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Degenerate four-wave mixing mediated by ponderomotive-force-driven plasma gratings is demonstrated in
the near-infrared regime. The quadratic dependence of the reflectivity of the probe pulse on plasma density
indicates that the mixing is caused by the quasineutral plasma grating driven by the laser ponderomotive force.
The experiment verifies that ponderomotive force is an effective means to produce a large-amplitude short-
period plasma grating, which has many important applications in ultrahigh-intensity optics. In particular, such
a grating is a crucial element for the development of plasma phase-conjugate mirrors that can be used to restore
the wave-front distortion that is ubiquitous in nonlinear propagation.
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I. INTRODUCTION

Development of the chirped-pulse amplification technique
�1� has raised the peak power of ultrashort pulse lasers by
several orders of magnitude. With this technique, the limiting
factor on the peak power has been shifted from the nonlinear
effects in the amplifier to the optical damage threshold of the
pulse compressor. To overcome this limitation in future de-
velopment, it was suggested that superradiant amplification
or Raman back amplification in plasma can be used to am-
plify and compress the laser pulses �2,3�. Such schemes are
not prone to optical damage. However, at the laser intensity
targeted by these schemes, thermal effects and nonlinear ef-
fects may cause severe wave-front distortion. Therefore even
without permanent damage, one still faces the challenge of
wave-form instability. It is well established that phase-
conjugate mirrors �PCMs� based on degenerate four-wave
mixing �DFWM� can be used to compensate for wave-front
distortion �4–6�. In DFWM, two counterpropagating pump
beams and one probe beam interact in a nonlinear medium to
generate a signal beam that travels backward with respect to
the probe beam and has a wave front that is conjugate to the
probe beam. Similar to its application in solid-state laser am-
plifiers �7�, DFWM in plasma may be used to compensate for
wave-front distortion in plasma-based high-intensity laser
amplifiers.

DFWM based on plasma gratings driven by the laser pon-
deromotive force was first analyzed by Steel and Lam �8�
and the effect of thermal force was later included in the
analysis by Federici and Mansfield �9�, which shows that
thermal force can greatly enhance the reflectivity �the ratio of
signal beam intensity to probe beam intensity�. Domier and
Luhmann �10� analyzed nearly degenerate four-wave mixing,
in which the two pump waves have the same frequency and
the signal wave has a frequency slightly different from that
of the pump waves. In this condition, the reflectivity is
greatly enhanced if the frequency difference is equal to the
frequency of the ion-acoustic mode of the plasma, which is
referred to as Brillouin-enhanced, or resonant, four-wave
mixing �10,11�. Experimental investigation of DFWM in

plasma was first reported by Kitagawa et al. �12�. The ex-
periment was done in the far-infrared regime with a long
pulse. The observed n6 dependence of the reflectivity on
plasma density n showed that the grating formation was
dominated by the thermal force instead of the ponderomotive
force. Nearly degenerate four-wave mixing has also been
demonstrated by Domier and Luhmann �10�. The experiment
was done in the microwave regime and enhancement by the
ion-acoustic wave was observed. A review of both degener-
ate and resonant four-wave mixing was given by Joshi et al.
�13�.

Concerning the dependence on wavelength �, theoretical
analyses �8,9,12,14� show that the reflectivity of DFWM is
proportional to �6 when the formation of the plasma grating
is dominated by the laser ponderomotive force, and it is pro-
portional to �10 when the formation of the plasma grating is
dominated by the thermal force. Therefore, it is expected that
a much higher laser intensity is required to achieve DFWM
in the near-infrared regime, where chirped-pulse-
amplification lasers are available, than in the far-infrared or
microwave regime. In this paper, we report the demonstra-
tion of degenerate four-wave mixing in the near-infrared re-
gime. The four-wave mixing process is verified by null tests
and the dependence of the reflectivity on the temporal over-
lap of the laser pulses. The reflectivity is found to be propor-
tional to the pump intensity and is independent of probe
intensity in accordance with theoretical analyses. The qua-
dratic dependence of the reflectivity on plasma density veri-
fies that under our experimental conditions the quasineutral
plasma grating is predominantly driven by the laser pondero-
motive force rather than the thermal force.

II. PRINCIPLES AND ANALYSIS

The third-order susceptibility of a plasma for DFWM was
first derived by Steel and Lam �8� and later generalized by
Federici and Mansfield �9� as

��3� �
n0/nc

2

8�4��2�Te + Ti�
�1 + �

i=f ,b

n0�e

�ki − kp�2�e
� , �1�

where n0 is the plasma density, nc is the critical density, Te
and Ti are the electron and ion temperatures in energy units,
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�e is the electron-ion collision frequency, �e is the electron
thermal conductivity, and ki and kp are the laser wave vec-
tors. The reflectivity is given by

R =
Is

Ip
� �2L2, �2�

where

� � 	2��

c
��3� · E fEb	 , �3�

in which E f and Eb are the fields of the forward and back-
ward pump pulses, respectively, the center dot denotes the
tensor product, and L is the interaction length �5�.

The process of DFWM can be understood from the non-
linear susceptibility p�3�=��3�EfEbEp. Let

Ef =
Af

2
�ei�f + e−i�f� ,

Eb =
Ab

2
�ei�b + e−i�b� ,

Ep =
Ap

2
�ei�p + e−i�p� , �4�

where

� f = k1 · r − �t + � f ,

�b = − k1 · r − �t − �b,

�p = k2 · r − �t + �p. �5�

It can be seen readily that p�3� can be written as

p�3� = ��3��
i

Ai

2
�ei�i + e−i�i� , �6�

where �i are combinations of � f, �b, and �p, and Ai are the
corresponding products of amplitudes. Among all these
combinations, the only term that contains −k2 ·r−�t is
�c=� f +�b−�p=−k2 ·r−�t−�p+� f −�b. For a fixed � f −�b,
this term has a phase conjugate to Ep and propagates in the
opposite direction. Therefore this is the phase-conjugate re-
flection.

The physical origin of the third-order nonlinear suscepti-
bility is the two plasma gratings generated by the beat pat-
terns of the pump beams and the probe beam �15�. With a
small angle between the forward pump and the probe in our
experiment, the beat pattern of the forward pump and the
probe produces a long-wavelength grating and the beat pat-
tern of the backward pump and the probe produces a short-
wavelength grating. The short-wavelength grating reflects
the forward pump into the direction opposite to the probe
beam, and the long-wavelength grating does the same by
reflecting the backward pump. In our experiment the two
reflected waves have orthogonal polarizations; therefore the
intensity of the reflected signal Is can be written as the inten-
sity sum of the two processes:

R =
Is

Ip
=

IbRfp

Ip
+

IfRbp

Ip
, �7�

where

Rfp = 	2��

c
��3� · E fEp	2

L2 �8�

is the reflectivity of the grating produced by the forward
pump and the probe and

Rbp = 	2��

c
��3� · EbEp	2

L2 �9�

is the reflectivity of the grating produced by the backward
pump and the probe. In the limit of small plasma grating
amplitude and reflectivity, Rfp and Rbp are given by the
Bragg scattering formula

Rip = ��

2

	ni

nc

L

�
�2

, �10�

where i= �f ,b�, � is the laser wavelength, and 	ni is the
density modulation. By comparing Eqs. �8�–�10�, the ampli-
tude of the plasma density grating 	ni /n0 can be written as
�12�

	ni

n0
=

1

4
aiap

mc2

Te + Ti
�1 + A� , �11�

where ai=eEi /m�c and ap=eEp /m�c are the normalized
vector potentials of the laser beams and m is the electron
mass. The first term is the contribution from the ponderomo-
tive force, and the second term, A=n0�e / �ki−kp�2�e, is the
contribution from the thermal force that originates from in-
homogeneous distribution of inverse bremsstrahlung heating.
Substituting Eq. �10� into Eq. �7�, the reflectivity R of the
probe scales as

R 
 n0
2IfIbL2�6 �12�

when the ponderomotive force is dominant, and scales as

R 
 n0
6IfIbL2�10 �13�

when the thermal force is dominant.
For a pump intensity of 7.3�1015 W/cm2, a probe

intensity of 3.0�1015 W/cm2, a plasma density of
3.5�1019 cm−3, a pulse duration of 500 fs, and a laser wave-
length of 810 nm, A is on the order of 1�10−6. Therefore
the formation of the plasma grating and thus the probe re-
flectivity should be dominated by the ponderomotive force
instead of the thermal force under such conditions. Note that
all the above analyses are based on the assumption of a
quasineutral plasma grating, which is applicable for long
pulse duration. In the early stage of the interaction the laser
beat pattern drives an electron grating, while the ions are
uniformly distributed. Afterward, the Coulomb force drags
ions to form a quasineutral plasma grating in which the den-
sity modulation depth increases greatly. The time for reach-
ing quasineutrality can be estimated from the time for the
ions to move a distance of half a wavelength of the plasma
density grating, i.e., �tion=
M� / �mc2k2apab�, where M and
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m are the ion and electron mass, respectively. The time scale
is about 350 fs for a hydrogen plasma grating of 400-nm
wavelength. With a laser pulse duration of 500 fs it is ex-
pected that such a plasma grating should reach quasineutral-
ity within the pulse duration. Under these conditions the am-
plitude of the plasma grating, i.e., the density modulation
depth, is determined by the balance between the laser pon-
deromotive force and electron thermal pressure.

With the probe beam incident at a small angle with re-
spect to the forward pump, the wavelength of the plasma
grating driven by the backward pump and the probe is much
smaller than that driven by the forward pump and the probe.
Because the short-wavelength grating should have a larger
amplitude of density modulation due to the much shorter
time needed for reaching quasineutrality, it is expected that
in such a ponderomotive-force-dominated regime the contri-
bution to the probe reflectivity from the short-wavelength
grating should be much larger than that from the long-
wavelength grating, the opposite of what occurs in a thermal-
force-dominated regime �12�.

III. SETUP

A 10-TW, 45-fs, 810-nm, and 10-Hz Ti:sapphire laser sys-
tem with a bandwidth of 20 nm based on chirped-pulse am-
plification is used in this experiment �upgraded from the la-
ser system in Ref. �16��. The setup is shown in Fig. 1. Both
the forward and backward pumps are filtered by a 2.0-cm
hard aperture and then focused respectively by a
30-cm-focal-length off-axis parabolic �OAP� mirror onto the
gas jet. The focal spots are both 13 m in diameter in full
width at half maximum �FWHM� with 90% of the energy
enclosed in a Gaussian-fit profile. The peak intensity is
7.3�1015 W/cm2 for 8.1-mJ pulse energy and 500-fs dura-
tion. The probe pulse with a clear aperture of 4 cm is inci-
dent with an angle of 20° with respect to the forward pump
and focused by a 30-cm-focal-length OAP mirror onto the
same gas jet. The focal spot is 8 m FWHM with 80% of the
energy enclosed in a Gaussian-fit profile. The peak intensity
is 3.0�1015 W/cm2 for 1.4-mJ pulse energy and 500-fs du-
ration. The pulse duration of the three laser pulses was tun-
able by changing the grating separation in the pulse compres-
sor. The hydrogen gas jet is produced by a pulsed valve with
a supersonic conical nozzle. The density profile has a flattop
region of 1 mm in length and a sharp boundary of 250 m at
both edges. The atom density is 3.5�1019 cm−3 at 700-psi
�4.8�106 Pa� backing pressure. To prevent the colliding la-
ser beams from propagating back to the laser system and
thus causing damage in optical components, the three laser
beams are all set to be circularly polarized with the field
directions shown in Fig. 1�b�. The quarter-wave plates are
oriented to turn the backward pump into right-handed circu-
lar polarization and the forward pump into left-handed circu-
lar polarization, so both the s-polarized pump pulses are
changed to p polarization after passing through the two
quarter-wave plates and then dumped by the thin-film polar-
izers.

An additional advantage of such a polarization configura-
tion is that the reflectivity contributed from the short- and

long-wavelength gratings can be measured separately at the
same time. To produce laser beat patterns the polarization of
the probe is changed by a quarter-wave plate into left-handed
circular polarization. As shown in Fig. 1�b�, this quarter-
wave plate also turns the reflection of the forward pump
from the short-wavelength grating into s polarization and the
reflection of the backward pump from the long-wavelength
grating into p polarization. Thus the contributions from the
two gratings are separated by the thin-film polarizer. The
reflected backward pump is transmitted through the thin-film
polarizer and is then measured by an imaging system. The
reflected forward pump is reflected by the thin-film polarizer
and is then measured by another imaging system through a
40-60 beam splitter. Each of the two imaging systems con-
sists of a 16-bit charge-coupled-device camera, a camera
lens, and a bandpass filter. The absolute reflectivity contrib-
uted from the two plasma gratings is calibrated by inserting a
high-reflection mirror before the OAP mirror to reflect the
probe beam back to each of the two imaging systems by
setting the angle of the quarter-wave plate as 45° and 0°,
respectively. The measured reflectivity is defined as the ratio
of the integrated intensity in the signal image to that mea-

FIG. 1. Experimental layout �for clarity, the wall of the vacuum
chamber is not shown� �a�, and polarization configuration of the
four laser beams �b�. F, forward pump; B, backward pump; P, probe;
G, gas jet; OAP, off-axis parabolic mirror; SF, imaging system that
measures the reflected forward pump; SB, imaging system that
measures the reflected backward pump; TS, imaging system for
Thomson scattering; TFP, thin-film polarizer; BS, beam splitter;
� /4 WP, quarter-wave plate; � /2 WP, half-wave plate; HA, hard
aperture; CCD, charge-coupled-device camera.
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sured with the high-reflection mirror inserted. In addition,
side imaging of Thomson scattering of the laser beams from
plasma electrons is implemented to observe the formation of
plasma gratings.

IV. EXPERIMENTAL RESULTS

Figure 2 shows the dependence of the probe reflectivities
contributed from the short- and the long-wavelength gratings
respectively, on the delay of the probe pulse with respect to
the pumps. The intensities of the forward and backward
pumps are both 7.3�1015 W/cm2, the intensity of the probe
is 3.0�1015 W/cm2, the plasma density is 3.5�1019 cm−3,
and the pulse durations for the three incident laser beams are
all 500 fs. The signal beam disappears when any of the three
incident laser beams is blocked. In addition, the signal beam
appears only when the probe pulse overlaps with the two
pump pulses in time, and the width of the reflectivity curve is
about 500 fs in FWHM, which is about equal to the pulse
duration of the three incident laser beams. These observa-
tions identify that the observed signal beam is produced via a

four-wave mixing process. The reflectivity contributed from
the short-wavelength grating is about an order of magnitude
larger than that from the long-wavelength grating, which is
consistent with the theoretical expectation. In the data for
reflection from the long-wavelength grating, significant
background is observed whenever the backward pump is
turned on. The origin of this background is that a small por-
tion of the backward pump is collected by the OAP mirror of
the probe beam even when no plasma grating is present,
since the OAP mirror is at a small angle with respect to the
opposite direction of propagation of the backward pump.

The presence of the plasma gratings that mediate the four-
wave mixing process can be detected via Thomson scatter-
ing. Figure 3 shows the images and lineouts of Thomson
scattering from each of the incident laser beams and their
combinations. The intensities of the forward and backward
pumps are both 8.8�1017 W/cm2, the intensity of the probe
is 5.9�1016 W/cm2, the plasma density is 3.5�1019 cm−3,
and the pulse durations for the three incident laser beams are
all 45 fs. Because of the small cross section of Thomson
scattering, the hard apertures of the two pump beams are
removed in this measurement to increase the intensity of the
pump beams. Without the hard aperture, the focal spot is

FIG. 2. Probe reflectivity contributed from the short-wavelength
grating �a� and the long-wavelength grating �b�, respectively, as a
function of the delay of the probe pulse with respect to the pumps
for various combinations of interacting laser beams. F, B, and P
denote the forward pump, the backward pump, and the probe,
respectively. The intensities of the forward and backward pumps
are both 7.3�1015 W/cm2, the intensity of the probe is
3.0�1015 W/cm2, the plasma density is 3.5�1019 cm−3, and the
pulse durations for the three incident laser beams are all 500 fs.

FIG. 3. Images and lineouts of Thomson scattering from each of
the incident laser beams and their combinations. F, B, and P denote
the forward pump, the backward pump, and the probe, respectively.
The intensities of the forward and backward pumps are both
8.8�1017 W/cm2, the intensity of the probe is 5.9�1016 W/cm2,
the plasma density is 3.5�1019 cm−3, and the pulse durations for
the three incident laser beams are all 45 fs. The focal spot sizes are
all 8 m in FWHM.
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smaller, and more energy is passed through, at the expense of
a shorter interaction length �Rayleigh range�. The enhance-
ment of Thomson scattering in the case with both the back-
ward pump and the probe in comparison to the case with
only the backward pump or the probe reveals the presence of
the short-wavelength plasma grating, because the bunching
of electrons with a scale length smaller than the laser wave-
length can lead to coherent enhancement of Thomson scat-
tering through constructive interference �17�. In contrast,
only a slight enhancement in the Thomson scattering from
the long-wavelength grating driven by the forward pump and
the probe is observed, because the wavelength of the plasma
grating is much larger than the laser wavelength.

Figure 4 shows the probe reflectivity contributed from the
short-wavelength grating as a function of forward pump in-
tensity at a probe intensity of 3.0�1015 W/cm2 and as a
function of probe intensity at a forward pump intensity of
7.3�1015 W/cm2. The intensity of the backward pump is
7.3�1015 W/cm2, the plasma density is 3.5�1019 cm−3,
and the pulse durations for the three incident laser beams are
all 500 fs. The reflectivity shows a linear dependence on for-
ward pump intensity and no dependence on probe intensity,
both of which observations are consistent with the DFWM
process.

Figure 5 shows the probe reflectivity contributed from the
short-wavelength grating as a function of plasma density.
The intensities of the forward and backward pumps are
7.3�1015 W/cm2, the intensity of the probe is
3.0�1015 W/cm2, and the pulse durations for the three inci-
dent laser beams are all 500 fs. The reflectivity shows a qua-
dratic dependence on plasma density. It confirms that under
these experimental conditions the short-wavelength plasma
grating is essentially quasineutral and the driving force is
dominated by the laser ponderomotive force instead of the
thermal force.

Figure 6 shows the probe reflectivity contributed from the
short-wavelength grating as a function of pulse duration of
the three incident laser beams. The energies of the forward
and backward pumps are both 8.1 mJ, the energy of the
probe is 1.4 mJ, and the plasma density is 3.5�1019 cm−3.
The optimal pulse duration is found at 500 fs for maximum
reflectivity. Below the optimal pulse duration the reflectivity
increases with increasing pulse duration. This can be as-
cribed to the increased plasma grating amplitude due to the

FIG. 4. Probe reflectivity contributed from the short-wavelength
grating as a function of forward pump intensity at
3.0�1015 W/cm2 probe intensity �a� and as a function of probe
intensity at 7.3�1015 W/cm2 forward pump intensity, �b�. The in-
tensity of the backward pump is 7.3�1015 W/cm2, the plasma den-
sity is 3.5�1019 cm−3, and the pulse durations for the three incident
laser beams are all 500 fs. Solid lines are guides to the eye.

FIG. 5. Probe reflectivity contributed from the short-wavelength
grating as a function of plasma density. The intensities of the for-
ward and backward pumps are 7.3�1015 W/cm2, the intensity of
the probe is 3.0�1015 W/cm2, and the pulse durations for the three
incident laser beams are all 500 fs.

FIG. 6. Probe reflectivity contributed from the short-wavelength
grating as a function of pulse duration of the three incident laser
beams. The energies of the forward and backward pumps are both
8.1 mJ, the energy of the probe is 1.4 mJ, and the plasma density is
3.5�1019 cm−3.
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longer time for ion movement despite the decrease in the
pump intensities. When the pulse duration is increased be-
yond the optimum, quasineutrality is well established, and
the decrease in laser intensity with increasing pulse duration
reduces the reflectivity.

As a result of the frequency chirp in the stretched laser
pulses used in this experiment, the effective grating length is
much shorter than the region of spatial and temporal overlap.
If the two beating laser pulses are of significantly different
frequency, the driven electron grating moves rapidly and thus
the ions cannot follow the movement quickly enough to
reach quasi-charge-neutrality. For two counterpropagating
highly chirped pulses, only at the center of the interaction
region the two pulses beat with the same instantaneous fre-
quency throughout the pulse duration. Therefore only in that
region can a quasistatic plasma grating be produced. If the
motion of the ions lags behind that of the laser beat pattern
by more than half a wavelength within the laser pulse
duration, a grating cannot be produced effectively. This gives
an effective plasma grating length of approximately
Leff= ��g /2��1+� /�tion� / ��� /�0�, where �g is the wave-
length of the plasma grating, � is the laser pulse duration, ��
is the bandwidth of the laser pulses, and �0 is the laser cen-
tral frequency. This results in Leff=20 m for the short-
wavelength grating produced by 500-fs laser pulses. The
maximum reflectivity measured in this experiment is
2.6�10−4. Calculated using Eq. �10� and the 20-m effec-
tive length, the amplitude of the short-wavelength plasma
grating 	n /n0 is about 1�10−2. The amplitude of the plasma
grating produced by laser beating in the near-infrared regime
�1.054 m� has been measured previously �17�. The experi-

ment was done with a pulse duration, an interaction length,
and a plasma density similar to ours. The laser intensities
were 300 times higher than ours, and 	n /n0�10 was mea-
sured. This agrees with the linear laser intensity dependence
for each pump beam in Eq. �12�.

V. CONCLUSION

In summary, near-infrared-regime degenerate four-wave
mixing in a plasma has been demonstrated. The null tests and
delay dependence identify the observed signal as the product
of degenerate four-wave mixing. The presence of the medi-
ating plasma grating is supported by the observation of en-
hancement in Thomson scattering of the laser beams. The
dependence of the reflectivity contributed from the short-
wavelength grating on both the forward pump intensity and
the probe intensity agrees with the theoretical prediction. In
contrast to the previous results obtained with long-
wavelength lasers, the quadratic dependence on plasma den-
sity verifies that the DFWM is dominated by a quasineutral
plasma grating driven by a ponderomotive force instead of a
thermal force. The four-wave mixing process can be a useful
tool for the diagnosis of plasma temperature and magnetic
field �14�, and phase-conjugate mirrors based on degenerate
four-wave mixing in a plasma in the near-infrared regime
may find important applications in eliminating nonlinear
propagation effects in ultrahigh-intensity optics.
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