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Laser-ignited glow discharge in lithium vapor
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Ignition of lithium glow discharge below self-breakdown voltage is studied for three cases of laser excitation
of lithium vapor: the quasiresonant line at 460.3 nnp{24d), the two-photon resonant line at 639.1 nm
(2s—3d transition, or the first resonance at 670.8 nms(22p transition). The conditions for laser ignition
of the discharge are described. The differences between the self-breakdown voltage and the breakdown voltage
for laser initiation of the discharge are given for different lithium number densities.

PACS numbg(s): 34.80.Kw, 52.80-s, 39.30+w, 52.50.Jm

[. INTRODUCTION The theoretical evaluation of laser ionization by resonant
light was made by Measures and co-workdrs,12. In their
A coupling of light with an electrical discharge is studied model, called LIBORS]ight ionization based on resonance
in optogalvanic experimentseviewed in Ref[1]) where the  saturation, the laser rapidly saturates the resonant level.
light is usually a small perturbation. A more dramatic influ- Once the large pool of atoms in resonant state is created,
ence of laser light on a discharge is exhibited in laser guidingeed electrons are generated by multiphoton ionization from
experimentgRef.[2] and references thergiwhere the laser the resonance level, by associative ionization, by laser-
beam is employed for creating a plasma channel. induced Penning ionization, and by other ionization pro-
At total pressure around 1 Torr, a glow dischaf@éis  cesseg12]. Free electrons rapidly gain energy through su-
characterized by relatively high voltagseveral hundreds of perelastic collisions with excited atoms so that electron-
volts at the interelectrode distance of some tens of and  impact ionization from the resonant level and of collisionally
modest currentéfrom a few up to several hundred mAThe  populated upper levels contribute to the rate of ionization
voltage across electrodes necessary for the ignition of a notegether with the single-photon ionization from those upper
mal glow discharge is called the self-breakdown voltage. Theevels. Almost complete ionization of the excited atoms oc-
voltage necessary to sustain a stable glow discharge is loweurs when a critical electron density is achieved. In the LI-
than the self-breakdown voltage with the current limited by aBBORS scheme, it is important to note that to generate the
resistor in series with the discharge. The voltage stays corecomplete ionization, the critical atom density and relatively
stant as the current is increased for the discharge in the “nolong laser puls€or cw regime are necessary.
mal” regime, but it increases for the discharge in the “ab- Laser induced ionization can occur also in vapors irradi-
normal” regime[3]. ated by nanosecond laser pul$#8,14] when the ionization
There is a long history of studies concerning laser excitais only partial and does not exceed a few percent. In a theo-
tion and ionization of alkali-metal vapofd]. The absorption retical approach to ionization of sodium vapor by 10 ns reso-
of laser photons in alkali-metal vapor is possible by tuningnant laser pulses in Rdfl4], the LIBORS model is amended
the laser frequency to the resonant transitiery., Z—2p by adding energy poolinfl5] and Penning ionization pro-
in  lithium), quasiresonant transitions [§2-3d, cesses into the ionization scheme. The spectroscopic obser-
4d ..., 35, 4s. .. inlithium), and two-photon resonant tran- vations of laser-produced plasmas in alkali-metal vapors in-
sitions (5—3d,4d . .., 35,4s, ... in lithium). duced by two-photon resonances using a 10 ns pulsed laser
The efficient ionization of a dense alkali-metal vapor by have also been report¢tl6]. The diffuse bandgl7] and the
resonant laser light was first reported by Lucatorto and Mcll-atomic lines from the high-lying levels that were present in
rath[5]. In their experiment, almost 100% ionization of so- the fluorescent spectra confirmed the laser ionization of the
dium vapor was produced using 500 ns laser pulses tuned t@por[16].
the sodium\ =589.6 nm, 3,,,— 3p4» transition. That inter- Laser-induced ionization in the presence of a static elec-
esting effect was further investigated by Tam and Happetric field can initiate an electric discharge. The group of
[6,7] in Cs vapor with extension of the technique to the cwTamura performed several experimeht8—20, involving
laser quasiresonant excitatiop-6-8d at 601 nm. The laser- laser initiation of an electrical discharge in cesium-argon and
induced fluorescence from a dense Cs vapor showed recormedium-argon mixtures. In the first experiment, a XeCl exci-
bination continua and plasma-broadened atomic Ij6gsin mer laser was used for one-photon ionization of cesium at-
the process of quasiresonant excitation the role of alkalioms[18]. The minimum energy of the pulse that could ini-
metal dimers is recognized to be importdiit8]. Experi- tiate the discharge was 20 mJ. In the second experiment, a
ments on laser-induced plasmas in alkali-metal vapors haveye laser tuned to the sodium resonance line was [Us@éd
been reviewed in papers by Baheisal.[9] and by Stwalley In the third experiment, a long pulse (1) high-power
and Bahng10]. laser (8 MW/cmi) was tuned to the second resonance line
(455.5 nm of the cesium atonj20] and initiated a channel
discharge of 60 cm length.
*FAX: 00 385 1 4680 399. Email address: hrvoje@ifs.hr In this paper we report the employment of a 20-ns-long
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FIG. 2. Time evolution of the OG signal at two-photon resonant

transition Z— 3d. Density of lithium atoms is 52 10*> cm™2 and
current through the discharge is 30 mA. Negative current change in
the graph represents increase of the current through the discharge.
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side arm of the HPO. The temperature of HPO is measured
MONOGHRONATOR ] 0 . by an AIume_I-(_:hromeI Fhermocouple_ placed in_ the heating
Pc = block. The lithium partial pressure is determined from a
= [_/\— ] tabulated lithium vapor pressure curi2?].
m— The experimental setup is shown in FigblL A stabilized

OSCILLOSCOPE

dc power supply is used for setting the voltage and maintain-

FIG. 1. (@) The modified heat-pipe oven for discharge studies.ing the. discharge_. A current Ii_miting resistor (:_LOZ)( Is .
(b) Experimental setup for laser-induced fluorescence, optogalpl"jlced in series with the HPO discharge. A blocking capaci-

vanic, and laser-ignition measurements. tor (C) for monitoring the optogalvani¢OG) signal is also
placed in the electrical circuit, Fig.(4).

laser pulse for ignition of a glow discharge in lithium vapor ~ The laser beam from a pulsed dye lasePD 3002E
contained in a modified heat-pipe oven with a specific volt-La@mbda Physik pumped by a Xe-Cl excimer las¢LPX
age between the electrodes. The paper is organized as fdt99E Lambda Physjks used for ignition, OG, and fluores-
lows. Experimental details are presented in Sec. Il. We sumcent measurements. The pulse half-width is about 20 ns and
marize and discuss various laser ionization processd§€ repetition rate can be varied from 1 to 10 Hz. The typical
involved in three ionization cases in Sec. Ill. Section Iv €nergy of a single pulse is 2 mJ with a 0.2 chiinewidth.
describes experiments with laser ignition of the dischargeCoumarin 102 dye is used for the excitation at quasiresonant
Finally, our conclusions are presented in Sec. V. transition 22— 4d in the lithium atom, and Rhodamin 101
for the two-photon 8— 3d transition and resonants2-2p
transition. The laser beam is directed through the hollow
electrodes in the HPO in both the laser ignition and laser-
The crossed heat-pipe ovgHPO), see Fig. 1a), modi-  induced fluorescence experiments. It is weakly focused in the
fied for the discharge studies is made of a stainless-steel tulsgiddle of the heat-pipe oven, between the electrodes. The
3.4 cm in diameter and with 2-mm-thick wallg1]. Hollow lithium number density was varied in the range front“10
stainless-steel electrodes, with inner and outer diameter 80™® cm™3, whereas the total pressure of lithium vapor and
and 10 mm, allow for passing a laser beam. The interelecthe buffer gaghelium) was kept at 2.5 Torr. In front of one
trode distance is 16.5 cm. Electrodes can be easily disef the HPO arms, see Fig(l), a CCD camera is placed for
mounted for the cleaning. The mesh structure on the innepbserving the discharde3].
surface of the HPO in the central part acts as a wick in all A typical time evolution of the OG signal obtained from
four arms. The HPO is filled with lithium through one arm the oscilloscope is shown in Fig. 2. It represents a change in
under the constant flow of argon. When an external heateturrent through the discharge upon the two-photon excitation
heats the central part, a vapor zone of about 8 cm in length ief a Li atom at 32— 3d transition. The density of lithium
formed within the central part. Upon applying voltage equalatoms is 5.% 10'° cm™3, and current through the discharge
to or larger than the self-breakdown voltage between thés 30 mA. The shape of the OG signal reveals that the per-
electrodes, the normal glow discharge is established withurbed discharge returns to its stable state by damped plasma
positive column plasma made out of hot metal vapor in thecurrent oscillations.
heated zone of the HPO. The side-on emission from the posi- A wavelength-selective excitation spectrum is obtained by
tive column may be easily observed through an electrodelessetting the monochromator, at a specific wavelength while

Il. EXPERIMENTAL DETAILS
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scanning the laser wavelength. The laser-induced fluoreszation of lithium atom is at 459.8 nm, but two-photon ion-
cence spectrum is obtained by scanning the monochromatdaration from the ground state is quite welgs].

at the fixed laser wavelength. For illustration we show in Fig. 4 an excitation spectrum
monitoring the 8l— 2s transition at 610.3 nm with a lithium
IIl. LASER IONIZATION IN LITHIUM number density of 1.2 10'° cm 3. There is a strong signal

] . at the position of the quasiresonant line at 460.3 nm. The

The laser light was tuned to one of the following reso-packground originates from molecular absorption to the
nances in lithium vapor, Figs(@-3(c): (a) quasiresonance |, B[], state. The strong signal at 460.3 nm is the result of
(QR), 2p—4d, at 460.3 nm;(b) two-photon resonance girect pumping at the @—4d transition that is followed by
(TPR), 2s—3d, at 639.1 nm; andc) first resonanceFR),  (g) collisional redistribution of population amongd devels
2s—2p, at 670.8 nm. _ and radiative decaysf4-3d and 4p—3d, or (b) radiative

The most probable processes that could generate ions affecay 41— 3p and collisional population of the BB level.
tabulated in Table 1. Numbers of absorbed photons needefine OG excitation spectrum taken at a 30 mA current is also
for each ionization process are given in parentheses at thgown in Fig. 4. The excitation signal shows that there is a
end of each cycle. _significant population of the Li(d) state created due to the

Although these processes are well known from the literajager pulse at the position of the QR. But, once the Hj(4
ture, we performed here additional LIF and OG studies tGsate is populated it decays to lower states, as described
clarify their role in the ionization of lithium vapor under the gqve  pefore the associative ionizatit® or photoioniza-

conditions of the present experiment. tion (6) takes place. That is the reason why the OG signal
does not show enhancement at the quasiresonance. The
A. 2p—4d quasiresonance shape of the OG signal in time domain is similar to that

The case of QR ionization appears to follow the mostShown in Fig. 2. Figure 4 shows that we can expect appre-

complicated schemes which proceed either through a dimefiable ionization of lithium vapor not only atp2—4d reso-
atomic absorption path or dimer two-step absorptieae ~ nance but over the whole range of blue-green wavelengths.

Fig. 3@ and processes enumerated in Talle |

In the first scheme, a laser photon excites the dimer to the B. 2s—3d two-photon resonance
. l .
Liz B I1, state, which corresponds to the22p asymp- Absorption of the 639.1 nm photons is depicted in Fig.
tote: 3(b). In order to elucidate this case, LIF spectra upon the
Li(X) + hv4s0— Lio(B). (1) excitation by 639.1 nm laser light are taken at different

lithium densities. The LIF spectra show both atomic and mo-
At our experimental conditions, transitions to continuum lev-l€cular emission. The strongest line emission comes from the
els of theB 1, state contribute about 10% to the total ab- 3d— 2P transition. The emission from higherandd states
sorption[24]. These transitions directly produce Ligp at- 1N @ lithium atom is also present. It can be assumed that those

oms. The energy from bound excited dimers is transferred t£VeIS are populated as a result of the recombination of
atoms either through collisional dissociation lithium ions. A single rovibrational molecular level in the

Li, A3 " electronic state is excited simultaneously with the

Li,(B) +M—Li(2p)+Li(2s)+M, (2)  two-photon resonantdstate in Li. The relevant vibrational
and rotational numbers are found to Wév"=0,J"=15)
or molecule-atom energy transfer, —A(v'=7,1 =16) [26]. The excitation rate to the Li®
] ] ) ) state decreases due to this coincidence. lonization can occur
Lio(B)+Li(2s)—Lix(X)+Li(2p). () through three-photon absorptigtwo-photon resonajt
The second photon from the same laser pulse excites the Li(2s)+2hvgag—Li(3d), (8
4d level, from which associative ionization or photoioniza-
tion is possible: Li(3d)+hvggg—LiT+e™, 9
Li(2p) +hw,eo—Li(4d), (4 or by collisional and associative ionization from two atoms
in the d level [27]:
Li(4d)+Li(2s)—Li, +e7, (5)
Li(3d)+Li(3d)—Li"+Li(2s)+e", (10
Li(4d)+hvyge—LiT+e. (6)
Li(3d)+Li(3d)—Li, +e". (12)
The second scheme represents photoionization of the
Li, BII, state, The OG excitation spectrum in the vicinity of the TP reso-
nance at 8— 3d is shown in Fig. 5. The spectrum is taken at
Lio(B)+hvsee—Li, +e. (7) a discharge current of 30 mA and a lithium number density

of 5.7x10% cm 3. It shows a narrow profile and does not
Process(7) pertains for a wavelength interval around show any enhancement at the nearby molecular transition
460.3 nm. The long-wavelength limit to the two-photon ion- (compare with Fig. 4 of Ref.26]). The conclusion that can
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FIG. 3. Partial term diagram of lithium atom and lithium dimer in the cas@o®R excitation at 460.3 nm. Radiative paths are indicated
by straight arrows; collisional redistribution of population amoriga®d 4 levels are indicated by solid curved arrows. Dimer to atom
energy transfer is indicated by a dotted arrow and associative ionization by a dashed arrow. Numbers in parentheses represent processe:
described in the tex{b) TPR excitation at 639.1 nnfc) FR excitation at 670.8 nm. I.P. denotes the ionization potential.
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TABLE I. The most probable processes leading to the ionization of lithium vapor upon the excitation by 670.8 nm, 639.1 nm, or 460.3
nm. The total number of absorbed photons is given in parentheses.

Quasiresonant excitation

(1) Lix(X)+hvgee—Lia(B)
(2) Lin(B)+M—Li(2p) +Li(28)+ M
(3) Lio(B)+Li(25)—Li»(X) + Li(2p)
(4) Li(2p) + hvago— Li(4d) (7) Lis(B)+huao—Lii +e~  (2ph)
(5) Li(4d)+Li(2s)—Li; +e~ (2ph)
(6) Li(4d)+hvgeoLi*+e  (3ph)

Two-photon excitation

(10) Li(3d) + Li(3d)—Li* +Li(2s)+e~ (4ph)
(9) Li(3d)+hvgsg—Li* +e~ (3ph)

(11) Li(3d)+Li(3d)—Li; +e" (4ph)
Resonant excitation
(12) Li(2s)+hvgzg—Li(2p)
(14) Li(2p)+Li(2p)—Li(3d,3p) +Li(2s)
(13) Li(2p)+2hvgrg—Lit +e~ (16) Li(2p)+Li(2p) + hvgg— Li(28)+Li T +e~
(3ph) (15) Li(3d,3p) +hvgg—Li*+e~  (3ph) (3ph)

be drawn is that the molecular channel does not contribute tpresent over the whole wavelength region under consider-
ionization at our experimental conditions. The nonzero baseation. Both LIF and OG excitation spectra show a distinct
line is a result of a weak multiphoton ionization that is resonance at 639.1 nm in contrast to QR excitation around

460.3 nm.
—+~ + ~ T r T T 1 r T T 4
2 C. 2s—2p resonance
] Various absorption channels in the case of FR excitation
] are shown in Fig. @). After the absorption of a resonant
6 ] photon,
] -3
7 | | Li(25) +hwgrg—Li(2p), (12
£ 5 {1 9
: ] ] g ions can be created by following paths. The first is a two-
5 | | @ photon ionization of the g level:
44 ]
g 1 42 a 5] T T T T 1
2 1 &
©0 ] -
&. g 2l Laser linewidth
rs g ~
1 2
€
2 34 1
£
s
g
22 ]
]
o
o
4] ]
460 465 470 475
Laser wavelength (nm) 0 : : : : :
639.0 639.1 639.2 6393 639.4
FIG. 4. The excitation spectrum of thed3-2p transition at Laser wavelength (nm)
610.3 nm upon scanning the laser in the wavelength interval from
458 nm to 475 nm(lower ling). Excitation OG signal at 30 mA FIG. 5. OG excitation spectrum in the vicinity of the two-photon
current in the same interv@lipper ling. Lithium number density is resonance at £2-3d in lithium. Lithium number density is 5.7
1.2X10% cm™3, X 101 cm™3.
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FIG. 7. Plot of voltage versus lithium number density for laser
FIG. 6. A voltage versus current characteristics of the lithiumignition of the discharge by TP resonang-23d laser pulses. The
glow discharge for a case of rising current and lowering currentupper line represents the breakdown voltage. The middle line rep-
Lithium number density is 6 cm™3. resents minimum voltage necessary for laser-assisted ignition of a
self-sustained discharge. The area between the middle and the lower
Li(2p)+2hvgg—Lit+e™. (13 line represents the region where the laser-driven discharge can be
obtained.
The second path is energy pooling to thd 8r 3p level

followed by photoionization: electrodes is below the self-breakdown voltage. A low de-

. : NY . gree ionization is created due to the relatively short duration
Li(2p)+Li(2p)—Li(3d,3p) +Li(2s), (14 and a modest energy of the laser pulse, but in the presence of
Li(3d,3p) + hvgrgLi* +e. (15) a static electric field, free charges accelerate and create ad-

ditional ionization and trigger the discharge. The difference
between the self-breakdown voltage and the applied voltage
could be defined as a measure of laser ignition ability. The

Li(2p)+Li(2p)+hvgg—Li(2s)+Lit+e~. (16) larger this difference is, the larger is the laser ignition ability.

At lower voltage level it is possible to get an operation

Recently excitation of lithium vapor at 670.8 nm has beenfégime in which the discharge turns on and off with each
studied in relation to the energy pooling collisiojsocess laser pulse. We call that laser-driven discharge. When the
(14)] [28]. The effective lifetimes of about s and 1us  slightly higher voltage level is set, after laser-assisted igni-
are measured formand 3 levels, respective|y’ at a lithium tion the discharge is self-sustained. At lithium number den-
number density of 1 cm™2 and a laser pulse energy of Sities up to 1& cm™3, the discharge glows in a diffuse
about 1 m;[zg] The radiation trapping p|ays an important mode, i.e., the g|0W fills the whole cross section of the HPO
role in defining spatial properties for the preionization of the€ven at small current values. At higher densities, the glow is
discharge and influences the effective radiation rates. Thikestricted to the axial region—constricted mode. This is con-
offers a possibility for subsequent radiative ionization pf 2  sistent with the previous observations of the plasma column
3p, and 3 levels with 670.8 nm photons from the same constriction in lithium glow dischargg$2].

laser pulse or radiation-assisted Penning ioniz&{t&oj. Itis possible to ignite the discharge by the laser light over
a broad spectral region around the quasiresonant line at

460.8 nm for lithium number density from %0 to
10 cm™3. There is no significant increase in laser ignition
A measured voltage versus current characteristics of thability at the position of the quasiresonance. That is consis-
glow discharge at lithium density of 3cm™2 is shown in  tent with the OG measurement shown in Fig. 4. It can be
Fig. 6. A hysteresis can be seen depending on whether thmncluded that at these conditioflaser pulse energy and
current through the discharge is increasing or decreasingluration, lithium number densitythe QR excitation P
The drop of the voltage just after ignition can be explained— 4d [processe$l)—(6)] does not contribute significantly to
by the change in electron mobilifyd31]. Before the break- the ionization of the vapor compared to the ldnization.
down, electrons freely diffuse towards the walls. After the Laser ignition of the discharge by the TPRs-23d, laser
breakdown, the diffusion is ambipolar so the loss of elecpulse is very efficient at lower lithium number densities, but
trons is slower. Thus the interelectrode electric field, whichdecreases towards higher lithium number densities. Figure 7
governs the ionization rate, decreases in order to balancshows the regions of laser-driven and laser-ignited discharge
ionization and charge losses. in the voltage versus Li number density diagram. The self-
The laser ignition experiment consists of tuning the lasebreakdown voltages for that region are also shown in the
light in one of the resonances while the voltage betweerpicture. The laser-driven discharge region is limited to lower

The third one is radiation-assisted Penning ionization:

IV. LASER IGNITION OF THE DISCHARGE
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lithium number densities. In these measurements the las&39.1 nm is found to produce the most clear wavelength-
repetition is 1 Hz and the wavelength is at the exact positiorselective effects.

of the TPR. At the lithium number density of 1.3  We observed two regimes for laser ignition. The first is

% 10'® cm™2 and higher, the laser pulse could not induce thewhen the discharge was sustained after the initial ignition,
breakdown below the self-breakdown voltage. The probablend the second denotes a stable plasma discharge only in the
reason for the decrease of laser ignition ability towardsgpresence of the resonant laser photons. Lithium number den-

higher densities is the increaseXs ; —A'3 [ molecular
absorption.
Laser ignition of the discharge by the resonast-2p

sities of about 18" cm™2 are found to be best suited for laser
ignition of the discharge.
Similar studies could be extended to other alkali-metal

pulse at 670.8 nm exhibits similar characteristics to the casgystems, or intermetallic systems such as LiCd or NaCd. A
of 639.1 nm excitation. A difference is that the decrease otery efficient energy transfer from the Lid3} level to cad-
laser ignition ability towards higher densities is more pro-mium metastable levels offers the possibility of improved
nounced than in the case of two-photon excitation, owing tdaser ignition in lithium-cadmium vapor mixtuf&3].

the strong absorption of the resonance line by the dense va-

por.

V. CONCLUSION
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