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Line-by-line imaging of laser-produced
plasmas using one-dimensional coherent
four-wave mixing
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An experimental technique based on coherent one-dimensional four-wave mixing (FWM) with hyper-Raman
resonances was developed for line-by-line imaging of the atomic distribution of excited atoms in a low-
temperature plasma of optical breakdown. Comparison of the measured time dependences of FWM intensity
and plasma transmission with the results of numerical simulations of plasma expansion allows the assessment
of the influence of phase mismatch and one-photon absorption on FWM in a laser-produced plasma and
demonstrates that FWM images of atomic spatial distributions free of distortions due to phase mismatch
and absorption can be obtained for certain stages of plasma expansion. Copyright 2000 John Wiley &
Sons, Ltd.

INTRODUCTION

Until recently, a laser-produced plasma has not been
a conventional object for diagnostics by coherent four-
wave mixing (FWM) spectroscopy,1 – 3 although it has
been known for a long time4 that the cubic susceptibil-
ity of excited atoms and ions in a laser-produced plasma
may be high enough to allow the generation of reliably
detectable signals. At the same time, a low-temperature
laser-produced plasma (with an electron temperature of
several electronvolts and an electron density from 1016 to
1019 cm�3) proved to offer much promise as a non-linear
optical medium for laser frequency up-conversion.5 – 8

Along with frequency-conversion optimization, develop-
ment of the methods of laser plasma diagnostics would
be important for many applications, including the inves-
tigation of ablation processes9 and different aspects of
the interaction of laser radiation with solid targets, laser-
assisted film deposition,10 element analysis, etc.

The main problems encountered in four-wave mixing
(FWM) probing of laser-produced plasmas stem from
intense plasma emission, a high non-resonant coher-
ent background and strong absorption and consider-
able phase-mismatch effects at certain stages of plasma
expansion.11,12 However, the main factors that drastically
lower the accuracy of non-linear optical measurements
in laser-produced plasmas are associated with inevitable
fluctuations of plasma parameters from pulse to pulse and

* Correspondence to: A. M. Zheltikov, International Laser Center,
Faculty of Physics, Moscow State University, Moscow 119899, Russia;
e-mail: zheltikov@nls1.ilc.msu.su
† Deceased.
Contract/grant sponsor: US Civilian Research and Development Foun-
dation for the Independent States of the Former Soviet Union (CRDF);
Contract/grant number: RP1-255.
Contract/grant sponsor: INTAS; Contract/grant number: 97-0369.

the complexity of FWM spectra, featuring a tremendous
number of lines that are difficult to interpret and that
often mask the spectral lines of interest. Luckily, coher-
ent four-photon spectroscopy provides us with a rich
variety of tools to solve the problems listed above. In
particular, the level of incoherent background can be
considerably decreased by means of time gating and
spatial filtering of the FWM signal,13 while the coher-
ent background can be suppressed with an appropriate
choice of the polarization vectors of the pumping and
probing fields, as well as the orientation of the polar-
ization analyzer.3,12 Another polarization technique, often
referred to as holographic multi-dimensional spectroscopy
(a review of numerous Lorentzian line applications of this
technique was given elsewhere14) also provides an oppor-
tunity to resolve closely spaced and overlapping lines
related to different plasma species and to investigate these
lines independently of each other, eventually improving
the sensitivity of four-photon spectroscopy.15

Fluctuation of parameters is the problem inherent in the
diagnostics of laser-produced plasmas. Since each laser
pulse, in fact, creates a new plasma, any averaging pro-
cedure gives rise to considerable experimental errors11,16

and lowers the usefulness of laser diagnostics, especially
in the case when fast processes in spatially inhomoge-
neous plasmas have to be investigated. A radical solution
to this problem lies in the application of folded FWM
schemes in broad beams, which can provide information
on the spatial distribution of species from a certain area
rather than from a single point of the plasma. Applying
such multi-point FWM schemes to the investigation of a
laser-produced plasma, we can extract information con-
cerning 3-D spatial distributions of atoms and ions in the
plasma line by line or even slice by slice.

The idea of using broad-beam coherent FWM to image
a whole field of parameters of a gas medium rather than
to obtain information from a single point is not new. As
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early as 1973, Regnier and Taran17 discussed the possibil-
ity of implementing a photographic detection of the anti-
Stokes signal with a plane-wave geometry of light beams
in coherent anti-Stokes Raman scattering (CARS).1 – 3,18,19

Murphy et al.20 successfully applied one-dimensional
vibrational CARS with large-angle phase matching to the
investigation of a CH4 jet. Single-pulse spatially and spec-
trally resolved broadband rotational multi-point CARS
along a line in a gas flow with the use of a large-angle
folded geometry was implemented by Snowet al.21 Sev-
eral convenient and elegant schemes of two-dimensional
(2-D) imaging have been recently developed with the use
of degenerate four-wave mixing (DFWM),22 a technique
that was in initially employed for phase conjugation23

and that later proved to be an efficient spectroscopic
technique.24 Ewart and co-workers observed and inves-
tigated DFWM involving excited states of Na atoms25,26

and developed the DFWM technique for point-by-point
mapping of the distribution of Na atoms in a flame.27

Subsequent studies in this direction demonstrated the pos-
sibility of applying coherent FWM in broad beams for
single-pulse 2-D imaging and mapping of spatial distribu-
tions of species28,29 in gas media. A comprehensive analy-
sis of many methodological problems of DFWM imaging,
including diffraction effects, spatial resolution, and image
referencing, has been provided by Ewartet al.30 Results
presented by Jonuscheitet al.31 suggest that, with a proper
arrangement of focusing and collimating optics, CARS
can also provide an efficient means for single-pulse one-
dimensional temperature measurements. Recently, the first
application of the folded coherent four-wave mixing tech-
nique based on hyper-Raman resonances for imaging lead
atoms in a laser-produced plasma was demonstrated.32

In this paper, the possibility of non-linear optical
imaging of atoms in laser-produced plasmas with the
use of folded hyper-Raman resonant FWM mixing in
broad beams is demonstrated. We investigate the main
factors influencing the intensity of coherent FWM in
laser-produced plasmas with allowance for one-photon
absorption and phase matching and present a model of
plasma kinetics. We also describe the experimental tech-
nique and the methods of measurements employed for the
FWM probing of laser-produced plasmas. The results of
our measurements are discussed and analyzed in terms
of characteristic parameters of coherent FWM in laser-
produced plasmas.

HYPER-RAMAN RESONANT FOUR-WAVE
MIXING IN EXPANDING LASER-PRODUCED
PLASMAS

Intensity of the FWM signal

Let us consider the process of coherent FWM in a medium
with a third-order non-linearity. We assume that the fre-
quenciesω1, ω2, andω3 of the pumping waves are chosen
in such a manner that the frequency of the FWM signal
ωFWM D ω1Cω2�ω3 is close to the frequency of a certain
atomic or ionic transition. The efficiency of this process
is determined by the cubic non-linear optical susceptibil-
ity of the medium�.3/ D �.3/.ωFWM;ω1, ω2,�ω3/. In what
follows, we shall omit frequency arguments of the cubic
susceptibility to simplify notations.

The power of the FWM signal produced in an extended
non-linear medium irradiated with three laser beams with
frequenciesω1, ω2 and ω3, powersP1, P2 and P3 and
wavevectorsk1, k2 andk3 is given by33 – 36

PFWM / j�.3/r C �.3/nr j2P1P2P3G .1/

whereG is the phase-matching factor,�.3/r is the res-
onant part of the cubic non-linear optical susceptibil-
ity of the medium and�.3/nr is the non-resonant part of
the cubic non-linear optical susceptibility, which gener-
ally includes the quasi-resonant component15 due to close
resonances of plasma species and transitions in the con-
tinuous spectrum. For focused pumping beams with Gaus-
sian spatial profiles, the phase-matching factorG can be
written as33 – 36

G D 2�
∫ 1

0

jIj2rdr .2/

I D exp.��1L/
∫ �

�ς
d�0

exp[.ik � � C �1/.� � �0/.b/2/]
.1C i�0/.a � i�0/H

ð exp.�r2/H/ .3/

where k D k4 � k 0, k4 is the wavevector of FWM
radiation in the non-linear medium,k0 D k1 C k2 � k3,
� and �1 are the imaginary parts of the wavevectors
k4 and k 00 D k1 C k2 C k3, respectively,a D k00/k 0,
b D 2�a2

0in.�i//�i is the confocal parameter (i D 1, 2 and
3), a0i is the waist radius of a Gaussian beam with the
wavelength�i, L is the length of the non-linear medium,
� D 2.L � f//b and�� D �2f/b are the boundaries of
the non-linear medium written in terms of dimensionless
coordinates,f is the coordinate of the center of waists of
the pumping Gaussian beams and

H D 1C �02
a� i�0 C i.� � �

0/ .4/

The resonant part of the non-linear optical cubic sus-
ceptibility is proportional to the difference of populations
N1 andN2 in the lower and upper atomic (or ionic) states
involved in the resonant transition:

�.3/r D .N1 �N2/�
.3/
r .5/

where�.3/r is the resonant cubic non-linear optical suscep-
tibility per single atom (or ion).

In an expanding plasma, the populationsN1 andN2 of
resonant levels are functions of time. Therefore, the over-
all non-linear optical susceptibility�.3/r is also a function
of time. Conceptually, time-dependent frequency-domain
non-linear optical susceptibilities (defined as Fourier trans-
forms of time-domain non-linear optical susceptibilities)
can be consistently introduced only when both�.3/r and
�.3/nr vary on a time-scale much greater than the durations
of optical cycles of the light fields involved in the pro-
cess. In the case of such a hierarchy of time-scales, we
deal with a problem of non-linear spectrochronography,37

when the properties of non-linear optical susceptibilities
have to be determined not only in the frequency, but also
in the time domain.

As can be seen from Eqns (1)–(5), the information con-
cerning the kinetics and spatial distribution of the resonant
species provided by temporal and spatial dependences of
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the FWM signal is distorted by phase mismatch, absorp-
tion and interference of resonant and non-resonant parts
of the cubic susceptibility. When the combination of fre-
quenciesω1 C ω2 � ω3 is tuned into a resonance with
the frequency of a transition between electronic states of
an atom or an ion, one can expect a resonant enhance-
ment of the susceptibility�.3/ if this transition is simul-
taneously three- and one-photon allowed in the dipole
approximation (we call such a situation a hyper-Raman
resonance38). However, because of the increase in one-
photon absorption at the frequencyωFWM and variation
in phase-matching conditions, such enhancement of the
cubic susceptibility does not necessarily increase the effi-
ciency of frequency conversion through four-wave mix-
ing. Moreover, conditions of the interference of resonant
and non-resonant parts of the cubic susceptibility change
in time, since time dependences of these quantities may
differ from each other. This effect may also have a con-
siderable influence on the behavior of the FWM signal
in the time domain. However, in calculations of time
dependences of the FWM signal, we shall assume that the
non-resonant part of the cubic susceptibility is negligibly
small compared with the resonant component at the max-
imum of a resonant line. This can be done (in contrast to
spectral dependences, when additional measurements have
to be performed, e.g. with the use of coherent ellipsom-
etry, to separate resonant and non-resonant components
of the cubic susceptibility15) around the maxima of suf-
ficiently strong atomic or ionic resonances.12 Generally,
calculation of all the quantities involved in Eqns (1)–(3)
is a complex problem. Analysis of this problem in the
case of laser-produced plasma requires certain physical
assumptions concerning plasma kinetics. A model of an
expanding laser-produced plasma is described in the fol-
lowing section.

Plasma kinetics

The time variable is introduced into Eqns (1)–(5) through
the model of plasma expansion. We employ a simple
model of an expanding plasma based on the theory of
point explosion.39 – 41 Within the framework of this approx-
imation, the time dependence of the total concentration of
plasma species is written as

n D n0

(
t0
t

)1.2

.6/

wheren0 is the total plasma density at timet0.
For an adiabatic expansion of a plasma plume, the time

dependence of plasma temperature is

T D T0

(
t0
t

)1.2.
�1/

.7/

whereT0 is the plasma temperature at timet0 and
 is the
adiabatic exponent.

Such an approach implies that the temperature is
assumed to be common for all plasma components. This
assumption seems adequate for our experimental condi-
tions when FWM is employed to probe laser-produced
plasmas at large delay times with respect to the moment
of plasma creation.

Since the experiments on the FWM plasma spec-
troscopy have been carried out at atmospheric pressure
of ambient air, we also assume that the laser-produced
plasma consists of atoms and ions of nitrogen and oxy-
gen, as well as atoms and ions of the target material. The
composition of the laser-produced plasma is assumed to
be governed by the Saha–Boltzmann equations:42

NeNZ
˛

NZ�1
˛

D K D 2SZ˛
SZ�1
˛

[
2�meT

h2

]3/2

exp
(
�E

Z
˛ �EZ˛
T

)
.8/

whereme is the electron mass,h is Planck’s constant,T is
the plasma temperature,Ne is the electron concentration,
E˛ is the ionization potential,NZ

˛ is the concentration of
ions of sort˛ with a chargeZ,

EZ˛ D
Ze2

�d˛

.9/

(where�d˛ is the Debye radius ande is the electron charge)
is the reduction of the ionization potential due to Debye
screening andSZ˛ is the partition function for ions of sort
˛ with a chargeZ:

SZ˛ D
∑
k

gZ˛k exp
(
�E

Z
˛k

T

)
.10/

whereg˛k is the statistical weight of thekth state of sort
˛ particles andE˛k is the energy of thekth state of sort
˛ particles. In calculating partition functions, we assumed
that the ionization potential in plasmas is reduced due to
Debye screening byEZ˛ .

For the computation of the concentrations of electrons,
ions and atoms, the Saha equation [Eqn (8)] was supple-
mented with the conditions of electric neutrality:

Ne D
∑
˛

ZNZ
˛ .11/

the conservation of the number of particles:

n D
∑
˛,Z

NZ
˛ .12/

and the conservation of partial pressures:

1

n

∑
Z

NZ
˛ D p0

˛ .13/

wherep0
˛ is the initial content of plasma component˛.

Solving the set of Eqns (6)–(13) and assuming that the
plasma resides in the equilibrium state, we can find the
population of thekth level with an energyE˛k for species
of sort˛ in accordance with the Boltzmann equation:

NZ
˛k D NZ

˛

gZ˛k
SZ˛

exp
(
�E

Z
˛k

T

)
.14/

Radiative transitions have also been taken into account
in more detailed simulations4 using the modified diffu-
sion approximation,43 which demonstrated that, in the case
under study, these transitions have virtually no influence
on the kinetics of the considered resonant atomic levels.
Thus, the model described by Eqns (6)–(14) allows us to
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compute the populations of all the atomic and ionic levels
contributing to the FWM signal and to find the concen-
trations of the plasma species determining absorption and
phase mismatch in the plasma.

Phase mismatch and absorption

With plasma composition and the distribution of plasma
species in energy levels determined with the use of
the model described in the previous section, we can
calculate optical parameters of a laser-produced plasma
that influence the intensity of the hyper-Raman resonant
FWM signal, viz. phase mismatch and absorption coef-
ficients at the relevant frequencies. In studying phase-
mismatch effects in FWM, we should take into account
the influence of both dispersion of resonant atoms and
ions and the non-resonant contribution due to plasma
electrons:

k D kr0

g2N1 � g1N2

g2N10� g1N20

C ω
2
p

2c

(
1

ω1

C 1

ω2

� 1

ω3

� 1

ωFWM

)
Ck0

n

n0

.15/

where g1 and g2 are the statistical weights of the lev-
els 1 and 2, respectively,N10 andN20 are the maximum
populations of resonant levels 1 and 2, respectively,c is
the speed of light in vacuum,kr0 is the maximum res-
onant contribution to the phase mismatch, corresponding
to the maximum value of the differenceg2N1 � g1N2,
ωP D

√
4�Nee2/me is the plasma frequency andk0n/n0

is the non-resonant component of the phase mismatch.
Near the maximum of a hyper-Raman resonance, the
quantitykr0, which is written in the case of a Lorentzian
line as kr0 D .υ�r0/.υ2 C 1// [υ D .ω21 � ωFWM/�/
is the frequency detuning of the FWM signal from the
central resonance frequencyω21 normalized to the line
half-width �], is small, and the first term in Eqn (15)
becomes negligible compared with the second and third
terms.

For a light wave whose frequency is resonant to a
one-photon transition (the FWM wave in the case of
hyper-Raman resonances), the absorption coefficient can
be written as

�r D �r0

g2N1 � g1N2

g2N10� g1N20

.16/

Here, the maximum absorption coefficient is given by

�r0 D 2e2�fr

mec�

(
N10� g1

g2

N20

)
.17/

wherefr is the relevant oscillator strength.
The coefficient of non-resonant absorption due to elec-

tron–ion collisions for theith light wave involved in
FWM (i D 1, 2, 3) can be written as

2�i D ω2
P
ei

ω2
i c

.18/

where
ei is the frequency of electron–ion collisions.
Qualitatively, the distortion of the information on the

spatial distribution of atoms or ions in a plasma due

to phase matching and absorption effect can be under-
stood in terms of characteristic lengths of a non-linear
optical interaction in a medium: the length of phase match-
ing lcoh D �/.2jkj), absorption lengthsli D 1/�i,
and lFWM D 1/�r, the interaction lengthlint (which is
determined by the geometry of FWM) and the length
ls that the FWM signal travels from the initial point
of the interaction region to the exit of the medium (ls
will be estimated with its upper bound, the length of
the mediumL). FWM maps provide undistorted infor-
mation on the spatial distribution of atoms or ions in a
plasma whenPFWM scales asN2, which implies that the
conditions

lint < lcoh, l1, l2, l3 .19a/

and
L < lFWM .19b/

should be satisfied.
Since the characteristic lengths introduced above are

functions of plasma parameters, we have to analyze how
plasma parameters evolve in the process of plasma expan-
sion and how the dynamics of plasma parameters influence
the dependence ofPFWM on N. Such an analysis is pro-
vided in the following section.

Time evolution of plasma parameters

Numerical simulations were carried out for a plasma pro-
duced by laser radiation focused on a lead target. It was
assumed that the frequency combinationω1Cω2�ω3 was
tuned to the frequency of the transition between the 7s
3P0

0 and 6p2 3P1 states in Pb atoms (Fig. 1). To specify
the fitting parameters involved in the model of a plasma
described above, including the initial temperatureT0, the
initial density n0, parameterk0 and the time-scalet0,
we measured the transmission of a laser-produced plasma
for all the light waves involved in the FWM process.
Based on the results of these plasma-transmission mea-
surements, we can neglect the influence of non-resonant
absorption, described by�i, compared with absorption of
the resonant wave with absorption coefficient�r0. We can
also estimate the absolute value of the resonant absorp-
tion coefficient as�r0 ³ 1.4 cm�1. With n0 D 1018 cm�3,
T0 D 0.73 eV, t0 D 400 ns andk0 D 200 cm�1 we
were able to achieve reasonable agreement between the
results of simulations and measurements simultaneously
for transmission and FWM.

The time dependences of plasma temperatureT, con-
centrationn, electron densityNe, population difference
N1 � N2 and the phase-matching factorG (for Gaussian

Figure 1. Diagram of a four-photon process with a hyper-Raman
resonance involving excited states of a lead atom.
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beams with a confocal parameterb D 0.34 cm focused
at the center of a plasma with a lengthL D 0.8 cm)
simulated with the use of the model described above are
presented in Figs 2 and 3. As can be seen from the time
dependence of the plasma temperature presented in Fig. 2,
at least beginning with� D t0 D 400 ns, the plasma
temperature is always less than the difference in the ener-
gies of the resonant atomic states, which is approximately
equal to 3.4 eV (Fig. 1). Therefore, the population of
level 2 is much less than that of level 1, and the pop-
ulation differenceN1 � N2 (curve 2 in Fig. 3) follows
the population of level 1 (this conclusion also follows
from the results of numerical simulations). At early stages
of plasma expansion, the population of level 1 is small
because a considerable fraction of atoms is excited into
high-lying states or ionized. At these stages, the popu-
lation of level 1 grows in the process of plasma expan-
sion owing to recombination and the relaxation of excited
states through this level. When the number of atoms com-
ing to this level from higher lying state becomes less
than the number of atoms outgoing from this level to
lower states,N1 begins to decrease. As a result, the pop-
ulation differenceN1 � N2 increases at the initial stage
of plasma expansion, reaches its maximum, and then
decreases (Fig. 3).

The factorG displays an oscillatory behavior at the
initial stage, which is characteristic of phase-matching
effects,44 and then grows owing to the decrease in the
concentration of resonant atoms and plasma electrons
(Fig. 3). Characteristic time-scales of variations ofN1�N2

Figure 2. Kinetics of (1) plasma density n and (2) temperature T
in an expanding laser-produced plasma.

Figure 3. Time dependences of (1) the electron density Ne, (2)
the population difference N1 � N2 and (3) the phase-matching
factor G for Gaussian beams with a confocal parameter
b D 0.34 cm focused at the center of a plasma with a length
L D 0.8 cm.

Figure 4. Time dependences of (1) the phase mismatch k,
(2) resonant absorption coefficient �r, (3) coherence length lcoh,
(4) absorption length of the FWM signal lFWM, (5) the FWM
interaction length lint and (6) the length of the medium L for an
expanding laser-produced plasma.

and G dependon the sort of atoms being probed and
plasmaparameters.

Figure 4 displaysthe behaviorof the phasemismatch
k (curve1), resonantabsorptioncoefficient �r (curve2),
andcharacteristiclengthslcoh (curve3) andlFWM (curve4)
in aplasmawith theabove-specifiedparameters.Forcom-
parison, the interaction length lint for the implemented
foldedFWM schemeandthe lengthof the mediumL are
shownby straightlines5 and6, respectively.Importantly,
while l1, l2 and l3 remainmuchgreaterthan the interac-
tion length lint of the implementedfolded FWM scheme
(straightline 5) within theentirerangeof delaytimesand
theabsorptionlengthof theFWM signallFWM exceedsthe
lengthof themediumL (straightline 6) everywhereexcept
for a narrowregionaround� D 1.3 µs, lcoh is lessthanthe
interactionlengthlint for smalldelaytimes.With decrease
in theconcentrationof resonantatomsandelectronsin the
processof plasmaexpansionand cooling, lcoh increases
andbecomesequalto lint at � ³ 1.2 µs (the point where
curve3 intersectsstraightline 5 in Fig. 4). This prediction
concerningthebehaviorof absorptionandphasemismatch
in a laser-producedplasmais consistentwith theresultsof
experimentalmeasurements.12 Thus,for sufficiently small
�, when lint < lcoh and/orL ³ lFWM, the dependenceof
PFWM on the concentrationmay deviatefrom N2. In such
a situation,a procedurefor determiningthe spatial dis-
tributions of excited atoms and ions in a plasmafrom
FWM intensity mapsbecomesmuch more complicated,
sinceit shouldbeperformedwith allowancefor the influ-
enceof phasemismatchand one-photonabsorption.For
� > 2.0 µs, conditions(19a)and(19b)aresatisfied,PFWM

canbe approximatedwith a quadraticfunction of N, and
the mapsof the FWM signal provide undistortedinfor-
mation on the spatial distribution of atomsor ions in a
plasma.

EXPERIMENT AL

Experimental setup

The experimentalsetupfor FWM imagingof spatialdis-
tribution of excited atomsand ions in a laser-produced
plasma(Fig. 5) consistedof aprobinglasersystem,a laser
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Figure 5. Experimental setup for the FWM imaging of a low-temperature laser-produced plasma: DM1 DM3, dichroic mirrors; FR1 and
FR2, Fresnel rhombi; M1 M6, rotating mirrors; T1 T3, telescopes; F1 and F2, sets of optical filters; OMA, optical multi-channel analyzer;
SU, synchronization unit; CL1 CL3, cylindrical lenses; and L1 and L2, lenses.

systemfor the generationof the plasmaof optical break-
down, a synchronizationunit and the detectionsystem.
Theprobinglasersystem(describedin detailelsewhere12)
was basedon a Q-switchedNd: YAG masteroscillator,
which generated15 ns laser pulses at the wavelength
�0 D 1.064µm. Amplified fundamentalradiationwascon-
vertedinto thesecondharmonicin aCDA crystal.Second-
harmonicradiationwasusedto pumpa dye laser,which
generatedfrequency-tunableradiation within the range
�2 D 0.560–0.600 µm with an oscillation bandwidthof
about 0.5 cm�1. Since the main sourceof experimental
errorswasassociatedwith fluctuationsof plasmaparam-
eters from pulse to pulse, beam referencing,30,45 which
compensatedfor intensityfluctuationsalongtheprofile of
the dye-laserbeam,did not permit us to improvenotice-
ably the accuracyof measurementsand, therefore,was
not usedin experimentsinvolving averagingover several
laserpulses.The polarizationof radiationwith the wave-
length�0 D 1.064µm wasfixed, whereaspolarizationsof
the secondharmonicand dye-laserradiationwerevaried
by meansof doubleFresnelrhombsin orderto ensurethe
bestcontrastof FWM spectra.

The system for plasma excitation employed a Q-
switched Nd: YAG master oscillator, which produced
15 ns laserpulseswith an energy of about200 mJ.12 A
laserbeamproducedby this systemwas focusedon the
surfaceof a metaltarget with a 10 cm focal lengthcylin-
drical lens CL1 (Fig. 5). By rotating this lens, we were
ableto vary theorientationof a laser-producedsparkwith
respectto the incident beamsand perform plasmaprob-
ing in different directions.An electric timing unit was
designedto synchronizeplasma-excitationand plasma-
probing laser pulsesso that the plasmawas irradiated
with three-colorpumping beamswith a variable delay
time � with respectto plasmaexcitation.With different
delaytimes�, we wereableto studylinearandnon-linear
optical parametersof an ionized gas and to investigate
changesin the regimeof nonlinear-opticalinteractionat
variousstagesof plasmaexpansion.

Second-harmonicand dye-laserbeamsfocusedwith a
10cmfocal lengthcylindrical lensCL2 formedbroadlight
sheetswith a width of 4 mm and a height of 20 µm in
the beam-waistarea.The beamof fundamentalradiation
wasfocusedwith an identicalcylindrical lensCL3, which
formeda similar beamsheetmakingan angle˛ with the
secondharmonic and dye laser radiation in the beam-
waist area (Fig. 5). The FWM signal generatedin the

one-dimensionalareaformedby the intersectionof a triad
of incidentbeamswascollimatedwith asphericallensand
detectedwith an optical multi-channelanalyzer(with no
intensifier) placedbehind a set of bandpassfilters. The
one-dimensionalFWM signalrecordedwith this analyzer
was processedwith a dedicatedsoftwareand was stored
in a PC.

FWM plasma imaging

The implementedexperimental technique for imaging
the relative populationsof excited statesof atoms in a
decayinglow-temperatureplasmaof optical breakdown
inducedon thesurfaceof a metaltarget is basedon three-
color coherentFWM with hyper-Ramanresonances,when
the frequencyof the FWM signalωFWM D ω1 C ω2 � ω3

(whereω3 is the frequencyof fundamentalradiation of
an Nd: YAG laser, ω1 is the frequencyof the second
harmonicof an Nd: YAG laserandω2 is the frequency
of a tunable dye laser) is resonantto someatomic (or
ionic) transitionin a laser-producedplasma(Fig. 1). The
one-dimensionalFWM signalgeneratedin a foldedFWM
scheme16,32 [Fig. 6(a)] is employedto image the spatial

Figure 6. One-dimensional imaging of atoms in a laser-produ-
ced plasma by means of coherent FWM in broad beams:
(a) diagram of light beams and (b) diagram of wavevectors.
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distributions of plasma atoms line by line. In this scheme,
a pair of cylindrically focused coplanar broad light beams
with frequenciesω1 D 2ω3 and ω2 and wavevectors
k1 and k2, forming a small angle�, irradiate a thin
plasma layer in a plane parallel to the plane of the target.
A cylindrically focused beam with frequencyω3 and
wavevectork3, which makes an anglę with the plane of
the k1 andk2 vectors, irradiates the laser-produced spark
from above. The FWM signal is generated in the direction
kFWM determined by phase-matching conditions, forming
an anglě with the plane of the target [Fig. 6(a) and 6(b)].
By imaging the one-dimensional FWM signal onto a CCD
array, we were able to map the spatial distribution of
resonant particles in the plasma line by line.

Absorption measurements

Light beams propagating in laser-produced plasmas may
experience resonant and non-resonant absorption due to
atomic/ionic and electronic plasma components, respec-
tively. Such processes eventually lower the intensity of
the FWM signal and should be taken into account in
the reconstruction of the maps of spatial distributions of
plasma species from the maps of the FWM signal. To
assess the influence of one-photon absorption at different
stages of plasma expansion, we measured plasma trans-
mission for all the probing beams and a beam at the fre-
quency of the FWM signal as functions of the delay time
�. All the light beams in these experiments were focused
with a spherical lens with a focal length of 15 cm. For the
pumping waves, absorption remained negligible (less than
5% for � > 100 ns). To measure plasma transmission at
the frequency of the FWM signal, we mixed fundamental
frequencyω0 with the dye-laser frequencyω2 in a KDP
crystal. Such a wave-mixing process yielded a signal at the
frequencyωWM D ω2Cω3 D ω1Cω2�ω3 D ωFWM (since
ω1 D 2ω3). The normalized plasma transmission coeffi-
cient at the frequency of the FWM signal as a function of
� is presented in Fig. 7. As can be seen from this figure,
plasma transmission at the frequency of the FWM signal
reaches its minimum at� ³ 1.3 µs, when more than 90%
of FWM signal can be absorbed. The information concern-
ing one-photon absorption in laser-produced plasmas was
employed to specify the fitting parameters involved in the
model of a plasma described above, including the initial
temperatureT0, the initial plasma densityn0, parameter
k0 and the time-scalet0. Setting, in accordance with the
experimental results,�r0 ³ 1.4 cm�1, n0 D 1018 cm�3,

Figure 7. The normalized plasma transmission coefficient at the
frequency of the FWM signal as a function of the delay time �:
dots, experimental data; solid curve, results of simulations.

Figure 8. The FWM signal from a laser-produced plasma as
a function of the delay time �: dots, experimental data; solid
curve, results of simulations. Experiments were performed
with collinear laser beams focused with a 15 cm focal length
spherical lens.

T0 D 0.73 eV, t0 D 400 ns andk0 D 200 cm�1 and
neglecting,basedon the experimentaldata,the influence
of non-resonantabsorption,describedby �i, ascompared
with absorptionof the resonantwave with absorption
coefficient �r0, we wereableto reproducesimultaneously
with reasonableaccuracythe resultsof transmissionand
FWM experimentsperformedwith collinear laserbeams
focusedwith a 15 cm focal length sphericallens (Figs 7
and8).

RESULTS AND DISCUSSION

One-dimensionalFWM imaging of Pb atoms

For the experimentalinvestigationof the spatialdistribu-
tion of the populationsin excitedstatesof atomsin the
plasmaof opticalbreakdown,we employeda four-photon
schemeωFWM D ω1C ω2� ω3, whereω3 is the frequency
of fundamentalradiationof an Nd: YAG laserω1 is the
frequencyof the secondharmonicof an Nd: YAG laser
andω2 is the frequencyof a tunabledye laser.The fre-
quencyof the dye laser was chosenin such a manner
as to ensurea resonancebetweenthe frequencyωFWM of
the FWM signal and the frequencyof the probedtran-
sition betweenelectronic statesof atoms excited in a
laser-producedplasma.In our experiments,the frequency
combinationω1 C ω2 � ω3 wastunedto the frequencyof
the transitionbetweenthe 7s 3P0

0 and6p2 3P1 statesin Pb
atoms(Fig. 1). Undertheseconditions,we observeda res-
onantenhancementof the FWM signalat the wavelength
�FWM D 368.45 nm dueto a hyper-Ramanresonance.The
dependenceof the FWM signal intensity on the delay
time betweenthe laserpulsesof three-colorpumpingand
the laser pulse used for plasmaexcitation provides the
information concerningthe depopulationkinetics of the
above-specifiedatomic states.Studying the intensity of
the FWM signal as a function of spatialcoordinates,we
wereableto extracttheinformationconcerningthespatial
distributionof excitedPb atoms.

The 2-D mapsshownin Figs 9 and 10 were obtained
with � D 0 and ˛ ³ 3° in the longitudinal (seethe top
of Fig. 9) andtransverse(seethe top of Fig. 10) schemes
of plasmaimaging. The employedtechniqueof plasma

Copyright  2000JohnWiley & Sons,Ltd. J. RamanSpectrosc. 31, 677–687 (2000)



684 D. A. AKIMOV ET AL.

Figure 9. Line-by-line plasma imaging using one-dimensional
FWM in the longitudinal direction: top, the scheme of longi-
tudinal imaging; bottom, two-dimensional maps of the FWM
signal power with a resonance due to Pb atomic transitions in
a laser-produced plasma. The vertical lines show the slice y1 y2

mapped in Fig. 10.

Figure 10. Line-by-line plasma imaging using one-dimensional
FWM in the transverse direction: top, the scheme of transverse
imaging; bottom, two-dimensional maps of the FWM signal
power with a resonance due to Pb atomic transitions in a
laser-produced plasma. The vertical lines show the slice x1 x2

mapped in Fig. 9.

imaging provides information concerning the spatial dis-
tribution of plasma species along the line corresponding to
the intersection of the light beams with wavevectorsk1,
k2 and k3 [see Figs 6(a) and 6(b)]. However, to com-
pose a 2-D image of some plasma area, we have to
detect a considerable number of one-dimensional FWM
signals, which means that averaging should be performed
to smooth out fluctuations in plasma parameters from
pulse to pulse. To generate 2-D maps of spatial distribu-
tions, we detected hyper-Raman resonant one-dimensional
FWM signals line by line by scanning the laser-produced
spark with a step of 50µm along thez-axis. Thus, 21
images of one-dimensional FWM were used to generate
the 2-D maps shown in Figs 9 and 10. Each line in these
maps represents the result of averaging over 100 laser

pulses. Interpolating the results of FWM measurements
with the use of a standard built-in computer procedure
and representing the distribution of the FWM intensity
thus obtained by levels of gray scale in a 2-D map, we
were able to visualize the spatial distribution of the rela-
tive populations of the relevant atomic states.

It should be noted that, since the FWM signal inten-
sity is a non-linear (quadratic) function of the density
of resonant species, averaging over different measure-
ments, which has to be done to smooth out jumps in
the FWM intensity from pulse to pulse, gives rise to
systematic deviations of FWM images from real spatial
distributions of the density of resonant species. In other
words, the averaged FWM intensity generally converges
to a value other than the square of the mean density of
species to be measured. Fluctuations of the intensities of
laser beams involved in FWM is another source of errors
when the information concerning the spatial distribution
of atoms or ions in a plasma has to be extracted from
two-dimensional FWM images. In our experiments, fluc-
tuations of the laser powers (�l/hP1P2P3i � 0.15, where
�2

l is the variance of the product of laser powersP1P2P3)
remained much less than the fluctuations of the total signal
(�FWM/hPFWMi ³ 0.40, where�2

FWM is the variance of the
FWM signal power), which implies that the relative fluctu-
ations of laser powers are small as compared with relative
fluctuations of the cubic susceptibility (i.e. fluctuations of
plasma parameters), and the distortions in FWM images
in our experiments were mainly due to the fluctuations of
plasma parameters. To provide quantitative estimates of
experimental errors arising due to this factor, we employ
Eqns (1) and (5) and assume that the non-resonant part of
the cubic susceptibility is small as compared with the res-
onant component to derive the following relation between
the mean difference of populations in resonant excited
states,hNi, and measurable statistical characteristics of
the FWM signal:

hNi ³
phPFWMi
�.3/r

p
b

(
1� �2

FWM

8hPFWMi2
)

.20/

whereb is a constant and angle brackets denote averaging.
Thus, owing to the non-linear dependence of the FWM
signal on the density of resonant species, coherent FWM,
in accordance with Eqn (20), gives an overestimated value
of the density of resonant species. However, for our
experiments, with�2

FWM/hPFWMi2 ³ 0.16, the deviation
of the map of the concentration of resonant particles from
the map of the FWM signal was small (about 2%).

Although distortions in the maps of the FWM signal
due to one-photon absorption and phase mismatch can
be corrected with an appropriate processing procedure,
optimal conditions for FWM plasma imaging are clearly
achieved when FWM plasma images cease to be distorted
due to absorption and phase-matching effects, i.e. when
inequalities (19a) and (19b) are met. As was shown
above, conditions (19a) are satisfied to the right of the
point where curve 3 in Fig. 4, representinglcoh, intersects
straight line 5, which corresponds to the interaction length
lint. Condition (19b) is met everywhere except for a small
range of delay times around 1.3µs, where absorption of
the FWM signal reaches its maximum. Thus, the maps of
the FWM signal presented in Figs 9 and 10, which were
generated line by line for� D 3.0 µs, represent the maps
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of the spatial distributions of Pb atoms in a laser-produced
plasma.

Averaged density profiles of Pb atoms measured by
means of one-dimensional FWM correlated fairly well
with the averaged results of point-by-point FWM mea-
surements.11,12 In addition, performing FWM measure-
ments in a gas cell uniformly filled with CO2 gas, we
obtained nearly uniform (within the limits of experimental
errors) maps of one-dimensional FWM signal, confirm-
ing that the experimental uncertainty of FWM imaging
in that case was restricted to experimental errors resulting
from fluctuations of laser powers. Generally, the adequacy
of coherent hyper-Raman resonant FWM as a method to
measure spatial distributions of atoms and ions in plas-
mas has been earlier demonstrated in experiments with
electric-discharge plasmas,46 where the density profiles
of copper and bromine atoms measured with the use of
the point-by-point FWM technique agreed well with the
results obtained by means of absorption and emission
spectroscopy.

Sensitivity of one-dimensional FWM plasma imaging

One of the crucial issues that eventually determines
whether it is expedient to apply a folded FWM scheme
in broad beams for plasma diagnostics is the possibility
to achieve a reasonable compromise between the inten-
sity of the FWM signal, on the one hand, and the area
of FWM probing, on the other hand. To put it differ-
ently, the atomic or ionic transition to be probed should
be intense enough to allow the probing of a sufficiently
large area with a reasonably high accuracy in the direc-
tion of imaging. The intensity of the FWM signal in the
considered experimental scheme depends on the relevant
cubic non-linear optical susceptibility per single atoms
�.3/r , the population differenceN1 � N2 and the phase-
matching factorG [see Eqns (1)–(5)]. The evolution of
the last two quantities in the process of plasma expan-
sion, which is presented in Fig. 3, has been discussed
above. A characteristic time dependence of the FWM sig-
nal observed in experiments with Pb atoms is shown by
dots in Fig. 8. The solid line represents the results of
numerical simulations, which fit experimental data reason-
ably well, thus confirming the adequacy of the employed
plasma model.

Comparison of Figs 3, 4 and 8 shows that phase-
mismatch and absorption effects may play an important
role at early stages of plasma expansion, complicating the
interpretation of FWM measurements. In particular, as can
be seen from Figs 3 and 4, the maps of the FWM signal
obtained with delay times� < 2 µs should be corrected
for phase mismatch and absorption in accordance with
Eqns (1)–(5). Luckily for the sensitivity of imaging of
lead atoms, the FWM signal reaches its maximum (Fig. 8)
at delay times when the coherence lengthlint (curve 3 in
Fig. 4) is greater than the length of interaction (curve 5
in Fig. 4), and the absorption length of the FWM sig-
nal (curve 4 in Fig. 4) exceeds both the length of the
medium (curve 6 in Fig. 4) and the interaction length.
Two-dimensional maps presented in Figs 9 and 10 were
generated with line-by-line FWM imaging for a delay time
� ³ 3.0 µs, which corresponded to the maximum of the
FWM signal, whenN1 was about 3ð 1014 cm�3. With
the signal-to-noise ratio being of the order of 103, we

find that the sensitivity of one-dimensional imaging of Pb
atoms in the considered experimental scheme can be esti-
mated as 3ð 1013 cm�3. Since the main source of noise
in such experiments is associated with plasma emission,
the sensitivity of FWM imaging technique can be further
improved with a careful spatial and temporal filtering of
the FWM signal.

Spatial resolution

In three-color folded FWM imaging, the FWM signal
remains unresolved along the direction of imaging (along
the wavevectorkFWM) within the interaction lengthlint,
while the spatial resolution in the direction perpendicular
to the wavevectorkFWM is determined by the resolution
of the imaging system. Since a spherical lens with a
large aperture (2.5 cm) was used in our experiments to
collimate the FWM beam, the spatial resolution along the
imaged line was mainly limited by the size of a pixel
of the CCD camera (15µm) rather than by diffraction
effects.

The spatial resolution of FWM imaging along two
orthogonal directions can be conveniently characterized
in terms of parameters invariant with respect to the angle
ˇ (Fig. 11), which is determined by the dispersion of
the medium. In particular, the spatial resolution of the
implemented three-color folded FWM technique can be
characterized by the sizesR1 and R2 of the intersection
area of the probing beams (Fig. 11). The parametersR1

andR2 can be understood as the sizes of a plasma volume
contributing to the one-dimensional FWM signal or, in
other words, to each line in an FWM plasma image. These
parameters can be expressed in terms of the waist sizes
w1, w2 andw3 of the pumping beams with wavevectorsk1,
k2 andk3, respectively, and the anglę in the following
manner:

R1 D w3C w12 cos˛

sin˛
.21/

R2 D w12 .22/

wherew12 D .w1
�2 C w2

�2/�1/2 (� was set equal to zero).
The interaction length in this case can be estimated as

lint D w3

sin.˛C ˇ/ .23/

For the geometry of FWM introduced above, we have
w1 D w2 D w3 D 20 µm, ˛ ³ 3° and ˇ ³ 1°

and Eqns (21)–(23) yield the following estimates:lint ³
300 µm, R1 ³ 680 µm andR2 ³ 14 µm.

Thus, each line in one-dimensional FWM implemented
in our experiments corresponds to a signal collected from

Figure 11. Spatial resolution of 1-D FWM plasma imaging.
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a 680ð 14 µm plasma element, providing an opportu-
nity to resolve plasma elements with such dimensions.
Obviously, the spatial resolution of the FWM technique
is achieved at the expense of the intensity of the FWM
signal, which is proportional in the phase-matched regime
in the absence of absorption to.lint/2. We should note
also that it is due to the small interaction length that
we are able to implement phase-matched FWM and to
obtain images of the spatial distribution of atoms in a
laser-produced plasma free of distortions due to phase
mismatch.

CONCLUSION

One-dimensional coherent FWM with hyper-Raman res-
onances allows line-by-line imaging of the atomic distri-
bution of excited atoms in a low-temperature plasma of
optical breakdown. The experimental technique presented
in this paper implies that a pair of cylindrically focused
coplanar broad light beams forming a small angle irradiate
a thin plasma layer in a plane parallel to the plane of the
target. The third cylindrically focused light beam irradiates
the laser-produced spark from above. The FWM signal
is generated in the direction of phase matching. Imaging
the interaction region on to a CCD array in FWM light
yields single-pulse maps of the spatial distribution of res-
onant particles in the plasma. The developed scheme was
applied to map excited lead atoms in a low-temperature
laser-produced plasma.

It is demonstrated that effects of phase mismatch and
one-photon absorption may considerably complicate the
interpretation of the maps of the FWM signal. Com-
parison of the measured time dependences of plasma
parameters with the results of numerical simulations of
plasma expansion allowed us to estimate directly the influ-
ence of phase mismatch and one-photon absorption on
the regime of non-linear optical interaction in a laser-
produced plasma. Experimental conditions when resonant
and non-resonant FWM interactions occur in the regime
close to phase matching and where the influence of one-
photon absorption is negligible were determined. In this
regime, we mapped the spatial distribution of lead atoms
in a laser-produced plasma using one-dimensional hyper-
Raman FWM.

The basic advantage of the proposed approach is that
it provides an opportunity to generate plasma maps line
by line, which considerably reduces the number of mea-
surements and improves the reliability of plasma analysis
as compared with point-by-point imaging. Such a proce-
dure holds much promise for the investigation of spatially
inhomogeneous fast processes in a multi-component laser-
produced plasma.
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