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This article revlews ultraviolet laser results obtailned with positive column no-
ble gas ion lascrs, hollow cathode metal vaper lon lasers, pulsed recombination
lasers, and multiply ilonized rare gas specles emitting in the VUV region. We
also discuss the recent use of direct current electron beams to pump cw ion la-
sers, and the possibillities of higher efliclency and shorter wavelength ultra-
violet lasers using this new excitatlon scheme. .

INTRODUCTION

At present, ion lascrs are the most powerful ¢w sources of coherent radiation in the
ultravioclet. More than 100 cw ion laser transitions have been reported in this spectral
region, with the shortest wavelength being the 224.2 nm transition of Ag II. Figure 1 sur
marizes the wavelength and power of the most important ultravioclet ion laser transitions.
Powers obtained toth in a true ew and quasi-cw or long pulse mode are shown. Multiply dor
ized noble gas species provide the highest cw powers wlth, for example, an output power ol
61 W from the combined 351.1 and 363.8 nm Ar IIT lines. Lower current thresholds and shoy
ter wavelengths have been obtained from singly lonized metal vapor transitions excited in
hollow cathode discharges. Recombining plasmas have produced ion laser action in the ul-
traviolet, but only in the pulse mode. Vacuum ultraviolet laser radiation has been ob-
tained from multiply ionized rare gas specles, but to date only in a pulsed regime,
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Fig. 1. MMost powerful cw and quasi-c¢cw ultraviolet
) lon laser lines. Cw powers 1n full line, quasl-cw
- ' powers in dashed line. :
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Fig. 2. Small signal gain and output power of UV
ion liner as a Tunction of discharge current: a)
neon 1I; b) krypton III; ¢) argen III;, d) xenon
Iz [2].

Below we review selected ion laser results obtained with positive column noble gas
lasers, hollow cathode metal ion lasers, pulsed recombination lon lasers, and with multiply
ionized rare gas specles emitting in the VUV region. The use of de¢ electron beam excita-
tion to pump ¢w ilon lasers was recently demonstrated. Thls new excitation mechanism offers
the possibilities of higher efficiencies and shorter (VUV) wavelengths so this new excita- k
tion scheme for cw ion lasers is also discussed. |

Uy NOBLE GAS ION LASERS

Ultraviolet cw laser action from noble gas lons was cobtalned for the first time by
Paanamen [1] in 1966, He obtained laser radiation from Ne II (332.4 and 337.8 nm), Ar III
{351.1 nm) and Kr IIT {(350.7 nm) exciting noble gases with currents between 45 and 85 amps
in a 3.5 mm bore discharge tube with an effective length of 56 cm. Paanamen obtalined cw
laser power of 0.3 W, 30 mW, and 13 mW for Kr III, Ne II, and Ar III transitions, respec-
tively. In 1968, J. Fedley [2] made a detailed study of the ultraviolet laser emission of
ionized Ne, aAr, Kr, and Xe gases. Using & segmented graphite tube 34 cm long with a 1.7
mm bore dlameter, Fedley measured the gain and power of the strongest laser lines. His re-
sults are summarized in Fig. 2.

Cw laser power over 1 W was obtained simultaneously in both Ar ITZI (351.1 nm and 363.8
nm) and Kr III (350.7 nm)} by Banse et al. [3] using a lused silica tube with a 12 mm bore.
Latimer [4] and Bridges and Mercer [5] reported cw laser powers of 1.7 and 2.3 W, rospec-
tively, for the Ar III lines using narrow bore (4 and 2.3 mm) tungsten disc discharge tubes.

Figure 3 summarizes the results obtained by Bridges and Mercer. They reported an efliclency

of 1-10‘”. The laser output powers obtained In Lhese experiments and the fundamental fea-
tures of the discharge tubes are simllar to the ones commorclal cw ion laser tubes still in
use today.

Significantly larger laser output powers were obtained by To et al. [6] in 1976 using
a 12 mm bore tungsten disc discharge tube 15 cm long. They obtained 16 W of combined power
from the Ar III lines using a discharge current of U85 amps; 55% of the power was obtained
on the 363.8 nm line and the rest on the 351.1 nm transition. They also reported cw laser powers
of 7, 1.8 W, and 0.15 VW on the UV transitions of Kr III (350.7 and 350.4 nm), Xe IIL (378.1
and 374.6 nm}, and Ne II (332.4 nm). Finally, Luthi et al. [7] in 1977, reported the lar-
gest cw ultraviolet laser power obtained Co date. They used a segmented metal discharge
tube of 12 mm bore to obtain 61 W on the 351.1 and 363.8 nm Ar III] transitions. Table 1
and Fig. 4 summarize the results obtained by Luthi et al. for Ar III and Kr III. The output
power was observed to increase without saturation up to the maximum avallable discharge
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Fig. 4

'Fig. 3. Qutput power of a disc bore Ar IIT ultraviolet laser. The tube parame-
ters are given in the figure [5],
Fig. 4. a} Measured iR dependence of the UV laser ocutput power PO per unit

length of the discharge. (Wavelength <310 nm, discharge diameter 12 mm, £i1)1
pressure optimized for each current position.) b) Wavelength >310 nm i

Table 1

Cw UV Laser Transitions. Measured UV Laser Power
at Maximum Available Current, i = 480 A of Power
Supply. (Discharge Diamcter: 12 mm, Discharge Length:
1.7 m, Fill Pressure: 1.25 Torr for Ar, 1.3 Torr
for &r 7])

e i)

Wavg- Power | Output Aolative
ton fenaths, | (w) refiector | comaiou-.
(nm} %) tion (%}
Arlli 3637 61 28 50
i 851,1 50
b 335.8 25
Arlll /A 47 9.5 45
333,6 30
3. s
305.4 §
) Arlil 302.4 38 99 & .
: v 800,2 55
b1 ArllL 2754 D4 98,5 100
Kalll 3564 | 19 %8 3
350,7 ST
g
r 3314 25
Kb 3239 4,5 97,5 70
MNZ4 5

current of U480 A, indication that higher outpul powers might be possible at iarger discharge
current densitles for most of the UV lines. In studies done in pulsed discharges (8] (r =

ut = 0.2-0.3 microsecond), the maximum power was observed to stil) rise with discharge current
dengity, J, up to values more than an order of magnitude higher than the ones of the exper-
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iment of Luthi et al. 1In partilicular, for the Ar III 351.1 nm line a power of 1 kW was
measurcd in pulse operation (J = 7200 A-cm'2, R =0.35 em) [8].

METAL VAPOR ION LASERS

He-Cd+ laser. Cw operation on Cd II at 325.0 nm was obtained independently by Si1f-
vast [9] and Goldsborough {[10]. Silfvast obtalned 6 mW from He-Cd discharge in a !l mm by
100 cm tube. Goldsborough [11] obtained 20 mW in a tube 2.4 mm diameter and 143 cm long
at a current of 110 MA and 3.4 Torr helium pressure. The cadmium source temperature was
220°C, corresponding to a vapor pressure of about 2 mTorr.

Silfvast [12] proposed the Penning reaction following a suggestion by Webb:
He*(2575,) + Cd = He+ Ca*(5¢ D)+ e + As

for the cxeitation mechanism of the 552 2D upper laser levels of the 325.0 and 441.6 nm
transitions and fast radiative decay via the highly allowed UV transitions to the lon

ground stalc as the depopulating process for the 5p 2P lower. laser levels. Lxperiments by
Collins [13], Webb {14], Schearer and Padovani [15), and Silfvast [16] support this exci-
tation scheme. However, the fact that cw laser action was alsc obtalned (at much lower
laser powers) in Ne-Cd, Ar-Cd, and Xe-Cd mixtures [17] complicates the simple- ptcture of
the Penning process being the only population mechanism. .

The observatior that the laser power increased with decreasing noble gas pressure
made Wang and Siegman [L7] the highest direct electron impact from the Cd atom ground state
as the excitatlon mechanism for those experimental conditions. Aleinkov and Ushakov [18]

measured a large cross scetion, 1.5-10'16 cm_g' for this process.

Mare recently, the group at Nagoya University studied the He—Cd+ laser excitation
mechanisms by medeling and experiments [19-20]. Their studies concentrate on the popula-

tion of the Cd IT 552 2D5/2, upper level of the 441.6 nm transition, however, the conclu-
sions should be expected to be valid also for the 552 2D3/2, upper level of the 325.0 nm

line. They found that the model can only it the experimental data if both Pennlng reac-
tionsz and stepwise electron excltation from the Cd {II) ground state are consldered. They
substain that the dominant cxcitation mechanism on current densities of a2 few mA 1is the
\Penning process of reaction 1, and that at higher current densities the stepwise electron

excitation process dominates [20].

Many cother singly ionized metal vapor species lase in the ultraviolet. Positive col-
umn discharges are not a good active medium for metal vapor ion lasers since the electron
temperature decreases very rapidly with increasing metal vapor pressure. This was clearly
shown by T. Goto et al. [21] under typical He-Cd*t laser discharge conditlons with the dou-
ble-probe method. Their results are summarized in Fig. 5. As a result, metal vapor den-
gity and electron temperature cannot be independently optimlzed. The decrease of the elec-

. tron temperature also causes a drop in the lonlzation rate, and conseguently thls represents

a drawback for most metal vapor lon lasers. Other electric discharge excitation schemes
that overcome these problems are discussed in the following sections.

Hollow cathode metal vapor ion lasers. Hollow cathode discharges have more suitable
characteristics for obtaining laser action from noble gas-metal vapor systems. The dis-
charge that fills a hollow cathode is malnly a negative glow sustalned by energetic beam
electrons [22]. The bombardment of the cathode surface by jons, fast neutrals, and photons
produces sccondary electrons that are subsequently accelerated in the cathode dark space
to form a 300-100 eV electron beam. These fast electrong can efficiently ionize the atoms
in the discharge creating an attractive active medium for lon lasers. The electron energy
distributicn as resulting from solving. the Beltzmann equation for electrons in a He-Hg hol-
low cathode discharge is shown in Flg. 6 [23]. The general features of this electron energ)
distribution agrees well with the one measured by Gill and Webb using an electrostatic en-
ergy analyzer [2U]. The beam electrons that enter the negative glow at an energy close to
ch, where V. s the discharge voltage, degrade in energy undergoing inelastic and elastic

¢ollision. Most of the secondary electrons created in the ionizing collisions are created
at low energy [25], and the resulting distribution is the one shown in Fig.

Since the negative glow is baslcally field free and sustained by beam'electrons the
discharge 1s rather insensitive to the presence of metal vapor that sputters from the cath-
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CHARGE TRANSFER REACTION
R+ M =R+ (M) +aE
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Fig. 5. KEleetron temperature ag a function of cadmium pressure (oven tempera-
ture) under typical He-Cd* discharge conditions. A dashed line shows the result
caleulated from the theory of Dorgela et al. [21].

Fig. 6. Electron energy distribution ina 0.3 em diameter, 50 e¢m long He-Hg hol-
low cathode discharge calculated solving the Boltzmann equation for electrons.

Discharge current: 10 A, He density: 1.2-101‘7 cm—B, He density: 31015 cm"3 [231].

Ffig. 7. Diagrammatic representation of a charge transfer reaction.

ode as compared with a positive column. This is an advantage, since it allows for a betier
optimization of the metal vapor concentration without abruptly degrading the electron ener-
gy distributlion, and diminishing the dlonization rates. Moreover, as [irst polinted out by
Willett [26]) and Karabut (27], the cathode material itself may be sputtered into the dis-
charge thereby providing the ground state metal atoms. WNonvolatile metals may thereby be
vaporized without the use of ovens or self-healing discharges This is a considerable prac-
tlcal advantage and was first realized in a laser by Csiliag et al., (28], in a slotted hoi-
low cathode of the Schucbel type [29].

The laser upper levels of many metal vapor transitions in hollow cathode discharges
are populated by charge transfer reactions, schematically represented In Fig. 7 and sum-
marized as: : =

W




B + M~ B + (M*)* + A, (1)

where B, B+, and M represent buffer gas atoms, lons, and metal atoms, respectively. (M+)*
represents metal lons in an excited energy state from which the laser action originates

and AE is the energy difference hetween B* and (MT)% in reaction 1. Duffendack [30-36]

and his coworkers as well as Takahashl [37) investigated a varlety of metal rare-gas mix-
tures In which charge transfer excitation of excited lonle Jevels was present. The use of
hollow cathode discharges to create populatlon inversions was not widespread until Fowles
and hls coworkers at the University of Utah first demonstrated that charge transfer [38-40]
could provide selective excitation of upper laser levels 1n positive column devices. Sev-
eral years later, using hollew cathode excitation, lzser acticn was reported in He-Cd* ang
He-Znt mixtures by Karabut [27], Sugawara [U41], Schuebel [42], and Jensen [43].
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Fig. 8. “'ransversely cxcited hollow cathode laser
configurations (a), Schuebel type; (b) reectangular
slotted hollow cathode; (c) circular slot; (4) wave
guide structure; (e) hollow annde or obstructed
glow; (f) fluted hollow cathede; and (g) a recian-
gular hellow cathode structure, KlandK2arecath—
odes; Al and ﬂe are anodes.

The first demonstration of & population inversion in a species generated solely by
cathode sputtering was that reported by Csillap et 2l. in 1974 {28], with laser action in
Cu IT at 780.8 rm. The upper laser level of Cu II was populated selectively by charge
transfer reactions between ground state helium ilons and ground state copper atoms produced
by sputtering. Subsequently, ultraviclet laser transltions were reported in Cu II, Ag II,
and Au IT (H4-461. The wavelenglh of these transitions, their level asslgnment, the corre-
spondent current threshold and laser ocutpul powers are sqmmarized in Table 2.

The above metals are particularly suifed for use in hollow cathode lasers because all
the metals possess high sputtering yields when bombarded with energetic {(about 300 eV) ions

[47). Consequently, metal vapor densities 1101u em™ can be created by discharge sputter-
ing [48]). 1In addition, metal lon lecvels, which 1lie in energy colncidence with ground state
rare-gas Jlons, are populated by charge transfer reactions [30-36]: These factors combine
to produce the required population inversions. Below we review different hollow cathode
lasers and the characteristics of the most importani ultraviolet hollow cathode laser sys-
tems: the Ne-Cu* and He-Ag? and He-put.

Hollow cathode laser geometries. Laser action has been achleved in a variety of hol-
low cathode geometries. Figure 8§ summarizes a variety of fransversely excited configura-
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Table 2

Small-Signal CGains and Laser Qutput Powers
of Selected Ultraviolet Transitions of Ag* and Cut
and aut [60,80]

measured net| Percent gain
gain (%)** **| per meter

Wavelangth, nm Y 8,720, % et | LABOr POWeRrn2S
3181 Ag” 5,3 38 13w
270,3 Cu* - B 38 05w
280,0 Cu* 3.2 23 0,25 w
2529 Cu* 28 9

2486 Cu* 12,2 83 05w
2243 Ag* — — 85,0 mw
2822 Anll - -

2918 Aull - - 600 mws e+

*Round trlo small signal galn Mminus IntAsic cavily loss foy a = 0,75 m
cathode, F
T Puise widln 120 psec, pulse 1410 A0 M2, current amplitude )00 amps,
***Qptained with a repetition rato of 40 He and 24 pyec duration,

tions. Historically, Chebotayev [49) and Smith [50] were the first to use a tandem-excite
hollow cathode discharge (not shown in Fig. 6) as a means of exciting an He-Ne laser at 1,
microns. Subsequently, Byer [51], Wieder [52], Xarabut (271, Sugawara [41], Schuebel [42]
Jensen [43]1, Piper [53j, Csilleg (28], and Eichler et al. [54) employed the hollow cathode
discharge to excite metal ion lasers. The geometry in which the majority of laser studies
were undertaken is the transversely excited slottod hollow cathode of the Schuebel [29) ty;

as shown in Fig. 6 (b and c¢).

Typical V-TI curves for silver, copper, and aluminum slotted hollow cathodes are shown
in Fig. 9 with various buffer gas mixtures. Nole that the V-I requirements are nearly
identical to those for a commercially available rare-gas lon laser. However, the dynamic
impedance of the hollow cathode discharge is always positive and low (<20 i) which reduces
discharge-power supply instabilitiesand allows for casy breakdown. All of the electrode con-
flgurations illustrated in Fig. 7 will operate In the hollow cathode mode only when the
negatlve glow reglions from cpposing cathode surfaces merge or averlap.

-4 ¥ 4 L] L] L]

1 larparen )
Fig. 9. V-I characteristics of se¢-
lected hollow cathode dlscharges in
Ag, Cu, and Al cathodes.

Ne-Cu' laser. In the Ne-Cu+ hollow cathode discharges, the 3d955 levels of Cu IT are
populated by charge transfer reactions between copper atoms and ground state rare-gas lons,
A summary of the strongest Cu II transitions is given in Table 2. Figure 10 depicts the
selectivity of the charge transfer pumplng scheme for Ne-Cut by indicating the energy coin-
cidence between the rare-gas lons and upper laser levels of illustrative laser transitilons,

e.3., 248.6 nm. Seven UV laser transitlons originating from the 3d955 levels of Cu Il were
observed [44]. The wavelengths ranged from 248.6 to 270.3 nm. Multiline laser power from
the 259.9, 260.0, and 270.3 nm lines was 350 mW, while single line output of S00 mW was ob-
tained from the 2U8.6 nm line. In the case of the Ne-Cut laser, only neon was used; no
other buffer gases were added to increase sputtering. The optimum neon pressure was 12

| |
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Torr. A&uschwitz et al. [55] reported enhancemens of the UV laser emission lifetime by a
mixture of 0.1% argon to the neon buffer gas. lor the laser lines 259.1 and 260.0 nm they
achieved mean output powers up to 60 mW {(Lotal micror transmission 2%).

More recently, K. Jain [56] reported a muliiline UV power of 800 mW exciting a 25 cm
long hollow cathode of the flute type (see Tig. BI') wilth {0-microsecond pulses at a peak
current of 40 A and a repetition rate of 250 Hz. The fractional distribution of the laser

output power was 0.23:0.11:0.37:0.29 in the 248, 2529, 2591, and 2599-2600 R lines. The
highest true cw power was reported by Eichler et al. |57, who-obtained 200 mW cxciting a
2 x & mm slotted hollow cathode (see Fip. 8b) with a curreat of 70 A with the characteris-

tic ripple of three-wave rectification. The gein was estimated to be 5% mt and & 3.6% op-
\iimum cutput coupling was employed. They also reported a guasi-ow peak output power of 0.9 Wwith
vectified 50 Hz hall-wave excitation. Figure 11 shows the variation of the e¢w and halfl-
wave mean powers as a function of the dilscharge current.

He~Ag+ laser. The hdgnx and hdgbaa configurations of Ag IT are excited in He-Ag and
Ne-Ag discharges, respectively. Figure 12 depicets seleeted laser ftransitions and indicates
the near encrgy c¢olneidence between the upper laser levels and the helium. Thls diagram
also dncludes the visible and IR Ag IT laser transiticons.

The 22/l nm laser transition, 56180 - Bpl.t”-‘;'_} obtalned the first time by McNell et al.
[45] is the shortest wavelengbth cw lascr tranzitions reported inm the llterature to date.
The threshold for this transition is oniy 2 & and peak outpult power of S0 mW with a 1 mW
average has been reported in [58]. The optimum pressure is 20 TorrHe with 0.2 Torr Ar. The var-
iation of the cutput power on the mirror %transmisslon for the 22L nm line in a 2% ¢m long
rectangular slot cathode, excited by o 40 & pulse is shown in ¥ig. 13. The best Tit to the
experimental data gives a value of the unsaturated gain of 25%/m. The strongest laser
transition of Ag II according to the experiments of Warner et #l. [597, and Seolanki et al. {60]is
at 318 nm 4d*5s21G, — 4d° 5p* Fy, provides peak singlc-1ine output power of 1.3 W. This fransition is
excited by charge transfer collisions with Ne+. However, in the experiments carried out by
K. Jaln and S. Newton [56], this transition was found to be much weaker than the 224 mnm
line, and the galn was measured to be 5&/m.

He-Au® laser. Figure 14 ipdicates the slx ultraviolet laser transitions of Au II
which have been observed when a helium dischacge is excited in a gold hollow cathode. Note
that all of the Au [T laser transitlions arise from energy levels in near energy coincidence
with the ground state helium ion. Threshold currents for the 280 nm laser transitions are
measured to ve as low as 3 A or about a factor of 20 less than threshold currents for ultra-
violet laser transitions in rare~gas lon lasers. Multiline output power of 125 mW [46] ang
600 mW [58] has been demonstrated in the 250 to 290 nm region. [For the 282 nm line, Jain
and Newton [561 reporied true cw laser action for a slotted cathode length as short as 5

em. With a cathode length of 2.5 em lasing was achieved in a guasi-cw regime with current
pulses of 300-microsecond duration.
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Fig. 11. Cu II and half wave (hw) UV laser output (mean power) as a function of
hollow cathode discharge current [57].

Pig. 12. Partial term diagram of Ag I showing selected laser transitions (sol-
id lines) and the energies available from ground state helium and neon ions.
Wavelengths are indicated in nanometers.

Fig. 13. Dependence of output power on mirror transmission for 224 nm line of Ag
IT in He-Ag hollow cathodec laser. Seolid line is a fit done with gain of 25i/m, a
saturation parameter 8, 1/8 = 6 W and total cavity loss of 0.07 [56].

Fig. 14, Partial term diagram of Au II indicating selected lascr transitions

(solid lines) and energies available f{rom ground state helium ions. Wavelengths
are indicated in nanometers.

Vacuum ultraviolet radiation from highly ionized noble gases. As mentioned above the
shorter cw ion laser transition is the 224.3 nm line if Ag II obtailned in He-Ag heollow cath-
ode discharges. Singly ionized noble gases are the most power source of ew wisible laser
radlation and as mentioned in §1, cw ultraviclet laser radiation in noble gases is obtailned

i



Table 3
Vacuum Ultraviclet lon Laser Bmission from Noble
Gases [61]
Measured Spectrum | Thresh. | Reistive | Measurea Tarosn- | Belative
wavelenglh o perfar: ) wa ¥ =P ol perfor-
£ ¢,003 nm) tAjem?) | mancer+s| (+ 0.003 nm) (Asomly | mancates

206,530 ¢ | NelV?
202,219 ¢ NelV
184,343 Ary?
: 2191492* | KrlV
| 205,408 * | Krlv

~50 106,808 KrlV 2000 ~d
~380 165,027 KrlVv 7000 440
~10 183,243 Kry? 5600 10

600 175,641 KrIy¥ 7800 1600
-3 231,536 % | XelV? 3000 1400

T

*“Wavaiengtng measured in alr, Those lines sra included from (B] for comparison,
**Thrashold af pressure Tor ogtimum oulpul. Threshold can be up to nalf this value at lower pressury.

* e Perlormance measured 4t 11,000 Ajem” discharge curront density. Pressure was 6 1t for the kryptan
ang 10 u for the argon VUV Leansillons, The wransitlons from (8] are given In walts.

i
| mainly from the double lonized species. J. Marling has demonstrated vacuum ultraviolet
' laser acticon Trom highly ionized noble gascs, in a pulse (200 nsec) repgime [61]. As we
. shift towards shorter wavelength and more highly changed ions, hilgher current densities
|| . are required. To achleve laser action bclow 200 nm, Marling used electrical discharge ex-

! - citation pulses with 500 nsec duration and peak current density up to 14,000 A/cm2 in a z-

a ] pinch longitudinal discharge. Table 3 summarilzes the YUV laser resuvlts obtalned using
highly lonized neble gases. The two strongest emissions cxhibited 0.1-1 kW peak power frof

Kr IV at 195%.0 nm and 175.6 nm. Figure 15 shows the relatilve peak power of these laser

| transltlons as a function of discharge current. No saturation is apparent. Using the

il same excltatlion technique he also found numercus new laser tranaitlons from multiply charg:

lons In the 200-250 nm expected region [2].

l ) Summarizing laser action In the vacuum ultravioclet has been obtalned in several “highl:
i ionized species. However, this was done with short pulse excitation (500 nsec) since cur-

| 4 .
"‘| rent densities of the order of 10" A are required.

Recombination ion lasers. Gudzenko and Shepelin suggested Ln 1963 that population in.
i version could be produced during plasma recombination [62]). This is a way to elfficiently
il use the energy stored .in the plasma lons to efficiently excite laser transitions. Several
‘ultraviolet laser transitions have been obtained using this excitation principle. Zhukov
et al. [63] in 1970 ulilized experimental data on recombination lasers obtained in the
i years since Gudzenko and Shepelin's proposal, to formulate more specifically the reqguire~
‘ ments that the discharge conditions and the distributions of atomic and ionie active level:

have to satisfy to achieve population inversleon during the plasma recombination periloed.

Zhukov ct al. estabilished a generallzed crlieria for the existence of population inversion
which for the case of widely spaced levels with the assumption that each group consists of
just one level ls:

. : gilA, + Fin gl Ay + Fanl) > WJIW,, (2)

where g, 4, F, W, are the multipliclity, transition probability, electron deexcltatlon rate,
and total pumping rate to the upper (i = 2) and lower (i = 1) levels. They analyzed both
the cases of radlative and colllsional repgimes, as summarized below. In the case of low
electron densillies the Fine terms can be neglected and an inversicon is established because

of the optical transitions. It is usually then necessary to ensure that the gap between
[ the upper and lower levels 1s censlderably less than between the lower and zeroth levels
{ because thls disiribution of levels ensures the necessary ratios between the optical prob-
. abilities of the transitions. Such level systems are shdwn in Fig. l6a. However, the in-
| version 1is destroyed when ng, and, consequently, the rate of pumping by recombination in-

' crease suffleclently because then terms F’lri‘3 and Fene predominate and the values of these

terms increase with decreasing distance between the levels. Thus, for this dlstribution
of levels the recombination regime is unlikely to ensure high gains and output powers, sinc
electron deexclitation sets a limit. However, if the level system has the structure shown
In FPig. 16b, electron deexcitation can play a role in favor of population inversion. An
Inversion cannot be established by the optical transitions since n21 > AlD (due to the fact

that a521 > AElO) and this ig why ratio of the probabilities of transitions resulting from
electron deexcltation becomes acceptable because then Fln

e A population inversion
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Fig. 15. Relative peak power of the Kr IV laser transitions at 176, 195, and
219 nm as peak excitation current density 1s varied between 6000 and 1“,00@ A/

/cmz. No saturation is apparent [61]. ,

Fig. 16. Level systems. WQ and “1 represent the pumping termsg in a recombining
plasma.

can be establlished by such transitions at high plasma densities and for high recombilnation
pumpling rates, so that the stimulated radiation may be intense and the gain may be high.

The researchers of Rostov Unlversity summarlzed the general requirements which have
to be satisfied if a population inversion is desirable under recombination-collisional
conditions in the following way [62]):

1) the upper laser level should be one of the lowest in the higher group of closely
spaced levels;

2) the lower laser level should be one of the highest in the lower group of closely
spaced levels;

3) the transitions between the levels should be allowed;

4) the electron density should be sufficiently high to ensure that the probability of
collisional transitions within groups excecds the probabllity of optical translitions;

5) the electron temperature should be as low as possible.

Such conditions are met for the 373.7 nm transition ef Ca II on the afterglow of a
He-Ca discharge. Zhukov et al. [64] obtained 0.5 W of average laser output power in this
1ine using excitation pulses of 300 &, 150 nsec at 5 kHz repetition freguency in a discharge
tube 11 mm in dlameter and 50 c¢m long. ‘The laser pulses were several microseconds long,
Ultraviolet laser action in a recombination plasma was also obtailned by Silfvast et al. in
In III at 298.3 nm and 300.8 nm [65). 1In this experiment the laser action was obtained
when a series of small vaporized plasmas, formed in the gaps between a row of electrodes
of the lasing species by a high voltage pulse, is aliowed to expand or recombine [66]. The.
laser pulse length was also in the microsecond range. Silfvast et al. observed laser ac-
tion in the same transition in ag II (IR), C4 III (visible), and In 1V, demonstrating that
the concept of isoelectronic scaling can be used in recombination lasers to obtain laser
action at shorter wavelengths [65].

No ew ultraviolet recombination laser has been reported to date. This 1s due to the
difficulty of obtaining a plasma that possesses both high ionization rates, and low elec-
tron temperature and in which the laser lower level is not significantly excited by elec-
tron lmpact from the ground state. D. Wood and Silfvast [67] have, however, recently re-
ported quasi-cw (1 sec) laser actlon in the Infrared on the 1.40, 1.43, 1.44, and 1.6U mi-
cron transitions of Cd I. This result was obtained in an are created between two Cd elec-
trodes and rapidly flowing He gas between them to create an expanding plasma.

R o




% | Fig. 17. Emission from a 0.5 A elec-
i tron beam created by a glow discharge
|} electron gun.

:‘= |
| ‘i RECENT DEVELOPMENTS AND FUTURE WORK

. As dlscussed in the preceding section, hollow cathode discharges have an electron en-

, 1 ergy distributlion with a high energy (300-500 eV) component. This energetic electron can

' easily ionize buffer gas lons, that populate the laser upper levels by thermal charge trans

| | fer reactions. The hollow cathode-charge transfer scheme has been successful in achleving
L "laser actlion with low current threshold in more than 10 transitions below 300 nm. However,

the production of energetic electrons in a conventional hollow cathode discharge 1s ineffi-

clent. In a celd cathode HCD the electrons are generabted mostly by lon bombardment of the

cathode surface. These electrons are then accelerated through the cathode fall to form an

{1 electron beam. Neglecting lonizatjon in the dark space, the electron beam current Ie is

il . related te ion current I by the relationship

" It T=1l., (3)

i
' J where v is the electron secondary emission coefriciont Considering that the total current

I-= Ie + I,, we can state that

3
! |
{
yl - I,= {4/ + 91 (%)
(1 1
?'::I From this it fellows that the electron beam generation efficiency, B,, is:
| i
Al R.=1/1=1/(1+ 1) (5)

| At an 1mpinging icn energy of 200~300 eV most materials present Y®=04. Alsc notice that
most of the ions do not impinge on the cathode with the total cathede fall energy ch,

since they suffer charge exchange collisions. For a value of y = 0.1, the resultlng elec-
| tron beam generation efficiency from (5) is n = 0.09. Recently, Rocca et al. [69] proposed
and demonstrated [70-74] the use of de electron beams as a new way of exeiting cw ion la-
sers. For this purpose they have developed glow discharge electron guns [75-78] that pro-
. duce well-collimated electron beams of energles between 1 and 10 keV and currents up to 1.2
f !. A, The glow discharge electron guns operate in helium at pressures up to 3 Torr without
| differential pumping. Electron beam generation efficiencies as high-as 80% have been meas-
: ured. This results inan orderof magnitude laser improvement with respect to ahollow cathode

! discharge, Figurel7 showsa 0.5A electron beam created by aglow discharge electron gun.
Using the laser setup of Fig. 18, the researchers at Colorado 3tate Unlversity have obtaine
cw laser action in more than 30 infrared and visible transitions 1n 7 different singly ion-
1zed species: Hg, I, Cd, Se, As, Zn, and Kr. In the laser sebup shown in Fig. 18 the beam
electrons created by tne glow discharge electron guns are gulded by &n axial magnetic field
l“ to assist an efficient deposition of the electron beam power into the gas. The electron
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Fig. 19, Metal vapor ion laser excited with two
. glow discharge electron beams [79].

VOLTAGE (kV)
16 20 225 25

LASER PowER!mwf

GO 0:5 o 15 20

ELECTRON BEAM DISCHARGE CURRENT (A}

Fig. 20. Laser output of 614.9 nm Hg
IT transition as .a functlon of elec-
tron beam.discharge current and volC-
age. Average helium pressure in ac-
tive medium was 1.5 Torr. Magnetic
field 3.2 kG; Hg reservoir tempera-
ture 120°¢ [79].

guns have the unique feature of providing a clear optical path throughout the axis. This
permits one to match the electron beam c¢reated plasma volume with the corresponding volume
of the optical resonator. The laser conflguration shown in Pig. 19 is similar to the one
of Fig. 18, but in this case two opposing electron guns are used. This allows an ilncrement
on the elecnron beam power deposited per unit volume and alsc provides a more uniform plas-
ma. Using this setup, Rocca et al. obtained 1.2 W of cw laser power from the 491.2 and
492.4 nm transitions of Zn II exciting a He-Zn mixture and 0.25 W on the 614.9 nm transitiol
of Hg II exciting a He-Hg mixture [79]. This power is over order of magnltude higher than
the ones obtained with either hollow cathode or positive column lasers. This is alsc the
first time that metal vapor lon lasers operate cw in the visible region of the spectrumat a

power of >1 W. The vardation of 614.9 nm laser power wi th electron beam c}ischarge paramefers is
shown in Fig. 20. i

So far the efforts concentrated in demonstrating the advantages of this new exclitation



scheme in charge transfer systems operating in the visible region of the spectrum. How-
ever, similar improvements are expected to occur also for ultraviolet transition, in sys-
tems like Ne-Cu and He-Ag and this 1s part of future work.

The electron beam-charge transfer systems have the potential for creating high effi~
ciency cw ultraviolet lasers if we consider that:

a) most of the discharge power (up to 80%) goes into the creation of energetic beam
electrons;

b) beam electrons efficiently create noble gas ions; i

¢) most of the energy stored in the rare gas ions can be selectively deposited in the |
laser upper levels by thermal charge transfer cross sections that present very high cross !

sections (>10"15 cmz);

d) systems like Ne-Cu' and He-ﬂg+ have a large quantum efficiency (24 and 20%, re-
spectively) for 250.0 nm transitions.

Simplified calculatlons done to estlmate the efficlency of electron beam pump cw-
charge transfer systems show that values In the vicinity of 1J could be expected.

CONCLUSTONS

Doubly charged noble gas ions are at present the most powerful scurce of coherent ra-
diation in the ultraviolet region of the spectrum. A ¢w output power of 61 W has been ob-
tained from the combined 351.1 and 363.8 nm Ar III lines. VUV laser action has also been
obtained from multiplying changed noble gas ions, but only in a pulsed region. Cw laser
action at shorter wavelengths and lower current thresholds have been obtained from metal
ions selectively excited by charge transfer reactions with noble gas ions in heollow cathode
discharges. The Ag II laser transition at 224.2 nm obtained in a Ne-Ag mixture in a sput-
tering hollow cathode discharge is the shortest cw ultraviolet laser line up to date.

Recombining plasmas have also produced lon laser action in the ultraviolet, but so far

“enly In a pulsed regime. The use of d¢ electron beam excitatlon has recently been demon-

strated to increase by more than an order of magnitude the maximum cw output power of charge
transfer metal vapor lasers. This new excitation mechanism is expected to increase the
power and efficiency of metal vapor ultraviolet lon lasers and offers the possibility of
extending their range to the vacuum ultraviolet.
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