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Abstract

Sub-Doppler degenerate four-wave mixing (DFWM) spectroscopy in phase-
conjugate con¢guration has been used to study Stark width and shift of
the 696.543 nm ArI line in a local thermal equilibrium argon arc plasma.
DFWM spectroscopy has been used for line pro¢le measurements as well
as for plasma diagnostics. At high laser intensities, the relationship between
DFWM signal intensity and plasma temperature has been experimentally
determined and then used for plasma diagnostics. In the range of low laser
intensities the measured line pro¢le has been approximated by a third power
of a Lorentzian pro¢le with line width depending on laser intensity.The results
of plasma diagnostics by DFWM have been compared to those by commonly
used optical emission spectroscopy.This comparison shows that the methods
give similar results within the uncertainty limits.

1. Introduction

Widths and shifts of spectral lines a¡ected by the Stark
e¡ect, the so called Stark widths and Stark shifts, are very
useful for investigations in astrophysics and plasma physics
[1,2]. There are a large number of publications devoted
to Stark pro¢le measurements for many elements at di¡erent
ionization stages with di¡erent kinds of plasma. The
experimental results are almost exclusively based on optical
emission spectroscopy (OES), a method which has proved
to be especially useful in probing homogeneous and axially
symmetric plasmas. The only other method, to our
knowledge, that has been successfully used in studies of
Stark pro¢les is two-photon polarization spectroscopy
(TPPS), which was applied to Lyman-alpha (La) [3,4] and
Balmer-alpha (Ha) [5] hydrogen lines. TPPS, in contrast
to OES, is a Doppler-free method and is therefore particu-
larly important for high-temperature environments where
some interesting phenomena can be hidden by Doppler
broadening. Application of methods such as saturation
spectroscopy, laser induced £uorescence or polarization
spectroscopy, which are well established in the ¢eld of
atomic and molecular spectroscopy, to investigate dense
plasmas is impossible because of the relatively high elastic
and inelastic collision rates and high photon emission of
the plasma. The signal to be detected with these techniques
would be destroyed either by velocity changing collisions
or the non-radiative decay of the excited atoms, or would
disappear in the midst of the strong plasma radiation
background.

In this paper we report measurements of the Stark width
and shift of the 4s½3=2�0�4p0½1=2�Ar I transition (696.543 nm)

in an electric argon arc plasma using degenerate four-wave
mixing (DFWM) spectroscopy.

DFWM is a nonlinear optical process involving three
laser beams of frequency o, which interact through the
nonlinearity of a medium to generate a fourth, a signal
beam, at the same frequency [6,7]. The signal beam, phase-
conjugated to one of the incident laser beams, is highly
collimated and so can be easily distinguished from the
plasma radiation. A number of theoretical and experimental
papers have been dedicated to the DFWM phenomenon for
di¡erent atomic and laser beam con¢gurations [8^15].

This paper deals with DFWM in backward phase-
conjugate (PC) geometry where a probe beam of amplitude
A3 crosses two counter-propagating (forwards and back-
wards with amplitudes A1 and A2) pump beams at an angle y
(see Fig. 1). Such a con¢guration satis¢es the phase-
matching relations for all values of y and makes the spatial
resolution of the method limited only by the dimensions
of the laser beams. Moreover, the Doppler broadening is
signi¢cantly reduced because only atoms resonantly inter-
acting with all laser beams contribute to the signal.

The width and shift of the 696.543 nm ArI spectral line
were determined from the DFWM spectra registered at low
laser intensities to minimize power broadening. The axial
distribution (along the plasma axis) of the DFWM signal,
measured at high laser intensities, together with a model of
the local thermal equilibrium plasma and relative values of
the coherence and population decay rates were assumed in
our calculations of the axial distributions of plasma tem-
perature and electron density.

Fig. 1. Geometric con¢guration of the PC-DFWM.*e-mail: krzycho@castor.if.uj.edu.pl
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This article is arranged as follows. In Section 2, the
theoretical model of the PC-DFWM applied to an atom
embedded in a plasma environment is brie£y presented
together with an analytical expression for the signal
intensity. The experimental set-up and procedure are
described in Section 3. The experimental results and their
application to studies of Stark widths and shifts and to
plasma diagnostics are shown and discussed in Sections 4
and 5. The experimental results of our plasma diagnostics
and of the Stark widths and shifts are presented in Section 6.
A summary and concluding remarks constitute Section 7.

2. Theoretical description of PC-DFWM

We investigate DFWM in the backward PC con¢guration
for an open and homogeneously broadened two-level system
(TLS) of resonance frequency o0, in an optically thin
medium. We consider three laser beams of arbitrary inten-
sity and of linear and parallel polarizations interacting as
in Fig. 1.

By analogy with holography, the DFWM signal can be
understood as di¡raction of one of the beams on the spatial
grating of the refractive index produced by the two other
beams. In general, two types of gratings can be simulta-
neously induced: population gratings and coherence gra-
tings. However, in our case of laser beams with identical
polarizations, only population gratings can be produced.
The induced gratings can be easily destroyed by atomic
motion which is strongly dependent on the geometric
con¢guration of the employed laser beams. We assume that
during the grating lifetime much of its period is traversed
by an atom, moving with an average velocity v0. In the
investigated PC con¢guration with small y, the above
implies that only the grating arising from interference
between the forward pump and probe beams is relevant as its
period is much larger than the period of the other two
gratings.

Under the assumptions presented above, we have derived
an analytical expression for the PC-DFWM signal intensity
I4, produced by laser beams of arbitrary intensity that do not
su¡er signi¢cant depletion or absorption. It is given by:
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The details of the theoretical calculations and experimental
veri¢cation of the model were presented in [17].

In Eq. (1) we denote laser intensities In ¼ E0ch2An
2=2m212,

saturation intensity Isat ¼ E0ch2gG=2m212 and dimensionless
Lorentzian pro¢le LðdÞ ¼ 1=ð1þ d2Þ with dimensionless
laser detuning d ¼ ðo0 � oLÞ=g. The decay rates g and G
for coherence and average population, respectively, are
expressed as

g ¼
1
2
ðg1 þ g2 þ gelÞ ¼ T�1

2 ; ð2Þ
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1
2
ð1=g1 þ 1=g2Þ

�1
¼ T�1

1 ; ð3Þ

where gel is the part of the dephasing rate due to elastic
collisions while g1 and g2 are the population decay rates
of levels 1 and 2 due to inelastic collisions. T1 and T2 are
the population and coherence decay times, respectively.
Finally, m12 denotes the dipole moment of the considered
transition while DN0 stands for the equilibrium population
di¡erence in the absence of laser beams.

In the low laser intensity limit and for laser beams of
equal intensities (I1 ¼ I2 ¼ I3 ¼ I � Isat), Eq. (1) can be
approximated by
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; ð4Þ

which reproduces the results of other works, for instance
that of Abrams et al. [6,18]. On the other hand, in the high
laser intensity limit (I � Isat) one has:
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g
1

LðdÞ
I
Isat

� ��1

: ð5Þ

In this case, the PC-DFWM signal decreases with laser
intensity and is inversely proportional to the Lorentzian
pro¢le. Moreover, in the high intensity limit the signal
dependence on the decay rates is much weaker than in
the opposite limit.

3. Experimental set-up

The experimental apparatus is shown schematically in
Fig. 2. The plasma source has been described in detail by
Pokrzywka et al. [19]. The arc discharge was generated
between a conical tungsten cathode tip and an anode in the
form of a disc. The arc was operated in pure argon at atmos-
pheric pressure and powered by a current of 90A.

A tunable dye laser was pumped by the second harmonic
of a Nd:YAG laser with 10Hz repetition rate. The dye laser
was operated with LDS698 dye and provided 8 ns pulses of
about 10mJ energy with a spectral bandwidth less than
2.5GHz. The output beam of the dye laser was split into
three beams of equal intensities with the backward pump
beam polarized perpendicularly to the other two beams.
500mm focal length lenses (L) were used to focus the laser
beams at the plasma symmetry axis with a waist diameter of
less than 0.2mm. Two counter-propagating pump beams
intersecting with the probe beam at an angle of 300mrad
determined the spatial resolution of the method to be at least
0.2mm longitudinally and 0.4mm transversally. The
generated PC-DFWM signal I4, propagated backwards
along the probe beam path. It was then separated from the
probe beam by passing a polarizing beam splitter (PBS1).
The prismmonochromator discriminated the signal from the
background of plasma light. The signal detection was
performed with a fast photomultiplier placed behind the exit
slit of the monochromator and directly connected to a digital
oscilloscope (300MHz bandwidth). The dye laser wave-
length was calibrated with an argon hollow-cathode lamp
(HC) using an optogalvanic detection system and the dye
laser intensity was monitored by a fast photodiode (PD1).
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Signals were averaged over 20 to 100 laser shots and then
integrated over a time period of 30 ns.

In parallel to our DFWM study, we measured the plasma
radiation, propagating along the probe beam path. This
radiation was focused by a concave mirror (CM) onto the
monochromator slit and then registered by an optical
multichannel analyzer (OMA). This part of the experimental
set-up was used for the emission spectroscopy of plasma as
described for instance by Pellerin et al. [20].

The plasma region to be studied was set by translation of
the plasma table using step motors. The whole acquisition
system was operated and controlled by a computer.

4. Experimental results

The PC-DFWM signal intensities versus laser intensity,
measured for d ¼ 0, are shown in Fig. 3. Three separate
¢gures, 3a, 3b and 3c correspond to measurements perfor-
med in three di¡erent plasma regions, i.e. 2, 4 and 7mm
away from the cathode tip, respectively, on the arc axis.
In each case the signal initially increases with the laser inten-
sity and after reaching a maximum value starts to decrease.
The experimental data are ¢tted with the analytical
expression from Eq. (1) (solid lines). For low laser intensities
the theoretical and experimental results are consistent.
However, a striking di¡erence is observed for high
intensities. We attribute this discrepancy to the temporal
and spatial intensity distributions of the laser radiation used
in the experiment. The in£uence of the laser-beam temporal
shape on the signal characteristics is theoretically studied
assuming T1 and T2 � tL, where tL is the pulse duration.
With this assumption, the total PC-DFWM signal includes
contributions independently calculated for each moment
of the laser pulse with laser amplitude An replaced by
AngðtÞ. gðtÞ is a function describing the temporal shape of
the laser pulse normalized to the unit area. The result of

this calculation, assuming a Gaussian laser pulse, are plotted
in Figs 3a^c (dashed lines). One can see that there is a sig-
ni¢cant di¡erence when we assume a square pulse
(equivalent to the cw laser) compared to the Gaussian laser
pulse. A similar strong dependence of the signals on the
spatial distribution of the laser beam is expected, because
di¡erent interaction regions across the laser beam are
characterized by di¡erent saturation parameters.

Even though the real temporal and spatial laser beam
pro¢les can be measured and then incorporated into
theoretical calculations, the result would be of little practical
application. Instead, for high laser intensities and for d ¼ 0,
on the basis of the asymptotic behavior of the signal (Eqs (4)
and (5)) we assumed the signal intensity to vary as

I4 / DN0ð Þ
2 G
g

I
Isat

� �p

ð6Þ

with p ¼ �0:48ð2Þ as determined from the ¢t of the above
expression to the experimental data in their high laser inten-
sity part. Substituting pwith its numerical value and Isat with
its de¢nition we obtain the empirical form of the PC-DFWM
signal for high laser intensities:

I4 / ðDN0Þ
2 G1:48 g�0:52 I�0:48 : ð7Þ

Expression (7) shows the PC-DFWM signal at high laser
intensities to be mainly sensitive to the population di¡erence
and the average population decay rate variations. A much
weaker dependence on the coherence decay rate and the laser
intensity has been found. The latter expression is of great
importance for further investigations of plasma as will be
shown in the next section.

Typical PC-DFWM and HC spectra simultaneously
registered at low laser intensities are shown in Figs 4a and
4b. The PC-DFWM spectrum was ¢tted with a Lorentzian
pro¢le to the third power (solid line), according to Eq. (4).
The line shift, d, was determined as the di¡erence between

Fig. 2. Experimental setup. PBS - polarizing beam splitter cube, PD - photodiode, L - lens, PL - polarizer, PMT - photomultiplier,WP - l=2 waveplate,
CM - concave mirror, HC - hollow cathode lamp, OG - optogalvanic detection device, OMA - optical multichannel analyzer.
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the ¢tted resonance frequency and the frequency of the
maximum of the HC spectrum, and its uncertainty was
below 1 GHz. Unlike the shifts, the measured line widths w0

(FWHM) were laser power broadened, even at low laser
intensities. In order to correct our data for the power
broadening e¡ect, the PC-DFWM spectra were ¢rst

measured at lower laser intensities. Next, the measured
widths w0, as a function of laser intensity, were ¢tted with the
expression:

w0 ¼ w
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ I=Isat

p
; ð8Þ

where w is an undisturbed Stark width. Figure 5 shows the
result of this procedure as applied to a Stark width studied
on the arc axis and 2.5mm above the cathode.

Fig.3. PC-DFWMsignal vs. laser power density of the forward laser beam for
d ¼ 0. Circles denote the experimental values, the lines correspond to the
¢tted theoretical curves based on the results of our model assuming
square (solid line) and gaussian (dashed line) pulses, respectively. The
measurements were carried out on the arc axis and at a distance of
2.0 mm (a), 4.0mm (b) and 7.0mm (c) above the cathode tip. All values
are normalized to the maximum signal.

Fig. 4. The PC-DFWM (a) and hollow cathode (b) spectra measured at
low laser intensities, on the arc axis and 3.5mm above the cathode tip.
The solid curve in upper ¢gure shows the ¢t according to Eq. (4). v0 is
the Stark shifted resonance frequency, vHC is the resonance frequency of
the 696.543 nm ArI line as determined with the HC.

Fig. 5. The square of the line width w0 vs. laser intensity. The circles denote
the experimental data while the solid line is a ¢t according to Eq. (8).
The intercept with the vertical axis gives the Stark width w.
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5. Plasma diagnostics by DFWM

In the case of our high-pressure plasma, the relaxation pro-
cesses are dominated by electron collisions. Under such
conditions the coherence and population decay rates are
given by

g ¼ Ne ðk1ðT Þ þ k2ðT Þ þ kelðT ÞÞ ¼ Ne kðT Þ; ð9Þ

G ¼ Ne
k1ðT Þ k2ðT Þ

k1ðT Þ þ k2ðT Þ
¼ Ne KðT Þ: ð10Þ

Here Ne denotes electron density. The temperature depen-
dent rate coe⁄cients, knðT Þ and kelðT Þ, stand for the
electron velocity averaged cross sections, hsvi, for electron
depopulation of level n and inelastic electron collisions,
respectively. The depopulation rate coe⁄cients, knðT Þ, for
the involved Ar I levels have been calculated by Pokrzywka
[21] and the relative values of the rate coe⁄cient, KðT Þ

are plotted in Fig. 6. In the studied temperature range,
the minimum of this quantity is at T ¼ 1:4 eV and rapidly
increases with the fall of temperature. Unlike KðT Þ, there
is only weak temperature dependence of kðT Þ as shown
by many authors [2,22,23]. In Fig. 6 the relative values of
kðT Þ are plotted assuming (after Griem [2]) a temperature
dependence as T 1=6.

A local thermal equilibrium (LTE) plasma model was
used to describe the near axis zone of an electric argon arc
plasma column [2,24^26]. In the frame of the LTE model,
the population di¡erence DN0 and electron density, Ne were
calculated as a function of electron temperature and their
relative values are shown in Fig. 6. The population dif-
ference is characterized by a distinct maximum and strong
variations with plasma temperature. A similar strong
temperature dependence exists for electron density for
temperatures below 1.4 eV. The maximum population
di¡erence and electron density are 1:02�1020 m�3 and
2:00�1023 m�3 at plasma temperatures of 1:31 eV and
1:51 eV, respectively.

At high laser intensities, PC-DFWM spectroscopy was
used to carry out diagnostics of the electric argon arc
plasma. There are some reasons to use high rather than low
laser intensities: 1) the PC-DFWM signal is stronger,
therefore the sensitivity of the method is higher, 2) the signal
dependence on the laser intensity is much weaker which
results in smaller uncertainties due to possible laser intensity
£uctuations, and 3) due to the large power broadening (much
larger than the expected Stark shift of the investigated line)
the PC-DFWM signals measured at a given laser frequency
and at di¡erent plasma regions can be directly compared
without corrections for the Stark shift of the spectral line.

Substituting Eqs (9) and (10) into Eq. (7) we obtain the
PC-DFWM signal, I4, as a function of plasma parameters:
electron temperature and electron density

I4 / DN2
0 N1:04

e ðKðT ÞÞ
1:48

ðkðT ÞÞ
�0:52 I�0:48 : ð11Þ

Relationship (11) is presented graphically in Fig. 6, where all
values are normalized to the maximum value. This relation-
ship is characterized by a distinct maximum attainable
at the speci¢c temperature TN which we call the ‘‘norm’’
temperature. Under the conditions of our LTE argon arc
plasma and for the investigated pair of argon levels this
norm temperature amounts to 1:31 eV.

Once this norm temperature has been exceeded and the
maximum signal I4 has been registered at some point in the
investigated plasma, the temperature at any other plasma
region can be determined by measuring I4 with respect to the
maximum signal, using the PC-DFWM signal-plasma
temperature dependence.

6. Experimental results of plasma diagnostics and
Stark parameters

6.1. Plasma diagnostics

Plasma diagnostics was performed before and after line pro-
¢le measurements. The laser frequency was tuned to
the resonance frequency of the investigated ArI line. The
laser intensity in the interaction region was set to about
100 MW/cm2. Figure 7 presents the PC-DFWM signal

Fig. 6. The plasma temperature dependence of the coherence decay rate
coe⁄cient kðT Þ (empty squares), average population decay rate coe⁄cient
KðTÞ (empty diamonds), population di¡erence DN0 (empty triangles), elec-
tron density Ne (empty circles) and PC-DFWM signal at high laser intensities
as described by experimentally derived Eq. (11) (solid line). All values are
normalized to the maximum values. The norm temperature TN ¼ 1:31 eV
for the maximum signal is marked.

Fig. 7. The PC-DFWM signal intensity versus distance from the cathode tip.
The measurements performed on the arc axis at laser intensity of about
100 MW/cm�2. The laser frequency was tuned to the resonance, Stark
shifted, frequency of the investigated ArI line as determined 3.5mm above
the cathode tip. All values are normalized to the maximum value.
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versus the distance from the cathode tip, measured along the
arc axis. This axial distribution of the signal reveals a maxi-
mum at the position of about 2.5mm which we consider
as the place where the norm temperature is reached and
is further used as a calibration value for all other data points.
As the plasma temperature increases towards the cathode,
the plasma temperature and simultaneously the electron
density can be determined as described in the preceding
section. The results of plasma diagnostics with the DFWM
method versus the distance from the cathode are plotted
in Fig. 8. Axial variations of the plasma temperature range
from 1.1 eV at 7.5 mm to 1.6 eV at 0.4 mm from the cathode.
Under the assumption of an LTE plasma this corresponds
to electron density variations from 8� 1022 m�3 to 20�
1022m�3, respectively. The error bars include the statistical
uncertainty due to the plasma and laser intensity £uctuations
and do not include the systematic uncertainty resulting from
the relative values of calculated rate coe⁄cients.

An independent experiment was performed to compare
plasma diagnostics results obtained with the DFWM and
OES methods. The latter method relies on measurements
of the emission coe⁄cient of some spectral lines. In our
experiment, the radial distribution of the emission coe⁄-
cients of the 696.543 nm ArI and the 480.602 nm ArII
spectral lines were determined for a given position on the arc
axis and then the Olsen-Richter graph method was applied
to calculate the plasma temperature (see details in Pellerin
et al. [20]). The axial distributions of plasma temperature are
shown in Fig. 9. The full and open circles denote results
obtained with the DFWM and OES methods, respectively.
As one can see, the methods give consistent results within
the uncertainty limits, which proves the reliability of the
DFWM method in plasma investigations. However, some
discrepancies are observed which can, to some extent, be
attributed to the OESmethod. This method makes an axially
symmetric medium the principle condition for application
of the Abel inversion procedure, a condition that is never
completely met during the experiment.

6.2. Stark widths and shifts

Stark widths determined by PC-DFWM spectroscopy vs.
electron density are plotted in Fig. 10 together with results
of some other experiments. Apart from the statistical
uncertainty, the uncertainty for the line width also includes
the laser line width of 2.5GHz. Nevertheless, the main
uncertainty is related to the plasma diagnostics results.
The results of this work yield Stark widths larger than those
obtained in other experiments. The results for Stark shifts
are plotted in Fig. 11 and, in general, they are about 25%
larger than those recently reported by Aparicio et al. [27].
In Table I, the average Stark widths wm and shifts dm
normalized to Ne ¼ 1023 m�3 are presented and they are
in good agreement with those presented by Popenoe and
Shumacker [28]. We ascribe the relatively large scatter of
our Stark data to temporal and spatial plasma £uctuations
that can not be observed with OES.

Fig. 8. The axial distribution of plasma temperature (full circles) and electron
density (open circles) obtained with the PC-DFWM method.

Fig. 9. The axial distribution of plasma temperature obtained with the
PC-DFWM method (full circles) and OES method (open circles).

Fig. 10. Stark width vs. Ne for the 696.543 nm ArI line.
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7. Summary

We have reported on the application of the DFWM method
to the Stark width and shift measurements of the 696.543 nm
ArI line in LTE arc plasma. DFWM spectroscopy has been
used not only for line pro¢le measurements but also for
plasma diagnostics. At high laser intensities, the relationship
between PC-DFWM signal intensity and plasma tempera-
ture has been experimentally determined and then used in
further plasma investigations. The results of plasma
diagnostics by DFWM have been compared to those from
the commonly used OES method. This comparison shows
that both methods give similar, within the uncertainty limits,
plasma temperatures and the observed discrepancy can be
related to the limited spatial resolution of the OES as applied
to a symmetric and homogeneous medium. In the range
of low laser intensities the measured line pro¢le is
approximated by a Lorentzian pro¢le to the third power
with a line width depending on laser intensity and with neg-
ligible Doppler broadening. The results of this work imply
that the DFWM method is reliable in studies of Stark
pro¢les. The method can be particularly recommended in
the case of elements with large Doppler broadening and

for plasmas with a lack of symmetry. The DFWM method
with its high spatial and temporal sensitivity can serve as
an excellent tool for further plasma investigations.
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Fig. 11. Stark shift vs. Ne for the 696.543 nm ArI line.

Table I. Stark width, wm and shift, dm of the 696.543 nm ArI
line normalized to Ne ¼ 1023 m�3. Tw refers to the results of
this work. Symbols for indication uncertainty: (B to 10%, C
to 25%). The uncertainties of this work are given as
percentages.

wm [GHz] Uncert. Ref. dm [GHz] Uncert. Ref.

65 B [28] 23 B [28]
34 C [29] 21^22 C [30]
44^51 C [30] 31 B [32]
41^53 B [31] 16^20 C [33]
50 B+ [32] 19^20 B [34]
40^45 B [33] 16 2 [27]
51 B [23] 22 4 Tw
60 B [27]
66 8 Tw
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