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The Stark-broadened line shapes for phase-conjugate degenerate four-wave mixing �PCDFWM� laser spec-
troscopy are studied. The line profiles are calculated for high-density �Ne�1021 m−3� plasma conditions and
for different contributions of the Doppler broadening. Calculations are performed in the limit of low laser
intensities using the perturbation approach. The theoretical model takes into account the Stark effect together
with the ion dynamics, the electron collisions, and the Doppler effect. The resultant PCDFWM spectral profiles
are significantly less broadened and less asymmetric than the emission profiles but shifted by similar magni-
tudes. Moreover, the results of our calculations show the sub-Doppler character of the PCDFWM profiles and
also their strong dependence on the geometric configuration of the pump and the probe laser beams.
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I. INTRODUCTION

The Stark widths and shifts of spectral lines are widely
studied in astrophysics and laboratory plasma physics �1�.
The measurements of the Stark profiles are almost exclu-
sively based on optical emission spectroscopy �OES� owing
to its nonintrusive character and the simple experimental
setup.

However, OES can provide results only for spatially inte-
grated line intensities while the local, spatially resolved val-
ues can be deduced from the Abel inversion transformation,
which may be questionable. In high-temperature environ-
ments such as plasmas the OES widths can be substantially
increased by the influence of the Doppler effect. Possible
corrections for the Doppler broadening require measure-
ments of the gas temperature which can constitute a difficult
task especially when the plasma is not in local thermal equi-
librium. Furthermore, in dense plasmas with Ne�1021 m−3,
the strong overlap of the adjacent spectral lines can signifi-
cantly disturb the measured profile.

In addition to the optical emission spectroscopy, the only
other method that has been successfully used in studies of
Stark profiles in dense plasmas is Doppler-free two-photon
polarization spectroscopy �TPPS� which was applied to the
Lyman-� �2,3� hydrogen line. Application of other laser-
based methods such as saturation spectroscopy or laser-
induced fluorescence to investigate line profiles in dense
plasmas is very difficult. These methods, well established in
the field of atomic and molecular spectroscopy, cannot be
applied to the plasma studies because of the relatively high
elastic and inelastic collision rates and high photon emission
of the plasma. The signal to be detected with these tech-
niques would be diminished either by velocity-changing col-
lisions or by the nonradiative decay of the excited atoms, or

would simply be masked by the plasma radiation back-
ground.

We have recently applied a phase-conjugate degenerate
four-wave mixing �PCDFWM� nonlinear laser method to
study the Stark profile of the 696.543 nm Ar I line in an
atmospheric-pressure argon arc plasma �4�. Like TPPS, the
PCDFWM method is characterized by high spatial and tem-
poral resolutions which are determined by the overlap vol-
ume of the involved laser beams and by the temporal width
of the laser pulse, respectively. PCDFWM also offers supe-
rior spectral resolution as compared to OES owing to its
sub-Doppler character. The spectral resolution is further en-
hanced due to a strong, nonlinear dependence of the signal
intensity on the detuning from the resonance frequency.
Moreover, the signal beam is phase conjugated to the probe
laser beam. Thus, the signal beam is highly collimated,
which increases the signal-to-noise ratio and allows the sig-
nal to be readily discriminated against the plasma radiation
background, in contrast to OES.

Although DFWM and TPPS are both third-order nonlin-
ear processes, the wave mixing needs much lower �at least
two orders of magnitude� laser intensities to generate a de-
tectable signal under similar experimental conditions. This is
due to the one-photon resonant nature of DFWM in contrast
to the two-photon resonances occurring in TPPS. Therefore,
DFWM has a much lower potential impact on the plasma
state than TPPS and, at least for the laser intensities studied
in this work, can be considered nonintrusive.

The standard theory of the Stark-broadened emission pro-
file from the plasma is based on the impact and quasistatic
approximations for collisions with electrons and ions, re-
spectively �1�. This model is usually improved by inclusion
of the ion dynamic effects, i.e., the effects arising from the
relative motion of the ion-radiator system and leading to
fluctuations of the ionic fields acting on the radiator. Unlike
emission profiles, theoretical calculations of the Stark-
broadened line profiles as observed with nonlinear laser*Electronic address: krzycho@netmail.if.uj.edu.pl
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spectroscopy have been the subject of only two articles con-
cerning the plasma-broadened hydrogen Lyman-� profile in
TPPS �5,6�.

The aim of the present work is to calculate the line shapes
of nonhydrogen radiators for the PCDFWM laser spectros-
copy and taking the effect of Stark broadening into consid-
eration. Our model takes into account all the physical pro-
cesses considered also in the theory of the emission line
profile: the Stark effect with ion dynamics and the Doppler
effect. In addition, since the spectral features of the gener-
ated signal are affected by the geometry of the laser beams,
we also study the dependence of the final line shape on the
intersection angle between the probe and pump laser beams.

All calculations are performed in the limit of low laser
intensities �i.e., much lower than the saturation intensity for
the studied atomic transition �7,8�� using a perturbation ap-
proach. The PCDFWM line shapes obtained with our model
are compared to the OES line profiles.

II. THEORY

Degenerate four-wave mixing is a nonlinear optical pro-
cess involving three laser beams of identical optical frequen-
cies which interact through the nonlinearity of a medium to
generate a fourth, signal beam, at the same frequency. By
analogy to holography, the DFWM signal can be understood
as diffraction of one of the beams on the spatial grating of
the refractive index produced by the two other incident
beams.

There exist numerous geometric configurations of DFWM
with the boxcar and the phase-conjugate geometry the most
frequently studied. A number of theoretical papers have been
devoted to DFWM phenomenon in condensed and gas-phase
media. Two-level �TL� and degenerate two-level �DTL� at-
oms, open and closed, and homogeneously and inhomoge-
neously broadened systems have been investigated while in-
teracting with laser beams of different intensities and
different polarization configurations �7�.

A. Model

We investigate DFWM in the phase-conjugate geometry
for an open two-level radiator moving with velocity v. We
consider three plane-wave laser beams of frequency � and of
linear and parallel polarizations interacting as in Fig. 1.

The probe beam crosses the two counterpropagating �for-
ward and backward� pump laser beams at an angle �. The

generated signal beam has the same optical frequency � and
is phase conjugated to the probe beam. In other words, it
propagates backward with respect to the probe beam and its
wave vector kc satisfies the phase-matching relation

kc + kp = k f + kb. �1�

We assume our radiator, in plasma, to undergo collisions
with plasma constituents, predominantly with electrons and
ions. To describe the interaction of our radiator with plasma
and the incident laser beams we use the time-dependent
density-matrix equations given by

� �

�t
+ v · ���11 = − �1�11 −

i

	
�V12�21 − V21�12� + 
1,

�2a�

� �

�t
+ v · ���22 = − �2�22 +

i

	
�V12�21 − V21�12� + 
2,

�2b�

� �

�t
+ v · ���21 = − �i��F� + ���21 −

i

	
V21��11 − �22� .

�2c�

The diagonal matrix elements �11 and �22 are proportional
to the populations of the lower �1� and the upper �2� levels
while the off diagonal elements �12=�21

* describe the optical
coherences between these levels. The interaction potential
V12 between the radiator and the laser beams in the rotating
wave approximation is given by

V12�r,t� = − �12 · E�r,t� = −
1

2
�12�

n

Ane−i��t−kn·r�, �3�

where �12 is the dipole moment of the atom, and An and
kn �n= f ,b , p� are the amplitude and the wave vector of the
nth optical field. �1 and �2 stand for the population decay
rates while the dephasing rate � corresponds to the electron
impact broadening which is directly proportional to the elec-
tron number density Ne. In the absence of laser beams both
levels are populated at pump rates 
1 and 
2.

The interaction of the radiator with surrounding particles
not only affects its decay rates but also modifies its transition
frequency. In order to describe this effect we introduce the
transition frequency ��F� defined as for the emission profiles
in plasma �1�:

��F� = �0 + del − CF2,

where �0 is the free-space, transition frequency of the radia-
tor. The second and third terms correspond to the frequency
shifts due to collisions with electrons and to the quadratic
Stark effect experienced by the nonhydrogen radiator ex-
posed to the ion microfield F, respectively. The Stark con-
stant C=��4/3 /F0

2 where the static ion broadening parameter
� is proportional to Ne

1/4 and is defined for instance in �1�.
The quantity F0= � 4

15
�2/32�eNe

2/3 is the Holtsmark normal
field related to the distribution function of the electric field
magnitudes in plasma.

FIG. 1. Geometric configuration of PCDFWM.
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B. Calculations of the PCDFWM signal intensity

For given velocity v of the radiator and the magnitude F
of the ion microfield, the solutions to Eqs. �2� can be written
in the form

�11�r,t;v,F� = �
q

11�t,kq;v,F�eikq·r � �
q

11�kq�eikq·r

�4�

for populations and

�21�r,t;v,F� = �
q

21�t,kq;v,F�e−i��t−kq·r�

� �
q

21�kq�e−i��t−kq·r� �5�

for coherences where ij are slowly varying quantities. The
various wave vectors kq are determined by linear combina-
tions of k f, kb, and kp. The last expressions introduce the
abbreviated notations for the density matrix elements
nm�kq�, which will be used henceforth.

The system of Eqs. �2� cannot be solved analytically so
we use the perturbation theory and limit our solution to the
third-order terms which are the lowest terms to describe gen-
eration of the PCDFWM signal. In other words, the solution
is correct for the case of low laser intensities with respect to
the saturation intensity.

In order to solve Eqs. �2� in terms of a perturbation ex-
pansion, we replace the interaction potential by

V12 = � V12, �6�

where � is a parameter varying from zero to unity. Then we
seek a solution to the matrix equations in the form of a
power series in �:

nm = nm
�0� + �nm

�1� + �2nm
�2� + �3nm

�3� + ¯ . �7�

Introducing Eqs. �4�–�7� into Eqs. �2� and requiring all terms
proportional to ��N� to satisfy separately the equality we ob-
tain the following set of equations:

̇11
�0��0� = − �111

�0��0� + 
1, �8a�

̇22
�0��0� = − �222

�0��0� + 
2, �8b�

̇21
�1��k f� = 	i�� − ��F� − k f · v� − �
21

�1��k f�

+
i�21Af

2	
�11

�0��0� − 22
�0��0�� , �8c�

̇21
�1��kb� = 	i�� − ��F� − kb · v� − �
21

�1��kb�

+
i�21Ab

2	
�11

�0��0� − 22
�0��0�� , �8d�

̇12
�1��kp� = 	− i�� − ��F� − kp · v� − �
12

�1��kp�

−
i�12Ap

2	
�11

�0��0� − 22
�0��0�� , �8e�

̇11
�2��k f − kp� = − �i�k f − kp� · v + �1�11

�2��k f − kp�

+
i�12Ap

2	
21

�1��k f� −
i�21Af

2	
12

�1��kp� , �8f�

̇11
�2��kb − kp� = − �i�kb − kp� · v + �1�11

�2��kb − kp�

+
i�12Ap

2	
21

�1��kb� −
i�21Ab

2	
12

�1��kp� ,

�8g�

̇22
�2��k f − kp� = − �i�k f − kp� · v + �2�22

�2��k f − kp�

−
i�12Ap

2	
21

�1��k f� +
i�21Af

2	
12

�1��kp� , �8h�

̇22
�2��kb − kp� = − �i�kb − kp� · v + �2�22

�2��kb − kp�

−
i�12Ap

2	
21

�1��kb� +
i�21Ab

2	
12

�1��kp� , �8i�

̇21
�3��kc� = 	i�� − ��F� + kp · v� − �
21

�3��kc�

+
i�21Af

2	
�11

�2��kb − kp� − 22
�2��kb − kp��

+
i�21Ab

2	
�11

�2��k f − kp� − 22
�2��k f − kp�� . �8j�

The PCDFWM signal is determined by the phase-
matched component 21

�3��kc�e−i��t−kc·r� of the total coherence
with kc=−kp according to Eq. �1�. The system of Eqs. �8�
includes only these equations which are coupled �directly or
indirectly� with the PCDFWM component. The spectral pro-
file I��� of the PCDFWM signal intensity at a large distance
s from the interaction region and in the dipole approximation
is given as �cf. �7��

I��� =
1

4�s2

ck4V2

2��0
��

0

�

�1221
�3��kc��v,Fdt�2

. �9�

¯�v,F denotes an average over radiator velociy and ionic
microfield distribution functions, and V stands for the vol-
ume of the interaction region.

C. Calculation of the influence of the ion microfields

The fundamental contribution to the linewidth of the non-
hydrogenic radiators which results from interaction with ion
microfields can be treated within the quasistatic approxima-
tion. The ion dynamics effect arising from the relative mo-
tion of the radiator-ion system and leading to slow fluctua-
tions of the ionic fields gives only a small ��10% �
contribution to the ionic broadening and in principle can be
neglected. However, we decided to include this effect into
our model in order to estimate its influence on the DFWM
line profile. Calculations were performed using the model
microfield method �MMM� �9� which is relatively simple
and does not require simulations. The accuracy of this
method was studied in �10� where the authors claim that by
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interpolation between the ion impact and quasistatic limits,
the MMM was able to account for the ion dynamics effects.

In the matrix notation, Eqs. �8� can be written in the form

�̇ = M� + � , �10�

where the vector � is

� = 	11
�0��0�,22

�0��0�,21
�1��k f�,21

�1��kb�,12
�1��kp�,

�11
�2��kn − km�,11

�2��kb − kp�,22
�2��k f − kp�,

�22
�2��kb − kp�,21

�3��kc�
T.

Within the MMM theory, the time separation between suc-
cessive jumps of the ion microfield follows a Poisson distri-
bution law with density ��F� which is a function of the mi-
crofield value F �11�

��F� =
�pi

1 + x
��40x

Zi
�1/5� 1

1 + Zi
�1/10

+ x�� x + 1

Zi
�� 1

1 + Zi
�1/2

+
3

2
��/2�� ,

x =
1

x0
�

0

F

F�W�F��dF�,

x0 = �18

�
�1/2�4e2Ne�2��3/2

15�D
� , �11�

where Zi is the charge of the perturbing ion, �pi is the ion
plasma frequency, and �D is the Debye length.

The calculation of the time integral of , averaged over
all the realizations of the ionic microfields F, can be ex-
pressed as �9�

	
MMM = �
0

�

MMM�t�dt

= �	T�i��
 + 	�T�i��
	�I − �2T�i��
−1	�T�i��
�� ,

�12�

where I is the unity matrix, the pumping vector
�= �
1 ,
2 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0�T, and T�i�� is the Laplace
transform of the evolution operator T�t� in the Louville space
equal to

T�i�� = ��I − M�−1. �13�

The brace brackets 	¯
 denote averaging over the static field
distribution function W�F� �12�,

	¯
 = �
0

�

�¯�W�F�dF . �14�

The calculation of the operator 	T�i��
 involves separation of
the M matrix into its diagonal �D� and off-diagonal �B� parts
and then expansion of Eqs. �12� and �13� in powers of B up
to the third-order terms. Finally, we find the spectral distri-
bution of the PCDFWM signal intensity to be expressed by

I��� � ��0,0,0,0,0,0,0,0,0,1�	T�3�
MMM��v�2, �15�

with

	T�3�
MMM = 	T�3�
 + 	�T�0�
T��3�	�T�0�
 + 	�T�1�
T��2�	�T�0�


+ 	�T�0�
T��2�	�T�1�
 + 	�T�2�
T��1�	�T�0�


+ 	�T�1�
T��1�	�T�1�
 + 	�T�0�
T��1�	�T�2�


+ 	�T�3�
T��0�	�T�0�
 + 	�T�2�
T��0�	�T�1�


+ 	�T�1�
T��0�	�T�2�
 + 	�T�0�
T��0�	�T�3�
 , �16�

T�0� = ��I − D�−1, �17a�

T�1� = T�0�BT�0�, �17b�

T�2� = T�0�BT�0�BT�0�, �17c�

T�3� = T�0�BT�0�BT�0�BT�0�, �17d�

and

T��0� = 	�I − �2T�0�
−1, �18a�

T��1� = T��0�	�2T�1�
T��0�, �18b�

T��2� = T��0�	�2T�1�
T��0�	�2T�1�
T��0� + T��0�	�2T�2�
T��0�,

�18c�

T��3� = T��0�	�2T�3�
T��0� + T��0�	�2T�1�
T��0�	�2T�2�
T��0�

+ T��0�	�2T�2�
T��0�	�2T�1�
T��0�

+ T��0�	�2T�1�
T��0�	�2T�1�
T��0�	�2T�1�
T��0�. �18d�

The angular brackets ¯�v denote averaging over the radia-
tor velocity distribution function which is supposed to be
Maxwellian. By setting F=0 and v=0 in Eqs. �8� we recover
the results for the PCDFWM signal intensity obtained in �8�.

III. RESULTS AND DISCUSSION

In the preceding section we have derived an expression
for the PCDFWM signal intensity for laser beams with equal
amplitude in the limit of low intensity, which is low with
respect to the saturation intensity of the investigated transi-
tion. Our result will now be used to study the spectral char-
acteristics of the PCDFWM signal depending on the geom-
etry of the laser beams, the Doppler broadening, and the
ionic microfields. These characteristics are of great practical
importance when we consider the application of PCDFWM
laser spectroscopy to study the Stark profiles of spectral lines
in plasmas. In our calculations the quasistatic broadening is
supposed to be a significant contribution to the electronic
broadening. In practice, this means that we consider plasmas
with Ne�1021 m−3 and T�10 000 K. In the following, all
calculations are performed for He as the radiator, which is
the simplest system undergoing the quadratic Stark effect
and which experiences relatively large Doppler broadening.
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A. Angular dependence of the PCDFWM line shape

In this section we analyze the influence of the Doppler
broadening ��D� on the PCDFWM line shape for different
angles � between the pump and the probe laser beams.

Figures 2�a� and 2�b� show the results of our numerical
calculations of the PCDFWM line shapes neglecting the ion
microfield effect ��=0�. Figure 2�a� shows the angular de-
pendence of the full width at half maximum �FWHM� deter-
mined for radiators with different Doppler broadening
contribution. For a homogeneously broadened medium
��D��� the terms of the kind �ki−k j� ·v in Eqs. �8� are of
minor importance, and hence the spectral profile of the
PCDFWM signal is nearly independent of the angular con-
figuration of the laser beams. It also reveals a highly subho-
mogeneous character with FWHM of 1.02� in the collinear
configuration of the laser beams. In the opposite case, when
the medium is inhomogeneously broadened ��D���, the
profile of PCDFWM shows strong angular dependence and
its FWHM varies from about 2� at �=0° to a value of the
order of 2�D at �=90°. For the purpose of comparison, in
Fig. 2�b�, we present the PCDFWM line shapes calculated in
the case of �D /�=5 and for �=0° and 90° together with the
emission profile.

The angular dependence of the PCDFWM signal origi-
nates from the motion of the radiator and is basically due to
two physical processes. The first is the effect of population
grating destruction due to thermal motion of the investigated
radiators and the second is the signal decrease due to fre-
quency detuning from the resonance frequency by the Dop-
pler effect.

DFWM in two-level systems is usually interpreted in
terms of the spatial population gratings which lifetime equals
the population lifetime �=�1

−1+�2
−1. These gratings are

formed through the interference of two laser beams. Subse-
quent diffraction of the third laser beam leads to the signal
beam generation. There are two contributions to the signal:
�i� diffraction of the field Ab by the grating formed by AfAp

*

and �ii� diffraction of the field Af by the grating formed by
AbAp

*. These two gratings are formed in mutually perpendicu-
lar directions with modulation periods

Dfp = 2�/�K fp� � 2�/�k f − kp� = �/2 sin��/2� , �19a�

Dbp = 2�/�Kbp� � 2�/�kb − kp� = �/2 cos��/2� . �19b�

When � increases from 0 to � /2 the grating periods Dfp and
Dbp vary from � to � /�2 and from � /2 to � /�2, respec-
tively. The significance of the grating washout is measured
by the mean free path l�v�� which the radiator travels with
the average thermal speed v� during the population grating
lifetime � compared to the spatial period of the grating Df�b�p.
It follows that the grating washout is caused by atoms mov-
ing perpendicularly to the grating planes over a distance l
longer than the period of the grating.

In the collinear configuration of the laser beams Dfp be-
comes infinite and the largest number of atoms gives rise to
the signal. When � increases, Dfp rapidly decreases with Dbp
almost constant and so a lower number of atoms can contrib-
ute.

The second effect results from the velocity selection by
laser beams due to the Doppler effect. The laser beams in-
teract with velocity groups defined with respect to directions
of k j. For the collinear configuration velocity selection is
made along one direction. At resonance, only a group of
atoms with velocity components such that �kv � �� are se-
lected to interact with all laser beams and hence the resultant
profile is Doppler-free. When � increases the velocity selec-
tion is now in two dimensions. In the direction of the pump
beams still the same groups of atoms are selected. However,
in the perpendicular direction, the probe beam selects atoms
with velocities depending on the laser detuning from the
resonance. This implies a line shape with non-negligible
Doppler broadening contribution increasing with the angle �.

The effects described above act simultaneously and can-
not be separated. They affect both the amplitude and the line
shape of the signal.

The same problem of the angular dependence of DFWM
signals was studied by Wandzura �13�, Bloch and Ducloy
�14�, and recently by de Oliveira and Rios Leite �15�. Their
results are consistent with our results; however, they treat
only the case of the inhomogeneously broadened medium.

In order to evaluate the significance of the geometric con-
figuration of the laser beams in measurements of the Stark
profiles we calculated the PCDFWM line shapes assuming
the atomic and plasma parameters such as observed in
laboratory plasmas. We assumed a typical electron impact
�homogeneous� broadening �=5.2�1011 s−1 ���=0.1 nm,
�=600 nm� at Ne=1022 m−3 and T=10 000 K and we ne-
glected the ionic effects ��=0�. Finally, at the above plasma
conditions �D��.

Figure 3 presents the FWHM of the PCDFWM and the
emission line profiles at constant T=10 000 K and depending
on the electron number density. At electron densities
Ne�1022 m−3 the linewidth becomes independent of the geo-
metric configuration. On the other hand, for Ne�1022 m−3,
the linewidth increases with � due to the large contribution
of the Doppler effect.

Our calculations show an important influence of the geo-
metric configuration of the laser beams on the PCDFWM
line profile as long as the Doppler broadening is significant.

B. Ion microfields

In the plasma, interaction of the radiator with surrounding
ions results in shifted and asymmetrically broadened emis-

FIG. 2. �a� Angular dependence of the PCDFWM signal line-
width �FWHM� calculated for different contributions of the Doppler
broadening ��D /��. �b� Spectral line shapes of the PCDFWM sig-
nals �continuous lines� calculated for �D /�=5 and �=0° ��� and
90° ��� and the emission profile �dotted line� for comparison.
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sion line profiles. The similar effects are also expected in the
case of the PCDFWM line profiles. The significance of the
ion microfield effects has been commonly measured by the
static ion broadening parameter �. In the case of a typical arc
plasma with electron density Ne�1022 m−3 and temperature
T�10 000 K � varies from 0.01 to 1.5 for most of the spec-
tral lines �1�.

In Fig. 4 we show the emission and the PCDFWM line
profiles calculated including the ion microfield effects.
The calculations were performed assuming �=0.2 at
Ne=1022 m−3 and T=Ti=20 000 K where Ti stands for the
ion temperature. Moreover, we assume the homogeneous
�electron impact� broadening �=5.2�1011 s−1 ���=0.1 nm
at �=600 nm� for given electron density and temperatures
and �=20° as the intersection angle between the probe and
the pump lasers beams.

Although the PCDFWM profile is substantially narrower
than the emission profile, they are shifted by a similar mag-
nitude by the ion microfields.

Since under the real experimental conditions the separa-
tion of the total line shift into the ion and the electron con-
tributions is impossible, the line shift is not an appropriate
parameter to be measured experimentally in studies of the

ion microfield effects. Instead, asymmetry of the line profile
can be investigated. Asymmetry of the line profile is usually
defined as the ratio of the shift of the line center �df� mea-
sured at some height �f� of the line to the shift of the maxi-
mum �dmax� of the line. Figure 5 shows the asymmetries of
the emission and the PCDFWM line profiles measured at
one-half �f =1/2� and at one-eighth �f =1/8� of the maxi-
mum of the line profile depending on the electron number
density at constant temperatures T=Ti=20 000 K. Our calcu-
lations were made assuming �=0.2, �=5.2�1011 s−1 at
Ne=1022 m−3 and �=20°. One can notice a much larger
asymmetry for the emission profiles than for the PCDFWM
profiles. In both cases the lower the f values, the larger is the
asymmetry observed.

The relative motion of the ion-radiator system leads to
fluctuations of ionic microfields acting on the radiator. These
fluctuations lead to additional broadening of the investigated
line profiles. The influence of the ion dynamics effects on the
final profiles was studied with respect to the quasistatic case,
which corresponds to Ti=0 in our calculations.

Figure 6 shows the ion-temperature dependence of the
total width �FWHM� of the PCDFWM and the emission pro-
files with relation to FWHMqs of the appropriate profiles
calculated within the quasistatic approximation. These calcu-
lations were performed for the physical conditions indicated
in Fig. 4.

FIG. 3. Dependence of the PCDFWM �continuous lines� and the
emission �broken line� linewidths �FWHM� on the electron number
density Ne. Calculations were performed neglecting the ion effects
��=0� and assuming the electron impact �homogeneous� broaden-
ing �=5.2�1011 s−1 ���=0.1 nm, �=600 nm� at Ne=1022 m−3

and T=10 000 K. At the given plasma parameters we also assumed
�D=�.

FIG. 4. The PCDFWM �continuous line� and the emission
�broken line� profiles calculated for �=0.2, Ne=1022 m−3,
T=Ti=20 000 K, and �=20°.

FIG. 5. Asymmetry of the PCDFWM �continuous lines� and the
emission �broken lines� line shapes determined at f =1/2 and 1/8
depending on the electron density. Calculations performed assum-
ing �=0.2 �at Ne=1022 m−3� and constant T=Ti=20 000 K and
�=20°.

FIG. 6. The contribution of the ion dynamics effect to the total
linewidth �FWHM� of the PCDFWM �continuous line� and the
emission �broken line� profiles. Evaluations made with respect to
the quasistatic case �FWHMqs�. Calculations performed for �=0.2
�at Ne=1022 m−3�, T=20 000 K, and �=0° ��� and 90° ���.
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The contribution of the ion dynamics to the total width of
the line profiles is slowly increasing with Ti and is only
weakly dependent on the geometrical configuration of the
laser beams. This kind of line broadening is expected, as the
ions become more impacted. However, this effect does not
change either the shift or the asymmetry of the line profile.

IV. SUMMARY AND CONCLUSIONS

The plasma-broadened Stark profiles for phase-conjugate
degenerate four-wave mixing laser spectroscopy were calcu-
lated. The line profiles were calculated for a two-level radia-
tor within the density-matrix formalism and in the limit of
low laser intensities using the perturbation approach. The
theoretical model of the PCDFWM spectral profile in plasma
took into account the contribution of the Stark effect together
with the ion dynamics and the Doppler effect as well as the
geometrical configuration of the laser beams. Calculations
were performed for high-density �Ne�1021 m−3� and low-
temperature �T ,Ti�10 000 K� plasma conditions.

Although the PCDFWM spectral profiles are significantly
less broadened than the emission profiles, they both shift by
a similar magnitude. The asymmetry due to the static ion
broadening is less pronounced through the PCDFWM profile
than through the emission profile. In addition, in both cases
the ion dynamics effects play only a minor role. The wings

of the DFWM profile are substantially suppressed, which
reduces the potential influence of the adjacent lines on the
measured profile.

Another essential feature of the PCDFWM spectroscopy
is a significant reduction of the Doppler broadening, pro-
vided that the laser beams are not too far from the collinear
configuration. In the case of negligible ionic and Doppler
broadening with respect to the electronic broadening one can
write FWHMemission�2�FWHMPCDFWM.

This method, providing high spectral and spatial resolu-
tion, can serve as a nonintrusive and complementary or al-
ternative method for spectroscopic investigations of the Stark
profiles of nonresonance lines in dense plasmas using com-
mercially available pulsed visible dye lasers.

The simple model of the two-level radiator interacting
with plasma constituents presented in this paper is valid only
in the case of laser beams with linear and parallel polariza-
tions. A model that includes the level degeneracy and laser
beams with arbitrary polarizations is currently under study
and is planned to be the subject of a future paper.
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