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Pulse compression using the Raman backscatter �RBS� in plasmas was numerically investigated for
the strong kinetic regime. It was found that shortening of a seed pulse is more effective when the
interaction length is smaller, which is contradictory to the general expectation. In a representative
case, compression of up to 14 fs could be obtained from the RBS interaction length less than
0.1 mm. Behavior of the Raman amplification system for such a short interaction distance was not
addressed before. Estimation with realistic parameters indicates that the output power can reach tens
of terawatts. © 2007 American Institute of Physics. �DOI: 10.1063/1.2779926�

Owing to the chirped-pulse-amplification �CPA� tech-
nique, the high power laser technology has been improved
quite rapidly. However, applications of ultraintense and ul-
trashort laser pulses such as the laser wakefield acceleration1

�LWFA� and the fast ignition in the inertial confinement
fusion2 require even more enhanced power and, simulta-
neously, much shorter pulse duration. The minimum pulse
duration of tens of terawatt lasers currently available from
the CPA technique is known to be larger than 25 fs. Techni-
cal difficulty with regard to the pulse shortening below 25 fs
in the CPA is that complicated bandwidth filtering methods
are needed to generate short laser pulses due to the gain
narrowing effect in the amplifier. On the other hand, genera-
tion of sub-10 fs pulses has been reported in several
contexts,3,4 but the power of the output pulse for all those
cases is much below 1 TW. Thus, the power enhancement
and pulse shortening are apparently not so compatible with
each other.

One of the promising methods to obtain the ultraintense
power and ultrashort pulse duration simultaneously is utiliz-
ing the Raman backscatter �RBS� of a pump laser in a
plasma.5–9 In the RBS scheme, the pump laser energy is
transferred to the counterpropagating seed laser pulse via
RBS process, leading to the compression and amplification
of the seed pulse. From the RBS scheme, though people
expect theoretically much stronger and shorter pulse genera-
tion to be possible, just 26 fs in the superradiant regime7 and
150 fs in the Raman regime8 with gigawatt powers have
been achieved in the experiments. From kinetic simulations,
a sub-5 fs pulse in the super-radiant regime was obtained by
Shvets et al.9 In that case, however, initial duration of the
pulse was very short already �about 10 fs�. The major tech-
nical difficulty of all those cases is that the laser pulse is
required to propagate a millimeter-order long plasma, which
is not easy to put under control of the fluctuation and insta-
bilities.

In this letter, we investigate numerically the properties of
the RBS scheme for extremely short interaction between the
seed and intense Gaussian pump pulses. It has been indicated
from the fluid theories and simulations that the seed pulse
gains higher peak intensity and more pulse shortening as the

interaction length increases. However, it was found from our
kinetic studies that the pulse shortening often shows the op-
posite behavior: pulse duration becomes smaller for shorter
interaction in the strong kinetic regime. Motivated by such
observation, we investigated the cases where the pump pulse
duration is significantly shorter than that of the previous
works. One of the most interesting results from our numeri-
cal studies is the compression of the initial 30 fs seed pulse
down to 16 fs, as the details will be described later. The
pump length for that representative case was only 970 fs and
the interaction length was just 0.15 mm. When the pump
duration was reduced by half, even more shortening of the
seed pulse was obtained.

Other than the good efficiency in the pulse shortening,
using a short pump pulse has many technical advantages. To
be fitted to the several hundred femtosecond pump duration,
the longitudinal length of the plasma needs only to be some
fractions of a millimeter. Such a small-size plasma is less
prone to fluctuation than the millimeter-order long plasma.
Another virtue of minimizing the interaction length is that
various undesirable laser-plasma instabilities can be avoided.

For the kinetic simulation studies, the one-dimensional
averaged particle-in-cell �APIC� code6 was used. In the APIC,
the longitudinal motion of the plasma is treated fully kineti-
cally by the PIC method, and the evolution of the lasers is
traced by their envelopes. The envelope-kinetic equations of
the laser envelopes6,9 are
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where a1,2 represent the envelopes of the normalized vector
potential of the seed and pump, respectively, and �p is the
plasma frequency defined by �e2n0 /m�0. Here, e and m are
the charge and mass of an electron, respectively, n0 is the
plasma density, and �0 is the electrical permittivity of free
space. The plasma wave envelope is denoted by f and � isa�Electronic address: hysuk@keri.re.kr
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the average of the seed and pump frequencies �1 and �2. The
angular bracket represents an ensemble average of the simu-
lation particles over a beat wavelength of the two laser
pulses. The ponderomotive phase � j of the jth particle is
defined by the beat of the two lasers, −�k1+k2�zj − ��2−�1�t.
In deriving Eq. �1�, the spatiotemporally fast oscillating
terms �e±ik1,2z−i�1,2t were averaged out. It is assumed in Eq.
�1� that �p��1,2, which is satisfied for all the simulations
presented in this letter. The slow longitudinal motion of the
plasma is driven by the ponderomotive force and the self-
generated electrostatic force. The ponderomotive driving
arises predominantly from the beat of the two counterpropa-
gating lasers. The electrostatic field is calculated by the con-
ventional PIC method.

Figure 1 represents the arrangement of the seed and
pump pulses at t=0. The seed pulse is located in such a way
that its front cutoff at 2� �for a1�e−t2/�2

� touches the
vacuum-plasma boundary. For the plasma, we used a steplike
density profile, i.e., n=0 for z�0 or z�L and n=n0 for 0
�z�L, where L is the plasma length. The interaction region
in the pump pulse is approximately two times the plasma
length. The delay of the pump pulse is defined by the tem-
poral distance of the peak of the pump measured from the
peak of the seed. The effects of the pump delay will be
discussed later.

A representative case of the pulse compression is pre-
sented in Fig. 2. The seed pulse started with 31.4 fs in full

width half maximum �FWHM� and I1=1.2	1016 W/cm2.
The initial intensity I1 of the seed corresponds to a1=0.1 for

1=1.05 �m. The length of the plasma and the density were
L=0.145 mm and n0=2.8	1019 cm−3, respectively. The
plasma temperature was taken to be 10 eV. The pulse dura-
tion of the pump pulse was 970 fs �FWHM�, and the ampli-
tude was a2=0.07, corresponding to I2=8.2	1015 W/cm2

for 
2=0.9 �m. The seed and pump pulses were arranged in
order that the seed could interact with the strongest part of
the pump pulse, i.e., the FWHM region. The delay �as de-
fined in Fig. 1� to meet such condition is 538 fs. After propa-
gation through the plasma, the pulse duration and the inten-
sity were measured to be 15.8 fs and 7.3	1016 W/cm2,
respectively. In this case, the amplification of the intensity is
a factor of 6.

The one-dimensional results do not give an exact infor-
mation about the power, since the power depends on the
transverse spot size. However, some possible values can be
estimated by reasonably assuming certain numbers for the
spot size. As described in Ref. 5, the original RBS scheme
indicates that a weak �but still strong compared to other
method such as CPA� and unfocused seed laser goes through
the Raman or the superradiant interaction. Then the ampli-
fied pulse is focused into a high intensity. In that sense, the
unfocused radius of the amplified seed in Fig. 2 can be taken
as, for instance, 200 �m, which leads to a 45 TW, 15.8 fs
laser pulse. The required initial power of the seed is 7.5 TW.
The transverse size of the plasma has to match just the seed
spot, which can be satisfied by less than 0.8 mm. The small
size of the plasma, 0.8	0.145 mm, is quite desirable, since
such a small plasma can be put under control of the density
fluctuation more easily than the millimeter-order plasmas,
and the refraction and instabilities of the pump pulse can be
minimized.

It was found that the final pulse intensity and duration
are quite robust to the variation in the seed-pump delay. Fig-
ure 3 exhibits the pulse duration of the seed �Fig. 3�a�� and
its intensity �Fig. 3�b�� as functions of the delay. As can be
expected, the maximum �minimum� amplification �duration�
is obtained when the seed interacts with the strongest region
of the pump �the case of Fig. 2�. The variation in the pulse
duration and the intensity over the delay varying from
300 to 700 fs are just 5% and 7%, respectively. Such a huge
margin in the delay for stable operation enables the RBS
scheme in short plasmas be realized even more easily at the
laboratories.

The effect of plasma edge was found to be very minor.
When the simulation was done with identical parameters but

FIG. 1. Position of the laser pulses and the plasma at t=0. The rectangle
filled with oblique lines represents the plasma. The seed and pump pulses
propagate to the right and the left, respectively. The dark region inside the
pump profile indicates the interacting part with the seed and the plasma,
which is two times longer than the plasma. The delay of the pump is defined
by the temporal distance of the peak of the pump pulse measured from the
peak of the seed.

FIG. 2. Representative simulation result, where 15.8 fs pulse was generated.
The amplified seed �solid line� is moving to the right. The dashed line
represents the seed pulse at t=0 and the propagation distance of the com-
pressed seed is 0.145 mm. The normalized amplitudes of the seed and pump
at t=0 are a1=0.1 and a2=0.07, respectively. The plasma density and tem-
perature are n0=2.8	1019 cm−3 and 10 eV, respectively.

FIG. 3. �a� Pulse duration and �b� intensity as a function of the initial delay
between the seed and pump pulses. Delay of 538 fs corresponds to the
strongest interaction, i.e., interaction with the full width half maximum of
the pump.
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with a homogeneous plasma rather than the steplike density,
the differences in the pulse duration and intensity after the
same propagation distance were only 6% and 10%, respec-
tively.

Finally, we investigate the effects of pump length on the
pulse compression. When the pump length was reduced by
half from the case of Fig. 2, preserving the total pump energy
�a2

2
2 constant �the second line in Table I�, the seed pulse
was shortened even more �up to 14 fs�. The intensity gain of
the seed decreased, since the electron trapping enhanced by
the intensified pump prevented efficient energy transfer from
the pump to the seed.10 When the pump length was pro-
longed by a factor of 2 from the case of Fig. 2 �the fourth and
fifth rows in Table I�, the intensity gains of the seed were
higher than that in Fig. 2. However, the final pulse durations
of the seed are much longer than the short pump cases,
which are contradictory to the general expectation. Figure
4�a� represents the temporal evolution of the FWHM of the
seed pulse for the last case in Table I. In the early stage, the
pulse duration decreases as time goes on, but begins to in-
crease again after some time. The snapshots of the pulse
shape in Fig. 4�b� show that as time advances, the front half
of the pulse is blown up, while the rear half remains almost
unchanged, leading to the increase of the pulse duration. The
different pulse evolutions in the front and rear parts indicate

that the energy exchange between the waves and the plasma
in the rear part is negligible compared to that in the front
part. The origin of such behavior could be illuminated by
measuring the relative phase between the three waves �
	�1−�2+�p, where the seed and pump phases are defined
by �1,2=arctan�Im a1,2Re a1,2�, respectively. In the same
way, the phase �p of the plasma wave is calculated from the
plasma wave envelope f defined by Eq. �1c�. From the con-
sideration that the energy flow from the pump to the seed is
proportional to −cos �,10 it is seen in Fig. 4�c� that the front
half of the pulse keeps getting energy from pump �−cos �
�1�. Behind the peak, however, the energy exchange be-
tween the waves is not so fluent as in the front half, since the
strong wave breaking �Fig. 4�d�� of the plasma wave induces
a relatively fast oscillation of the sign of −cos �.10 Note that
for all the simulations listed in Table I, the electrons near the
output edge of the plasma slab experience less than a single
temporal oscillation, i.e., 
1�p /2��20 fs	0.047 fs−1�1,
where 
1 is the seed pulse duration.

In summary, we performed the kinetic simulations of
laser pulse compression by the RBS scheme in the super-
radiant regime. The most interesting aspect of our work is
that we investigated the regime of extremely short interac-
tion of the seed pulse with intense Gaussian pump pulses,
which has not been studied before. In the representative case,
a 31 fs seed pulse was compressed to 15.8 fs, 7.3
	1016 W/cm2, by using the pump pulse of 970 fs and 8.2
	1015 W/cm2. When a reasonable value for the spot size is
assumed, this corresponds to a laser beam of tens of tera-
watts. The required plasma size is just 0.145 mm in the laser
propagation direction and 0.8 mm in the transverse direction,
whose uniformity and fluctuation can be put under control
more easily than the millimeter-order long plasmas. It was
found that the rate of amplification and pulse shortening is
quite robust to the variation in the initial delay between the
seed and pump pulses. It was shown by the analysis of the
relative phase that the pulse duration increases by the long
interaction, which is a contradictory result to the previous
expectations.

This work was financially supported by the Creative Re-
search Initiatives Program/KOSEF of the Korea Ministry of
Science and Technology.
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TABLE I. Peak intensity �I1� and pulse duration �
1� of the seed pulse after
compression. The parameters a2 and 
2 are the input values of the normal-
ized vector potential and the pulse duration of the pump, respectively. The
parameter L indicates the length of the plasma. The initial parameters of the
seed pulse are constant for all cases.

a2 
2 �fs� L �mm� I1 �W/cm2� 
1 �fs�

0.07a 970 0.145 7.3	1016 15.8
0.099 485 0.0725 5.3	1016 14.0
0.07 485 0.0725 4.22	1016 15.8
0.0495 1940 0.29 8.6	1016 19.9
0.07 1940 0.29 1.07	1017 20.2

aRepresentative case presented in Fig. 2.

FIG. 4. �a� Evolution of the seed pulse duration. The long pump result
corresponds to the last case in Table I. The short pump case is from Fig. 2.
�b� The snapshots of the seed pulse for the long pump case in �a�. �c� Cosine
of the relative phase between the seed, pump, and plasma waves, measured
at t=6.5 ps. The dashed line is the corresponding seed profile. �d� The phase
space of the electron plasma just behind the peak of the seed in �c�.
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