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Selective laser-induced breakdown of xenon
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Selective excitation of laser-induced breakdown of xenon by nanosecond laser pulses in the spectral
range of 420—600 nrn and light intensity of 10 W/cm has been studied. A number of multiphoton
resonances have been identiGed in the breakdown excitation spectra and the excitation conditions
within the focal volume have been determined from the ac Stark shift of the resonances. It has
been shown that the breakdown initiation is inBuenced by odd harmonics of the laser light, which
are generated in the focal volume. The phase-matched harmonic Geld induces the breakdown near
some of the multiphoton resonances, while this Geld is able to suppress the breakdown under on-
resonance excitation due to destructive interference between optical transitions. Taking into account
the internally generated harmonics of the laser Geld, the interpretation of some of the previous
experimental results is reconsidered.

PACS number(s): 32.80.Rm, 32.90.+a, 42.50.Hz, 52.50.Jm

I. INTRODUCTION

Laser-induced breakdown of a gas ("laser spark") is
a well-know'n phenomenon associated with high-power
lasers. In many applications of intense laser pulses
the breakdown is an undesirable parasitic efI'ect, which
changes the properties of the gaseous medium and dis-
turbs the propagation of the pulse. Thanks to extensive
investigations of this phenomenon, the general picture of
the processes leading to a breakdown has been under-
stood rather well (see, e.g. , [1—3]). For nanosecond laser
pulses the initial electrons are created by the multipho-
ton ionization of gas atoms. Further, the photoelectrons
gain energy from the laser field and produce an additional
avalanche ionization which can lead to a complete ioniza-
tion of the gas. It is clear that multiphoton ionization,
as the beginning stage of these processes, plays a crucial
role in the breakdown initiation.

The breakdown threshold can be reduced remarkably
by the presence of intermediate excited states of gas
atoms or molecules due to resonantly enhanced mmultiPh-
ton ionization (REMPI). Already in the earliest experi-
ments a significant dependence of the breakdown thresh-
old on the laser wavelength was observed [4]. By using
a tunable dye laser, Damany et al. [5] studied the break-
down near the three-photon resonance with the 68 excited
state of xenon, where a number of four-photon atomic
resonances were identified in the breakdown excitation
spectra. Such a possibility of initiating a breakdown
selectively is remarkable for a number of reasons. Se-
lective breakdown visualizes the ionization channels and
this method can serve in the study of multiphoton pro-
cesses for the conditions where it i.s difFicult to carry out
the commonly used measurements of the ionization yield
(laser-induced damage of the gas, high pressure, elec-
tronegative gases, etc.). Besides, the excitation of a selec-
tive breakdown allows one to study the breakdown itself,
i.e. , to study the processes in the focal volume, which are
responsible for the breakdown initiation and determine

the resistance of a gas against the laser-induced damage.
The present article describes experimental results of a

selective excitation of a breakdown in xenon. These ex-
periments were aimed at the study of the main channels
of REMPI and other associated processes responsible for
the initiation of a selective breakdown in a dense gas.

II. EXPERIMENT

A schematic diagram of the experimental setup is
shown in Fig. 1. The breakdown of xenon was initi-
ated by a tunable dye laser VI.-22 pumped by an excimer
XeCl laser. The dye laser had a two-stage amplifier and
a Hansch-cavity oscillator with a beam expander and a
grating with 1200 grooves/rnm. The spectral width of
the dye laser output was 0.005 nm (full width at half
maximum) and the energy of the laser pulse was 1—4 mJ
per shot in the 420—600 nm spectral region.

The gas cell was made of stainless steel and contained
xenon of 99.999%%uo purity. Four quartz windows of the cell
allowed one to focus the laser beam at difI'erent excita-
tion geometries and detect the emission of laser-produced
plasma. The plasma emission was collected by a quartz
lens and measured by a photodiode and a charge-sensitive
radiometer. A convenient glass filter was used to block
the scattered laser light. The time-integrated signal from
the radiometer was recorded on the 2:-y plotter.

Two excitation geometries were used to initiate the
breakdown. In a unidirectional geometry the laser beam
was focused into the gas by either a high-quality achro-
rnatic objective with the focal length f=50 mrn or a
spherical mirror with f=30 mrn. In the excitation by
counterpropagating beams the laser output was first fo-
cused into the cell by the objective and then retrore-
fIected on itself by the spherical mirror with the overlap-
ping of both beam waists. Formally, when the beam was
focused by the on-axis spherical mirror alone, the excita-
tion geometry was a counterpropagating one as well. In
this case, however, the light intensity in the focal region

1050-2947/95/51{5}/3982(9)/$06. 00 3982 Q~1995 The American Physical Society



SELECTIVE LASER-INDUCED BREAKDOWN OF XENON 3983

dye laser

NSS

objective
& mirggrv — z- n

t s a & fIlter

an aberration-&ee lens of the focal length f produces a
focal spot with a 1/e radius of

photodiode

FIG. 1. Schematic diagram of the experimental setup.

of the reflected beam was several orders of magnitude
larger than the intensity of the counterpropagating unfo-
cused beam. All the e8'ects related to the excitation by
counterpropagating beams need both the incident and
the reflected beam to be focused and these efFects are ex-
tremely sensitive to the spatial overlapping of the beam
waists.

The maximum light intensity in the focal volume de-
pends on the spatial distribution of intensity, but, in gen-
eral, for a multimode laser beam this distribution may
dier essentially from the one in a Gaussian beam. To
get a correct value of light intensity the distribution of
intensity in the focal region was measured by the method
of a scanned knife edge [6,7]. A razor blade was driven by
a precise translator across the beam in the focal plane of
the objective or the mirror. The blade blocked a part of
the laser beam and the fraction of the transmitted pulse
energy was measured by a reference photodetector. For
the laser wavelength near 500 nm the obtained data for
the ol „ective are shown in Fig. 2.

For a Gaussian beam the transmission function I" (x)
has a well-known form [7]

In our case the measured data can be approximated
rather well by a transmission function determined by Eq.
(1). This approximation gives the radius of the beam
waist m = 8 p,m, which is about 1.5 times larger than
the mo determined by Eq. (2) for the same p (see Fig.
2). A similar result was obtained for the mirror where
the 1/e radius of the beam waist was determined to be
m=5 pm.

The laser pulse measured by a coaxial phototube with
a time resolution of about 2 ns is shown in Fig. 2. For
the pulse peak power P the maximum light intensity I
in the focal spot is given by the expression I = P/vrm2

Taking into account the losses on optical elements, the
pulse energy of 2 m3 gives the maximum light inten-
sity in the focus of 1x10 W/cm for the objective
and 2x10 W/cm for the mirror. For excitation by
counterpropagating beams the light intensity depends on
the space-time overlapping of both beams. Compara-
tive measurements of the breakdown threshold at difFer-
ent wavelengths have shown that in counterpropagating
beams the intensity in the focal volume was increased by
about 20—30 %.

The measurements of an intensity distribution by a
scanned knife do not show the possible small-scale re-
gions in the focus where the local intensity can essen-
tially be increased. However, if such "hot spots" exist,
the excitation conditions within the beam waist will be
changed drastically. This question will be considered in
more detail in the next section.

F(&) = (
exp — dx 8g)

/Q) 2 III. RESULTS AND DISCUSSIGN

where m is the radius of the beam to 1/e intensity level.
A difFraction-limited Gaussian beam with the radius p on

A. Breakdown excitation spectra

I I I I

-m -~0
KNn s; EDGE PQaraON (pm)

FIG. 2. Dependence of the transmitted pulse energy on
the position of a knife edge in the beam waist: points, ex-
perimental data. ; solid curve, approximation by Eq. (1) with
n = 8 pm; dotted curve, dependence for a diKraction-limited
Gaussian beam with the same input diameter. The inset
shows a typical laser pulse.

The measurements of a selective breakdown were car-
ried out in the 420—600 nm spectral region for xenon pres-
sure of up to 2 bar. With the available laser pulse energy
the breakdown of xenon could easily be initiated, which
was observed as the appearance of a bright spark in the
focus of the objective or the mirror. For the present ex-
periments the most important factor was the dependence
of the breakdown threshold on the laser wavelength. For
some spectral regions the breakdown could be obtained
at a very low pressure (several tens of torr), while for the
other regions the breakdown initiation needed the gas
pressure and/or the laser pulse energy to be essentially
increased. The intensity of the laser spark shows sim-
ilar variations with respect to the laser wavelength. A
bright stable spark was induced by every laser pulse at
some wavelengths, but only a weak unstable emission, if
any, was observed when the laser was slightly tuned to
the blue or to the red side. Therefore, the plots of spark
intensity over the dye laser scans show a number of dis-
tinct resonances. The width of these resonances, where
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the breakdown is easily induced, can be rather narrow (a
few angstroms) and under proper excitation conditions
the selective breakdown can even serve for a wavelength
calibration. The appearance of a bright spark under on-
resonance excitation allows one to carry out such a cali-
bration without any measuring devices.

Figures 3—5 show typical breakdown excitation spectra
obtained with three different laser dyes. In this spectral
region the wavelength A=511 nm corresponds to the five-
photon ionization threshold for xenon, where the energy
of laser photons makes one-fifth of the ionization poten-
tial of xenon Vjp ——12.13 eV. To the blue side &om this
wavelength up to A=409 nm the ionization of xenon pro-
ceeds by the absorption of at least five laser photons,
while to the red side up to %=613 nm six laser photons
are required to ionize xenon atoms.

In the region of a five-photon ionization of xenon a
number of four-photon atomic resonances can be recog-
nized in the spectra (see Figs. 3 and 4). The positions
of the corresponding atomic states in one-photon scale
are marked in the figures. Some of the resonances have
a broad diffuse background which is caused by molecular
absorption. With an elevated gas pressure and/or an in-
creased pulse energy, the molecular bands become more
intensive and the selectivity of the breakdown gradually
disappears. The atomic resonances are less sensitive to
gas pressure and pulse energy; therefore, by variations
of the excitation conditions one can get different relative
intensities of atomic resonances and molecular bands in
the spectra.

Near the five-photon ionization threshold both four-
and five-photon atomic resonances are detected (see Fig.
4). Four-photon resonances correspond to the excitation
of the lowest p states of xenon. For these intense res-
onances the breakdown threshold is several times lower
than for any of the neighboring atomic resonances. The
small peak near 502 nm is known &om two-photon exper-
iments [8,9] and it was attributed to a collision-induced
excitation near the avoided crossing of the molecular po-
tentials of 5d[2] and 6p[z] states [9].

To the red side Rom the five-photon ionization thresh-
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FIG. 4. Breakdown excitation spectrum near the
five-photon ionization threshold. Xenon pressure, 2 bar; pulse
energy, 0.8 mJ; counterpropagating excitation geometry.

old two distinct progressions of five-photon atomic reso-
nances are detected (see Figs. 4 and 5). The progression
of the most intensive resonances results from the five-
photon excitation of nd[2] and nd[2] states. For the
measured spectral region the members of this progres-
sion start from the principal quantum number n = 6 and
the peaks of d states can be traced in spectra up to n=l6.
At xenon pressure of 2 bar the nd[z] and nd[z] states
are detected separately up to n = 8, where the energy
difference between the states is 80 cm [10]. In a one-
photon scale this gives the spectral resolution of 16 cm
for the present conditions.

The progression of less intensive resonances belongs to
ns[2] states. Within the measured spectral region the
five-photon excitation of the ns state starts from n = 7.
However, in contrast to the states with J = 3, the lowest
members of the ns progression are not detected in the
spectra if the excitation is carried out by a single-pass
laser beam. To observe the lowest ns resonances the
counterpropagating excitation geometry should be used.
Similarly, the peaks of some other atomic states with
J = 1 are absent in the spectra for a unidirectional exci-
tation geometry, but they are well pronounced if the exci-
tation is performed by counterpropagating beams. These
interesting phenomena will be considered below.
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FIG. 3. Breakdown excitation spectrum in the region of
four-photon p resonances. Xenon pressure, 1.8 bar; pulse en-
ergy, 1 mJ; unidirectional excitation by the spherical mirror.

FIG. 5. Breakdown excitation spectrum below the
five-photon ionization threshold. Xenon pressure, 2 bar; pulse
energy, 0.8 mJ; unidirectional excitation by the objective.
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Most of the atomic resonances in the spectra have an
asymmetric profile, which is typical of REMPI in condi-
tions of the ac Stark shift of atomic levels in a multimode
laser pulse [ll—13]. The range of ac Stark shifts in a mul-

timode pulse determines the width of resonances, which
is of the order of 10 cm in a one-photon scale for the
present experiments. The Stark broadening by free elec-
trons for the initial stage of the breakdown is negligible
[14].

In REMPI experiments the ac Stark shift of reso-
nances provides a probe of the intensity in the focal re-

gion [ll—13]. In the same manner the ac Stark shift of
the resonances in the breakdown excitation spectra al-

lows one to measure the light intensity in the focal vol-

ume and to determine the conditions of REMPI which
initiate the breakdown. Figure 6 shows the breakdown
excitation spectra measured near the three-photon reso-
nance with the 6s[2] state. Again, a number of atomic
and molecular resonances can be identified in the spec-
tra. Under single-pass excitation the 6s resonance is

not detected, but it can be seen clearly in the case of a
counterpropagating excitation geometry. The maximum
of the 6s resonance is shifted by about 0.4 nm to the
blue side from the unperturbed position. The pressure-
induced shift of this resonance is about 0.02 nm at 1 bar
[15]. By using the value of the ac Stark shift constant
o.p = 0.0028 nm GW cm, reported in Ref. [11], the
shift of the 6s resonance corresponds to the light inten-

sity of 1.4 x 10 ~ W/cm . This value coincides well with
the one obtained from the measurements of intensity by
a scanned knife edge. It means that the initiation of the
breakdown proceeds in the conditions of a smooth distri-
bution of light intensity in the beam waist without hot
spots with high local intensities.

In contrast to narrow asymmetric five-photon reso-
nances, the four-photon 6p resonances are much broader
and they have rather symmetrical Lorentzian-like con-
tours (see Fig. 4). In the breakdown excitation spectra

6s

apl

of krypton a similar broadening of the lowest 5p reso-
nances has been observed [16]. Two-photon experiments
[8,9] suggest that for the xenon pressure used, the broad-
ening of 6p resonances is not caused by molecular absorp-
tion. For other four-photon resonances such broadening
is absent, though these resonances have broad blue and
red wings (see Figs. 3 and 6). In a one-photon scale the
width of the 6p resonances is up to 100 cm and this
value is too large to be caused by the ac Stark efFect or by
the ionization broadening of the resonance state. For the
photoionization cross section of 10 ~ cm2 [17,18] and the
light intensity of 10 ~ W/cm the ionization width of the
6p states is about 10 cm, which corresponds to a few
cm in the one-photon scale for a four-photon excitation
process. One can believe that, besides the REMPI via 6p
states, the breakdown in this spectral region is initiated
by other excitation processes which give an anomalous
broadening of the corresponding resonances in the spec-
tra. For a five-photon ionization such an additional exci-
tation channel can be provided by an internally generated
fifth-harmonic field, when xenon atoms are ionized by
one-photon absorption of harmonic photons. In this case
the nonlinear susceptibility y~ ~ is resonantly enhanced
near the four-photon resonances with 6p states and the
ionization by the fifth harmonic leads to the broadening
of the corresponding peaks. The role of an internally
generated harmonic Geld in the breakdown initiation will
be discussed in more detail in Sec. III B.

When considering the spectra of a selective breakdown,
it should be kept in mind that the breakdown can be ini-
tiated by the ionization of some uncontrolled impurities,
especially if the ionization potential of these impurity
atoms or molecules is lower than that of the bulk gas. At
low concentrations impurities have no influence on the
avalanche stage of the breakdown, but their role at the
initial stage of the multiphoton ionization can be very im-
portant. In the breakdown spectra of krypton the most
intensive atomic resonances of xenon [16] have always
been detected; in the spectra of argon, the resonances
of xenon and krypton, etc. For the present experiments
with xenon the influence of impurities was checked by
using the molecular chlorine, which has a very low break-
down threshold [19].

The influence of chlorine impurity is illustrated in Fig.
7. Small additions of chlorine reduce essentially the
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FIG. 6. Breakdown excitation spectrum near the
three-photon Gs resonance. Upper trace, counterpropagating
excitation geometry; lower trace, unidirectional excitation by
the objective. Xenon pressure, 1 bar; pulse energy, 0.85 mJ.

FIG. 7. InBuence of chlorine addition on the spectra of the
selective breakdown: upper trace, 1000 ppm of chlorine; lower

trace, 300 ppm of chlorine. Xenon pressure, 1.2 bar; pulse

energy, 0.6 mJ. Single-pass excitation by the mirror.
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breakdown threshold and the atomic resonances of xenon
in the spectra totally disappear. The breakdown becomes
nonresonant and the intensity of the laser spark follows
the variations of the laser output over the scan. If the
content of chlorine in xenon is about 1000 ppm or less, the
most intensive resonances of xenon appear in the spectra
on the chlorine background. In this case a blurred struc-
ture can be seen in the background, where weak peaks are
separated by about 120 cm . This structure is probably
caused by REMPI via vibronic levels of chlorine molecu-
lar states. For concentrations less than 100 ppm the chlo-
rine background disappears and the spectra are identical
to the case of pure xenon. Therefore, the level of about
100 ppm determines the concentration of molecular im-
purities, which can inHuence the measured spectra for the
present excitation conditions. The concentration of im-
purities in xenon used was about an order of magnitude
smaller.

B. B.ole of internal harmonic Beld

In general, a selective breakdown is induced due to
REMPI via atomic and molecular excited states and a
reduced breakdown threshold could be predicted for the
wavelengths corresponding to allowed multiphoton tran-
sitions. However, for some of the odd-photon atomic res-
onances, in quite a broad range of excitation conditions,
there was no evidence for the breakdown at the corre-
sponding wavelengths when the laser beam was focused
by either the objective or the mirror. Even in the case
that the breakdown was induced, the spectra showed that
it was caused by the wings of the neighboring resonances.
The situation changed, however, when excitation was car-
ried out by counterpropagating beams. The breakdown
at the same wavelengths was easily initiated and well-
pronounced intense resonances appeared in the spectra.
In other words, the breakdown threshold for some wave-
lengths depends essentially on the excitation geometry
and a high threshold for a single-pass excitation is re-
duced drastically for counterpropagating laser beams.

Similar effects are well known in REMPI spectra of
rare gases, where some of the multiphoton atomic reso-
nances are gradually reduced and totally disappear with
the increased gas density. These resonances reappear,
however, in spectra when the counterpropagating laser
beams are used. Since 1977, when the suppression of mul-
tiphoton excitation was first observed [20,21], the cancel-
lation of multiphoton resonances has been the object of
extensive investigations [22—29]. The explanation of res-
onant suppression has been obtained by considering the
cooperative response of the atomic system under excita-
tion [23,30—35]. For certain excitation conditions atoms
interact with the laser field not independently, but coop-
erative interaction becomes signiBcant and the coopera-
tive response of the atomic system can either suppress
or facilitate ionization. For the states that can be ex-
cited by both one photon and q photons, where q )1 is
odd, a coherent field at the sum frequency can be gen-
erated under on-resonance excitation. Destructive inter-
ference between two excitation pathways, where the first
one is a q-photon absorption &om the laser Beld and the

second is one-photon absorption of harmonic photons, is
able to suppress REMPI and the corresponding q-photon
resonance is canceled. For a counterpropagating excita-
tion geometry no harmonic field is generated if at least
one of the absorbed q photons is traveling opposite the
other photons. Then the q-photon absorption becomes
significant and the corresponding resonances reappear in
the spectrum. All these effects were studied through di-
rect ionization measurements, while in the present ex-
periments they were observed through the initiation of a
breakdown in a dense gas.

The cancellation of the three-photon 68 resonance in
a breakdown is shown in Fig. 6. Under excitation by a
unidirectional laser beam the 68 resonance is absent in
the spectrum, but it appears under excitation by coun-
terpropagating beams. A similar cancellation of Bve-
photon resonances by six-wave mixing interference has
been studied by REMPI in [26] and Fig. 8 shows how
this effect is manifested in breakdown excitation spectra.
For counterpropagating laser beams the Ave-photon res-
onance with the 7s[2] state is the most intensive one
at any pulse energy when the breakdown takes place. It
means that the breakdown threshold at this wavelength
is the lowest for this spectral region. In a single-pass
geometry, however, this resonance is absent and it is
not observed even at an increased pulse energy when all
other weak resonances are clearly seen. The peak near
A = 587.5 nm is known &om the ionization spectra of
xenon [26], where it was assigned to the ionization by
the internally generated Bfth-harmonic Beld.

Figure 9 shows a group of other five-photon resonances,
where the cancellation effect was observed. Again, un-
der the excitation by a unidirectional beam 8s[z] and
6d[2] resonances are not detected, but they are clearly
seen under excitation by counterpropagating beams. For
other 6d states with J = 3, one-photon transitions to
the ground state are forbidden; therefore, the excitation
of these states is not affected by the harmonic Beld and
both these resonances are well pronounced for any exci-
tation geometry.

580 585 590 M5
Lkmtc WAVs3~WGTH (~~)

FIG. 8. Cancellation of the five-photon 78 resonance in the
breakdown excitation spectra (from top to bottom): coun-
terpropagating excitation (1.3 mJ); unidirectional excitation
(1.3 mJ); unidirectional excitation (1.8 mJ). Xenon pressure,
2 bar.
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FIG. 10. Uncanceled five-photon resonances in the break-
down excitation spectra: upper trace, counterpropagating ex-
citation; lower trace, unidirectional excitation. Xenon pres-
sure, 2 bar; laser pulse energy, 1.4 m J.

FIG. 9. Five-photon resonances and fifth-harmonic peaks
in the breakdown excitation spectra (from top to bottom):
counterpropagating excitation (1.2 mJ); unidirectional exci-
tation (1.2 mJ); unidirectional excitation (1.5 mJ). Xenon
pressure, 2 bar. The dotted line shows the calculated
phase-matching curves for the fifth harmonic.

Formally, the excitation of the 6d[2] state (A
564 nm) could be inHuenced by the cancellation effect
as well, but the corresponding resonance is clearly seen
under unidirectional excitation. Moreover, 8s[2] is the
highest excited state for which the cancellation effect in
the breakdown excitation spectra was observed. Further
towards the ionization limit, where a number of other
five-photon resonances could be canceled (see Figs. 4 and
5), no evidence of the cancellation was detected. Figure
10 shows a group of five-photon resonances next &orn

8s[2] to the blue side. For the excitation of the 5d'[2]
state the cancellation effect is absent, but for other two
the 7d resonances this effect could be expected. Never-
theless, both of the 7d resonances can be seen in any ex-
citation geometry. The introduction of the counterprop-
agating beam makes the resonances broader and more
intensive, but this results &om the increased intensity
in the focal volume. The 5d' resonance shows a similar
behavior and the relative intensities of all peaks remain
nearly the same.

As it will be discussed below, near the five-photon s
and d resonances, having J =1, an additional ioniza-
tion peak can be detected. This peak is caused by the
internally generated fifth-harmonic field and for higher
excited states, where the negatively dispersive region is
rather narrow, the harmonic peak is located very close to
the atomic resonance. Thus, for a single-pass excitation
geometry the excitation profiles detected near the atomic
resonances could be provided by the fifth harmonic, while
the atomic resonance is suppressed by the cancellation
effect. In this case, however, the excitation by counter-
propagating beams should result in the appearance of an
atomic resonance which is more intensive and, for higher
excited states, broader than the corresponding harmonic
peak. In the present experiments, all the uncanceled s

and d resonances are detected indeed as "normal" atomic
resonances and not as narrow and less intensive harmonic
peaks.

The condition whether a resonance is canceled or not
depends on the resonant and nonresonant components
of the phase mismatch under on-resonance excitation
[31,34,36,37]. For a dense gas, where pressure-induced
broadening dominates, and neglecting the ac Stark ef-
fect, this condition in a plane-wave approximation can
be written in the form [34]

!r./Ako! )) I',

where I' is the pressure-induced width and Lko is the
nonresonant contribution to the phase mismatch. The
parameter r determines the resonant component of the
phase mismatch lc/4„, where 4„ is the detuning from the
resonance. The value of K is proportional to the atomic
number density N and the oscillator strength f, for the
ith atomic resonance:

w, = (~e /mc) N f, . (4)

Conditions (3) and (4) allow one to consider quali-
tatively the cancellation of resonances. The oscillator
strengths for the transitions to the 6d[2] and 7d[2]
states of xenon are small (f; ( 0.001 [38]) and due
to the nonresonant contribution &om the neighboring
off-resonance levels the corresponding five-photon reso-
nances remain uncanceled (see Figs. 9 and 10).

A more interesting example is the cancellation of
8s[2] and 7d[2] resonances. The transitions to these
states have nearly equal oscillator strengths (0.0222 for
8s[2] and 0.0227 for 7d[2] [38]). Nevertheless, the
8s resonance shows a well-pronounced cancellation ef-
fect, while 7d resonance remains uncanceled. Equal os-
cillator strengths for the corresponding transitions give
equal resonant components of the phase mismatch for
on-resonance excitation. Thus the different behavior of
the resonances results &om nonresonant components of
the phase mismatch. The observed cancellation of the
8s[—

] resonance means that the nonresonant contribu-
2 1

tion &om other off-resonance levels is rather small and
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~~(~~k) ~2
(beak) ex (beak), Ak 0

0, Lk&0, (5)

where Lk = k5 —5ki is the phase mismatch, and b =

the residual uncanceled peak is weak enough. For the
higher-lying 7d[2] state the off-resonance levels are lo-
cated. closer and they give a large nonresonant contri-
bution to the phase mismatch, especially for a high gas
density when the pressure-induced broadening is signifi-
cant. In this case the interference between the excitation
pathways is incomplete and the corresponding resonance
remains uncanceled. Similarly, for the next excited states
the oscillator strengths f, decrease and the close location
of these states to each other gives a large nonresonant
contribution to the phase mismatch. This makes the cor-
responding resonances uncanceled.

The observation of the cancellation effect in a laser-
induced breakdown presents direct evidence of the role
of an internally generated. harmonic field in the break-
down initiation. Moreover, the selective breakdown is a
very impressive demonstration of a cancellation, caused
by destructive interference between optical transitions.
For the canceled resonances a bright spark arises in the
focal region at the counterpropagating excitation geome-
try, but this spark disappears totally when the reflecting
mirror is blocked or slightly tilted.

In the case of on-resonance excitation the harmonic
field is able to suppress REMPI and prevent the initia-
tion of the breakdown. Besides, under certain conditions
the harmonic Geld can produce an additional ionization
[22,26,35]. The initiation of a breakdown is very sensitive
to any of the ionization processes in the focal volume and
the appearance of additional ionization channels should
remarkably reduce the breakdown threshold. In a dense
gas, however, the generated harmonic photons can hardly
be detected directly because of strong absorption. Nev-
ertheless, even a low-efIiciency generation of harmonics
in the focal region will drastically change the excitation
conditions due to a number of effective ionization chan-
nels where harmonic photons are involved [22,23,31,35].

As discussed in Sec. IIIA, the anomalous broadening
of some of the four-photon resonances may be caused by
the fifth-harmonic field. Besides, the phase-matched fifth

harmonic can be generated in a negatively dispersive re-

gion near atomic five-photon resonances. As a rule, the
canceled Gve-photon resonances in breakdown excitation
spectra are accompanied &om the blue side by resonance-
like peaks (see Figs. 8 and 9). All these peaks are ab-
sent if the excitation is carried out by circularly polarized
light. With the increase of the xenon pressure the peaks
are shifted to the blue side away from the resonance. If,
however, a foreign gas is added (argon or krypton), the
peaks are registered closer to the resonance. All these
properties argue for the nature of the peaks to be of an
internally generated fifth-harmonic field origin similar to
the peak near A = 587.5 nm [26].

The spectral dependence of the intensity of the fifth
harmonic can be calculated by using the well-known
formalism [39]. This dependence is determined by the
phase-matching integral and for a focused Gaussian beam
it is given by the expression

4vrm /A is the confocal parameter of the Gaussian beam.
To calculate the refractive indices at a wavelength A the
Sellmeir formula was used:

(6)

where r = 2.818 x 10 cm, N is the atomic num-
ber density, and f; is the oscillator strength for the ith
transition at the wavelength A;. The data about f; were
taken from Ref. [38]. For the measured m the confocal
parameter b near 550 nm was 1.3 mm and 0.6 mm for
the objective and the mirror, respectively.

The calculated phase-matching curves for the condi-
tions of the experiment are shown in Fig. 9. In a focused
Gaussian beam the maximum of the fifth harmonic cor-
responds to beak = —6 and the calculated curves coincide
well with the harmonic peaks despite the neglect of ab-
sorption and the ac Stark effect in the calculations. The
presence of such resonancelike peaks in the spectra means
a remarkable lowering of the breakdown threshold at the
corresponding wavelengths in contrast to an on-resonance
excitation, where the harmonic field can suppress REMPI
and enhance the breakdown threshold.

The generation of harmonics in the focal region influ-
ences essentially the initiation of the breakdown and this
circumstance should always be kept in mind when in-
terpreting the experimental results. The harmonic field,
even though not detected directly, may be responsible for
a number of anomalous phenomena associated with the
breakdown. These phenomena have been known since the
earliest investigations of laser-induced breakdown, but
they still remain without satisfactory explanations.

One group of such phenomena is formed by the re-
sults of the measurements of the breakdown threshold
for different focal-length lenses [40—45]. With a tighter
focusing the breakdown threshold often increases, but
this increase is difIicult to explain considering the diffu-
sion of electrons, diffusionlike losses in the focal volume,
or other reasons [41,46,47]. As a tentative explanation,
the diffusion losses from small-scale hot spots have been
suggested to be responsible for the increase of the thresh-
old [46,47]. However, similar results were obtained with
single-mode lasers [42—44], which give a smooth intensity
distribution in the focal spot. The present experiments
have not shown the existence of hot spots either.

The variations of the breakdown threshold. , however,
are explained qualitatively by taking into account the ad-
ditional ionization by an internally generated harmonic
field. The intensity of the harmonic field depends on the
phase-matching parameter beak and the variations of the
focal length influence the phase matching through the
variations of thb confocal parameter b. In this case the
rise of the threshold reflects the decrease of the number
of the harmonic photons generated in the focal volume.
Some similarity can be found in Ref. [48], where the num-
ber of harmonic photons for a tightly focused beam has
been determined to be proportional to b .

Other interesting results have been obtained in the ex-
periments with gas mixtures [41,47]. Surprisingly, the
breakdown threshold for the mixture of argon and neon
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is reduced by several times with respect to the thresholds
for pure argon or pure neon. This was observed by using
a neodymium laser, but the effect was absent if a ruby
laser was used [47]. These results have remained unex-
plained, as none of the considered reasons (diffusionlike
losses, the Penning reaction, etc.) can be responsible for
the observed phenomena. However, all these effects are
explainable considering the harmonic field. The use of
gas mixtures is a well-known method of phase match-
ing, when one of the mixture components is a negatively
dispersive active gas and another component is a posi-
tively dispersive buffer gas. One can suggest that for the
wavelength of a neodymium laser the mixture of argon
and neon improves the phase matching through the vari-
ations of Lk and, as a result, the generated harmonic
field reduces the breakdown threshold.

IV. CONCLUSION

The experiments with laser-induced breakdown in
xenon have shown that the breakdown excitation spectra
are very similar to the common REMPI spectra, where
the ionization yield is measured. All the channels of
REMPI and the associated processes, including quite fine
effects, can be reproduced well and visualized by the laser
spark. Therefore, the excitation of a selective breakdown
can serve as a very simple and effective method for the
study of multiphoton processes in dense gases. More-
over, measuring the bright broadband emission of the
laser spark is often much easier than measuring an ion-
ization yield.

At a light intensity of 10 W/cm and xenon pres-
sure of I—2 bar the breakdown in the spectral range of
420—600 nm is induced selectively. This selectivity is pro-
vided by REMPI via excited atomic and molecular states
of xenon. A number of three-, four-, and Bve-photon
resonances have been identified in breakdown excitation
spectra. The inHuence of impurities on the measured
spectra has been checked by adding molecular chlorine,
and a level of about 100 ppm for the chlorine concentra-
tion has been estimated to inHuence the initiation of a
breakdown.

Due to the selectivity of the breakdown, the excitation

conditions in the focal volume can be determined from
the ac Stark shift of the resonances. The measurements
have shown that for the present experiments the initia-
tion of the breakdown proceeds under the conditions of a
smooth distribution of light intensity in the beam waist
without of hot spots with high local intensities.

An essential role of the internally generated harmonic
Geld in the initiation of a breakdown has been estab-
lished. These results agree well with the previous in-
vestigations of multiphoton excitation and ionization of
rare gases. The harmonic photons generated in the fo-
cal volume can both initiate or suppress the breakdown,
depending on the laser wavelength. The phase-matched
harmonic field is generated at the high-energy side of
the resonances allowed for a one-photon transition to the
ground state. Similarly, the harmonic Geld can be gen-
erated under odd-photon excitation to the continuum,
when nonlinear susceptibility is resonantly enhanced near
intermediate atomic resonances. In these cases harmonic
photons produce an additional ionization and reduce sig-
nificantly the breakdown threshold. However, for some
of the atomic resonances the generated harmonic Geld
and the interference between optical transitions suppress
REMPI and prevent the initiation of the breakdown.
This cancellation efFect is actual for an excitation by a
single-pass laser beam. For a counterpropagating excita-
tion geometry, when the cancellation efFect is partially
spoiled, the breakdown threshold for the same wave-
lengths is drastically reduced. It has been shown that
for the present experimental conditions the cancellation
effect is well pronounced for the lowest s and d states
of xenon, having J =1, while this effect is not observed
under the excitation of the higher-lying states. One can
suppose that the harmonics of the laser Beld are responsi-
ble for some effects known from previous experiments on
the laser-induced breakdown. A qualitative explanation
of some of these effects has been suggested.
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