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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. Copyrigi@ 2000 John Wiley &
Sons, Ltd.

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-
Until recently, a laser-produced plasma has not beenent four-photon spectroscopy provides us with a rich
a conventional object for diagnostics by coherent four- variety of tools to solve the problems listed above. In
wave mixing (FWM) spectroscopy? although it has particular, the level of incoherent background can be
been known for a long tinfethat the cubic susceptibil-  considerably decreased by means of time gating and
ity of excited atoms and ions in a laser-produced plasma spatial filtering of the FWM signaf while the coher-
may be high enough to allow the generation of reliably ent background can be suppressed with an appropriate
detectable signals. At the same time, a low-temperaturechoice of the polarization vectors of the pumping and
laser-produced plasma (with an electron temperature ofprobing fields, as well as the orientation of the polar-
several electronvolts and an electron density frortf 16 ization analyze?:!> Another polarization technique, often
10" cm®) proved to offer much promise as a non-linear referred to as holographic multi-dimensional spectroscopy
optical medium for laser frequency up-conversioh.  (areview of numerous Lorentzian line applications of this
Along with frequency-conversion optimization, develop- technique was given elsewhé&dealso provides an oppor-
ment of the methods of laser plasma diagnostics would tunity to resolve closely spaced and overlapping lines
be important for many applications, including the inves- related to different plasma species and to investigate these
tigation of ablation processesind different aspects of Jines independently of each other, eventually improving
the interaction of laser radiation with solid targets, laser- the sensitivity of four-photon spectroscofly.
assisted film depositiol?, element analysis, etc. Fluctuation of parameters is the problem inherent in the
The main problems encountered in four-wave mixing diagnostics of laser-produced plasmas. Since each laser
(FWM) probing of laser-produced plasmas stem from pulse, in fact, creates a new plasma, any averaging pro-
intense plasma emission, a high non-resonant coher-cedure gives rise to considerable experimental effrs
ent background and strong absorption and consider-and lowers the usefulness of laser diagnostics, especially
able phase-mismatch effects at certain stages of plasman the case when fast processes in spatially inhomoge-
expansiort**> However, the main factors that drastically neous plasmas have to be investigated. A radical solution
lower the accuracy of non-linear optical measurementsto this problem lies in the application of folded FWM
in laser-produced plasmas are associated with inevitableschemes in broad beams, which can provide information
fluctuations of plasma parameters from pulse to pulse andon the spatial distribution of species from a certain area
rather than from a single point of the plasma. Applying
* Correspondence to: A. M. Zheltikov, International Laser Center, such multi-point FWM schemes to the |nyest|gat|_on ofa
Faculty of Physics, Moscow State University, Moscow 119899, Russia; Iaser'pmduced plasma,_ We_ can extract 'nformat'on con-
e-mail: zheltikov@nlsZ.ilc.msu.su cerning 3-D spatial distributions of atoms and ions in the
t Deceased. plasma line by line or even slice by slice.
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early as 1973, Regnier and Tatadiscussed the possibil- The power of the FWM signal produced in an extended

ity of implementing a photographic detection of the anti- non-linear medium irradiated with three laser beams with

Stokes signal with a plane-wave geometry of light beams frequenciesw;, w, and ws, powersP;, P, and P; and

in coherent anti-Stokes Raman scattering (CARS¥19 wavevectorsy, k, andks is given by~

Murphy et al? successfully applied one-dimensional

vibrational CARS with large-angle phase matching to the Peum o |2 + X2 2P1P2PsG (9]

investigation of a CHljet. Single-pulse spatially and spec- ) ) )

trally resolved broadband rotational multi-point CARS Where G is the phase-matching factoy® is the res-

along a line in a gas flow with the use of a large-angle onant part of the cubic non-linear optical susceptibil-

folded geometry was implemented by Snewal?! Sev- ity of the medium andy,? is the non-resonant part of

eral convenient and elegant schemes of two-dimensionalthe cubic non-linear optical susceptibility, which gener-

(2-D) imaging have been recently developed with the use ally includes the quasi-resonant comporiedue to close

of degenerate four-wave mixing (DFWNB,a technique resonances of plasma species and transitions in the con-

that was in initially employed for phase conjugafibn tinuous spectrum. For focused pumping beams with Gaus-

and that later proved to be an efficient spectroscopic sian spatial profiles, the phase-matching facfocan be

technique* Ewart and co-workers observed and inves- Written ag®~

tigated DFWM involving excited states of Na atoftt§ o0

and developed the DFWM technique for point-by-point G = 2x |1|%rdr (2)

mapping of the distribution of Na atoms in a flaffe. 0

Subsequent studies in this direction demonstrated the pos- £ expliAk — k + k1) (E — E)b/2)]

sibility of applying coherent FWM in broad beams for = eXp(—KlL)/ dé’ 1o e o

single-pulse 2-D imaging and mapping of spatial distribu- -5 1 +i&)(a—i&)

tions of specie€? in gas media. A comprehensive analy- x exp(—r*/H) 3

sis of many methodological problems of DFWM imaging,

including diffraction effects, spatial resolution, and image where Ak = k, — k', k, is the wavevector of FWM

referencing, has been provided by Ewattal® Results radiation in the non-linear mediunt, = k; + k, — ks,

presented by Jonuscheital.®* suggest that, with a proper « and «, are the imaginary parts of the wavevectors

arrangement of focusing and collimating optics, CARS k, and k" = k; + k, + ks, respectively,a = k"/k/,

can also provide an efficient means for single-pulse one-b = 2za3n(1;)/; is the confocal parameter £ 1, 2 and

dimensional temperature measurements. Recently, the firsB), a,, is the waist radius of a Gaussian beam with the

application of the folded coherent four-wave mixing tech- wavelengthy;, L is the length of the non-linear medium,

nigue based on hyper-Raman resonances for imaging lead = 2(L — f)/b and—¢ = —2f /b are the boundaries of

atoms in a laser-produced plasma was demonstfated.  the non-linear medium written in terms of dimensionless
In this paper, the possibility of non-linear optical coordinatesy is the coordinate of the center of waists of

imaging of atoms in laser-produced plasmas with the the pumping Gaussian beams and

use of folded hyper-Raman resonant FWM mixing in

broad beams is demonstrated. We investigate the main 1+¢&2 , 4

factors influencing the intensity of coherent FWM in H = a—i¢ +iE—8) )

laser-produced plasmas with allowance for one-photon

absorption and phase matching and present a model of The resonant part of the non-linear optical cubic sus-

plasma kinetics. We also describe the experimental tech-ceptibility is proportional to the difference of populations

nigue and the methods of measurements employed for theV,; andN, in the lower and upper atomic (or ionic) states

FWM probing of laser-produced plasmas. The results of involved in the resonant transition:

our measurements are discussed and analyzed in terms

of characteristic parameters of coherent FWM in laser- x® = (N; — No)x® (5)

produced plasmas.

wherex® is the resonant cubic non-linear optical suscep-
tibility per single atom (or ion).

HYPER-RAMAN RESONANT FOUR-WAVE In an expanding plasma, the populatiovisand N, of
MIXING IN EXPANDING LASER-PRODUCED resonant levels are functions of time. Therefore, the over-
PLASMAS all non-linear optical susceptibility® is also a function

of time. Conceptually, time-dependent frequency-domain
non-linear optical susceptibilities (defined as Fourier trans-
Intensity of the FWM signal forms of time-domain non-linear optical susceptibilities)
can be consistently introduced only when bai? and
Let us consider the process of coherent FWM in a medium x vary on a time-scale much greater than the durations
with a third-order non-linearity. We assume that the fre- of optical cycles of the light fields involved in the pro-
guenciesy;, w,, andws; of the pumping waves are chosen cess. In the case of such a hierarchy of time-scales, we
in such a manner that the frequency of the FWM signal deal with a problem of non-linear spectrochronography,
wrwm = w1+ w, — w3 IS close to the frequency of a certain - when the properties of non-linear optical susceptibilities
atomic or ionic transition. The efficiency of this process have to be determined not only in the frequency, but also
is determined by the cubic non-linear optical susceptibil- in the time domain.

ity of the mediumy® = x® (wpwm; @1, @2, —w3). In what As can be seen from Eqns (1)—(5), the information con-
follows, we shall omit frequency arguments of the cubic cerning the kinetics and spatial distribution of the resonant
susceptibility to simplify notations. species provided by temporal and spatial dependences of

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 677-687 (2000)



LINE-BY-LINE IMAGING OF LASER-PRODUCED PLASMAS 679

the FWM signal is distorted by phase mismatch, absorp- Since the experiments on the FWM plasma spec-
tion and interference of resonant and non-resonant partstroscopy have been carried out at atmospheric pressure
of the cubic susceptibility. When the combination of fre- of ambient air, we also assume that the laser-produced
guenciesw; + w, — w3 is tuned into a resonance with plasma consists of atoms and ions of nitrogen and oxy-
the frequency of a transition between electronic states of gen, as well as atoms and ions of the target material. The
an atom or an ion, one can expect a resonant enhanceeomposition of the laser-produced plasma is assumed to
ment of the susceptibility® if this transition is simul- be governed by the Saha—Boltzmann equatféns:
taneously three- and one-photon allowed in the dipole

approximation (we call such a situation a hyper-Raman  N.N? AYARZ 7 E? — AE?
resonanc¥). However, because of the increase in one- = K= §z-1 { 2 } exp <—f>
photon absorption at the frequenaywy and variation “ “ (8)

in phase-matching conditions, such enhancement of theywheren, is the electron masg,is Planck’s constant is
cubic susceptibility does not necessarily increase the effi- the plasma temperatur#, is the electron concentration,

ciency of frequency conversion through four-wave mix- f_ is the ionization potentialyZ is the concentration of
ing. Moreover, conditions of the interference of resonant jons of sorta with a chargez,

and non-resonant parts of the cubic susceptibility change
in time, since time dependences of these quantities may Ze?

differ from each other. This effect may also have a con- AE] = — 9
siderable influence on the behavior of the FWM signal

in the time domain. Howeyer, in calculations of time (Where)\da is the Debye radius ardlis the electron Charge)
dependences of the FWM signal, we shall assume that thejs the reduction of the ionization potential due to Debye

non-resonant part of the cubic susceptibility is negligibly screening and? is the partition function for ions of sort
small compared with the resonant component at the max-y with a chargez:

imum of a resonant line. This can be done (in contrast to
spectral dependences, when additional measurements have y , EZ,

to be performed, e.g. with the use of coherent ellipsom- Sy = Zgak exp (— T ) (10
etry, to separate resonant and non-resonant components k

of the cubic susceptibilify) around the maxima of suf-
ficiently strong atomic or ionic resonancésGenerally,
calculation of all the quantities involved in Egns (1)—(3)
is a complex problem. Analysis of this problem in the
case of laser-produced plasma requires certain physica
assumptions concerning plasma kinetics. A model of an
expanding laser-produced plasma is described in the fol-
lowing section.

whereg,, is the statistical weight of théth state of sort
a particles andt,, is the energy of théth state of sort
«a particles. In calculating partition functions, we assumed
hat the ionization potential in plasmas is reduced due to
ebye screening bAEZ.
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:

Plasma kinetics Ne=>_ZN’, 11

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 explosiort® 4 Within the framework of this approx- n= Z N, (12
imation, the time dependence of the total concentration of «Z

plasma species is written as

the conservation of the number of particles:

and the conservation of partial pressures:
12
fo 1
— 2 6 - Z_ .0
" no(t) ©) DU 13)

wheren, is the total plasma density at timg
For an adiabatic expansion of a plasma plume, the time
dependence of plasma temperature is

where p? 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 energ¥ . for species

_ 1o\ " of sorte in accordance with the Boltzmann equation:
T'=T, N (7)
Z Z
z _ Nz 8ak _Eu
whereT is the plasma temperature at timeandy is the Nu =N 8z exp( T ) 14

adiabatic exponent.

Such an approach implies that the temperature is Radiative transitions have also been taken into account
assumed to be common for all plasma components. Thisin more detailed simulatiofisusing the modified diffu-
assumption seems adequate for our experimental condi-sion approximatiort® which demonstrated that, in the case
tions when FWM is employed to probe laser-produced under study, these transitions have virtually no influence
plasmas at large delay times with respect to the momenton the kinetics of the considered resonant atomic levels.
of plasma creation. 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 to phase matching and absorption effect can be under-
contributing to the FWM signal and to find the concen- stood in terms of characteristic lengths of a non-linear
trations of the plasma species determining absorption andoptical interaction in a medium: the length of phase match-
phase mismatch in the plasma. ing l.on = m/(2|Ak|), absorption lengthd;, = 1/«;,
and lrwv = 1/k;, the interaction length, (which is
determined by the geometry of FWM) and the length
ls that the FWM signal travels from the initial point

. " o of the interaction region to the exit of the mediuiy (
With plasma composition and the distribution of plasma \yjj| pe estimated with its upper bound, the length of
species in energy levels determined with the use of \he mediumz). FWM maps provide undistorted infor-
the model described in the previous section, we can mation on the spatial distribution of atoms or ions in a

calculate optical parameters of a laser-produced plasmap|asma wherPauy scales asv?, which implies that the
that influence the intensity of the hyper-Raman resonant .o ditions '

FWM signal, viz. phase mismatch and absorption coef-

Phase mismatch and absorption

ficients at the relevant frequencies. In studying phase- L < Teon 12, 12: 13 (199
mismatch effects in FWM, we should take into account g,q
the influence of both dispersion of resonant atoms and L < leum (19b)
ions and the non-resonant contribution due to plasma
electrons: should be satisfied.
gN1 — g5 Sirjce the characteristic lengths introduced above are
Ak = Akg————— functions of plasma parameters, we have to analyze how

82N10 — 81N20 plasma parameters evolve in the process of plasma expan-
n sion and how the dynamics of plasma parameters influence
) + Ako— (15) the dependence d?.yy On N. Such an analysis is pro-
Mo vided in the following section.

w1 w7 w3 WrwM

where g; and g, are the statistical weights of the lev-

els 1 and 2, respectivelyy,, and N are the maximum  Time evolution of plasma parameters

populations of resonant levels 1 and 2, respectiveli,

the speed of light in vacuumk, is the maximum res-  Numerical simulations were carried out for a plasma pro-

onant contribution to the phase mismatch, correspondingquced by laser radiation focused on a lead target. It was

to the maximum value of the differencgN; — g1Vo, assumed that the frequency combinatigni w, — w; was

wp = /4nNee?/me is the plasma frequency antkon /no tuned to the frequency of the transition between the 7s

is the non-resonant component of the phase mlsmatch.spg and 63 P, states in Pb atoms (Fig. 1). To specify

Near the maximum of a hyper-Raman resonance, thethe fitting parameters involved in the model of a plasma

quantity Ak, which is written in the case of a Lorentzian described above, including the initial temperatiige the

line as Ako = (8kio/(8* + 1)) [6 = (w21 — wpwm/V) initial density no, parameterAk, and the time-scale,,

is the frequency detuning of the FWM signal from the e measured the transmission of a laser-produced plasma

central resonance frequeney,; normalized to the line  for all the light waves involved in the FWM process.

half-width v], is small, and the first term in Eqn (15) Based on the results of these plasma-transmission mea-

becomes negligible compared with the second and third syrements, we can neglect the influence of non-resonant

terms. ) absorption, described by, compared with absorption of
For a light wave whose frequency is resonant to a the resonant wave with absorption coefficiept We can

one-photon transition (the FWM wave in the case of z|so estimate the absolute value of the resonant absorp-
hyper-Raman resonances), the absorption coefficient canjon coefficient asc,, ~ 1.4 cnrt. With n, = 10' cm 3,

be written as To = 0.73 eV, t, = 400 ns andAk, = 200 cnt! we
@N1 — &iN were able to achieve reasonable agreement between the
Ky = K,0214g12 (16) results of simulations and measurements simultaneously
82N10 — 81N 20 for transmission and FWM.

The time dependences of plasma temperafureon-

Here, the maximum absorption coefficient is given by centrationn, electron densityV,, population difference

D f g N,; — N, and the phase-matching fact6r (for Gaussian
1
Kro = r (NIO - —N20> 17
meCvV 82
where f, is the relevant oscillator strength. W, 3
The coefficient of non-resonant absorption due to elec- 1 7s 3P,
tron—ion collisions for theith light wave involved in 34959.908 cm  e—p—
FWM (i = 1, 2, 3) can be written as
2, Opwm
20 = eI (18) oy
wi C
i i isi 7819.263 cmi 6p °P,
wherey,; is the frequency of electron—ion collisions. :£00 cm

anlitativc_ely, .the distortion of t_he informaﬂon on the Figure 1. Diagram of a four-photon process with a hyper-Raman
spatial distribution of atoms or ions in a plasma due resonance involving excited states of a lead atom.

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 677-687 (2000)
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beams with a confocal parameter= 0.34 cm focused _ 105f 100 3
at the center of a plasma with a length= 0.8 cm) c > -
simulated with the use of the model described above are <€ "'f \ P 02
presented in Figs 2 and 3. As can be seen from the time _: e AN — 6 T
dependence of the plasma temperature presented in Fig. 2, < g

at least beginning withr = r, = 400 ns, the plasma 102
temperature is always less than the difference in the ener-

gies of the resonant atomic states, which is approximately 1 001
equal to 3.4 eV (Fig. 1). Therefore, the population of 100 1E3
level 2 is much less than that of level 1, and the pop-

ulation differenceN,; — N, (curve 2 in Fig. 3) follows o 154
the population of level 1 (this conclusion also follows ) T T S I P=F
from the results of numerical simulations). At early stages e 1 2 & 4 5 6

of plasma expansion, the population of level 1 is small Wns

because a considerable fraction of atoms is excited intOFigure 4. Time dependences of (1) the phase mismatch Ak,
high-lying states or ionized. At these stages, the popu- (2) resonant absorption coefficient «,, (3) coherence length fon,
lation of level 1 grows in the process of plasma expan- (4) absorption length of the FWM signal fww, (5) the FWM
sion owing to recombination and the relaxation of excited nteraction length /iy and (6) the length of the medium L for an
g A expanding laser-produced plasma.
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 statesN; begins to decrease. As a result, the pop- P
ulation differenceN, — N, increases at the initial stage
of plasma expansion, reaches its maximum, and then
decreases (Fig. 3).

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

Figure 4 displaysthe behaviorof the phasemismatch
Ak (curvel), resonangbsorptioncoeficient «, (curve?2),

andcharacteristidengthsi .., (curve3) andlrwy (curves)

The factor G displays an oscillatory behavior at the Ip?a?ig(l)isrt?zvilrtwrgépaec%téz\fgr_wsgﬁﬁ?fle%a:r?rzr:ee}r?qrﬁeor;g%g(j
_— oM o - X , ot

initial stage, which is characteristic of phase-matching folded FWM schemeandthe lengthof the mediumL are

effects}* and then grows owing tfo the decrease in the shownby straightlines5 and®6, respectivelylmportantl
concentration of resonant atoms and plasma electrons y 9 , [ESP y:mp Y,

; gy S while 1,, I, and/; remainmuch greaterthanthe interac-
(Fig. 3). Characteristic time-scales of variations\af-N, tion length Z,,, of the implementedfolded FWM scheme

(straightline 5) within the entirerangeof delaytimesand
theabsorptiorlengthof the FWM signallqyy exceedshe

;jg ] ;gg:g:? lengthof themediumL (straightline 6) everywhereexcept
osk 18.00E+017 for anarrowregionaroundr = 1.3 ps, [, is lessthanthe
o7f 37.00E+017 interactionlength/;,, for small delaytimes.With decrease
~ 06 {800E+017 3 in the concentratiorof resonanatomsandelectronsn the
2 osp 2 5008017 3 processof plasmaexpansionand cooling, I ., increases
8; ‘3‘885*81; © and becomesequalto /;; at t ~ 1.2 ps (the point where
osk [ 220051017 curve3 intersectsstraightline 5 in Fig. 4). This prediction
o1k 1 11 00E.017 concerninghebehaviorof absorptiorandphasemismatch
oo ; . . " : 30,00 +000 in alaser-produceg@lasmais consistentvith the resultsof

experimentameasurements. Thus,for suficiently small
us 7, when [ < I and/orL ~ lgwy, the dependencef
Figure 2. Kinetics of (1) plasma density n and (2) temperature T Pewv ON the concentratiormay deviatefrom N2. In such
in an expanding laser-produced plasma. a situation, a procedurefor determiningthe spatial dis-
tributions of excited atomsand ions in a plasmafrom
FWM intensity mapsbecomesmuch more complicated,

1E17 F 1 3 1 sinceit shouldbe performedwith allowancefor the influ-
i enceof phasemismatchand one-photonabsorption.For
E 116 30 T > 2.0 ps, conditions(19a)and (19b) are satisfied Py
& qe15) ool ® canbe approximatedvith a quadraticfunction of N, and
Z, § the mapsof the FWM signal provide undistortedinfor-
- B4 11E3 T mation on the spatial distribution of atomsor ions in a
= c plasma.

o TE13f {1E4 3

=

1E12 [ 11E5

: : : : . EXPERIMENT AL
0 1 2 3 4 5 6
us

Experimental setup
Figure 3. Time dependences of (1) the electron density N, (2)
the population difference N; — N, and (3) the phase-matching

factor G for Gaussian beams with a confocal parameter
b = 0.34 cm focused at the center of a plasma with a length
L=0.8cm.

CopyrightO 2000 JohnWiley & Sons,Ltd.

The experimentaketupfor FWM imaging of spatialdis-
tribution of excited atomsand ions in a laser-produced
plasma(Fig. 5) consistedf a probinglasersystemalaser

J. RamanSpectosc 31, 677-687 (2000)
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Plg

Channel I DM,

.[g|mmc;1—|mms"m mﬁ'ﬁ KDP]

Channel IT

\—ﬁilﬁlvr_?l;\:fl_lﬂr_mt

M,

Channel IIT

Figure 5. Experimental setup for the FWM imaging of a low-temperature laser-produced plasma: DM, -DMjs;, dichroic mirrors; FR; and
FR;, Fresnel rhombi; M;—Mg, rotating mirrors; T,-Ts, telescopes; F, and F,, sets of optical filters; OMA, optical multi-channel analyzer;

SU, synchronization unit; CL,

systemfor the generationof the plasmaof optical break-
down, a synchronizationunit and the detectionsystem.
The probinglasersystem(describedn detail elsewher&)

was basedon a Q-switchedNd: YAG masteroscillator,
which generatedl5 ns laser pulsesat the wavelength
Ao = 1.064um. Amplified fundamentatadiationwascon-
vertedinto theseconcharmonicin a CDA crystal.Second-
harmonicradiationwas usedto pump a dye laser,which

generatedfrequency-tunableradiation within the range
A, = 0.560-0.600 pm with an oscillation bandwidth of

about0.5 cm™. Sincethe main sourceof experimental
errorswas associatedvith fluctuationsof plasmaparam-
etersfrom pulse to pulse, beam referencing®*® which

compensatetbr intensityfluctuationsalongthe profile of

the dye-laserheam,did not permit us to improve notice-
ably the accuracyof measurementand, therefore,was
not usedin experimentsnvolving averagingover several
laserpulses.The polarizationof radiationwith the wave-
length), = 1.064 um wasfixed, whereagolarizationsof

the secondharmonicand dye-lasemradiationwere varied
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 laser pulseswith an enegy of about200 mJ? A
laserbeamproducedby this systemwas focusedon the
surfaceof a metaltamgetwith a 10 cm focal lengthcylin-
drical lens CL; (Fig. 5). By rotating this lens, we were
ableto vary the orientationof a laser-producedparkwith
respectto the incident beamsand perform plasmaprob-
ing in different directions. An electric timing unit was
designedto synchronizeplasma-excitationrand plasma-
probing laser pulsesso that the plasmawas irradiated
with three-colorpumping beamswith a variable delay
time ¢ with respectto plasmaexcitation. With different
delaytimest, we wereableto studylinearandnon-linear
optical parameterf an ionized gas and to investigate
changesdn the regime of nonlinear-opticalinteractionat
variousstagesof plasmaexpansion.

Second-harmoniand dye-laserbeamsfocusedwith a
10cmfocallengthcylindrical lensCL, formedbroadlight
sheetswith a width of 4 mm and a height of 20 um in
the beam-waistarea.The beamof fundamentaradiation
wasfocusedwith anidenticalcylindrical lensCL;, which
formeda similar beamsheetmaking an anglex with the
secondharmonic and dye laser radiation in the beam-
waist area (Fig. 5). The FWM signal generatedn the

CopyrightO 2000 JohnWiley & Sons,Ltd.

—CLg, cylindrical lenses; and L, and L;, lenses.

one-dimensionahreaformedby the intersectiorof a triad

of incidentbeamswascollimatedwith a sphericalensand
detectedwith an optical multi-channelanalyzer(with no

intensifier) placed behind a set of bandpasdilters. The
one-dimensionaFWM signalrecordedwith this analyzer
was processedvith a dedicatedsoftwareand was stored
in aPC.

FWM plasmaimaging

The implemented experimentaltechnique for imaging
the relative populationsof excited statesof atomsin a
decayinglow-temperatureplasmaof optical breakdown
inducedon the surfaceof a metaltargetis basedon three-
color coherenFWM with hyper-Ramamesonancesyhen
the frequencyof the FWM signal wpwy = w1 + @y — w3
(where w3 is the frequencyof fundamentalradiation of
an Nd: YAG laser, w; is the frequencyof the second
harmonicof an Nd: YAG laserand w, is the frequency
of a tunable dye laser) is resonantto some atomic (or
ionic) transitionin a laser-produceglasma(Fig. 1). The
one-dimensionaFWM signalgeneratedn a folded FWM
schemé& 2 [Fig. 6(a)] is employedto image the spatial

plasma
excitation

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, 12r
a pair of cylindrically focused coplanar broad light beams
with frequenciesw; = 2w; and w, and wavevectors 1.0
k, and k,, forming a small angled, irradiate a thin c

. S 08F
plasma layer in a plane parallel to the plane of the target. 3
A cylindrically focused beam with frequency; and S o6k
wavevectorks, which makes an angle with the plane of a
the k; andk, vectors, irradiates the laser-produced spark 04F
from above. The FWM signal is generated in the direction
keww determined by phase-matching conditions, forming 02f
an angles with the plane of the target [Fig. 6(a) and 6(b)].
By imaging the one-dimensional FWM signal onto a CCD 0.00
array, we were able to map the spatial distribution of t/us
resonant particles in the plasma line by line. Figure 8. The FWM signal from a laser-produced plasma as

a function of the delay time t: dots, experimental data; solid
curve, results of simulations. Experiments were performed
with collinear laser beams focused with a 15 cm focal length
spherical lens.

Light beams propagating in laser-produced plasmas may

experience resonant and non-resonant absorption due to -
atomic/ionic and electronic plasma components, respec-lo = 0.73 €V, 1o = 400 ns and Ak, = 200 cm* and
tively. Such processes eventually lower the intensity of neglecting basedon the experimentadata, the influence
the FWM signal and should be taken into account in Of non-resonanabsorptiondescribecby «;, ascompared
the reconstruction of the maps of spatial distributions of with absorptionof the resonantwave with absorption
plasma species from the maps of the FWM signal. To coeficient ko, we wereableto reproducesimultaneously
assess the influence of one-photon absorption at differentWith reasonableiccuracythe resultsof transmissiorand
stages of plasma expansion, we measured plasma transEWM experimentgperformedwith collinear laserbeams
mission for all the probing beams and a beam at the fre- focusedwith a 15 cm focal length sphericallens (Figs 7
quency of the FWM signal as functions of the delay time and8).

7. All the light beams in these experiments were focused

Absorption measurements

with a spherical lens with a focal length of 15 cm. For the

pumping waves, absorption remained negligible (less thanResyULTS AND DISCUSSION

5% for r > 100 ns). To measure plasma transmission at

the frequency of the FWM signal, we mixed fundamental
frequencyw, with the dye-laser frequency, in a KDP

crystal. Such a wave-mixing process yielded a signal at the

frequencyowy = w, + w3 = w1 + Wy — w3 = Wy (SiNCE

w; = 2w3). The normalized plasma transmission coeffi-
cient at the frequency of the FWM signal as a function of
7 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 ~ 1.3 ps, when more than 90%
of FWM signal can be absorbed. The information concern-
ing one-photon absorption in laser-produced plasmas wa:
employed to specify the fitting parameters involved in the
model of a plasma described above, including the initial
temperaturer, the initial plasma density,, parameter
Ako and the time-scalg,. Setting, in accordance with the
experimental resultsg,, ~ 1.4 cnT?l, ny = 10® cm3,

T/us

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

CopyrightO 2000 JohnWiley & Sons,Ltd.
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One-dimensionalFWM imaging of Pb atoms

For the experimentainvestigationof the spatialdistribu-

tion of the populationsin excited statesof atomsin the

plasmaof optical breakdownwe employeda four-photon
schemeawgwy = w1 + w, — w3, Wherews is the frequency
of fundamentalkadiationof an Nd: YAG laserw;, is the

frequencyof the secondharmonicof an Nd: YAG laser
and w, is the frequencyof a tunabledye laser. The fre-

guency of the dye laser was chosenin such a manner
asto ensurea resonancéetweenthe frequencywgwy Of

the FWM signal and the frequencyof the probedtran-
sition betweenelectronic statesof atoms excited in a

laser-produceglasma.ln our experimentsthe frequency
combinationw; + w, — w3z wastunedto the frequencyof

the transitionbetweenthe 7s 3PS and 6p? *P; statesin Pb
atoms(Fig. 1). Undertheseconditions,we observedres-
onantenhancementf the FWM signalat the wavelength
Arwm = 36845 nm dueto a hyper-RamamesonanceThe
dependencedf the FWM signal intensity on the delay
time betweenthe laserpulsesof three-colopumpingand
the laser pulse usedfor plasmaexcitation providesthe
information concerningthe depopulationkinetics of the
above-specifiecatomic states.Studying the intensity of

the FWM signal as a function of spatialcoordinateswe

wereableto extracttheinformationconcerninghe spatial
distribution of excitedPb atoms.

The 2-D mapsshownin Figs 9 and 10 were obtained
with 6 = 0 and e ~ 3 in the longitudinal (seethe top
of Fig. 9) andtransversdseethe top of Fig. 10) schemes
of plasmaimaging. The employedtechniqueof plasma
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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

o2
th

(LTI
@ =

oG5
Ji systematic deviations of FWM images from real spatial
o distributions of the density of resonant species. In other
q' words, the averaged FWM intensity generally converges
i 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
Figure 9. Line-by-line plasma imaging using one-dimensional when the information concerning the spatial distribution
FWM in the longitudinal direction: top, the scheme of longi- of atoms or ions in a p|asma has to be extracted from

tudinal imaging; bottom, two-dimensional maps of the FWM two-dimensional FWM images In our experiments fluc-
signal power with a resonance due to Pb atomic transitions in . !

a laser-produced plasma. The vertical lines show the slice y;-y» tuations of the laser powers;((P,P,P;) < 0.15, where
mapped in Fig. 10. of is the variance of the product of laser powexs,P;)
remained much less than the fluctuations of the total signal
(orwm/ (Prwm) =~ 0.40, whereo?,,, 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
Eqgns (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,(N), and measurable statistical characteristics of

g | the FWM signal:

S

=

P o3
WL () @
00 10 20 Xe P
X /mm . .
whereb is a constant and angle brackets denote averaging.

Figure 10. Line-by-line plasma imaging using one-dimensional Thus, owing to the non-linear dependence of the FWM
FWM in the transverse direction: top, the scheme of transverse signal on the density of resonant species, coherent FWM,
'prgsg:‘9\;\,]3]0?rr“ésé"r;’:r']‘i;mgzjotga'PL“ZQZ&“C tthn: nFS‘i’t‘gg"n:'?n“a; in accordance with Eqgn (20), gives an overestimated value
laser-produced plasma. The vertical lines show the slice x;—x; of the_ denSIty .Of Zresonant %peCIeS' HOWGVEI’,_ fQI’ our
mapped in Fig. 9. experiments, withoz,,,/(Prwm)® =~ 0.16, the deviation

of the map of the concentration of resonant particles from
_ _ _ _ _ _ ... the map of the FWM signal was small (about 2%).
imaging provides information concerning the spatial dis-  Although distortions in the maps of the FWM signal
tribution of plasma species along the line corresponding to due to one-photon absorption and phase mismatch can
the intersection of the light beams with wavevectkis  be corrected with an appropriate processing procedure,
k. and k; [see Figs 6(a) and 6(b)]. However, to com- gptimal conditions for FWM plasma imaging are clearly
pose a 2-D image of some plasma area, we have toachieved when FWM plasma images cease to be distorted
detect a considerable number of one-dimensional FWM due to absorption and phase-matching effects, i.e. when
signals, which means that averaging should be performedinequalities (19a) and (19b) are met. As was shown
to smooth out fluctuations in plasma parameters from above, conditions (19a) are satisfied to the right of the
pulse to pulse. To generate 2-D maps of spatial distribu- point where curve 3 in Fig. 4, representihg,, intersects
tions, we detected hyper-Raman resonant one-dimensionaktraight line 5, which corresponds to the interaction length
FWM signals line by line by scanning the laser-produced /,;. Condition (19b) is met everywhere except for a small
spark with a step of 5m along thez-axis. Thus, 21 range of delay times around 1.3, where absorption of
images of one-dimensional FWM were used to generatethe FWM signal reaches its maximum. Thus, the maps of
the 2-D maps shown in Figs 9 and 10. Each line in these the FWM signal presented in Figs 9 and 10, which were
maps represents the result of averaging over 100 lasergenerated line by line for = 3.0 ps, represent the maps

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 677-687 (2000)
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of the spatial distributions of Pb atoms in a laser-produced find that the sensitivity of one-dimensional imaging of Pb

plasma. atoms in the considered experimental scheme can be esti-
Averaged density profiles of Pb atoms measured by mated as 3« 10" cm3. Since the main source of noise

means of one-dimensional FWM correlated fairly well in such experiments is associated with plasma emission,

with the averaged results of point-by-point FWM mea- the sensitivity of FWM imaging technique can be further

surements$t? In addition, performing FWM measure- improved with a careful spatial and temporal filtering of

ments in a gas cell uniformly filled with COgas, we the FWM signal.

obtained nearly uniform (within the limits of experimental

errors) maps of one-dimensional FWM signal, confirm- . .

ing that the experimental uncertainty of FWM imaging SPatial resolution

in that case was restricted to experimental errors resulting ) ) )

from fluctuations of laser powers. Generally, the adequacy !N three-color folded FWM imaging, the FWM signal

of coherent hyper-Raman resonant FWM as a method tofeémains unresolved alo'ng' the d|(ect|on Qf imaging (along

measure spatial distributions of atoms and ions in plas- the wavevectokeyy) Within the interaction lengtiiy,

mas has been earlier demonstrated in experiments withwhile the spatial resolut_lon in the_ direction perpendlt_:ular

electric-discharge plasmé&swhere the density profiles 0 the wavevectokeyy is determined by the resolution

of copper and bromine atoms measured with the use of0f the imaging system. Since a spherical lens with a

the point-by-point FWM technique agreed well with the large aperture (2.5 cm) was used in our experiments to

results obtained by means of absorption and emissioncollimate the FWM beam, the spatial resolution along the

spectroscopy. imaged line was mainly limited by the size of a pixel
of the CCD camera (1m) rather than by diffraction
effects.

Sensitivity of one-dimensional FWM plasma imaging The spatial resolution of FWM imaging along two

orthogonal directions can be conveniently characterized
One of the crucial issues that eventually determines in terms of parameters invariant with respect to the angle
whether it is expedient to apply a folded FWM scheme A (Fig. 11), which is determined by the dispersion of
in broad beams for plasma diagnostics is the possibility the medium. In particular, the spatial resolution of the
to achieve a reasonable compromise between the intenimplemented three-color folded FWM technique can be
sity of the FWM signal, on the one hand, and the area characterized by the sizé& and R, of the intersection
of FWM probing, on the other hand. To put it differ- area of the probing beams (Fig. 11). The paramekers
ently, the atomic or ionic transition to be probed should andR, can be understood as the sizes of a plasma volume
be intense enough to allow the probing of a sufficiently contributing to the one-dimensional FWM signal or, in
large area with a reasonably high accuracy in the direc- other words, to each line in an FWM plasma image. These
tion of imaging. The intensity of the FWM signal in the Parameters can be expressed in terms of the waist sizes
considered experimental scheme depends on the relevanti, w2 andw; of the pumping beams with wavevectdrs
cubic non-linear optical susceptibility per single atoms k2 andks, respectively, and the angéein the following
X2, the population differenc&v; — N, and the phase- Mmanner:

matching factorG [see Eqgns (1)—(5)]. The evolution of Ws + W1, COSH

the last two quantities in the process of plasma expan- Ri=— " (21
sion, which is presented in Fig. 3, has been discussed Sina
above. A characteristic time dependence of the FWM sig- Ry = wy, (22)

nal observed in experiments with Pb atoms is shown by

dots in Fig. 8. The solid line represents the results of wherew,, = (w; 72 + w,2)"%2? (6 was set equal to zero).

numerical simulations, which fit experimental data reason-  The interaction length in this case can be estimated as

ably well, thus confirming the adequacy of the employed

plasma model. o= Ws 23)
Comparison of Figs 3, 4 and 8 shows that phase- ™ sin(e + B)

mismatch and absorption effects may play an important

role at early stages of plasma expansion, complicating the For the geometry of FWM introduced above, we have

interpretation of FWM measurements. In particular,ascanw; = w, = w3 = 20 um, ¢« ~ 3 and g ~ 1°

be seen from Figs 3 and 4, the maps of the FWM signal and Eqns (21)—(23) yield the following estimatég; ~

obtained with delay times < 2 us should be corrected 300pum, R; ~ 680 um andR, ~ 14 um.

for phase mismatch and absorption in accordance with Thus, each line in one-dimensional FWM implemented

Eqgns (1)—(5). Luckily for the sensitivity of imaging of in our experiments corresponds to a signal collected from

lead atoms, the FWM signal reaches its maximum (Fig. 8)

at delay times when the coherence lenfth(curve 3 in

Fig. 4) is greater than the length of interaction (curve 5 o

in Fig. 4), and the absorption length of the FWM sig- 2

nal (curve 4 in Fig. 4) exceeds both the length of the

medium (curve 6 in Fig. 4) and the interaction length. gﬂ

Two-dimensional maps presented in Figs 9 and 10 were
generated with line-by-line FWM imaging for a delay time \‘{\/
7 ~ 3.0 ps, which corresponded to the maximum of the R1

FWM signal, whenN,; was about 3x 10" cm3. With
the signal-to-noise ratio being of the order of1@ve Figure 11. Spatial resolution of 1-D FWM plasma imaging.

[R2
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a 680x 14 um plasma element, providing an opportu- It is demonstrated that effects of phase mismatch and
nity to resolve plasma elements with such dimensions. one-photon absorption may considerably complicate the
Obviously, the spatial resolution of the FWM technique interpretation of the maps of the FWM signal. Com-
is achieved at the expense of the intensity of the FWM parison of the measured time dependences of plasma
signal, which is proportional in the phase-matched regime parameters with the results of numerical simulations of
in the absence of absorption 1@,,)>. We should note plasma expansion allowed us to estimate directly the influ-
also that it is due to the small interaction length that ence of phase mismatch and one-photon absorption on
we are able to implement phase-matched FWM and tothe regime of non-linear optical interaction in a laser-
obtain images of the spatial distribution of atoms in a produced plasma. Experimental conditions when resonant
laser-produced plasma free of distortions due to phaseand non-resonant FWM interactions occur in the regime
mismatch. 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
CONCLUSION in a laser-produced plasma using one-dimensional hyper-
Raman FWM.

The basic advantage of the proposed approach is that
One-dimensional coherent FWM with hyper-Raman res- it provides an opportunity to generate plasma maps line
onances allows line-by-line imaging of the atomic distri- by line, which considerably reduces the number of mea-
bution of excited atoms in a low-temperature plasma of surements and improves the reliability of plasma analysis
optical breakdown. The experimental technique presentedas compared with point-by-point imaging. Such a proce-
in this paper implies that a pair of cylindrically focused dure holds much promise for the investigation of spatially
coplanar broad light beams forming a small angle irradiate inhomogeneous fast processes in a multi-component laser-
a thin plasma layer in a plane parallel to the plane of the produced plasma.
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 Acknowledgments
the interaction region on to a CCD array in FWM light
yields single-pulse maps of the spatial distribution of res- The research described in this paper was made possible in part by

- : ward No. RP1-255 of the US Civilian Research and Development
onant particles in the plasma. The developed scheme wa oundation for the Independent States of the Former Soviet Union
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