
systems. Autoionizing transitions in Cu(I) were observed to produce strong 
OGE signals. It is suggested that measurement of the linewidths of such 
autoionizing transitions will, in turn, provide a way to measure the very fast 
autoionization rates, which are otherwise difficult to study. A continuous 
background OGE signal was observed in all of the cases examined here, probably 
resulting from direct ionization of high Rydberg levels of species excited in the 
plasma. It was found that as carbon deposited on the cathodes was vaporized 
with the pulsed laser, the discharge voltage could be switched essentially to zero. 

It was demonstrated that the OGE can be a general method to investigate 
transitions originating in metastable states of molecules (A aEu+ of N~, a aI1 of 
CO, c 3ll,~ of Ha). This could be useful in studying high multiplicity systems 
that are difficult to observe by emission or absorption spectroscopy (e.g. quartet 
systems of CH). Moreover, because the OGE is generally very sensitive to the 
dissociation channels of molecules excited in the plasma, optogalvanic spectroscopy 
is complimentary to direct emission and absorption techniques for species which 
undergo rapid predissociation. The study of H% presented here further 
indicates exciting possibilities for carrying out spectroscopic experiments or 
molecules generated ' f r om the top down '  in recombination plasmas. This 
could prove particularly valuable for species like H 3 or N H  4 which have repulsive 
ground-state potential surfaces and excited states which predissociate. The 
observation of CuO and Cu(I) OGE spectra suggests that optogalvanic 
spectroscopy might also be useful for investigation of metal-containing species, 
with the metal being produced through ion sputtering from a suitable cathode 
material. 

An examination of the various processes that occur in plasma environments 
indicates that associative ionization and autoionization are effective means for 
coupling laser energy into the plasma besides direct electron impact ionization. 
Measurement of intensities of rotational lines of H% indicates a high degree of 
non-equilibrium among the rotational states, and suggests that both electron- 
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rotation and vibrat ion-rotat ion energy transfer processes become important  for 
high J states of light molecules in such plasmas. 
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