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Abstract. Operating characteristics of silver, gold and copper vapor hollow-cathode lasers 
are presented. Dependence of the output power, gain and threshold current on the cathode 
length, composition of the buffer gas, and mirror transmission is described. Studies of 
multicomponent hollow cathodes which produce laser lines of several elements simul- 
taneously are also presented. 
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Recently, there have been several studies of singly- 
ionized and neutral metal vapor lasers employing the 
hollow-cathode discharge [1 13]. Laser action has 
been obtained in a large number of metals, and the 
observed transitions now cover a wide range from 
ultraviolet to infrared. CW output powers of 1 W in the 
near ir [7c] and 1 mW in the deep uv [10c] have been 
reported. In this paper we describe various operating 
characteristics of Cu, Ag and Au vapor lasers in the uv 
and ir. In particular, we present out studies of the 
dependence of the output power, gain and threshold 
current on the cathode length, pressure and com- 
position of the buffer gas, and the output mirror 
transmission. We also describe operation of several 
multicomponent hollow cathodes which produce laser 
transitions from several elements simultaneously. 

1. Ag: He Laser at 224 nm 

The 5dlSo---r5plp ~ transition in AgII at 224.3nm is 
excited by resonant charge-transfer collisions between 
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ground state Ag atoms and He ions: 

He+(2S~/2) + Ag(aS~/2)~He(~S o) 
+ Ag § (5d~So) + 0.34 eV. (1) 

It is the shortest wavelength cw laser transition known 
to date, first observed by McNeil et al. [7b]. We have 
previously reported a threshold of 2A, a cw output 
power of 1.46mW, and a pulsed output power of 
50 mW for this line [10c]. Here we describe our results 
on the measurement of gain for this transition. The 
hollow cathode was a 25 cm long rectangular slot, and 
the other experimental details were as reported pre- 
viously [10c, a]. The gain was calculated by measuring 
the output power at a fixed discharge current for 
various output mirror couplings. At a pulsed input 
current of 40 A, the peak output power for measured 
mirror transmissions of 0.14, 1.15, 1.85, and 2.9 % was 
6.8, 24, 50.1 and 51.5 mW, respectively. Since the line 
broadening is expected to be homogeneous [14], we 
used the expression [15] 

T G 1) 
P=S(A~-T (2) 

/ 

to calculate the gain. Here, P is the output power, T 
the mirror transmission, A the total cavity loss, G the 
unsaturated gain, and S is a saturation parameter 
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Fig. 1. Dependence of the output power on the mirror transmission 
for the 224 nm line from an Ag : He hollow-cathode laser. The solid 
curve is drawn from (2) with G=25 %/m, 1 / S = 6 W  and A=0.07 
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Fig. 3. Segmented slot hollow cathode. The total hollow cathode 
Iength is varied by placing segments of various lengths on the base 
rail 

is 2.35 %. Using (2), one can also estimate the power 
obtainable from longer cathodes if the current density 
is maintained the same. Thus, for a 1 m long cathode 
with a discharge current of 160 A, the total gain G 
becomes 0.5, and (3) gives 7opt=11.7%. This can be 
used in (2) to obtain P =  1.18 W. 
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Fig. 2. Dependence of the threshold current on the total cavity loss 
(mirror transmission+absorption) for the 318nm line from an 
Ag :Ne hollow-cathode laser 

2. Ag: Ne Laser at 318nm 

This transition in AglI, 5s21G4--*5p3F ~ is ex- 
cited by charge transfer collisions with Ne § It is 
much weaker than the 224nm line and has a much 
higher threshold. The threshold currents for a cathode 
of the same length as before tbr three different mirror 
pairs are plotted in Fig. 2. Since at threshold the cavity 
loss equals the unsaturated gain, Fig. 2 also shows how 
the gain varies with the current density. The linear 
dependence of threshold on the total cavity toss in- 
dicates that the optimum metal vapor density is ob- 
tained at much higher currents. The power output for 
the three mirror transmissions of 0.16, 0.86, and 1.9 % 
was 45, 50, and 28 roW, respectively, at a pulsed input 
current of 50 A. Using these values and (2), the best-fit 
values of the gain and the inverse saturation parameter 
were found to be 5 %/m and 21 W, respectively. Thus, 
the 224 nm line of AgII is superior to its 318 nm line in 
every respect except degradation of the high- 
reflectivity dielectric mirrors, which was found to be 
much more severe at the former wavelength. 

equal to inverse of the power (in the cavity) at which 
the gain falls to half its unsaturated value. As the 
mirror absorption was also unknown, it was de- 
termined from the power vs. transmission measure- 
ments. From the four (T,P) pairs of data, a best fit 
determination gave G = 25 %/m, 1/S = 6 watts and 
A = 7 %. The curve obtained by using these values in (2) 
is shown in Fig. 1 along with the experimental points. 
It is seen that the optimum output coupling for this 
laser with a 25 cm long cathode, given by 

Top t = ~,GSGA - A, (3) 

3. Au: He Laser in the UV 

For an Au: He discharge lasing at the 282nm AuII 
transition originating from the 7slD2 level, we studied 
the dependence of the output power and threshold 
current on the cathode length. The hollow cathode was 
a 2 mm x 6 mm slot in cross section and its length was 
varied by placing segments of various lengths on a 
25 cm long rail (Fig. 3). All the segments and the rail 
were made of copper and then gold plated. Since the 
current density in the hollow cathode slot is very much 
larger than on the outer parts of the cathode, the 
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contribution of the unused rail where there is no 
segment is negligible. The anode was made of a 
perforated stainless steel sheet and its length was kept 
fixed at 25 cm. The buffer gas was a 100:1 mixture of 
He and Ar at a total pressure of 22Torr.  True cw 
lasing was obtained at cathode lengths down to 5 cm. 
With a cathode length of 2.5 cm [16] the lasing was 
quasi-cw with current pulses of 300ps duration at a 
repetition rate of 33Hr.  The output mirror trans- 
mission was 0.1%. In Fig. 4 we show the output power 
and threshold current measured for various cathode 
lengths. All power outputs shown in Fig. 4 are peak 
values obtained with 10 A current pulses. Note that for 
a given discharge current, the current density is higher 
in a shorter cathode. It is seen that whereas the output 
power increases monotonically with the cathode 
length, the threshold current shows a minimum. The 
slight increase in the threshold current for lengths 
longer than 10-15 cm is perhaps due to the fact that 
with a lower current density, the cathode fall voltage is 
lower, which results in a lower gold density through a 
diminished sputtering yield and thus poorer gain. The 
rapid increase in the threshold current with shorter 
lengths is more difficult to understand, but a probable 
explanation may be the depopulation of the upper 
laser level by superelastic collisions with slow electrons 
which become more abundant as the current density 
increases. Similar behavior for several transitions in 
the CuII laser was observed by McNeil [17]. This 
argument is better understood if one replots the 
threshold data of Fig. 4 in the form of gain per unit 
length vs. cathode current density. Since the cavity loss 
was the same for all data points in Fig. 4, inverse of the 
cathode length is proportional to the gain per unit 
length at the corresponding threshold current density. 
This is plotted in Fig. 5. It is at once seen that the 
increase in gain per unit cathode length becomes less 
and less as the cathode current density increases. 
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Fig. 4. Dependence of the output power and threshold current of the 
282 nm AuII line on the length of the hollow cathode. The output 
power was measured at a discharge current of 10 A 
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Fig. 5. The data of Fig. 4 reploned to display the variation of the 
gain per unit length vs. the cathode current density for the 282nm 
AuII transition 

4. Cu: Ne Laser in the UV 

Several hollow-cathode designs were investigated for 
the Cu:Ne system lasing in the 250nm region. In 
addition to the slot geometry shown in Fig. 3, the 
structures shown in Fig. 6 were also used with different 
cathode lengths. The cylindrical mesh anode which 
surrounds the entire cathode, as shown in Fig. 6a, was 
found to produce the most stable discharge of all the 
anode designs attempted by us. Instead of a mesh, 
when a more rugged solid stainless steel tube was used 
(Fig. 6c) as an anode, the discharge stability became 
inferior - arcing was observed at dc currents higher 
than 4 A, although pulsed operation was satisfactory at 
I > 3 0 A .  Figure 6b shows a "flute" cathode. The 
optimum hollow-cathode i.d. was found to be 5 mm. 

2 turn-,- I I~-_j L 

H o l I o w . ~ - I _ _ 5  mm 
Cathode ~ (b) 

Cooling 

~ (c) 

Fig. 6a-c. Various anode-cathode structures : (a) slotted and segmen- 
ted hollow cathode with a circular mesh anode ; (b) a flute cathode ; 
(c) same as (a), except with a solid tubular anode 
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Fig. 7. Dependence of the output  power on the discharge current for 
a Cu :Ne laser in the 250rim region. The cathode was 15 cm long and 
the buffer gas also contained a slight amount  of xenon 
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Fig. 8. Optimization of the xenon pressure at a constant  current in 
the Cu :Ne  laser 

2 mm diameter holes for discharge paths to the anode 
were provided on the top at intervals of 25 mm. This is 
the geometry that produced the highest output power: 
at a peak input current of 40 A, pulse width of 40 gs 
and repetition rate of 250 Hz, a multiline power output 
of 800 mW was measured from a 25 cm long cathode, 
with a 0.23:0,11:0.37:0.29 distribution in the 2486, 
2529, 2591, and 2599-2600 h lines. 
The dependence of the output power on discharge 
current is shown in Fig. 7. These data were taken on a 
15 cm long slot cathode with a cylindrical mesh anode 
and a rare gas mixture of 13 Torr of neon and 0.47 Torr 
of xenon. Previously, several properties of a Cu:Ne 
hollow cathode discharge have been measured by de 
Hoog et al. [181 at low current densities. These authors 

found that, except for an initial threshold-like be- 
havior, both the copper atom density and the spon- 
taneous emission from the 2600A laser transition 
increased linearly with current for current densities, J, 
up to ~0.5A/cm a. A unified discharge-sputtering 
theory developed by Warner et al. [19], which takes 
into account the sputtering action of both the buffer- 
gas ions and the metal ions, explains the above obser- 
vations of De Hoog et al. [-18] extremely well. Since for 
charge-transfer-excited transitions the laser output 
should vary as the product of the ground-state neon- 
ion density and the ground-state neutral copper densi- 
ty, and since the neon-ion density saturates at high 
current densities, a linear increase in the laser output is 
expected with the discharge current. Our data (Fig. 7) 
show that this linear dependence continues to 
J ~  1A/cm 2. It shows a maximum at J ~ l . 1  A/cm 2 
and then begins to decline. There are several reasons 
for this behavior. At low current densities, the do- 
minant ion in the discharge is Ne § However, since the 
ionization potential of Cu (7.72eV) is significantly 
lower than that of Ne (21.56eV), it becomes more 
difficult to maintain the Ne § density as the current, 
and hence the Cu density, increases. Consequently, an 
optimum is reached, and for higher currents the Ne § 
population goes down, resulting in lower laser output. 
Another possible mechanism is de-excitation of the 
upper laser levels by slow-electron collisions. It is also 
likely that at high current densities direct electron 
excitation of the lower laser state takes place from the 
4s or the ion ground state [l lc].  A fourth possible 
mechanism for the decline of the laser power at higher 
currents is radiation trapping. However, estimates [17] 
show that radiation trapping effects should become 
significant only at output power levels much higher 
than the 20 mW obtained from the present 15 cm long 
cathode. 
The existence of an optimum metal vapor density at a 
constant discharge current is demonstrated by in- 
troducing a small amount of xenon into the discharge 
and varying its partial pressure. Figure 8 shows the 
results. It is seen that at a discharge current of 24 A, the 
output reaches its optimum value at a neon-xenon 
ratio of 100:4. Figure 8 also suggests an interesting 
application of the addition of a heavier rare gas to the 
discharge. Since the cathodic sputtering yield by Xe 
ions is several times larger than by Ne ions for most 
metals [20], at low currents densities most of the metal 
vapor can be produced by Xe, and thus the discharge 
current can be varied independently keeping the metal 
vapor density fixed near its optimum value. It will be 
recognized that without the heavy buffer gas, such 
independent control would not be possible, 
Similar results were also obtained when the argon 
pressure was varied in an Ag :He discharge lasing in 
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the ir at 840nm. For a constant current of 5 A and 
constant He pressure of 15 Torr, the variation in the 
output power from a 25 cm long cathode is shown in 
Fig. 9, indicating an optimum near p (Ar )~ l% of 
p(He). Here, as in the C u : N e + X e  case, the output 
initially rises because a higher Ar pressure produces 
more Ag atoms by sputtering; at very high Ar pres- 
sures the trend reverses because with increased density 
of low ionization potential Ag and Ar atoms, it 
becomes more difficult to ionize He. 

5. Mult i -Component  Hol low-Cathode Lasers 

In addition to cw oscillation, low threshold, low noise 
and compact construction, a major advantage of metal 
ion lasers is the simultaneous availability of a large 
number oflasing transitions. Thus, with more than one 
metal in the discharge, one should be able to invert a 
signficantly larger number of lines. With a view to 
explore this, we investigated several multicomponent 
hollow-cathode systems. In the simplest version of the 
multicomponent laser, hollow-cathode segments of 
Cu, Ag, and Au of various lengths were placed on a 
copper rail, as in Fig. 6a, and simultaneous lasing was 
observed at several lines from all three metals. For 
example, with Ag, Cu, and Au segments of lengths 25, 
50, and 205 mm, respectively, a total of 10 transitions 
was observed at a discharge current of 16 A: 5 from 
Ag § (801, 825, 832, 838, and 840 nm), 2 from Cu + (781 
and 783 nm), and 3 from Au § (760, 827, and 860nm). 
Evidently, by proper choice of the cathode com- 
position, the number of lines and the distribution of 
the total output among them can be optimized. 
A second approach for a multicomponent laser was 
demonstrated by using an alloy cathode. With an 
He Ar discharge excited in a 280mm long hollow 
cathode made of brass (61.5% Cu+35.5% Z n + 3 %  
impurities), oscillation was seen at 13 lines at an input 
current of 25 A: 2 from Zn § (748 and 759nm) and 11 
from copper. With high-reflectivity visible mirrors, the 
Zn § transitions at 491,492, 589, and 610 nm were also 
readily inverted in this brass cathode. We also expe- 
rimented with a stainless steel hollow cathode and 
obtained anomalous laser action at 9 wavelengths: 
703.5, 712.5, 719.9, 760.5, 770.9, 774.0, 775.3, 779.8, and 
783.9_+0.5nm. Inversion was obtained only in a he- 
lium discharge with ~ 0.5 % addition of hydrogen. The 
first two of these lines were fairly strong, their thresh- 
olds being 7.5 and 6.3 A, respectively, and a peak 
quasi-cw output power of 50mW was measured from 
these transitions with the 25 cm long slotted cathQde at 
a discharge current of 20 A. In order to identify the 
laser lines, we examined the major constituents of type 
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Fig. 9. Optimization of the partial pressure of argon in Ag:He 
infrared laser. The current was kept constant at 5 A 

304 stainless steel alloy [21]; iron (66.3%min), 
chromium (18-20 %) and nickel (8-t0.5 %). None of the 
above lines was observed in our previous studies with 
chromium [10d] and nickel [10b] hollow cathodes. In 
an Fe cathode made from high-purity electron-beam 
melted iron flake, no stimulated emission was observed 
at all. Thus, v~e are unable to identify any of the above 
observed transitions. 
In summary, operating characteristics of several 
hollow-cathode metal-ion lasers have been presented. 
Variation of the output power, gain and threshold 
current is studied as a function of the cathode length, 
output mirror coupling and buffer gas composition. 
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