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0 U A N T U ~1 G E N E R A T 0 R S 

This article reviews ultraviolet laser results obtained with positive column no­
ble gas ion lasers, hollow cathode me tal vapor ion lasers, pulsed recombination 
lasers, a nd multiply i onjzed rare gas species emitt ing in the VTJV region . w~ 

also discuss the recent use of direct current electron beams to pump cw ion la­
sers, and the possibilities of higher efficiency and shorter wavelength ultra-
vio~et lasers using thi s new excitat ion scheme . · 

INTRODUCTION 

At present, ion lasers are the mos t powerful cw sources of coherent radiation in the 
ultraviolet. More than 100 cw ton l aser transit ions have been reported i n this spec tral 
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 ultraviolet ion laser transitions . 
Powers obtained both in a true cw and quasi-cw or l ong pulse mode are shown . Multiply i9r 
ized noble gas species provide the highest cw powers with, for example, an output power ol 
61 W from the combined 351.1 and 363.8 nm Ar III lines . Lower current thresholds a nd shol 
ter wavelengths have been obtained from singly ionized me t al vapor transitions excited in 
hollow cathode discharges. Recomb:ln:tng plasmas have produced i on laser acti on in the ul­
traviolet , but only in the pulse mode. Vacuum ultraviolet laser radiation has been ob­
tained from multiply ionized rare gas species, but to date only i n a pu l sed regime . 

. €1 1985 by Allenon Press, Inc.. 
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Fig. 1 . · Most powerful cw and quasi-cw ultraviolet 
ion laser l ines. Cw powers i n full line, quasi-cw 
powers in dashed line . 
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Fig . 2. Small signa l gain and out put power of uv 
ion llner a s a functi on of dis char ge current : a) 
neon II; b) krypton III; . c) argon III; d) xenon 
III [ 2]. 

Belml we r eview s~ lected i on laser r e sults obtai ned with pos j.t ive column noble e;a.s 
l aser$, hollow cathode metal i on l a ser s, pulsed recombination ion l a sers, and wi th mul tipl y 
ioni ~ed rare gas species emit t ing i n the VUV r eg ion . The use of de· el ectron beam excita­
t i on to pump cw i on lasers was r ecently demons t ra t ed. This new excltat i on mechanism o f fe r·s 
the possibilities of higher efficiencie s and shorte r (VUV ) l,•avelengths so thi s new excita ­
t i on s Gheme f or cw ion l aser s i s a l so discuss ed. 

U,V NOBLE GAS ION LASERS 

Ul t r aviole t cw laser action f :rom nobl e gas i ons was obtained fo r the f 'ir st time by 
Paanamon [l] in 1966. He obtai ned laser r adia t ion from Ne I I ( 332 . 4 and 337 . 8 nm), Ar I II 
(351.1 nm) and Kr II I (350. 7 nm) exc i t i ng nob l e gases with currents between 45 and 85 amps 
in a 3.5 mm bore di s charge tube wi t h an effective l eng t h of 56 em. Pa anamen obtained cw 
l a ser power ~f 0 .3 W, 30 mW , and 13 mW f or Kr III , Ne II, and Ar I I I transi tjons, resp~c­
t i vely. I n l ~68 , J. Fedl ey [ 2) made a detailed study o f t he ultr aviol et laser emission of 
ioni~ed Ne , Ar, Kr , and Xe gases . Using a segmented graphite tube 34 em l ong with a 1.7 
mm bort! diameter , Pedley measured the ga i n and power of the stronges t l aser line s. His re-

• su l ts a~e summari zed in Fig . 2. 

Cw l a ser power over 1 W was obtained simult aneously i n bo th Ar I I I ( 351 . 1 nm and 363 . 8 
nm) and Kr III ( 350. 7 nm) by Ba nse et al . [3 ] using a fu sed s ilica t ube with a 12 mm bor o . 
Latimer [4) and Bridges and Mer cer [5 ] reported cw l a ser powers of 1.7 and 2 . 3 W, r espec­
tively , for t he Ar I I I lines using narrow bore (4 and 2 . 3 mm) t ungs t en disc dischar ge t ube s . 

Fi gure 3 summarize s the resu l ts obtai ned by Bridges and Mercer. They reported an effi ciency 
of l·lo- 4. The laser outnut powers obtained in t hese experiment s and t h~ f undamental fea ­
t ure s of the discha rge tu be s a r e simi lar t o t he ones commorcia l cw ion l a ser tubes still i n 
l.;!Se today. 

Significantly l a r ger l aser output powers were obtained by Tio et al . [ 6] in 1976 using 
a 12 mm bore t ungsten disc discha r ge tube 15 em lon~. They obtained 16 W of combined power 
from the Ar II I line s using a discharge ·current of 485 amps ; 55% of the' pow~l' wa::; obtained · 
on the 363. 8 nm line and t he rest on the 351.1 nm t ransit i on. They also reported cw laser powers 
of 7 , 1.8 W, and 0.15 l-1 on t be UV transitions of Kr III {350.7 and 350 . 4 nm) , Xe I II (378.1 
and 374.6 nm), and Ne I I (332 . 4 nm). Fina l ly, Luthj et al. ( 7] i n 1977 , r epor ted th~ lar­
gest cw ultraviolet l a ser power obtai ned t o date . They used a s egmented metal d i scharge 
t ube of 12 mm bore to obtai n 61 Won the 351 .1 and 363. 8 nm Ar III tra nsitions. Table 1 
and Fig. 4 summarize the results o btained by Luthi e t al . f or Ar I II and Kr .J. II . The output 
power was observed to incr ease without satura tion up to t he ma ximum availabl e dis charge 

2 



> • 

g 
t" 

l 

. .............. boor ., • "1 U\IICLt1' \ 
~0.110 ~ .. , ... ,.. · ·, , . -o-... ,.., ... ,.. 

!$0 

··- f-[;il ..,:m m~::::: .. ,,_. 
2 ... .. ,.. 

~05.4 ntn 

~[~] 
AriJ 3024nm 

I 1 ~00.2nm 
I 20 

'7 I 1 • 
' ~•i ~~l::: t I ,o 

! .. l 
Ad i ~fr~:: l 0..5 

- 3JS.&'!"' , I 6 

I 

I I I I 
0.2 I Jl2.•""' 

I I Ar!ll 27~4n~t~ 2 Kr l!l m:~ 

i 1 
0.1 1 ... 100 200 500 100 200 600 .. .. .. .. .. 

- J ij {A·c':"·q .- )R [A-an"') ~~-.. 
Fi g. 3 Fig. ~ 

Fi g . 3. Output power of a disc bore Ar I II ultravi olet laser . The tube par ame-ters are g i ven in t he figur e [5] . 

Pig. ~- a) Measured jR dependence of the UV l aser outpu t power P
0 

per unit 

l ength of the discharge . (Wavelength <310 run, dischar ge diameter 12 mm, fi ll 
pressure optimized for each current position . ) b) Wa ve length >310 nm [7] . 

Table 1 

Cw UV Laser Trans i tions. Measured UV Laser Power 
at Maxi mum Available Current: , 1 = 480 A of Power 

Supp l y. (Discbnrge Diameter: 12 mm, Discha r ge Length: 
1 .7 m, Fi l l Pressure: 1 .25 Torr for Ar, 1 .3 Torr 

for· Kr [7 J ) 

Wavt · Pow .. l O..tt>vl I Ra l• tl• • I on 1«\tt,, (W) rohtC1ot cont•ib\.1• 
("'"' (~) 11011 (14.1 

Arlll I 363,7 Ill I 98 I 50 
851,1 so 
335,8 

I 
2S 

Arlll 3M,( n 97,5 45 
333,6 so 

Arirl 
30M 
3()2,4 
300,2 

3,8 I 
s 

99 40 . 
55 

Ar Ill I 275,4 I 0.4 I 9S,S I iOO 

Krlli I 8~.4 tO I 98 
1.-

30 
3S0,7 70 

337.' 25 
KriH 323.9 4,5 97,5 70 

Sl2,4 ~ 

1000 

current of qao A, i ndication that higher outpuL powers might be possi ble at l arger d i scharge 
current densities for mos.t of t he UV lines . In studies done in pul sed discharges [8] (t ::: 

ut = 0.2- 0 . 3 microsecond ) , the ma xi mum power wa s observed to still r ise wi th discharge current 
density, J , up to values more than an order of magnitude higher than the ones of t he exper-



iment ur Lulhl et al. In particular, for the Ar III 351.1 nm l ine a power of 1 k\<1 was 
mea sured in pulse opera tion (J = 7200 A·cm-2 , R = 0.35 em) (8]. 

METAL VAPOR ION LASERS 

+ He-Cd 1 aser. Cw operation on Cd II at 325.0 nm \~as obtained independently by Silf-
v.ast [9] and Goldsborough ( 10]. Sil.fvast obtained 6 mW from Hc-Cd di scharge in a 11 mro by 
100 em tub~ .. Goldsborough ['11) obta 1ned 20 mW J.n a tube 2.11 mm diameter and lll3 em l ong 
al a current or llO MA a nd 3 . 11 'l'orr· bel l um pressure. The cudmiuro source t emperature was 
?.?.0° (; , eorresponding t o a vapor pressure o'f a bout 2 m.Torr·. 

SiJ.fvast [12] pr oposed the PcnnJng r>eac t ion following a sugg e s tion by Webb: 

He•(2s'S,J + Cd ...- He+Cd•(sr'D>+e +6-F. 

for the excjtation mechanism of the 5s2 ~D uppct· l a ser levels of the 325.0 and ~41 . 6 nm 
transitions and fas t radJative decay via the highly allowed UV transitions t o the ion 

ground state' a s tno depopulating pr·ocess for the. 5.P 2P lower. las er l avels. Experiments by 
Collins [ 13], We bb [14], Schearer a nd Padovani [ 15), and Silfva s t . [16] s upport th.ts exci­
tation s cheme. However, the fac t that cw laser a ction was also obtalned (at much lower 
laser powers) in Ne-Cd, Ar-Cd, and Xe-Cd mix t ures [17] complicates the s imple·pict ure of 
'the Penning process bdng the only poj:>Ulatim1 mechanism: 

The OO!:>erva tioli that the laser power inc r eas ed with decreasJng noble gas pressur·e 
made Wanr; and Siegman [ .L7] the highest direct electron impact from t.he Cd atom ground state 
a s the exoitatJon mechani sm for thoBc exper imental conditions. Aleinkov and Us hakov [18) 

measured a large cross section, 1.5·10-16 cm-2 , for thii process . 

MQrc r ecently , the group at Nagoya University f; tuqied the He-Cd+ laser· exc i tat ion 
mechanisms by modeling and experlments (19-20]. The ir s tudies concentrate on the pop~la-

tion of the Cd II 5s2 2o512 , upper level of the q41.6 nm transition, however, the conc lu­

s ions ~hould b€< l':xpected t() b~ v~;l ! i.d n l so for the 5s2 2o312 , ui_>per level of t he 325.0 nm 

line. They found that the model c an or1ly fjt the experimental data if both Pennlng reac­
tions and ~ t epwise e l ectron exc Hat ion f r·om the Cd (II) ground state are cons i dered . They 
substajn that the dominant excitation mechanism on cur rent densities of a few rnA 18 the 
~enning process or react i on 1 , and that a t higher current densi ties the s t epwi se electron 
excitation process domj.nates (20). 

Nany other s ingly ionized metal vapor species las e in the ultraviolet. Positive col­
umn di schar ges are not a good active medium for metal yapor ion las ers s ince the electron 
temperature decreases very rapidly with increasing metal vapor pressure. This was clearly 
shown by T .' Go t o et al. [21] under typical .He-ed+ laser dlschar·ge condJ t l on~ w1 tt1 the dou­
ble-probe method. Thetr r e sults arc summa1·b:ed :l.n Fig . 5. As a resul t , meta l vapor den­
sity and e lectr>on tempet·atur e canno't be independently optimized. The decrease of the elec-

, tron temperature also causes a drop i n the I onization r ate , and consequently this represents 
a drawback f or most metal vapor ion laser s . Other e l ectrtc discharge excitati on schemes 
t hat overcome ti1ese probl ems are discuss ed in the folJowing sections. 

Hollow cathode metal vapor ion lasers. Hollow ca t hode dischargP.s have more suitable 
characteri...s tlcR for obta:i.nine; laser a ction f r om noble gas-metal vapor systems. The dis­
charge that f llls a hollow cathode :ls mainly a negative glow sustained by energetic Qeam 
electrons (2?.]. The bombardment of the ca t hode surface by jons , fast neutrals, and photons 
produces secondar y electrons that a re subsequently accelera ted in the cathodi~ark space 
t o form a 300- 'IOO eV electron beam. Th~se fast electron!l can ef'fjciently ionize the atoms 
in the di s charge creating an attract ive active medium for ion lasers. The electron energy 
distrH>Ution a s r e sulti.ng from s olvlng. the Boltzmann equation for electrons :ln a He-Hg hol­
low cathode discharge is shown :in Fig. 6 [23]. 'l'he general features of this electron energ: 
distribution a~recs well with the one mea sured by Gi i l and Webb using an e lectrostati0 en­
ergy analy~er [ 24]. The beam electrons that enter the negative glow a t an ener~y close to 
eve, where vc is the discharge voltage , degr ade i n energy undergoing inelastic and elastic 

col l i sion . Most of t he secondary electron s created in the ionizing collisions are created 
at low energy [25], and t he r e sulting dis t~ibution is .the one shown in Fig. 6. 

Since \;h~ negative glow i s basica lly fi.eld free and sustained by beam·electrons the 
discharge is.rather insen~itive to the pres ence of metal vapor that sputters from the cath-
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CHARGE TRANSFER REACTION 

R' + r.t - R + ( tot')+ of 

R•.----------:--<1j.l 6E 
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I 
I 
I 

I 
I 
I 
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· I 
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+ 2. l + • 
· He ( S~ta) • Ag - He ( S0 ) • ( Ag J· 

+ 2 I I ' + • 
Ne ( P11 , P~).- Cu - Ne ( Sol+ ( Cu l . 

Fig. 7 

Fig. 5. electron t emperature as a function or cadmium pres5ure (oven tempera­
ture) under typical He-Cd+ discharge conditions. A dashed line shows the resul t 
calculated from t he theory of Dorgela et al. (?.1]. 

J<':q). 6. Electron energy distribution in a 0.3 cm diameter , 50 em long Hc-Hg hol­
low cathode discharge calculated solvjng t he Bolt~mann equation for e lectrons. 

17 - 3 . 15 -3 (2 J Discharge current: 10 11, He dens ity : 1.2 · 10 em , He dE'ns1ty: 310 em .. 3 . 

Fi g . 7. Diagrammatic representation of a charge transfer reaction. 

ode as compared with a positlve col umn. This is a n advantage, since it allows for a bctt.er 
optimi~ation of t he metal vapor concentration without abruptly degrad ing tho electron Pner­
gy disLributlon , and diminishing the i o nizat ion r a t es. Moreover, as first pointed ouL by 
Wj llett [ 26 ] and Karabut [ 27 ], the cathode materia l itself may be sputtered i nto the dis­
char e e thereby providing the ground state meta l atoms. Nonvolatile metals may thereby be 
vaporized withou t the use of ovens or self-heaL ing discharges. This i s a cons i derable prac­
tical advantage and was first realized in a laser by Csillag et al. [28} , in a slotted hol ­
low cathode of the Schucbel type [ 29] . 

The laser upper levels of many me tal vapor t ransitions in hollow cathode discha rees 
are populated by charge t ransfer r eactions, schematically represented in Fig. 7 and sum­
marized as ; 



I' 

I 

B• + M- B + !M•)• + t>.E, ( l) 

where B, B+, and M represent buffer gas atoms) ions, and meta l atoms, respectively . (M+)* 
represents metal ions in an excitl':'d enerp;y state fr-om ~lhich t he laser act ion originates 

and liE ~s the energy d ifference betwe~n B+ and (M+)* in rea ction 1. Dui'feridack (30-36) 
and his coworkers as well as Takahashl [37J jnvestigated a variety of metal rare- gas mix­
tures 1n whic h charge t r a nsfer exc i tat ion of cxc l tcd jonjc levels was present. The use of 
hollow cathode discharges to create populat ion J nvers 1onn was not widespread un t11 Fowl es 
ar1d his coworkers at the University of UL~h first demonstra~od that charge transf er [38-40] 
could provjde s elective excitatjon of uppPr laser leve ls in poR ltive column devices. Sev­
eral ye arR later, us ing hol low cathode ~xoiLntlon, laser act ion was reported in He-Cd+ and 
He-zn+ mixtures by Karabut [27], Sugawaro [4J J , Scbucbel [~2) , and Jense n [43] . 
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HALLOW ~~mm 
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COOLI NG 

(f) . 

\.lJ 1 mm 
1 r­
~OIA. 

~ (:') 

(c) 

(e) 

Fig . 8. 'J'ransversely excited hollow cathode lasor 
configurati ons ( a ), Schucbel· type; (b) rectangular 
slotted hollow ca t hode; (c) circular slot; (d) wave 
guide structure; (e) hollow anode or obs tructed 
e;low; (f) flut ed hollow cathode; and (g) a. rectan­
gular hollow cathode structure. K1 and K2 are cath­
odes; A1 and A2 are anodes. 

The first demonstrat i on of a population inversion in a species generated solely by . 
cathode sputterinB was that r eported by CsillaR et ol . in 197~ (28 ) , with laser action in 
Cu II at 780 .8 nm. The upper laser l evel or Cu II was populaLed s electively by charge 
transfer reactions between ground state hel ium l on5 a nd ground state copper atoms produced 
by sputtering . Subsequently, ultraviolet laser tran3itions were reported in Cu II, Ag II, 
and Au II (llq -46]. The wavelength of the s e transitions, thejr level ass1gnment, the corre­
spondent current threshold and la r.et' output powers are summarj zed in Table 2 . . \ 

The above metals are part icularly sui ted for us~ in hollow cathode lasers because al l 
the metals posse~s hlgh s pu ttering yields when bombarded with energet ic (about 300 eV) ions 

[47]. Consequently, me tal vapor densities ~1o14 cm- 3 can be created by discharge sputter­
ing [48]. In addition, metal ion l evels, which lie in energy coinc idence with ground state 
rare-gas ions, are populated by charge transfer react ions [30-36], These f actors combine 
to produce th~ required'populat ~on inversions. Below we review different hollow cathode 
lasers and the characterist ic s of the most important ultraviol et hollow cathode laser sys­
tems : the Ne-cu+ and·He-Ag+ and He-Au+. 

Hollow cathode laser geometries. Laser action has been ac hieved in a variety of hol­
low cathode geometries. Figure 8 summarizes a variety of transversely excited configura -
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Table 2 

Small-Signal Gains and Laser Output Powers 
of Sel ected Ultraviolet Transitions of Ag+ and cu+ 

and flu+ (60,80] 

318,i Aar· 5,3 3.8 1,3 w 
2i0,3 eu• 6,1 3,6 0,5 w 
260,0 eu• 3,2 2.3 0,25 w 
252,9 eu• 2,6 1,9 
%48,8 cu• t.2,2 8,3 0,5 w 
224,3 At( 65,0 mw 
.282,2 Au II 
291,8 Aull ' eoo mw••• 

•Round ttiP sm•ll sj9nal u•l" minus jnUIPU(C (.IVIty ION tor • 1" 0.7~ m 
~;o~thodo, . 

••Pu,se wldln 120 IUOC:. ouho •ate 40HZ, curront o~MpiUvde lOO •mp •. 
., • •ODtlllneO wUh • tt.J)eUtlon f'•t~ o1 40 H l {Htd 25 ,(.~Sec Clufll~OI'\. 

t1ons. Historically. Chebotayev [49] and Smith [~0] were the r1rzt to us~ a tandem-exci te• 
hollow cathode discharge (not shown in Fig. 6) as a means of exciting an He-Ne laser at 1. 1 

microns. Subsequentlyj Byer (51], Wieder [ 'i::'J, Karabut (2'1)
1 

Sugawara [41], Schuebel [42 ] . 
Jensen [43], Piper [53 , CsillaG [28], and E1chl~r et al. [~Q] employed the hollow cathode 
discharge to excite metal ion lasers. The geometry in which the majority of laser studies 
were undertaken is the t ransversely excited slottod hollow cathode of the Schuebel [29) tyi 
as sho•,rn in Fig. 6 ( b and c) . 

Typical V-I curves for silver, copper, and aluminum slotted hollow cathodes are shown 
in Fig. 9 with various buffer gas mixtures. Note that the V-I requirements ~re nearly 
identica l to those Cor a commercially available rare-gas ion laser. However, the dynamic 
impedance of {;he hollow cathode discharge is alwayti positive and low (<20 n) which reduces 
discharge-power supply instabilities and allows for easy breakdown. All of the electrode con­
figurations illustrated in Fig . 7 will Qperate in the hollow cathode mode only when the 
negative g low regions from opposing cathode surfaces mer~e or overlap . 

:.~ .. 
)00 2:Teu MII...C... 

.... ltltnMI:O.. 

S _,.-41ttrHI/II,..-I 

!too~ 
> 

Fig . 9. V-I characteristics of se­
l ected hollow cathode dlscharges in 
Ag, Cu, and Al cathodes. 

Ne-Cu+ laser. In the Ne- Cu+ hollow cathode discharges , the 3d95s levels of Cu I I are 
popul3ted by charge transfer react ions between copper atoms and ground state rare- gas ions. 
A summary of the strongest Cu I I transitions ls given in Table 2. Pigure 10 depic t s the 
selectlv1ty of the charge transfer pumping scheme for Nc-cu+ by lndicating the energy coin­
cidence between t he rare-gas ions and upper laser levels of illustrative laser transitions, 
e.IJ., ?.48.6 nm. Seven UV laser transit ions ori ginating from the 3d95s levels of Cu II 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 or 500 mW was ob­
tained from the 248. 6 nm·11ne. In the case of L~e Ne-cu+ laser , onJ.y neon was used; no 
other buffer gases were added to increase sputtering. The optimum neon pressure was 12 
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TRIPLETS 

Fig . 10. Part ial tet'rn d.i.agr.::m of Cu 
II dis playi ng selected laser tra nsi ­
tions (solld lines ) and the energJas 
available from gr ound-sr.ate hol1.um 
and neon i ons. W~velengths ar0 in­
dicated ir• nan ometer·s. 

Torr. Ausc hwit::: et aL [55] r .:ported enhancement of tht: lJV .iaser em1sslon l ifetime by a 
mix t ure of O.J% argon to the neon buffe:r gas. l·'or the laser lines 259 .1 and 26 0.0 nm t hey 
achieved mean. output powers up to 60 mW (l: oLa.J mirror t~ansmission ?% ) . 

More recently, K. Ja1n [56] report.ed a multi l.:ine U'l powcl' of 800 mlv exciting a 25 em 
long ho.llow cathode of t he flute type (se f; T<'ig . Sf) vd.th •'10-:n.i<:;·,·osecond pulses at a p-eak 
current of 40 A and a r epetition rate or 250 Hz . The frartional dtstribution of the laser 

output power was 0. 23:0.11 :0. 37: 0 . 29 in t tH:: 2 48, :?529, 2591, and 2599-· 2600 A lines. Th e 
hie;hest true cw power was reported by Eichler ct al. L57J, who·obtained 200 roW exc iting a 
2 x 6 mm slotted hollow cathode (see Fig. 8b) with a current of 70 A with t he characteris-

tic ripple or three-wave ruc tificl3t ion. 'J'he 1~a.ln was ef:l'vllnated t;o be '5% m-l and a 3. 6% op­
\t-imum output coupling was employed. They a l ::.~> r e pox>tE'(' a quCJsi - <:·.~ p:?ak output power of 0. 9 W with 
rect if.1. ed.'50 Hz half -wave ex<:itat i on . l<,ignrE~ 11 shows the var i a'; ion or the cw and half­
wave mean powers. as a function or the discha,·ge current. 

He -Ag+ laser. The ~d9nx and ~d 8~s 2 ~onf J gurattono of Ag Ir are e xc ited in He-Ag a nd 
Ne-Ar; discharges, r·e:;pectively . F igure 12 d<':!Jicts s d-.:cte(l lA,:;o·- tranoHions and indicat e s 
the near enor.gy coincidence between the upper l <tscr Jcvel ~ and the l'Jel 1um. This diagram 
a lso inc lude s the visible and IR Ag I I laser trans1 tlons. 

The 2211 nm l ase r transHion, 5d1S
0 

- sr:.lri obtained the firs t time by McNeil el.; al. 

[~5] is the shortes t; wavelength cw laser tran~it1ons reported jn the litera ture t o date. 
The threshold for this transition is only 2 A and peak output power of 50 mW with a 1 mW 
average has been rer.;orted in [ 58 ]. The opti:~un: prt::isur--: i.s 20 'ror- r l!e with 0.2 Torr llr . ~'he var­
iation of the output power o n the mirror ~ransm!ss!on for t he 224 11m line ln a 25 em long 
rectangular slot cBtbode, excit ed by a 40 A pulse is shown jn ¥1g. 13 . The be st fit to the 
expcr i menlal data gives a value of the un sat urated gai n or 251/~. The stronges t laser 
transition of Ag II accor ding to the expe·r·j mc::nt~; ')f Harn e r et fJ J. . [59), and Solankj et al. ( 60 ] j_s 
at 318 nm 4d85s2 1G,- 4d~ 5p2 f'; , provides penk s ingJ.c- line outpnt; r.-owcr c.f ) . 3 ~~. This trans1t1.on i s 
excited by c harge transfer collisions with N€+. However, in the experiments carried out by 
K. Jain find S . Newton [ 56], this transH :ton was f ound to be much v1ea kr:;r than t he 224 nm 
line , a nd the galn ·.-ms measured to be -5%/m. 

He-Au+ la ser. Figure 14 indicates the s ix ult r av iolet laser tra nst t jons of Au II 
which have been obs~~ved when a helium discharge is excite d i n a s old hollow cathode. Note 
that all of the Au IT laser transitions ar1se from energy levels in near energy coincidence 
with tbe gr·ound state hel ium i on . Threshold currents for the ?.80 run laser transit ions are 
mea sured to be as low as 3 A or about a factor of 20 less than threshold currents f or ultra­
v iol et lafier trRnsitj 6ns in rare-gas ion l asers. Multiljne out pu t power of 125 mW (46 ] and 
600 mW [ 58] has been demonstrated in the 250 to 290 nm reg.ion. Pot' the ?.82 nm line, Jain 
and Newton [561 reported true cw laser action for n slotted cathode l ength as short as 5 
em, With a cathode l ength of 2 . 5 em las~ng wau achieved in a quasi-c~1 regime wHh current 
pulses of 300-microuecond duration . 
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I<'ig. 11. Cu II and half wave (hw) UV laser output (mean power) as a function of 
hollow cathode discharge curr e nt (57]. 

Fig . 12. Partial t erm diagram of Ag II showing selected laser transitions (sol­
id lines) and t he 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 
II in He-Ag hollow cathode laser . Solid line is a f)t done with gain of 25%/m, a 
saturation parameter S, liS = 6 W and total cavity loss of 0. 07 [56). 

Fig. 14. Partial t e rm diagram of Au II indicating selected laser transitions 
(solid lines) and ener gies available from ground state he l ium ions. Wavelengths 
are indicated in nanometers . 

Vacuum ultraviol et radiation f rom highl y ionized noble gases. As mentioned above the 
shorter cw ion laser transition is the 224.3 nm llne if Ag II obtained in He-Ag ho l low cath­
ode discharges. Singly ionized noble gases are the most power source of cw 'visible laser 
radiation and as mentioned i n §1, c~ ultraviolet laser radiation in noble gases is obtained 
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Table 3 

Vacuum Ultraviolet Ion Laser Emission from Noble 
Gases [61] 

Munue«J S~>C~rum Thr~h~ I Relall•e Measure<~ I I Tnrosn· I ~•••Uv" wavolengtn Olc:i"'* oerrof· . wavel•l')'llth Soectrum 010., perlor· 
I! 0.003 nmJ (;0,/cm') ...n.ane.••• (;t 0.003 ntn) (Afem'~ mJ,I"ce•• • 

206.530. Ne!V? 4. 000 ,...5() S00,808 KtlV 8000 -4 
202.,219 • Ne!V ~ 500 -so 195,027 KrlV 7000 440 
184,343 ArV? 11000 .....,jQ 183,243 KrV? 9eOO to 
219,192 • KrlV fl200 000 1.15,641 }{r!V 7800 1000 
205,108. KriV 7 500 . 3 231,536 . XeiV? 3000 1400 

•wa'l~llenotnl me•sured '" .. u. These lfn~s •r•lnc.tu<Sed ltom (81 fo,.como.a•bon. 

**Tht&lhold at pressure for OPtimum ot.ttput. Threshold c.n bo vJ) to n.1f thh vtwa ~' lower prouurc. 
• "'•FJef1ormane:e mea.s.urf!d <It ll ,000 AJcm"dhcttl•t• cuno.nt <tenUty. Pressure wa$ 6 J.t for the Krypton 

anc:J 10 Jl tor th6 •rgo11 vuv lunsitlom. The tf-3nJtllons from (8) tro give, In w•u,., 

mainly from tllc doubl~ l onizcd sveclcs. J. Marlin,; has d<=monstra.t!!:!d vacuum uHraviolet 
laser ac tion from hi~hly ionized noble gases, in a pulse (200 nsec ) r egimfl [61]. As we 
~hlft towards 0horter wavelength and more hir,hly changed ions , hiBher current densities 
are required. To achieve laser action below 200 nm, Marling us nd electrical discharge ex-

citation pulses with 500 nsec duration and peak current densHy up to 14,000 A/cm 2 in a z-· 
pinch longitudinal dischar>ge. Table 3 summarizes the VUV laser results obtain<:d using 
hi~hly ionized noble gases. The two strongest em i ssions exhibited 0 . 1-1 kW peak power fr~ 
Kr IV at 195 .0 nm and 17) . 6 nm. Figure 15 shows the r·elativ~ peak power of these laser 
trans:l t Lon s as a funct ion of di scharge current. No satu_ration is apparent. Using the 
same exc 1tat..1on t echnique he a lso found numerous new laser- tr·ans:i.ttons f rom multiply cha:r;'gt 
ions ln the 200-250 nm expected region [9]. 

S~mmari. zin~ laser action in the vacuum ultraviolet has been obtained in sP.veral 'hi ghl; 
ioni?-ed species. However, this was done with short pulse excitation (500 nsec) since cur­

I.J rent densities of the order of 10 ' A are required. 

Recombination ion la sers. Gudzenko and Shepelin suggested in 1963 tha t population in· 
version could bo produced during plasma recombination [62]. Thjs is a way to e fficiently 
use the energy ~tored .in the plasma ions t o efficiently excite laser transit i ons. Several 
'ultraviolet l aser transitions have been obtained us ing this e xcitation prJnclple. Zhukov 
et a l. (63] I n 1976 uL111zed exper1mcr1tal da t a on recombination lasers obtained in the 
years since Gudze'nko and Sh0pP.11n ' s proposal, to formula te mor e specifically the requi!"e­
ments that t he dischar gn conditions and the distr ibutions of a tomlc and ionic active level: 
have to satisfy to achieve population inversion ·during the plasma recombinat i on period. 
Zhukov ct al. established a generalized crlLeria for the existence of population inversion 
which for the case of widely spaced levels wlth the assumption that each group consjsts or 
just one leveJ l:;: 

(2) 

.,.1here Ct. A., Ft, Wt are the mult ipl icity , transition probability, electron deexcitation rate, 
and total pumping rate to the upper (i = 2) and lower (i = 1) levels. They analyzed both 
thf· cases of t·adiative and collls1onal regimes, as summarized below . In the case of low 
electron densiLlcs the F.n terms can be neglected and an inve~sion is established because 

l. e 
of the optical transitions. It is usually then necessary to ensure that the gap between 
the upper and lower levels is considerably less than betwee n the lower and zeroth levels 
because this dlstributlon of levels ensures the necessary r atios between the optical prob­
abilities of t..he transitions. Such level systems are shdwn in Fig . l6a. However, the in­
version is destroyed whP.n "e and, consequently, the rate of pumpin~ by recombination in-

cr~ase suffic iently because then terms F1ne and F2ne predominate and the values of these 

terms jncrease with decreasing distance between the levels. Thus, for thjs distribution 
of l eve ls the r ecombination regime is unlikely to ensure high gains and output powers, sin< 
elec tron <lee xr.Ha tion sets a limit. HoNever, if the level systern ' has the structure shown 
l n ~ig. 16b, elec tron deexcitation can play a role in f avor of population inversion. An 
inversion cannot be established by the optical transitions since n 21 > A10 (due.to the fact 

that 6E21 > t~E10 ) and this i s why ratio of the PPobabilities of transitions resulting from 

electron daexc1tat 1on becomes accep t able because then P1ne > F2ne . A population inversion 

10 



ex-

from 

:t.J;'ged 

!;hly 
.lr-

1! 
ly 
::-al 
) V 

Jels 

lon, 
of 

l, 

;h 
.. 
ISe 

;ince 
In 

l 

'act 

·om 

.on 

eoo 

100 w, 
%1 · o kt IY 119 ... 
i 600 O~lll}!M 
t- 6 "'li ~~-.. 
~ 

! 
~~ 

l ~00 

" & 
)llO 

~ 
1 

; 
200 

100 

o---- 0--- -
14,000 

(aJ (b) 

Fig. 15 Fi g. 16 

Fig. 15 . Relat ive peak power of the Kr IV laser transitions at 176, 195, and 
219 nm as peak excitat i on current density is varied be t ween 6000 a nd 1~, 000 A/ 
/cm2 . No saturation is appar ent [ 61]. 

Fig . 16 . Level systems. w2 and w1 represent the pumping terms in a recombining 
plasma . 

can be established by such transitions at hi gh piasma densities and for high r e combination 
pumping rates, so that the stimul ated r adiat ion may be intense and the gain may be high. 

The r esearchers of Ros tov University summarized the general r equirements which bave 
to be sat isfied i f a popul ation inver sion i s desira·ble under r ecombinat ion- collisional 
cond i tions i n the fol lowing way [62]: 

1 ) the upper laser level should be one of the l owest in the higher group of closely 
spaced l evels; 

2) the lower l a ser level s hould be one of the . highest i n the lower group of closely 
spaced levels; 

3) t he transitions between the leve ls should be allowed; 

~ ) t he e lec tron densi ty shoul d be sufficiently high to ensure t ha t the probabili ty of 
col lisiona l t ransitions wiihin groups exceeds the probability of optical t ransi t ions ; 

5) the electron temperature s hould be a s low a s poss ible. 

Such conditions are ~et for t he 373.7 nm transi t i on 0f Ca II on the afterglow of a 
He-Ca discharge. Zhukov et al. [64 ] obtained 0.5 W of av~rage lauer output power in this 
line using exci t ation pu lses of 300 A, 150 nsec a t 5 kHz repeti t ion f r equency in a di scharge 
tube 11 mm in diameter and 50 em long . The l aser pulses were several microseconds long . 
Ultraviolet laser action in a recombi nation plasma was a lso obtained by Silfvast et a l . in 
In III at 298.3 run and 300.8 nm [65 ). In this experiment the laser act i on was obtained 
when a ser ies of small vaporized plasmas , formed i n the gaps between a row of electrodes 
of the l asing species by a high voltage pulse , is a l lowed to expand or recombine [ 66]. The . 
laser pulse l ength was also in the microsecond range. Silfvast et al . observed laser a c­
tion in t he same trans i tion in Ag II ( IR ), Cd l!I (visibl e ), a~d I n IV, demonstr ating that 
the concept of isoelectronic s cal i ng can be used in r ecombi nation lasers to obta in laser 
action at shorter wavelengt hs [65] . 

No cw ultravi olet recombination l a ser has been reported t o date . Thi s is due to the 
difficulty of obtai ning a plasma.tha t possesses both high ionizat i on r ates, and l ow e l ec­
tron temperature and in which t he laser lower level js not significa ntly excited by elec­
tron impa ct from t he ground state. 0. Wood and Silfvas t ( 67] have, however, recently re­
ported quasi- cw (1 sec) laser ac t ion in t he i nfrared on t he 1.~ 0, 1 .~ 3, 1.44 , and 1.6~ mi­
cron t r ansi tions of Cd I . This result was obtained in an arc created between two Cd elec­
trodes and rapidly flowi ng He gas between them to creat e an expanding plasma. · 
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Fig. 17. Emission from a 0 . 5 A elec­
tron beam created by a gl ow discharge 
electron gun. 

RECENT DEVELOPMENTS AND FUTURE WORK 

As discussed in the preceding section, hol l ow cathode discharges have an e lectron en­
ergy distribution with a high energy (300-500 eV) component. This energetic electron can 
easily i onize buffer gas ions, that populate the laser upper levels by thermal. charge tranf 
f er react i ons . The hollow cathode-charge transfer scheme has been successful in achieving 

' laser action with lo'"' current threshold in more than 10 transitions bel ow 300 nm. However, 
the production of energetic e l ectrons in a conventional hollow cathode discharge is ineffi­
cient . I n a cold cathode HCD the electrons are generated mostly by ion bombardment of the 
cathode surface. These electrons are then accelerated through the ca thode fall to form an 
electron beam. Neglecting ionization in the dark· space, the electron beam current I is 
related to ion current I + by the relationship e 

1.-=.Tl .. , (3) 

where y is the electron secondar y emission coefficient. Cons idering that the total current 
I ~ Ie + I+' we can state that 

1. - (1m+ 1m. < 4) 

From this it follows that the elec~ron beam generation efficiency, Be, is: 

R, = 1,11 = -rl(i + -r>. ( 5) 

At an impinging ion e nergy or 200-300 eV most mo.te.r1als present 1" 0,1. Also notice that 
most of th~ ions do not impinge on the cathode with t he tota l cathode fall energy eVe, 
since they suffer charge exchange coll isions. For a value of y = 0.1 , the result i ng elec­
tron beam generation efficiency from (5) is n = ~.09. Recently, Rocca et al. [ 69] proposed 
and demonstrated [70-7~] the use of de electron beams as a new way of excit i ng cw ion la­
sers. For this purpose they have developed glow discharge electron guns [75-78) that pro­
duce well-collimated electron beams of ene~gie~ between 1 and lO keV a nd currents up to 1. 2 
A. The glow discharge electron guns operate in heJium at pressures up to 3 Torr- without 
differentia l pumpi ng . Electron beam generation efficiencles as high~s 80% have been meas ­
ured. This results in an order of magnitude laser· improv~ment withrespect to a hollow cathode 
discharge. Figurel7showsa0.5i\ electron beam created byaglow discharge electron gun. 
Using the laser setup of Fig. 18, the r~searchers at Colorado State University have obtaine 
cw laser action in more tqan 30 infrared and visible transitions in 7 different singly i on­
ized species: Hg, I, Cd, Se, As, Zn, and Kr. In the laser setup shown in Fi g·. 18 the beam 
electrons created by the glow discharge electron guns are guided by an axial fuagrietic field 
to assist an efficient deposition of the electron beam power into the gas. The electron 
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Fig. 19. Metal vapor ion l aser excited with t wo 
glow discharge e lect~on beams [ 79]. 
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Fig. 20. Laser ou tput of 614 . 9 nm Hg 
II transition a s ·a f unc tlon of e l eb ­
tron beam. discharge current and vol t ­
age. Average helium pressure in ac­
tive medium. was J.. 5 Torr. r1agnetic 
field 3.2 kG; Hg r eservoi r tempera­
ture l20° C (79]. 

guns have the unique feature of provid:l ng a clear optjcal path t hroughout the axis. This 
permits one to.match the electron beam crea ted plasma vo lume with the correspondinR volume 
of the optical r esonator. The l aser configuration shown i n Fig. 19 is similar to the one 
of Fig. 18, but in this case two opposing e lectron guns a re used. This allows an increment 
on the electron beam power deposit ed per unit volume and also 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 
119?. .lJ nm transitions of Zn II ex citing a He - Zn m"lxt.u.re and 0 .25 Won the 614.9 nm trans1tio1 
of Hg II exc itine a He-Hg mixture (79]. This power is over order· of magnitude higher than 
the ones obtained with either hollow cathode or posj tive column lasers. This i s also the 
first time that metal vapor ion lasers operate cw in the visible ,region of the spectrum at a 
power of >1 W. The va riation of 614.9 nm laser power with electron beam discharge parameters is 
shown in fo'ig . 20. 

So far t he efforts concentrated in demonstrating the advantages or this new excitation 
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scheme in charge transfer systems operating in the visible regi on of the spectrum. How­
ever, s i milar improvements are expected to occur also for ultraviolet transition, 1n sys­
tems like Ne-Cu and He-Ag and this i s part of future work. 

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

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

b) beam e lectrons efficiently create noble gas ions; 

c) most of t he 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 (>lo-15 cm2); 

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

Simplified cal culat ions done to estimate the efficiency of electron beam pump cw · 
charge transfer systems show that values in the vicinity of 1% could be expected. 

CONCLUSIONS 

Doubly charged noble gas ions are at present the most powerful source of coherent r a­
diation in t he ultraviolet region of the sp~ctrum. A cw output power of 61 W has been ob­
tained from the combined 351.1 and 363 . 8 nm Ar Ill lines. VUV laser action has a l so been 
obtained from multiplying changed nobl~ gas ions, but only in a pulsed region. cw laser 
action at shorter wavelengths and lower cu.rrent thresholds have been obtained from metal 
ions selectively excited by charge transfer reactions with noble gas ions in hollow· cathode 
discharges. The Ag II laser transition at 22~.2 nm obtained in a Ne-Ag mixture in a ~put­
tering hollow cathode discharge is the shortest cw ultraviolet laser line up to date. 

Recombining plasmas have also produced ion laser action in the ultraviolet, but so far 
only in a pulsed regime. The use of de electron beam excitation has recently been demon­
strated to increase by m~re 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 or metal vapor ultraviolet ion lasers and offers the possibility of 
extending their range to the .vacuum ultraviolet. 
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