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Laser-ignited glow discharge in lithium vapor

H. Skenderovic´,* I. Labazan, S. Milosˇević, and G. Pichler
Institute of Physics, P.O. Box 304, HR-10000 Zagreb, Croatia

~Received 9 March 2000; published 12 October 2000!

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 nm (2p→4d), the two-photon resonant line at 639.1 nm
(2s→3d transition!, or the first resonance at 670.8 nm (2s→2p 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 number~s!: 34.80.Kw, 52.80.2s, 39.30.1w, 52.50.Jm
d

u-
in

f

no
h
w

y
o

no
b

ita

ing

-

by
cI
o-
d

pe
cw
-
o

al

a

ant

e
el.
ted,
rom
er-

ro-
u-
n-

lly
ion
er
c-

LI-
the
ly

di-

eo-
so-
d
-
ser-
in-

laser

in
the

lec-
of

nd
ci-
at-
i-
t, a

ine
l

ng
I. INTRODUCTION

A coupling of light with an electrical discharge is studie
in optogalvanic experiments~reviewed in Ref.@1#! where the
light is usually a small perturbation. A more dramatic infl
ence of laser light on a discharge is exhibited in laser guid
experiments~Ref. @2# and references therein! where the laser
beam is employed for creating a plasma channel.

At total pressure around 1 Torr, a glow discharge@3# is
characterized by relatively high voltage~several hundreds o
volts at the interelectrode distance of some tens of cm! and
modest currents~from a few up to several hundred mA!. The
voltage across electrodes necessary for the ignition of a
mal glow discharge is called the self-breakdown voltage. T
voltage necessary to sustain a stable glow discharge is lo
than the self-breakdown voltage with the current limited b
resistor in series with the discharge. The voltage stays c
stant as the current is increased for the discharge in the ‘‘
mal’’ regime, but it increases for the discharge in the ‘‘a
normal’’ regime@3#.

There is a long history of studies concerning laser exc
tion and ionization of alkali-metal vapors@4#. The absorption
of laser photons in alkali-metal vapor is possible by tun
the laser frequency to the resonant transition~e.g., 2s→2p
in lithium!, quasiresonant transitions (2p→3d,
4d . . . , 3s, 4s . . . in lithium!, and two-photon resonant tran
sitions (2s→3d, 4d . . . , 3s, 4s, . . . in lithium!.

The efficient ionization of a dense alkali-metal vapor
resonant laser light was first reported by Lucatorto and M
rath @5#. In their experiment, almost 100% ionization of s
dium vapor was produced using 500 ns laser pulses tune
the sodiuml5589.6 nm, 3s1/2→3p1/2 transition. That inter-
esting effect was further investigated by Tam and Hap
@6,7# in Cs vapor with extension of the technique to the
laser quasiresonant excitation 6p→8d at 601 nm. The laser
induced fluorescence from a dense Cs vapor showed rec
bination continua and plasma-broadened atomic lines@6#. In
the process of quasiresonant excitation the role of alk
metal dimers is recognized to be important@7,8#. Experi-
ments on laser-induced plasmas in alkali-metal vapors h
been reviewed in papers by Bahnset al. @9# and by Stwalley
and Bahns@10#.

*FAX: 00 385 1 4680 399. Email address: hrvoje@ifs.hr
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The theoretical evaluation of laser ionization by reson
light was made by Measures and co-workers@11,12#. In their
model, called LIBORS~light ionization based on resonanc
saturation!, the laser rapidly saturates the resonant lev
Once the large pool of atoms in resonant state is crea
seed electrons are generated by multiphoton ionization f
the resonance level, by associative ionization, by las
induced Penning ionization, and by other ionization p
cesses@12#. Free electrons rapidly gain energy through s
perelastic collisions with excited atoms so that electro
impact ionization from the resonant level and of collisiona
populated upper levels contribute to the rate of ionizat
together with the single-photon ionization from those upp
levels. Almost complete ionization of the excited atoms o
curs when a critical electron density is achieved. In the
BORS scheme, it is important to note that to generate
complete ionization, the critical atom density and relative
long laser pulse~or cw regime! are necessary.

Laser induced ionization can occur also in vapors irra
ated by nanosecond laser pulses@13,14# when the ionization
is only partial and does not exceed a few percent. In a th
retical approach to ionization of sodium vapor by 10 ns re
nant laser pulses in Ref.@14#, the LIBORS model is amende
by adding energy pooling@15# and Penning ionization pro
cesses into the ionization scheme. The spectroscopic ob
vations of laser-produced plasmas in alkali-metal vapors
duced by two-photon resonances using a 10 ns pulsed
have also been reported@16#. The diffuse bands@17# and the
atomic lines from the high-lying levels that were present
the fluorescent spectra confirmed the laser ionization of
vapor @16#.

Laser-induced ionization in the presence of a static e
tric field can initiate an electric discharge. The group
Tamura performed several experiments@18–20#, involving
laser initiation of an electrical discharge in cesium-argon a
sodium-argon mixtures. In the first experiment, a XeCl ex
mer laser was used for one-photon ionization of cesium
oms @18#. The minimum energy of the pulse that could in
tiate the discharge was 20 mJ. In the second experimen
dye laser tuned to the sodium resonance line was used@19#.
In the third experiment, a long pulse (1.2ms) high-power
laser (8 MW/cm2) was tuned to the second resonance l
~455.5 nm! of the cesium atom@20# and initiated a channe
discharge of 60 cm length.

In this paper we report the employment of a 20-ns-lo
©2000 The American Physical Society07-1
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laser pulse for ignition of a glow discharge in lithium vap
contained in a modified heat-pipe oven with a specific vo
age between the electrodes. The paper is organized as
lows. Experimental details are presented in Sec. II. We s
marize and discuss various laser ionization proces
involved in three ionization cases in Sec. III. Section
describes experiments with laser ignition of the dischar
Finally, our conclusions are presented in Sec. V.

II. EXPERIMENTAL DETAILS

The crossed heat-pipe oven~HPO!, see Fig. 1~a!, modi-
fied for the discharge studies is made of a stainless-steel
3.4 cm in diameter and with 2-mm-thick walls@21#. Hollow
stainless-steel electrodes, with inner and outer diamet
and 10 mm, allow for passing a laser beam. The intere
trode distance is 16.5 cm. Electrodes can be easily
mounted for the cleaning. The mesh structure on the in
surface of the HPO in the central part acts as a wick in
four arms. The HPO is filled with lithium through one ar
under the constant flow of argon. When an external he
heats the central part, a vapor zone of about 8 cm in leng
formed within the central part. Upon applying voltage equ
to or larger than the self-breakdown voltage between
electrodes, the normal glow discharge is established w
positive column plasma made out of hot metal vapor in
heated zone of the HPO. The side-on emission from the p
tive column may be easily observed through an electrode

FIG. 1. ~a! The modified heat-pipe oven for discharge studi
~b! Experimental setup for laser-induced fluorescence, opto
vanic, and laser-ignition measurements.
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side arm of the HPO. The temperature of HPO is measu
by an Alumel-Chromel thermocouple placed in the heat
block. The lithium partial pressure is determined from
tabulated lithium vapor pressure curve@22#.

The experimental setup is shown in Fig. 1~b!. A stabilized
dc power supply is used for setting the voltage and mainta
ing the discharge. A current limiting resistor (10 kV) is
placed in series with the HPO discharge. A blocking capa
tor ~C! for monitoring the optogalvanic~OG! signal is also
placed in the electrical circuit, Fig. 1~b!.

The laser beam from a pulsed dye laser~LPD 3002E
Lambda Physik! pumped by a Xe-Cl excimer laser~LPX
105E Lambda Physik! is used for ignition, OG, and fluores
cent measurements. The pulse half-width is about 20 ns
the repetition rate can be varied from 1 to 10 Hz. The typi
energy of a single pulse is 2 mJ with a 0.2 cm21 linewidth.
Coumarin 102 dye is used for the excitation at quasireson
transition 2p→4d in the lithium atom, and Rhodamin 10
for the two-photon 2s→3d transition and resonant 2s→2p
transition. The laser beam is directed through the holl
electrodes in the HPO in both the laser ignition and las
induced fluorescence experiments. It is weakly focused in
middle of the heat-pipe oven, between the electrodes.
lithium number density was varied in the range from 1014 to
1016 cm23, whereas the total pressure of lithium vapor a
the buffer gas~helium! was kept at 2.5 Torr. In front of one
of the HPO arms, see Fig. 1~b!, a CCD camera is placed fo
observing the discharge@23#.

A typical time evolution of the OG signal obtained from
the oscilloscope is shown in Fig. 2. It represents a chang
current through the discharge upon the two-photon excita
of a Li atom at 2s→3d transition. The density of lithium
atoms is 5.731015 cm23, and current through the discharg
is 30 mA. The shape of the OG signal reveals that the p
turbed discharge returns to its stable state by damped pla
current oscillations.

A wavelength-selective excitation spectrum is obtained
setting the monochromator, at a specific wavelength wh

.
l-

FIG. 2. Time evolution of the OG signal at two-photon resona
transition 2s→3d. Density of lithium atoms is 5.731015 cm23 and
current through the discharge is 30 mA. Negative current chang
the graph represents increase of the current through the discha
7-2
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LASER-IGNITED GLOW DISCHARGE IN LITHIUM VAPOR PHYSICAL REVIEW A62 052707
scanning the laser wavelength. The laser-induced fluo
cence spectrum is obtained by scanning the monochrom
at the fixed laser wavelength.

III. LASER IONIZATION IN LITHIUM

The laser light was tuned to one of the following res
nances in lithium vapor, Figs. 3~a!–3~c!: ~a! quasiresonance
~QR!, 2p→4d, at 460.3 nm; ~b! two-photon resonance
~TPR!, 2s→3d, at 639.1 nm; and~c! first resonance~FR!,
2s→2p, at 670.8 nm.

The most probable processes that could generate ion
tabulated in Table I. Numbers of absorbed photons nee
for each ionization process are given in parentheses at
end of each cycle.

Although these processes are well known from the lite
ture, we performed here additional LIF and OG studies
clarify their role in the ionization of lithium vapor under th
conditions of the present experiment.

A. 2p\4d quasiresonance

The case of QR ionization appears to follow the m
complicated schemes which proceed either through a dim
atomic absorption path or dimer two-step absorption@see
Fig. 3~a! and processes enumerated in Table I#.

In the first scheme, a laser photon excites the dimer to
Li2 B 1Pu state, which corresponds to the 2s12p asymp-
tote:

Li 2~X!1hn460→Li2~B!. ~1!

At our experimental conditions, transitions to continuum le
els of theB 1Pu state contribute about 10% to the total a
sorption@24#. These transitions directly produce Li(2p) at-
oms. The energy from bound excited dimers is transferre
atoms either through collisional dissociation,

Li 2~B!1M→Li ~2p!1Li ~2s!1M , ~2!

or molecule-atom energy transfer,

Li 2~B!1Li ~2s!→Li2~X!1Li ~2p!. ~3!

The second photon from the same laser pulse excites
4d level, from which associative ionization or photoioniz
tion is possible:

Li ~2p!1hn460→Li ~4d!, ~4!

Li ~4d!1Li ~2s!→Li2
11e2, ~5!

Li ~4d!1hn460→Li11e2. ~6!

The second scheme represents photoionization of
Li2 B 1Pu state,

Li 2~B!1hn460→Li2
11e2. ~7!

Process~7! pertains for a wavelength interval aroun
460.3 nm. The long-wavelength limit to the two-photon io
05270
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ization of lithium atom is at 459.8 nm, but two-photon io
ization from the ground state is quite weak@25#.

For illustration we show in Fig. 4 an excitation spectru
monitoring the 3d→2s transition at 610.3 nm with a lithium
number density of 1.231015 cm23. There is a strong signa
at the position of the quasiresonant line at 460.3 nm. T
background originates from molecular absorption to
Li2 B 1Pu state. The strong signal at 460.3 nm is the resul
direct pumping at the 2p→4d transition that is followed by
~a! collisional redistribution of population among 4l levels
and radiative decays 4f→3d and 4p→3d, or ~b! radiative
decay 4d→3p and collisional population of the 3d level.
The OG excitation spectrum taken at a 30 mA current is a
shown in Fig. 4. The excitation signal shows that there i
significant population of the Li(4d) state created due to th
laser pulse at the position of the QR. But, once the Li(4d)
state is populated it decays to lower states, as descr
above, before the associative ionization~5! or photoioniza-
tion ~6! takes place. That is the reason why the OG sig
does not show enhancement at the quasiresonance.
shape of the OG signal in time domain is similar to th
shown in Fig. 2. Figure 4 shows that we can expect app
ciable ionization of lithium vapor not only at 2p→4d reso-
nance but over the whole range of blue-green wavelengt

B. 2s\3d two-photon resonance

Absorption of the 639.1 nm photons is depicted in F
3~b!. In order to elucidate this case, LIF spectra upon
excitation by 639.1 nm laser light are taken at differe
lithium densities. The LIF spectra show both atomic and m
lecular emission. The strongest line emission comes from
3d→2p transition. The emission from highers andd states
in a lithium atom is also present. It can be assumed that th
levels are populated as a result of the recombination
lithium ions. A single rovibrational molecular level in th
Li2 A 1Su

1 electronic state is excited simultaneously with t
two-photon resonant 3d state in Li. The relevant vibrationa
and rotational numbers are found to beX(v950, J9515)
→A(v857, J8516) @26#. The excitation rate to the Li(3d)
state decreases due to this coincidence. Ionization can o
through three-photon absorption~two-photon resonant!:

Li ~2s!12hn639→Li ~3d!, ~8!

Li ~3d!1hn639→Li11e2, ~9!

or by collisional and associative ionization from two atom
in the 3d level @27#:

Li ~3d!1Li ~3d!→Li11Li ~2s!1e2, ~10!

Li ~3d!1Li ~3d!→Li2
11e2. ~11!

The OG excitation spectrum in the vicinity of the TP res
nance at 2s→3d is shown in Fig. 5. The spectrum is taken
a discharge current of 30 mA and a lithium number dens
of 5.731015 cm23. It shows a narrow profile and does n
show any enhancement at the nearby molecular trans
~compare with Fig. 4 of Ref.@26#!. The conclusion that can
7-3
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FIG. 3. Partial term diagram of lithium atom and lithium dimer in the case of~a! QR excitation at 460.3 nm. Radiative paths are indica
by straight arrows; collisional redistribution of population among 3l and 4l levels are indicated by solid curved arrows. Dimer to ato
energy transfer is indicated by a dotted arrow and associative ionization by a dashed arrow. Numbers in parentheses represen
described in the text.~b! TPR excitation at 639.1 nm.~c! FR excitation at 670.8 nm. I.P. denotes the ionization potential.
052707-4
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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, o
nm. The total number of absorbed photons is given in parentheses.

Quasiresonant excitation

(1) Li2(X)1hn460→Li2(B)
(2) Li2(B)1M→Li(2 p)1Li(2s)1M
(3) Li2(B)1Li(2s)→Li2(X)1Li(2 p)
(4) Li(2p)1hn460→Li(4d) (7) Li2(B)1hn460→Li2

11e2 (2ph)
(5) Li(4d)1Li(2s)→Li2

11e2 (2ph)
(6) Li(4d)1hn460→Li11e2 (3ph)

Two-photon excitation

(8) Li(2s)12hn639→Li(3d)
(10) Li(3d)1Li(3d)→Li11Li(2s)1e2 (4ph)

(9) Li(3d)1hn639→Li11e2 (3ph)
(11) Li(3d)1Li(3d)→Li2

11e2 (4ph)

Resonant excitation

(12) Li(2s)1hn670→Li(2 p)
(14) Li(2p)1Li(2 p)→Li(3d,3p)1Li(2s)

(13) Li(2p)12hn670→Li11e2 (16) Li(2p)1Li(2 p)1hn670→Li(2s)1Li11e2

(3ph) (15) Li(3d,3p)1hn670→Li11e2 (3ph) (3ph)
e
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be drawn is that the molecular channel does not contribut
ionization at our experimental conditions. The nonzero ba
line is a result of a weak multiphoton ionization that

FIG. 4. The excitation spectrum of the 3d→2p transition at
610.3 nm upon scanning the laser in the wavelength interval f
458 nm to 475 nm~lower line!. Excitation OG signal at 30 mA
current in the same interval~upper line!. Lithium number density is
1.231015 cm23.
05270
to
e-
present over the whole wavelength region under consid
ation. Both LIF and OG excitation spectra show a distin
resonance at 639.1 nm in contrast to QR excitation aro
460.3 nm.

C. 2s\2p resonance

Various absorption channels in the case of FR excitat
are shown in Fig. 3~c!. After the absorption of a resonan
photon,

Li ~2s!1hn670→Li ~2p!, ~12!

ions can be created by following paths. The first is a tw
photon ionization of the 2p level:

m
FIG. 5. OG excitation spectrum in the vicinity of the two-photo

resonance at 2s→3d in lithium. Lithium number density is 5.7
31015 cm23.
7-5
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SKENDEROVIĆ, LABAZAN, MILOŠ EVIĆ, AND PICHLER PHYSICAL REVIEW A62 052707
Li ~2p!12hn670→Li11e2. ~13!

The second path is energy pooling to the 3d or 3p level
followed by photoionization:

Li ~2p!1Li ~2p!→Li ~3d,3p!1Li ~2s!, ~14!

Li ~3d,3p!1hn670→Li11e2. ~15!

The third one is radiation-assisted Penning ionization:

Li ~2p!1Li ~2p!1hn670→Li ~2s!1Li11e2. ~16!

Recently excitation of lithium vapor at 670.8 nm has be
studied in relation to the energy pooling collisions@process
~14!# @28#. The effective lifetimes of about 5ms and 1ms
are measured for 2p and 3d levels, respectively, at a lithium
number density of 1014 cm23 and a laser pulse energy o
about 1 mJ@29#. The radiation trapping plays an importa
role in defining spatial properties for the preionization of t
discharge and influences the effective radiation rates. T
offers a possibility for subsequent radiative ionization of 2p,
3p, and 3d levels with 670.8 nm photons from the sam
laser pulse or radiation-assisted Penning ionization@30#.

IV. LASER IGNITION OF THE DISCHARGE

A measured voltage versus current characteristics of
glow discharge at lithium density of 1014 cm23 is shown in
Fig. 6. A hysteresis can be seen depending on whether
current through the discharge is increasing or decreas
The drop of the voltage just after ignition can be explain
by the change in electron mobility@31#. Before the break-
down, electrons freely diffuse towards the walls. After t
breakdown, the diffusion is ambipolar so the loss of el
trons is slower. Thus the interelectrode electric field, wh
governs the ionization rate, decreases in order to bala
ionization and charge losses.

The laser ignition experiment consists of tuning the la
light in one of the resonances while the voltage betwe

FIG. 6. A voltage versus current characteristics of the lithiu
glow discharge for a case of rising current and lowering curre
Lithium number density is 1014 cm23.
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electrodes is below the self-breakdown voltage. A low d
gree ionization is created due to the relatively short durat
and a modest energy of the laser pulse, but in the presen
a static electric field, free charges accelerate and create
ditional ionization and trigger the discharge. The differen
between the self-breakdown voltage and the applied volt
could be defined as a measure of laser ignition ability. T
larger this difference is, the larger is the laser ignition abili

At lower voltage level it is possible to get an operatio
regime in which the discharge turns on and off with ea
laser pulse. We call that laser-driven discharge. When
slightly higher voltage level is set, after laser-assisted ig
tion the discharge is self-sustained. At lithium number de
sities up to 1015 cm23, the discharge glows in a diffus
mode, i.e., the glow fills the whole cross section of the HP
even at small current values. At higher densities, the glow
restricted to the axial region–constricted mode. This is c
sistent with the previous observations of the plasma colu
constriction in lithium glow discharges@32#.

It is possible to ignite the discharge by the laser light ov
a broad spectral region around the quasiresonant line
460.8 nm for lithium number density from 1014 to
1016 cm23. There is no significant increase in laser ignitio
ability at the position of the quasiresonance. That is con
tent with the OG measurement shown in Fig. 4. It can
concluded that at these conditions~laser pulse energy an
duration, lithium number density! the QR excitation 2p
→4d @processes~1!–~6!# does not contribute significantly to
the ionization of the vapor compared to the Li2 ionization.

Laser ignition of the discharge by the TPR, 2s→3d, laser
pulse is very efficient at lower lithium number densities, b
decreases towards higher lithium number densities. Figu
shows the regions of laser-driven and laser-ignited discha
in the voltage versus Li number density diagram. The s
breakdown voltages for that region are also shown in
picture. The laser-driven discharge region is limited to low

t.

FIG. 7. Plot of voltage versus lithium number density for las
ignition of the discharge by TP resonant, 2s→3d laser pulses. The
upper line represents the breakdown voltage. The middle line
resents minimum voltage necessary for laser-assisted ignition
self-sustained discharge. The area between the middle and the l
line represents the region where the laser-driven discharge ca
obtained.
7-6
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lithium number densities. In these measurements the l
repetition is 1 Hz and the wavelength is at the exact posi
of the TPR. At the lithium number density of 1.
31016 cm23 and higher, the laser pulse could not induce
breakdown below the self-breakdown voltage. The proba
reason for the decrease of laser ignition ability towa
higher densities is the increase inX 1Sg

1→A 1Su
1 molecular

absorption.
Laser ignition of the discharge by the resonant 2s→2p

pulse at 670.8 nm exhibits similar characteristics to the c
of 639.1 nm excitation. A difference is that the decrease
laser ignition ability towards higher densities is more p
nounced than in the case of two-photon excitation, owing
the strong absorption of the resonance line by the dense
por.

V. CONCLUSION

We have demonstrated laser-ignited and laser-driven
charge in lithium vapor maintained within a heat-pipe ove
Among various excitation schemes, the TPR excitation
y
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639.1 nm is found to produce the most clear waveleng
selective effects.

We observed two regimes for laser ignition. The first
when the discharge was sustained after the initial igniti
and the second denotes a stable plasma discharge only i
presence of the resonant laser photons. Lithium number d
sities of about 1014 cm23 are found to be best suited for las
ignition of the discharge.

Similar studies could be extended to other alkali-me
systems, or intermetallic systems such as LiCd or NaCd
very efficient energy transfer from the Li(3d) level to cad-
mium metastable levels offers the possibility of improv
laser ignition in lithium-cadmium vapor mixture@33#.
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