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Backward Raman compression in plasma enables pulse compression to intensities not available
using material gratings. Mediating the compression with higher density plasma generally produces
shorter and therefore more intense output pulses. However, very high density plasma, even if
sufficiently tenuous to be transparent to the laser, also produces group velocity dispersion of the
amplified pulse, deleteriously affecting the interaction. What is shown here is that, by chirping
the seed pulse, the group velocity dispersion may in fact be used advantageously, achieving the
maximum intensities over the shortest distances while minimizing unwanted effects.

PACS numbers: 42.65.Yj, 52.38.Bv, 52.35.Mw

The largest lasers intensities to date are achieved
through the technique of chirped pulse amplification,
which employs complementary gratings to stretch and
then, after amplification, to re-compress light [1]. How-
ever, for ps pulses of wavelengths on the order of a mi-
cron, conventional materials cannot withstand laser flu-
ences of more than several J/cm2, which limits intensities
to several TW/cm2. For a vacuum focus beyond the grat-
ing of approximately 1010, the current limit of intensities
of about 1022W/cm2 is reached. While there are plans
for greater intensities through tighter focusing or larger
gratings, to achieve the next generation of laser intensi-
ties, say by a factor of 103, conventional material gratings
or other focusing elements will likely have to be replaced
by plasma.
In a plasma, a short counter-propagating seed pulse of

frequency (ωb), downshifted from a much longer pump
pulse (of frequency ωa) by the plasma frequency ωe, can
absorb the pump energy through a resonant 3-wave in-
teraction. This resonant backward Raman amplification
in plasma [2–4] in fact holds the promise of the next gen-
eration of intensities of exawatt and even zetawatt pow-
ers in reasonably compact facilities [5–13]. Moreover, by
including chirped pulse amplification, together with Ra-
man compression, the advantages of both schemes can
be realized together for the highest intensity applications
[14].
The Raman compression effect occurs because, in the

nonlinear regime of pump depletion, the front of the seed
pulse is amplified to the point of depleting the pump in
a distance inversely proportional to the seed amplitude,
shadowing any seed energy beyond that distance. As
the seed grows, this length contracts, resulting in a self-
similar self-contracting seed pulse regime for amplifica-
tion [2]. The output pulses are limited by the bandwidth
of the input seed pulses, so that, to achieve the short-
est and therefore most intense output pulses, short seed
pulses are necessary [2, 15]. The output pulses are also
limited in duration by approximately the plasma period

2π/ωe [2]. Since ωe ∼ n
1/2
e , where ne is the electron

density, to achieve shorter output pulses, denser plasma
should be used. Since the energy efficiency of this de-

cay is proportional to ωb/ωa, it is inefficient to use the
high density plasma except near the output stage, when
the pulse is short. Thus, a two-stage process has been
suggested wherein the output of the first stage serves as
the pump for the second stage, where the higher density
plasma is used, but only where it is needed most [16].
A further advantage to using higher density plasma,

or what we might call moderately undercritical plasma,
is that the phase velocity of the Langmuir wave, ωe/kf ,
is higher for a given seed or pump frequency [17]. The
large phase velocity means that the Langmuir wave is less
susceptible to Landau damping (allowing higher electron
temperatures) as well as less susceptible to wave break-
ing (allowing higher pump intensities). Landau damping
occurs when ωe/kf becomes comparable to the thermal

velocity, vT =
√

Te/me. Wave breaking occurs when
the trapping width equals the plasma wave phase veloc-
ity. Avoiding these damping mechanisms considerably
broadens the parameter window over which Raman am-
plification can occur, which tends to narrow for short
wavelength light [18, 19].
However, at high density, the seed pulse undergoes sig-

nificant group velocity dispersion, limiting the effective-
ness of this method [17]. What we show here is that, by
chirping the seed pulse, the group velocity dispersion may
actually be advantageous. The chirping of the seed pulse
is such that the front of the seed pulse, being at lower
frequency, moves at a slower group velocity than does
the rear of the seed pulse which is at higher frequency.
If the chirp is matched to the group velocity dispersion,
so that absent the pump the pulse would be at a min-
imum duration upon exiting the plasma, the length to
reach the highest intensity is considerably reduced. The
fact that the plasma length is reduced has considerable
advantages: first, there is less distance over which dele-
terious instabilities can develop, such as forward Raman
amplification; second, there is less radiative loss through
inverse bremsstrahlung; and, third, less plasma is needed
in the first place, requiring less energy.
In this Letter, we show first how chirping reduces the

necessary plasma length in dense plasma . Then we show
why chirping may be expected to produce this result –
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and why it should be optimal for minimum seed duration
at the exit. First, to demonstrate the chirping effect, we
solve the resonant 3-wave equations in cold plasma, in the
presence of both group velocity dispersion and relativistic
nonlinearity of the amplified pulse. These equations may
be put in the form [20]:

at + az = bf , ft = −ab∗,

bt − bzcb/ca = −af∗ − iκbtt + iR |b|2 b. (1)

Here a, b and f are envelopes of the pump, seed and
Langmuir waves, respectively, normalized such that the
input pump amplitude is a0 = 1. For such a normaliza-
tion, the envelopes of electron quiver velocities in fields
a, b and f are caA, cbA

√

ωa/ωb and cfA
√

ωa/ωe, re-
spectively. Here ωa, ωb and ωe satisfy the resonance
condition ωa = ωb + ωe; while A is the dimension-
less vector potential of the input pump pulse, linked to
the input pump intensity I0 in plasma by the formula
A =

√

2I0λa/ωa e/mec
2, where λa is the pump wave-

length in plasma, me is the electron mass, −e is the
electron charge, c is the speed of light in vacuum, and
ωe =

√

4πnee2/me is the plasma frequency. The group
velocities of the pump and seed laser pulses in plasma are
ca = c

√

1− ω2
e/ω

2
a and cb = c

√

1− ω2
e/ω

2

b . The time t is
measured in units of 1/V3A and the distance z in units
of ca/V3A, where V3 = (kfc/2)

√

ωe/2ωb is the 3-wave
coupling constant, kf = ka + kb is the resonant Lang-

muir wavenumber, ka = 2π/λa =
√

ω2
a − ω2

e/c and kb =
√

ω2

b − ω2
e/c. The cubic nonlinearity [21–23] and group

velocity dispersion coefficients are R = Aω2
eωa/4ω

2

bV3

and κ = AV3ω
2

e/[(ω
2

b − ω2

e)2ωb]. The resonance approx-
imation is valid since the seed bandwidth is within the
Raman resonance bandwidth.
The pump is injected at t = 0, into, say, the left edge

of plasma, z = 0. The pump has amplitude a0 = 1 and
duration ∆a = L(1 + ca/cb), so that its front exits the
plasma at z = L as the seed enters the plasma, and the
rear of the pump enters the plasma at z = 0 as the seed
exits the plasma. The seed pulse is injected at z = L,
with a delay, t = td ≈ L, necessary for the pump front to
traverse the plasma. The input seed pulse obeys

b(L, t) =
b0∆

√

∆2 + 2ıκ̂zf
exp

[

− (t− td)
2

2(∆2 + 2ıκ̂zf )

]

(2)

with td = L+ 3
√

∆2 + 4κ̂2z2f , κ̂ = κca/cb, and zf is the

focal length for the linear seed propagation in absence
of pump, under which the seed would reach the shortest
duration at z = L− zf , and it is Gaussian in time,

b(L− zf , t) = b0 exp

[

− (t− td − zfca/cb)
2

2∆2

]

. (3)

For later comparison with theory, it is convenient to char-
acterize the input seed pulse, Eq. (2), not by the ampli-
tude b0, but rather by the integrated amplitude, or what
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FIG. 1. (Color online) Fig. 1a shows the chosen ∆1 (dashed
curve) for chirped seed, ∆2 (dash-dot curve) for non-chirped
seed, and the plasma length of the chirped seed pulse, L1

(solid curve). Fig 1b shows comparison of the optimized
numerical output parameters for the chirped (zf ≈ L) and
non-chirped (zf = 0) input pulses as function of ωe/ωb with
Uin = 0.15: L2/L1 (solid curve); ∆out,2/∆out,1 (dash-dot
curve); I2/I1 (dashed curve).

we call the seed capacity

Uin =
2
∫

b(L, t)dt
√

1 + ca/cb
= Um

(

1 +
4κ̂2z2f
∆4

)1/4

(4)

Um =
2
√
2π b0∆

√

1 + ca/cb
. (5)

For a given Uin, the input seed (Eq. 2) depends on pa-
rameters ∆ and zf , which can be chosen to produce an
output pulse of possibly shorter duration and larger in-
tensity.

Assuming that the pump intensity is somewhat be-
low the wavebreaking limit with wavelength of 0.351
µm and for seed capacity of 0.15, two types of input
seed pulses are considered: the non-chirped seed pulse in
which zf = 0 and the chirped seed pulse in which zf ≈ L.
Though theoretically the compression depends on Uin,
this parameter does not determine uniquely the input
seed which depends on two parameters: ∆ and b0. We
choose the parameters ∆ and b0 such that Uin = 0.15 and
∆ is varied between 0.3te and 4te, where te = 2πAV3/ωe

is the normalized plasma period. Then to each ωe/ωb the
result with the shortest output pulse duration was cho-
sen. Figure 1a shows the chosen ∆1 (dashed curve) for
chirped seed, ∆2 (dash-dot curve) for non-chirped seed,
and the plasma length of the chirped seed pulse, L1 (solid
curve). The chirping rate of the seed pulse at z = L is
defined as cp = (∂2φin/∂t

2)(1/2π), where φin is the in-
put seed phase at z = L. To inject a chirped seed pulse
in the form given in Eq. 2, the required input chirping
rate is cp = zf/(2πLd∆T 2), where the input width of the
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chirped seed is ∆T = ∆
√

1 + (zf/Ld)2, and the disper-
sion length is Ld = ∆2/2κ̂.
That the chirped seed reaches the maximum intensity

in a shorter distance can be seen from the solid line in
Fig. 1. The point of the maximum intensity is obtained
at plasma length L = L1 for chirped seed and L = L2 for
non-chirped seed. Fig. 1b shows the ratio of the plasma
length to reach maximum intensity for non-chirped input
seed, L2, to that for chirped input seed, L1. For large
ωe/ωb, the non-chirped seed takes over twice the distance
to reach maximum intensity.
The output pulse reaches the highest intensity in a

short spike, followed by several other spikes. The dura-
tion of this first spike at its minimum duration is denoted
as ∆out. The chirping does not affect the minimum du-
ration or maximum intensity of the first spike, only the
length to achieve it. As can be seen from Fig. 1b, the ra-
tio between the non-chirped and chirped output duration
(dash-dot curve) is approximately unity over a wide range
of ωe/ωb. Similarly, the dashed curve in Fig. 1b shows
that the ratio between the non-chirped and chirped out-
put amplified spike intensity is approximately unity over
a wide range of ωe/ωb. Thus, the output pulse first spike
shape is nearly the same for chirped and non-chirped seed
pulse at the point of the shortest duration.
In both cases there is nearly complete pump depletion

and, by the Manley-Rowe relations, the same fraction of
energy goes to the seed pulse. However, since the non-
chirped pulse requires twice the length to achieve the
same intensity, it also consumes twice the energy. In
other words, the chirped seed pulse consumes the same
fraction of energy from the pump, but reaches maximum
intensity in half the distance. This indicates significant
reshaping of the output pulse: in the non-chirped seed
pulse more energy must go to the later spikes. Thus, to
optimize fluence, chirping may not be preferred, but to
optimize intensity, it certainly is to be preferred.
To see this reshaping, we show in Fig. 2a (solid curve)

and Fig. 2b (solid curve), at ωe/ωb = 0.57, the normal-
ized output amplitude of the non-chirped and chirped
seeds (solid curve) at the point of the shortest duration,
respectively. In this example, the plasma length for the
chirped seed is L1 = 8.63 and for the non-chirped seed
is L2 = 16.7, which is about twice the distance traversed
by the chirped seed. In both cases, the first spike is ap-
proximately the same both in peak intensity and width.
However, higher levels of side lobes appear in 2a than
in 2b, which means that the total output fluence of the
non-chirped seed is larger than the chirped seed.
Also, in both cases, the fraction of energy that goes

from the pump to the seed is approximately 50% because
the pump depletion is not quite complete. This value is
close to the Manley-Rowe theoretical limit of ωb/ωa ≈
64%. The first spike has the same energy in both cases,
but the rest of the non-chirped seed energy is 37% of the
input pump energy (while for the chirped seed pulse it is
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FIG. 2. (Color online) Pulse evolution comparison between
the non-chirped seed and the chirped seed pulse at ωe/ωb =
0.57. Figs. 2a and b: output amplitude of the seed pulse (solid
curves) for input non-chirped and chirped seed pulses at point
of shortest duration, respectively; corresponding seed profiles
(dashed curves) when the pump pulse is absent are scaled up
by a factor of 10 to be visible. Figs. 2c and d show the seed
width (solid curves) for non-chirped (c) and chirped (d) seed
pulses; dashed curves, corresponding square amplitudes of the
first spike, |b|2. Here, z̄ is the distance propagated by the seed
(with respect to the right edge of the plasma).

20%), indicative of the reshaping.

Figures 2a and b show also the seed pulse profiles
(dashed curves) when the pump pulse is absent. Both
seed pulses, absent the pump (dashed curves), propagate
the same distance as the corresponding amplified seed
pulses (solid curves). A comparison of the seed pulses in
the absence of the pump (dashed curves) with the seed
pulses in the presence of the pump (solid lines) can ex-
plain why seed chirping enables BRA at shorter plasma
lengths. At the first stage of the BRA (known as the
linear regime) the pump pulse is almost constant. The
seed pulse comprises two pulses: the original seed pulse
in front, and, in the trailing edge, the amplified pulse.
The original seed in front is actually like the seed pulse
absent the pump. Later, when the pump is significantly
depleted, the leading, major spike of the amplified pulse
contracts. While the original seed propagates at group
velocity smaller than the speed of light, the leading spike
of the amplified pulse propagates at a super-luminous
velocity, thus narrowing the gap between the spike and
the original seed. The full amplification potential of the
seed pulse is realized when the most of the original seed
stays within that gap throughout the entire BRA pro-
cess. This requirement, relatively mild in strongly un-
dercritical plasmas, turns out to be more challenging in
moderately undercritical plasmas, where larger group ve-
locity dispersion tends to stretch more quickly the short
seed pulses.

Since the chirped seed pulse reaches its minimum du-
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ration close to the exit of the plasma, most of the self
contracted seed can stay in front of the major amplified
spike, as seen clearly in Fig. 2b. On the other hand,
contraction reduces the integrated seed amplitude, thus
reducing the seed amplification potential. However, this
reduction may be less than what occurs when the major
amplified spike encroaches upon and shadows the seed,
as can be seen in Fig. 2a for the non-chirped seed pulse.
Figures 2c and d show the full width at half max-

imum (FWHM) of the non-chirped and chirped seed
pulses (solid curves) and its normalized intensity (dashed

curves), |b|2, respectively. As seen from figures 2c and d
the output shortest duration in both cases is ∆out,1 ≈
∆out,2 ≈ 0.6 with maximum squared amplitude of 15.
For the the example shown in Fig. 2 with 0.351 µm

pump wavelength (used in NIF-like lasers) the electron
density is ne = 12 · 1020cm−3. The input pump intensity
is 121.8 PW/cm2. For the chirped seed case the input
seed intensity is 0.27 PW/cm2, input FWHM of 4.4 fsec,
and zf = 12µm. Here, the input chirp rate of the chirped
seed is 20 THz/fsec. The seed input bandwidth is 0.2fb,
where fb = ωb/2π = 544 THz. Also, the plasma length is
L1 = 16µm, which corresponds to 0.11 psec pump width.
For the non-chirped seed case the input seed intensity
is 0.09 PW/cm2, input FWHM of 12 fsec. In the non-
chirped seed case the plasma length is L2 = 31µm, which
corresponds to 0.22 psec pump width. The seed input
bandwidth is 0.04fb. In both chirped and non-chirped
seed cases that output intensity is 1.15 EW/cm2 with
FWHM of 3.2 fsec. Hence, the output fluence is 3.68
kJ/cm2.
Note that particle-in-cell (PIC) simulations with non-

chirped seed pulse showed that the optimal regime of
BRA lies in the range of 10 ≤ ωa/ωe ≤ 14, where the
scanned domain was 10 ≤ ωa/ωe ≤ 40 [24, 25]. For
smaller laser to plasma frequency ratio, other delete-
rious effects such as transverse filamentation and for-
ward Raman amplification can limit the efficiency of the
BRA [24]. But forward Raman amplification is signifi-
cantly smaller when the pump is chirped and the density
has a gradient [26]. And the transverse filamentation has
smaller growth rate than the longitudinal one which was
considered here as the relativistic effect [2].
Here, however, we scanned the range of 0.2 ≤ ωe/ωb ≤

0.9 (or 2.13 ≤ ωa/ωe ≤ 6.7) where larger laser pulses
intensities can be achieved. High intensity laser pulses
can be produced by chirped seeds at significantly shorter
length than non-chirped seed pulse. The short plasma
length for chirped seed pulse is advantageous since other
deleterious effects such as inverse Bremsstrahlung [27,
28], forward Raman amplification, and filamentation [29]
have less time to reduce the efficiency of the BRA. Also,
less plasma length means less input pump energy is re-
quired to obtain high output intensity.
To summarize, seed chirping can produce higher inten-

sity laser pulses over shorter plasma lengths. The largest

length ratio occurred at high density where the group ve-
locity dispersion of the seed pulse becomes a dominant
effect. Shortening the plasma length at high plasma den-
sities preserves the input seed capacity since most of the
original seed pulse stays in front of the major amplified
spike. The seed pulse is chirped such that its minimum
duration, when the pump is absent, would occur at the
plasma exit.

Both chirped and non-chirped seeds consume the same
fraction of pump energy. Hence, the ratio between their
total output fluences is simply the ratio of the plasma
lengths utilized. However, the seed pulse can be differ-
ently shaped. Higher output total fluence can be pro-
duced for the non-chirped seed such that the first spike
has the same fluence. But the same intensity can be
reached in half of the length by chirping the seed. This
means that with different seed chirping one can control
the amount of the total output fluence such that the first
spike fluence remains constant.

While backward Raman amplification is desirable for
achieving the next generation of laser intensities, it is not
desirable in inertial confinement fusion [30]. However,
techniques such as chirping introduced here to optimize
the amplification might also find use in reducing ampli-
fication when it is not wanted.
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