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Abstract-A fast gas flow through a negative glow plasma creates an 
afterglow region where supercooled electrons are separated from en- 
ergetic beam electrons to produce a population inversion by collisional 
recombination. We report spatially-resolved electron temperature 
measurements of the afterglow plasma showing electron temperatures 
in the range of 750-1100 K under steady-state conditions. A 4 em long 
flowing hollow cathode discharge was used to obtain CW recombina- 
tion laser oscillation in ArI. Collisional recombination of singly- and 
doubly-ionized metal vapor species in the same type of plasma has also 
produced pulsed laser action in infrared lines of PbI, ZnI, PbII, and 
SnII. The addition of H2 is demonstrated to significantly increase the 
laser output intensity. 

I. INTRODUCTION 
ILE pulsed recombination laser oscillation has w been obtained in many different discharge and laser 

created plasmas [ 1]-[8], the conditions for CW recombi- 
nation laser action are more difficult to obtain. Silfvast et 
al. demonstrated recombination laser action for a period 
of 1 s in a low-voltage arc jet [9], and continuous wave 
recombination laser oscillation in CdI was obtained by 
Rocca in a flowing hollow cathode plasma [lo]. This 
flowing negative glow discharge is to our knowledge the 
only device in which prolonged CW recombination laser 
action has been achieved to date. 

Herein we discuss spatially-resolved spectral measure- 
ments of the electron temperature in the recombining 
plume of a flowing hollow cathode discharge. We also 
report CW recombination laser oscillation in ArI and 
pulsed recombination laser oscillation in several neutral 
and singly-ionized metal vapor species: PbI, ZnI, PbII, 
and SnII in the flowing afterglow of a 4 cm long dis- 
charge. A significant increase in the output intensity of 
the ZnI recombination laser was achieved by the in- 
creased plasma cooling resulting from the addition of hy- 
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drogen. In the next section we discuss the flowing hollow 
cathode discharge used in the experiments. 

11. FLOWING HOLLOW CATHODE DISCHARGE LASER 
SYSTEM 

The ideal plasma for a recombination laser should have 
energetic electrons for efficient ionization and a large con- 
centration of cool electrons for rapid recombination. High- 
voltage electron beam glow discharges or hollow cathode 
discharges can be used to generate negative glow plasmas 
in which energetic beam electrons and low-energy ther- 
malized electrons coexist. In these plasmas, the thermal- 
ized secondary electrons have a temperature that is typi- 
cally 0.1 eV [ l l ] ,  and strong excitation of radiative 
transitions by collisional recombination is often observed. 
The energetic beam electrons efficiently produce the nec- 
essary ionization; however, in the case of recombination 
lasers, they can also adversely affect the generation of 
population inversions by exciting the laser lower level 
through electron impact collisions [4], [12]. A fast gas 
flow can be used to expand the already supercooled neg- 
ative glow plasma outside the ionization region thereby 
creating a recombining plasma without energetic elec- 
trons. An additional benefit of the fast flow is further 
cooling of the plasma. 

A schematic representation of the flowing hollow cath- 
ode laser system used for the excitation of recombination 
laser action is shown in Fig. 1. Fig. 2 shows a photograph 
of the discharge setup. A discharge is established between 
a hollow cathode and a mesh anode. The cathode has a 
slot 4 cm long, 1.2 cm deep and 0.2 cm wide. For oper- 
ation, the discharge setup is enclosed in a stainless steel 
vacuum envelope (not shown), and a gas flow is estab- 
lished through the anode mesh and cathode slot at a rate 
of 0.5 to 6 L/min measured at 760 torr. The hollow cath- 
ode is made of the selected laser material and is soldered 
into a water-cooled copper body. Metal vapor is produced 
at room temperature by sputtering of the hollow cathode 
material. When helium is used as the buffer gas, argon or 
neon is also added to enhance cathode sputtering. A rotary 
pump with a pumping rate of lo00 L/min is used to ini- 
tially evacuate the vacuum chamber to a pressure of 
torr and to establish the gas flow. 

* 
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Fig. 1. Schematic representation of the flowing hollow cathode laser sys- 

tem. The discharge can be moved with respect to the axis of the optical 
cavity. 
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Fig. 2. Photograph showing discharge structure of the flowing hollow 
cathode device. The vacuum chamber is not shown. 

In the work described in this paper, glow discharges 
were created using pulsed and dc power excitation. Pulsed 
currents reaching 35 A with pulsewidths between IO and 
50 ps at a frequency of 500 Hz and dc currents up to 2 A 
were used for the excitation. In the latter case, a 500 fl 
ballast resistance was used in series with the discharge. 

Following gas breakdown, a dense negative glow de- 
velops within the cathode slot, and a short positive col- 
umn links it to the anode. The plasma in the slot is ex- 
panded out by the gas flow to form a low-temperature 

recombining plasma plume downstream of the cathode. 
The entire discharge structure is mounted in a glass tube 
that can be displaced with respect to the axis of an optical 
resonator using a dynamic vacuum seal. The ability to 
move the discharge assembly allows the exploration of 
laser action in different regions of the recombining plasma 
jet. 

The optical cavity for the laser experiments was made 
of two mirrors with 2 m radius of curvature placed ap- 
proximately 70 cm apart. Two sets of mirrors were used: 
one set had a highly reflective dielectric coating in the 
1.0-1.5 pm spectral region, and the other was highly re- 
flective in the 1.5-2.0 pm spectral region. All of the ex- 
periments were done with these highly reflective mirrors, 
and no attempt was made to increase the laser output in- 
tensity by selecting an optimized mirror transmissivity. 

111. THE ELECTRON TEMPERATURE OF THE FLOWING 
AFTERGLOW OF A HOLLOW CATHODE DISCHARGE 

Due to the T,-4.5 dependence of the collisional recom- 
bination rate [13], the electron temperature T, plays an 
important role in recombination laser schemes. We have 
measured the electron temperature of the recombining 
plasma plume of a flowing hollow cathode discharge as a 
function of position. The study was performed in the same 
discharge used to obtain CW recombination laser action 
in the 1.43 pm line of CdI [lo]. We employed the same 
spectroscopic technique [ 141 recently used to measure the 
electron temperature evolution of the plasma of a SPER 
laser [2]. While in the recombining plasma plume, pop- 
ulation inversions are created among low lying levels, 
levels of sufficiently high energy remain in or near local 
thermodynamic equilibrium. The emission of the He1 lines 
in the 2s 3S-np 3P series was measured, and the electron 
temperature was determined from the relative intensity of 
levels in local thermodynamic equilibrium [ 151. The in- 
tensities of the He1 lines were corrected to take into ac- 
count the response of the optical system as determined by 
an NBS calibrated tungsten ribbon lamp. 

Fig. 3 illustrates the measured variation of the electron 
temperature in the recombining plume as a function of 
distance from the hollow cathode. Data was obtained for 
discharge currents of 420 and 725 mA. A unique property 
of negative glows is that the thermalized group of elec- 
trons in the discharge is already supercooled under sta- 
tionary conditions. Further cooling of the plasma is ob- 
served downstream in the afterglow. At a dc current of 
725 mA, the electron temperature at 1 .O cm from the cath- 
ode, the optimum position for laser action in the 1.43 pm 
line of CdI [IO],  was measured to be 890 k 40 K.  At this 
temperature, ion and electron densities slightly above 1 . 
10” cm-3 are computed to be necessary to sustain CW 
laser oscillation using a plasma a few cm in length. This 
density is readily achievable in the flowing afterglow of 
dc hollow cathod: discharges. A maximum gain of 0.35% 
cm-’ was measured for the 1.43 pm line of CdI when the 
discharge current was 800 mA in a 4 cm long discharge 
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Fig. 3. Electron temperature in the flowing afterglow as a function of dis- 
tance from the hollow cathode for two dc discharge currents. Helium is 
used as the buffer gas and the cathode is made of cadmium. 

[lo]. Larger discharge currents increase the plasma den- 
sity above the collisional deexcitation limit [ 161 and cause 
a decrease in the gain. 

IV. RECOMBINATION LASING IN LEAD 

Two lead laser transitions were observed under pulsed 
discharge excitation in the flowing afterglow when the 
cathode was fabricated of lfad. The measured la!er wave- 
lengths are (13 102 & 2)  + and (13 216 & 2)  A and are 
assigned to the 13 !OO.l A line of PbI (7p 3P1-7s 3 P 1 0 )  
and the 13 216.9 A line of PbII (6f2F712"-7d 205/2), 
respectively [17], [ 181. Wood 11, et al. [3] and Silfvast f t  
al. [2] have reported a PbI laser transition at 13 080 A 
using a CO2 laser-produced plasma and a segmented di2- 
charge, respectively, and designated it as the 13 100.1 A 
tFnsition. Zhukov et al. previously observed the 13 216.9 
A laser transition of PbII in a pulsed positive column dis- 
charge [l]. 

The output intensity of the PbI and PbII laser lines as 
a function of distance between the cathode and the optical 
resonator axis for two different discharge curreFts is 
shown in Fig. 4. The PbI transition at 13 100.1 A was 
observed to lase in discharges with either a He-Ar mix- 
ture or pure Ar as the buffer gas. Based on this fact and 
from the spatial distribution of the laser output which 
peaks at a distance 0.5-1.0 cm from the cathode, where 
the density of energetic electrons is negligible, it is in- 
ferred that the PbI line is an electron-ion recombination 
excited laser transition. 

The PbII laser transition occurs closer to the cathode 
and is thought to be dominantly excited by the recombi- 
nation of PbIII ground state ions. Zhukov er al. [l] have 
attributed the excitation of this laser transition in the tem- 
poral afterglow of a positive column glow discharge to 
electron-ion recombination of PbIII ground state ions cre- 
ated by the collisions of lead atoms with helium ions: 

He' ( 1s 2S1 12)  + Pb ( 6p' 3P0) --* Pb+ + (6s' 'So) 

+ He(ls2 'So) + e- + AE(2.1 eV). (1) 

60 
1321 6.9 A (Pbll) 

0 0.2 0.4 0.6 0.8 1.0 1.2 
Distance from Cothoda to Optical Poth Axis (cm) 

Fig. 4. Laser output of the two Pb laser transitions as a function of dis- 
tance between the cathode and the optical path axis at a discharge current 
of 5 A (solid line) and 10 A (dashed line). The current pulsewidth was 
20 gs. Gas flows were 1.3 L/min for Ar and 4 L/min for He. Two 2 
mm diameter optical apertures were employed for spatial resolution. 

This type of hybrid Duffendack-Penning reaction has been 
confirmed to occur with high efficiency in a He-Pb after- 
glow [19]. In a helium afterglow with an ion density of 
10" cm-3 and a He (2s 3S1 ) metastable density of 10'' 
~ m - ~ ,  the excitation of highly excited states of singly- 
ionized lead was observed to be as strong as the direct 
excitation of lower lying levels by conventional Penning 
reactions [ 191. 

Penning ionization reactions between the He (2s ' S o )  
metastable state and the ground state lead atoms described 

. 
by 

He (2s 'So) + Pb (6p' 3P0) + He ( ls2 'So)  + Pb+* 

- (6f2F7/2") + e- + AE(O.44 eV) (2) 

are energetically allowed, and consequently could also 
contribute to the exciQtion of the PbIl laser transition. 
However, in flowing afterglow helium experiments the 
only metastable atoms present in quantities detectable by 
optical absorption are those in the He (2s 3SI) level [19]. 
Also, excitation of the laser upper level from the more 
highly populated He (2s 3SI ) level is not energetically 
allowed. Consequently while Penning excitation probably 
makes a contribution to the excitation of the Pb+* (6f 
2F7/20) state, recombination from doubly ionized lead is 
likely to be the dominant excitation path. 

The plots of Fig. 4 also depict that an increase in the 
excitation current causes the position corresponding to the 
peak of the laser intensity to move away from the cathode. 
This dependence could be due to the increased value of 
the electron temperature at higher currents which causes 
the region of maximum recombination to move away from 
the cathode or to a higher electron density which results 
in increased superelastic electron deexcitation of the up- 
per laser lev&. When the electron density in the region 
closer to the cathode becomes excessive, the position of 
optimum gain moves downstream. 
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Fig. 5 illustrates the variation of the laser output inten- 
sity and the time delay for the onset of both laser transi- 
tions with respect to the end of the current pulse as a func- 
tion of the He flow. A constant flow of argon at a rate of 
1.1 L/min was used. The laser output intensity of the PbI 
recombination laser transition increased while the time 
delay decreased as He was added to the flow. This result 
is probably caused by the more efficient cooling of the 
plasma which increased the electron-ion recombination 
rate. The laser output of the PbII laser transition did not 
occur until the He flow was greater than the argon flow. 
This effect shows that the excitation of this laser transition 
is helium dependent and eliminates the possibility of di- 
rect electron impact excitation of the PbII laser transition. 
The minimum helium flow at which the PbII transition 
lased was 1.7 L/min, and the laser intensity increased for 
larger He flows until the flow was 2.6 L/min. The time 
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Fig. 6. Laser output intensity ( m )  and time delay ( + )  between the laser 
pulse and the end of the current pulse for the 13 100.1 A PbI laser tran- 
sition as a function of the Ar flow. Discharge current was 7 A with a 
pulsewidth of 30 p s .  Distance between cathode and optical path axis was 
0.1 cm. No optical apertures were used. 

delay was simultaneously observed to decrease slightly. 
This increase in the laser output and decrease in the time 
delay is attributed to an increased recombination rate and 
a higher excitation of the laser upper level. The drop in 
the laser output for a helium flow above 2.6 L/min was 
accompanied by a slight increase in the time delay. This 
phenomena is possibly associated with a decrease in cath- 
ode sputtering. 

Fig. 6 shows th! dependence of the laser intensity of 
the PbI 13 100.1 A line and its time delay with respect 
to the end of the current pulse as a function of the argon 
gas flow rate for the case in which the He flow is reduced 
to zero. These plots show that as the argon flow increased 
the laser output diminished and the time delay increased. 

Fig. 7 gives the change in the laser output intensity and 
the time delay as a function of discharge current. The PbI 
and PbII laser transition intensities increased and the cor- 
responding time delay decreased when the current was in- 
creased from the threshold values to 6 and 5 A, respec- 
tively. This increased laser intensity and decreased time 
delay corresponded to an increase of the electron-ion re- 
combination rate and of the small-signal gain with larger 
currents. However, when the input current was increased 
above these values the laser output decreased and the time 
delay increased. This behavior is probably due to the in- 
crease in superelastic electron deexcitation of the laser 
upper level due to a higher electron density. Also, the 
increase of the plasma temperature at the highest currents 
could contribute to the increased delay and decreased in- 
tensity of the laser pulse. No CW laser oscillation was 
observed in lead for dc discharge currents up to 2 A. 

v. LASER ACTION I N  TIN 
Replacing the slotted lead cathode with one made of 

tin enabled laser-oscillation in ionic tin. The mFasured 
wavelength of this transition was (10 737 f 2 )  A .  This 
line is assigned to the SnII transition of 10 738.7 A 
(5f2F512'-6d 2D5/2) [17], [18]. Zhukov et al. observed 
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Fig. 7. (a) Laser output intensity and (b) time delay for both the 13 1 0 0 . 1  

A PbI and 13 216.9 A PbII laser transitions as a function of the dis- 
charge current. Current pulsewidths were 30 ps. Distance between cath- 
ode and optical path axis for the PbI and PbII laser transitions was set at 
0.5 and 0.2 cm, respectively. Gas flows were 1.3 L/min for Ar and 4 
L/min for He. No optical apertures were used. 

a laser transition in SnII at a wavelength of 10 740 A and 
assigned it to the 5f 2F7/20-6d 2D5/2 trfnsition [l] corre- 
sponding to a wavelength of 10 743.3 A [17], [18]. 

Zhukov et al. [ 11 attributed the SnII laser transition ob- 
served during the afterglow of a positive column glow 
discharge to an electron-ion recombination reaction of 
doubly-ionized metal vapor ions as was the case of the 
PbII transition. SnIII ground state ions are created by 

(3) + He ( ls2 'So) + e-  + AE(2.6 eV) 

The He (2s 'SI ) metastable level lies 0.12 eV above 
the laser upper level of the SnII laser transition, and ex- 
citation of the Sn+* (5f 2F5/20) through a Penning ion- 
ization reaction involving this state is energetically al- 
lowed. Nevertheless, reactions of this type have been 
observed to have the highest probability of occurrence 
when the energy difference AE is of the order of several 
eV [19] and consequently can be expected to favor the 

1 1  , 

Distance from Cathode to Optical Path Axis (cm) 

Fig. 8. Laser output intensity of the 10 738.7 SnII laser transition as a 
function of distance between the cathode and optical path axis. Dis- 
charge current was 6 A with a pulsewidth of 27 ps. Gas flows were 1.3 
L/min for Ar and 4 L/min for He. Two 2 mm diameter optical apertures 
were used for spatial resolution. 

excitation of lower levels. Also in the case of excitation 
of the Sn+* (5f 2F5/20) level, this Penning reaction is 
unlikely since it does not conserve total spin as required 
by the Wigner spin rule [20]. 

A plot of the laser output intensity as a function of the 
distance between the slotted cathode and the optical path 
axis is given in Fig. 8. The gas flows were 1.3 L/min for 
Ar and 4 L/min for He. The SnII transition was unable 
to lase CW when a dc current of up to 0.8 A was applied. 
to the slotted cathode. The discharge arced at larger cur- 
rents before the threshold for CW laser action could be 
achieved. 

. * 

VI. RECOMBINATION LASING IN ATOMIC ZINC AND 
ENHANCED LASER INTENSITY BY HYDROGEN PLASMA 

COOLING 

Recombination lasing was also achieved in ZnI when 
the slotted cathode was made of this mate$al. The ob- 
served laser wavelength was ( 13 152 * 2)  A ,  and it cor- 
responds to a ZnI recombination laser transition previ- 
ously reported Fy Wood et al. [3] which was assigned to 
the13 151.42 Aline(5p3PI0-5s'Sl)[17],[18].Forthis 
laser transition to occur, the gas flows were adjusted to 
1.3 L/min for Ar and 4 L/min for He. 

The addition of hydrogen to the discharge was observed 
to significantly enhance the laser output intensity by cool- 
ing of the electron gas as illustrated by the oscilloscope 
photographs shown in Fig. 9. This figure also shows how 
the time delay between the end of the current pulse and 
the beginning of the laser pulse is reduced from 80 to 16 
ps with the addition of hydrogen. Hydrogen molecules, 
which are lighter than helium atoms, are better conductors 
of heat and thermalize the electron gas to a lower tem- 
perature throughnore efficient elastic collisions. Conse- 
quently, the addition of H2 can be expected to enhance 
the laser output, in agreement with the experimental ob- 
servation. A similar effect was previously observed by 
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Fig. 9. (a) Discharge current (upper trace and inverted) and laser output 
intensity (lower trace) of the 13 151.4 A ZnI laser transition for dis- 
charge pulses without H2. Gas flows were 1 .3  L/min for Ar and 4 L/min 
for He. (b) Same as in part (a) but with the addition of H 2 .  Gas flows 
were 1.5 L/min for HL, 1 L/min for Ar and 3 L/min He. The distance 
between the cathode and optical path axis was 0.5 cm. 
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Fig. 10. Laser output intensity of the 13 151.4 A ZnI recombination laser 
transition as a function of the distance between the cathode and optical 
cavity axis. Gas flows without H, were 1.2 L/min for Ar and 4 L/min 
for He. Gas flows with Hz were 1.5 L/min for H2. 1 L/min for Ar and 
3 L/min for He. Discharge current pulses were 15 A with a pulsewidth 
of I O  ps. Two 2 mm diameter optical apertures were used for spatial 
resolution. 

Zhukov et al. for recombination lasing in a pulsed posi- 
tive column discharge [ l ] .  

Fig. 10 shows the variation of the output intensity of 
the ZnI recombination laser transition as a function of the 
distance between the cathode and optical cavity axis for 
discharges with and without hydrogen. The addition of 
hydrogen caused the recombination reactions to be en- 
hanced and laser action to occur closer to the cathode. 
Fig. 11 illustrates the laser outDut intensitv and the time 

without hydrogen 

10 12 14 16 18 20 22 24 26 28 30 
Pulsed Discharge Current (A) 

(a) 

120 - 

without hydrogen 

with hydrogen 

20 

10 12 14 16  18 20 22 24 26 28 
Pulsed Discharge Current (A) 
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0 

Fig. 1 1 .  (a) Laser output intensity and (b) time delay of the 13 151.4 A 
ZnI laser transition as a function of the discharge current for discharges 
with and without hydrogen. Gas flows with and without hydrogen were 
the same as in Fig. IO .  The discharge current pulsewidth was 10 fis. 
Two 2 mm optical apertures were used. Distance from cathode to optical 
path axis without Hz was 0.8 cm and with Hz was 0.5 cm. 

delay between the end of the discharge current pulse and 
the beginning of the laser pulse as a function of current 
for both cases. The addition of a hydrogen flux of 1.3 
L/min to the plasma caused the laser output peak to in- 
crease and the time delay to decrease. These phenomena 
are a consequence of an increase in the electron-ion re- 
combination rate. The threshold for CW laser oscillation 
was found to be above the maximum value of the dis- 
charge current investigated, 1.5 A. 

VII. CONTINUOUS WAVE ArI RECOMBINATION LASER 
CW recFmbination laser action in neutral argon at 

12 702.2 A was obtained in the flowing afterglow of a dc 
hollow cathode discharge containing argon. The laser ra- 
diation corresponds to the ArI ( 3d' [ 3 /2  3 "-4p' [ 1 /2  I ) 
transition [ 171, [ 181. The results reported herein corre- 
spond to a discharge with a slotted cathode made of cast 
iron, but we also observed ArI laser oscillation with cath- 
odes made of tin, copper, and cadmium. Solanki et al. 
oreviouslv reoorted oulsed oscillation of this laser tran- 
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Fig. 12. CW laser output of the 12 702.2 A ArI recombination laser tran- 
sition as a function of discharge current. Distance from the cathode to 
the optical path axis was 0.5 cm. Gas flows were 0 .3  L/min for Ar and 
5.5 L/min for He. 

sition in a stationary (nonflowing) hollow cathode dis- 
charge caused by contributions of both electron impact 
excitation and recombination [2 11. CW laser oscillation 
was also observed and attributed to electron impact exci- 
tation [21]. This ArI transition has also been observed to 
be superradiant [22]. 

CW recombination laser oscillation was observed when 
the axis of the optical resonator was placed at 0.5 cm from 
the cathode. This is also the place at which maximum re- 
combination laser intensity was obtained under pulsed ex- 
citation. Fig. 12 illustrates the variation of the CW laser 
intensity as a function of the discharge current. Laser os- 
cillation was observed to have a threshold current of 0.35 
A, maximized at 0.47 A, and ceased at a current of 0.71 
A. The gas flows were 0.3 L/min of Ar and 5.5 L/min 
of He. This transition was also observed to oscillate in 
H2-Ar mixtures. 

A complex spatial distribution of the laser intensity of 
this line was observed-under pulsed excitation. Fig. 13 
shows that in this case there are two peaks in the intensity 
distribution, One of them occurs at 0.5 cm from the cath- 
ode and is likely to be due to collisional recombination. 
The other region of gain takes place near the cathode, and 
it is most probably caused by a different excitation mech- 
anism. The variation of the laser output intensity and the 
delay between the end of the current pulse and the begin- 
ning of the laser pulse as a function of discharge current 
are illustrated in Fig. 14. The measurements were ob- 
tained introducing in the resonator two 2 mm diameter 
optical apertures to distinguish the emission from the re- 
gion near the cathode from that originating at 0.5 cm from 
the cathode. 

As shown in this figure, the time delay of the laser pulse 
for the portion of the plasma 0.5 cm from the cathode 
decreased when the input current was changed from the 
threshold value of 1.25 to 5 A. This time delay decrease 
and the corresponding increase in the laser output inten- 
sity are attributed to an increase in the electron-ion re- 
combination rate due to a higher electron density. How- 
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Fig. 14. (a) Laser output intensity and (b) time delay of the 12 702.2 A 

ArI laser transition at 0.0 cm ( +) and 0.5 cm (D) from the cathode as 
a function of discharge current. Cutrent pVlsewidths were 20 ps .  Gas 
flows were 0.3 L/min for Ar and 5.5 L/min for He. Two 2 mm diameter 
apertures were employed to obtain the spatial resolution. 
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ever, when the current was increased above 5 A, the 
electron density became excessive and the laser output de- 
creased. For the region of the afterglow near the cathode, 
the time delay for the onset of the laser pulse increased 
from 10 to 60 ps as the current increased from 1 to 29 A. 

Electrons with sufficient energy to excite this transition 
might be scattered out of the cathode slot into the region 
near the cathode. However, they are expected to cool be- 
low the excitation energy of the laser upper level of the 
ArI transition in less than 1 ps, and consequently electron 
impact excitation cannot be responsible for the inversion 
observed in the afterglow region near the cathode. A 
mechanism that could excite the laser action in this region 
is dissociative recombination of Ar,’ ions [23], [24]. Cal- 
culated estimates of the rates of formation of ATZ+ for the 
measured pressure of 12 torr are compatible with a gain 
coefficient value of 3 * lop3 cm-’, indicating that this is 
a viable excitation mechanism. Nevertheless, more de- 
tailed studies are needed to identify the dominant excita- 
tion mechanism responsible for gain in the vicinity of the 
cathode under pulsed excitation. 

ArI was also observed to oscillate in a pu$ed manner 
at a measured wavelength of ( 1,2 403 f 2 )  A .  This line 
is assigned to the ArI 12 402.8 A transition (3d [ 3 /2], O- 
4p [ 3 /2]  ) [ 171, [ 181. This line lased in the proximity of 
the cathode (0.1 cm) under the excitation of 10 A pulses 
15 ps wide when the gas flows through a tin cathode were 
1.1 L/min of Ar and 2.5 L/min of HZ. 

VIII. OTHER OBSERVED LASER TRANSITIONS 
Laser oscillation in neon and molecularo hydrogen was 

also observed. The well-known 11 522 A laser line of 
Ne1 [18] was observed to oscillate in the vicinity of the 
tin cathode when the gas flows were adjusted to 1.5 L/min 
for Ne and 4 L/min for He. The other two Ne1 laser traq- 
sitions were assigned to the 11 177.5 and 11 515.0 A 
lines of Ne1 [ 181 and were observed to oscillate when the 
gas flows in a Ne-H2 mixture were 1.3 L/min for Ne and 
1.3 L/min for H2. These two transitions were observed 
to lase with the resonator axis aligned at 0.2 cm from the 
tin cathode and when the discharge current pulses were 
15 A with a 15 ps width. 

During the experiments with the Zn cathode, mo!ecular 
hydrogen was observed to lase at ( 13 056 k 2 )  A ,  and 
the oscillatdon was assigned to correspond to the 
13 056.62 A (2s ‘Eg+ P (4) 0-2p ICu+ P ( 4 )  1 )  transi- 
tion [25]. This transition was observed to lase with the 
gas flows at 1.3 L/min for H,, 1.1 L/min for Ar, and 3 
L/min for He when the input current was 15 A for a 
pulsewidth of 10 ps. Fig. 15 shows the output intensity 
of the H2 laser transition as a function of the distance be- 
tween the cathode and the axis of the optical cavity. 

IX. SUMMARY 
Electron temperatures of less than 0.1 eV were mea- 

sured in the afterglow of a flowing hollow cathode dis- 
charge under stationary conditions. In this simple super- 
cooled plasma device CW collisional recombination lasing 
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Fig. 15. Laser output of the 13 056.6 A laser transition of H, as a func- 
tion of the distance between the cathode and optical cavity axis. Dis- 
charge current pulses were 20 A with a pulsewidth of 10 ps. Gas flows 
were the same as those of Fig. 9(b). Two 2 mm diameter optical aper- 
tures were employed. 

has been obtained in discharges only 4 cm in length. The 
flowing negative glow plasma is the only medium which 
has been reported to generate CW recombination lasing 
for prolonged periods of time. CW laser oscillation has 
been obtained in CdI and ArI, and four other near-infrared 
recombination transitions were observed to oscillate in a 
pulsed mode in neutral and singly-ionized metal vapor at- 
oms. While we made no attempts to optimize the output 
power of these infrared transitions, it can be shown the- 
oretically that the maximum laser output power density 
that could be extracted from the recombining plasma 
plume for the measured electron temperature of 890 K 
would be limited to a fraction of a mW /cm3 by collisional 
deexcitation of the laser upper level. Since the ratio be- 
tween the collisional recombination and the collisional 
deexcitation rates scales as Te-4, additional cooling of the 
plasma is desirable. The addition of hydrogen has been 
shown to significantly increase the laser output pulse in- 
tensity, presumably by causing a decrease in the plasma 
temperature. Also, the limitation on the laser output power 
imposed by collisional deexcitation would be more re- 
laxed for shorter wavelength transitions where the larger 
energy gap separating the upper laser levels from lower 
levels results in a reduced collisional deexcitation rate. 
However, the demonstration of CW recombination laser 
oscillation in the visible or ultraviolet will require stable 
discharge operation at a higher current. 
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