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ABSTRACT

Laser amplification through plasma-based techniques might overcome the thermal damage limit of conventional
materials, thereby enabling the next generation of laser intensities. The leading plasma-based method is Raman
compression: a long laser pump decays into a plasma wave and a counterpropagating short laser seed pulse,
which, capturing the pump energy, reaches extreme intensities. The technological requirements on the seed
are severe: it must be very sharp and matched properly in frequency. To sharpen the seed pulse, we propose
a laser-controlled, super-fast plasma shutter technique, analogous to electromagnetically induced transparency
(EIT) in atoms. We further show that the laser seed may even be replaced by a stationary plasma wave seed.
In the important pump-depletion regime, the plasma-wave initiated output pulse approaches the self-similar
attractor solution for the corresponding laser seed, with the frequency match automatic. These techniques also
work with partially coherent pumps. Actually, a partially coherent pump can even advantageously suppress the
noise-seeded spontaneous Raman amplification which is responsible for premature pump depletion.

Keywords: Plasma Raman amplification, Intense laser pulse, electromagnetically induced transparency, Lang-
muir wave, laser coherence

1. INTRODUCTION

Contemporary technologies of processing and manipulating lasers are developed based on solid-state materials,.
They include filters, diffusers, polarizers, gratings, holograms plates, and a myriad of different nonlinear optical
crystals. These solid-state optical elements are susceptible to thermal damage1,2 at high laser intensities or
high laser pulse energies. Hence, high energy density applications often require large-scale special-made optical
elements3 and splitting an energetic laser pulse into multiple beams for processing before merging them at the
end.4 In recent years, plasma optics has been exploited to solve the issues related to optically induced damage by
taking advantage of the damage-less feature of the plasma medium. Different plasma optical elements have been
proposed including laser intensity amplification,5–7 pulse compression,6 wavefront sharpening,8 beam combining,9

coherence cleaning,10 polarization11–13 and optical vortex manipulation,14–18 plasma grating,19 plasma photonic
crystals,20–22 plasma holography,17,23 and frequency conversion.24,25

In particular, backward Raman amplification5,6, 26–31 promises to deliver multipetta-watt laser intensity using
centimeter-diameter plasmas. In a plasma Raman amplifier, a long pump laser pulse with frequency ω0 and
wavenumber k0 is sent into plasma characterized by the plasma frequency ωp, shown as in Fig. 1(a). A counter-
propagating seed pulse with frequency ω0 − ωp begins to interact with the pump at the exit boundary of the
plasma. Mediated by an active plasma wave, the energy quickly flows from the high-frequency pump into the low-

frequency seed at a large interaction rate γ = (a0/2)
√
ω0ωp where a0 = 8.55× 10−10

√
I0λ2(W cm−2µm2) is the

dimensionless pump amplitude, I0 is the intensity, and λ is the wavelength. For example of a 0.8µm pump laser
with intensity 1× 1015 W cm−2 and plasma with ωp = ω0/10, the characteristic length for pump energy transfer
is only c/γ ≈ 20µm. Thus, a moderate-intensity seed can quickly deplete the pump. The counter-propagating
configuration allows the pump energy to accumulate at the front of the seed pulse in the pump-depletion regime,
which effectively compresses the long pump pulse into a short and ultra-intense pump, as shown in Fig. 1(b). It
can achieve nearly complete photon number conversion and the energy conversion efficiency is limited only by
the ratio (ω0 − ωp)/ω0 ≈ 90%.6 This mechanism is expected to lead to output at 1017 − 1018 W cm−2 intensity
and petawatt pulse power using centimeter-long plasma.26,27
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Figure 1. (a) Backward Raman amplification using a long pump pulse and a short seed pulse in plasma. (b) In the case
of an advantageous result, the amplified output pulse assumes a π-pulse shape accompanied by depletion of the pump
laser.

Experimental implementations of the promising ultra-intense light source have been carried out in multiple
facilities.28–40 Remarkably high amplification rate compared with traditional solid-state lasers has been reported
in an only 4−mm long plasma31,34 to produce 2.5 × 1016 W cm−2 intensity, which is over two orders of magni-
tude higher than the pump. Further improving the experimental performance requires overcoming the limiting
factors41 and one of the most stringent requirements is the quality of the seed pulse. In backward Raman ampli-
fication, the advantageous pump-depletion stage happens only following a linear stage when the seed intensity
is much lower than the pump intensity. In the linear stage, the seed grows exponentially at the growth rate
of 2γ and the pump intensity remains a constant. Although the seed has the largest growth rate in this stage,
the pump energy is not efficiently captured by the seed pulse. The preferable nonlinear pump-depletion stage
begins when the seed intensity is similar to the pump intensity. At this stage, the ponderomotive force from
the beat of pump and seed pulses excite large-amplitude plasma Langmuir waves. The pump energy is strongly
back-scattered by the plasma wave into the seed pulse. For sufficiently strong seed, the full pump energy can be
converted into seed pulse energy and plasma waves.

An ideal seed pulse has a δ-function shape envelope for its high peak intensity and sharp wavefront. Upon
interaction with the pump beam, it immediately begins to capture all the energy of the pump beam. The seed
pulse energy can be converted back into the pump by combining with the plasma wave. The nonlinear interplay
of the three waves results in a wave train, called the “π-pulse” solution. The peak amplitude of the π pulse
is determined by the seed capacity ε which is defined as the integrated amplitude of the initial seed. A larges
seed capacity ε (despite it generally being a small number) yields a higher energy concentration to the leading
spike in the π pulse train and hence a higher peak intensity. When ε > 0.1, the main peak contains over 50% of
the total pulse energy. The peak intensity of the amplified pulse can be further increased by operating at the
Langmuir wave-breaking regime42,43—the plasma wave exceeds its threshold amplitude and quickly decays—to
prevent the energy scattering from the seed to pump. At this limit, the compression efficiency can reach nearly
100%.

For non-ideal seeds, it is important to have a sharp wavefront without pedestals. Such a seed gets amplified
first through the linear stage and reach the pump intensity before its duration contracts. However, any pre-pulses
would also quickly grow due to the high linear growth rate, and would compete with the main seed pulse to
cause premature pump energy spread.44 A finite seed duration45 causes a reduction of the effective seed capacity
because the weak seed front or pre-pulses shadows the rear layer of seed.

Providing the suitable seed laser pulse is difficult in experiments35 because there is no pulsed laser available at
the exact frequency ω0−ωp. Currently, the majority of the experiments29–38 create seed pulses by splitting a small
portion of the pump energy and downshifting its frequency. The frequency downshift is achieved using optical
parametric processes,30,32 a Raman gas chamber,33,35 a Raman crystal,31,34,36,38 Raman scattering from a thick
foil,37 or block the high frequency components after spectrum broadening.29 Since the frequency downconverters
have poor energy conversion efficiency of up to 5%, the obtained seed pulses typically have low seed capacities
even after compression. Only a few exceptions of the reported experiments28,39,40 were able to use a separate
laser to serve the seed pulse, but the burden is put onto fine tuning the plasma density to ensure the frequency
match.

Less addressed in the experiments is the contrast ratio of laser pulses46 which crucially determines the effi-
ciency of backward Raman amplification.26,44,45,47,48 The pulse contrast ratio quantifies the wavefront sharpness
using the ratio of laser pulse peak intensity to pre-pulse or pedestal intensity. For all the above-mentioned meth-
ods of seed pulse generation,28–40 the pulse contrast ratio is fundamentally limited by the pulsed laser or the
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chirped pulse amplification system. In the time frame of several nanoseconds,49,50 pre-pulses are generated by
the neighboring pulses from the oscillator or regenerative laser cavities. For sub-nanosecond pulses,50,51 they are
accompanied by a nanosecond pedestal which results from the amplification of spontaneous emission (ASE),51

i.e., amplified fluorescence in the pump crystal. Pulses with picosecond durations usually suffer from degrada-
tion close to the peak intensity due to deficient laser spectra and imperfect pulse compression.52 Contrast ratio
of femtosecond pulse lasers53 are challenged by the management of different optical nonlinearities and residual
high-order dispersion.

The Raman instability of pre-pulses and pulse pedestals limits the amplification performance.26,27,44 To
suppress the parasitic Raman instability, theoretical analysis26,27,44 was focused on using chirped pump beam
and plasma density gradient. When the chirped pump beam transverses through the plasma with a changing
density, the frequency matching condition is satisfied only at a single location and, by careful arrangement, this
location travels at the group velocity of the seed pulse. Provided that the slope of chirping is large, the Raman
growth rate outside the location is greatly limited by detuning. Unwanted Raman instabilities are suppressed
making it robust to noise. The main seed pulse, due to its broad spectrum, can tolerate random fluctuation of
the plasma density. However, the setup needs precisely controlled laser chirping and plasma density gradient
which makes difficult experimental demonstration.

To solve these issues related to preparing seeds for backward Raman amplification and suppressing the
unwanted noise amplification, three methods7,8, 10 are proposed using plasma optics techniques. The first method
is to design a plasma-based optical shutter8 for creating a sharp wavefront in a laser pulse while maintaining
or even amplifying its intensity. The mechanism of the optical shutter is analogous to the electromagnetically
induced transparency in atoms: the interference of the probe beam and the control-probe-plasma three wave
interaction induces a transparency window below the plasma “cut-off” frequency only when the control laser
intensity exceeds a certain threshold. It transforms the gradual variation of optical intensity into an abrupt
transmittance, thereby creating a sharp wavefront to the seed beam.

The second method completely avoids any complication of preparing a laser seed by replacing it with a plasma
wave seed7 . We prove that a plasma wave seed may be found by construction that strictly produces the same
output pulse as does a counter-propagating laser seed at least in the regime in which the amplification is most
efficient. In the nonlinear regime, or pump-depletion regime, the plasma-wave-initiated output pulse approaches
the same self-similar attractor solution for the corresponding laser seed. In addition, chirping the plasma wave
wavelength can produce the same beneficial effects as chirping the seed wave frequency. This methodology is
attractive because it avoids issues in preparing and synchronizing a frequency-shifted laser seed.

The third method uses a partial coherent pump laser,10 instead of a fully coherent pump laser, to suppress
the amplification of unwanted noise signals. We show that a finite correlation length of the pump leads to a
reduction of the linear Raman growth rate but it does not affect the pump depletion in the nonlinear regime.
The incoherence on scales shorter than the instability growth time suppresses spontaneous amplification of noise,
thereby partially coherent lasers can serve as efficient low-noise Raman amplification pumps.

This paper reviews the theoretical progress in addressing the issues relating to the seed and noise in backward
Raman amplifications using these three plasma optics techniques. The details of the paper are outlined as follows:
In Sec. 2, we present the optical shutter based on electromagnetically induced transparency to create a sharp
wavefront to a laser pulse for seeding the backward Raman amplification. In Sec. 3, we explain how a plasma wave
seed can replace the laser seed to trigger Raman amplification and obtain the same self-similar attractor solution.
In Sec. 4, we present a theory for suppressing the noise induced amplification by optimizing the correlation length
of the pump beam. In Sec. 5, we summarize out results.

2. SHARP SEED WITH ELECTROMAGNETICALLY INDUCED TRANSPARENCY

The proposed optical shutter8 comprises of a high-density plasma slab and a moderate-intensity control laser
beam, as shown in Fig. 2. It sharpens a weak seed pulse that is generated either by a separate laser or by splitting
a small portion of the control laser energy and downshifting its frequency. The plasma slab blocks the propagation
of the seed laser that is below the “cut-off” frequency. However, the plasma slab becomes transparent when
irradiated by a control laser beam through EIT8,54–59—the control laser above threshold intensity can induce a
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transparency window in the plasma slab for a seed laser that is below the “cut-off” frequency. For nonrelativistic
laser beams, the plasma slab, functioning as a superfast optical shutter, only abruptly lets the seed laser transmit
when the control beam intensity exceeds a threshold value. This abruptness creates a sharp wavefront in the seed
transmission. Unlike relativistic transparency,60 EIT arises from interference within the plasma wave interacting
with different laser fields, in comparison to relativistic transparency which drives electrons near the speed of light.
This allows the use of weak control beam lasers whose intensity can be well below the relativistic regime, e.g. a
few PW cm−2. More importantly, the control pulse can also amplify the seed through an instability yielding a
strong and sharp pulse for seeding backward Raman amplification.

Figure 2. Schematics of the optical shutter using two broad pulses with a high-density plasma slab. (a) A nonsharpened
seed below the plasma “cut-off” frequency gets constantly reflected in absence of control beam in plasma slab. (b) When
the control beam intensity exceeds the threshold value, the seed is abruptly let through creating a sharp wavefront.
Adapted from Qu and Fisch (2017),8 with the permission of AIP Publishing.

The transmittance of the optical shutter is analyzed using the dispersion relation. Interaction of the laser
beams in the plasma can be modeled with the conventional three-wave equations53

(∂tt − c2∂zz + ω2
p)A0 = −ω2

p

n

n̄
A1, (1)

(∂tt − c2∂zz + ω2
p)A1 = −ω2

p

n

n̄
A0, (2)

(∂tt + ω2
p)n = n̄c2∂zz(A0 ·A1), (3)

where A0 and A1 are the vector potentials of the control beam and the seed beam normalized to e/mec,
respectively, n̄ is the unperturbed electron density, n is the perturbed electron density, and ωp =

√
n̄e2/ε0me.

Here e is the natural charge; me is the electron mass; c is the speed of light; and ε0 is the permittivity of free
space. For non-depleted control beam, the dispersion relation is found in the frequency regime

ω2
1 − c2k2

1 = ω2
p − fc2(k0 − k1)2, (4)

f = A2
0/[1− (∆ω/ωp)

2], (5)

where ∆ω = ω0−ω1 is the two-photon detuning. Compared with the normal dispersion relation of electromagnetic
waves in plasma, Eq. (4) includes an extra term which depends on the intensity of the control beam if ∆ω 6=
ωp. This term captures the plasma wave generated by the ponderomotive force of the seed-control beat. The
conditions of induced transparency can then be found as∣∣∣∣k1 −

f

1− f k0

∣∣∣∣ =
1

(1− f)c

√
f(ω2

0 − ω2
1)− (ω2

p − ω2
1). (6)

The threshold intensity of the control beam for EIT is

A2
0 ≥ A2

th ≡
[
1−

(∆ω

ωp

)2]ω2
p − ω2

1

ω2
0 − ω2

1

(7)

on the condition that ωp > ∆ω > 0; otherwise the inequality (7) is to be reversed.

We note that the threshold value for EIT [Eq. (7)] is independent of the directions of wavevectors, which allows
to use an arbitrary angle between the control and seed beams. Although we focus on two counter-propagating
lasers for simplicity of analysis and simulation, the flexibility might be an advantage in experiments as it avoids
the issue of aligning two optical pulses.
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As the seed beam propagates in the transparency window, it grows due to a parametric instability. The
growth rate under the condition ω0 . 2ωp can be approximated as

ΓEIT =
1

2

√
A2

0

2ω2
p(ω2

0 − ω2
p)

ω0ωh
− (ωp − ω0 + ωh)2, (8)

where ωh =
√
ω2
p + c2k21. This instability is similar to the Raman instability but they are different. This can be

seen from the frequency relations; EIT uses a nonresonant control beam ω0 < ω1 + ωp and Raman instability
requires a resonant control beam for the maximum growth rate. Actually, Raman instability does not exist in
a plasma of above one quarter of the critical density, where EIT is operated. The seed wavefront continues to
grow due to the instability and gets sharpened.

The seed wavefront sharpness, defined by the “rising-time” tr, approaches the asymptotic value which is
limited by the finite frequency bandwidth of the EIT window

tr =
1

ωEIT
=

1

2ωp − ω0
. (9)

For the maximum seed sharpness, the plasma frequency ωp is preferably set close to half the control beam
frequency ω0. In the most favorable regime with seed frequency ω1 ∼ ω0/2, the rising edge of the obtained
pulse only contains a small number of optical cycles, i.e., ω1tr ≈ 1/[2(ωp/ω1 − 1)]. Note that the input seed
beam can be of any sharpness and even a continuous wave. Given a long plasma, the seed intensity can continue
to grow. However, the seed also suffers strong group velocity dispersion (GVD) associated with the nonlinear
dispersion relation whi ch reduces pulse sharpness. Thus, a thin plasma slab is desirable for optimal sharpness of

the pulse output. Its minimum thickness is confined by seed tunneling with a characteristic length c
/√

ω2
p − ω2

1 .

For higher pulse fluence, the sharpened pulse can be sent into a lower-density plasma medium for second stage
amplification.

The “proof-of-principle” demonstration using full one-dimensional PIC simulation code EPOCH61 is reported
in Ref.8 Two counter-propagating laser pulses are sent into a thin plasma slab which has a maximum density of
1.14× 1020 cm−3. The plasma slab is opaque for the seed until the control beam intensity exceeds the threshold
intensity. The optical shutter produces a sharpened and amplified seed pulse with its rising time is reduced from
0.59 ps to 0.1 ps and its intensity increased by a factor of 8.

Figure 3. PIC simulation results of the laser pulses whose rising time is reduced from 0.59 ps to 0.1 ps and its peak intensity

increased from 0.1 PW/cm2 to 0.8 PW/cm2. The plasma density has a Gaussian profile ne = 1.14×1020×e−(x/30µm)2 cm−3.
Adapted from Qu and Fisch (2017),8 with the permission of AIP Publishing.

As an application of the optical shutter, consider creating a sharp wavefront with a rising time of tr = 15 fs
on a broad laser pulse at λ1 = 0.8µm wavelength for seeding backward Raman amplification. The optimal
wavelength of the control beam is then λ0 = λ1/2 = 0.4µm. To achieve the specific rising time, the frequency
ratio of control beam and plasma is ω0/ωp = 2/[1 + 1/(ω0tr)] ≈ 1.97. Using Eq. (7), we find the threshold value
for the control beam Ath ≈ 0.017, corresponding to Ith ≈ 2.5 × 1015 W cm2. The density of the plasma slab
should reach the density of 5.6× 1022 cm−3 and the minimum thickness of near 0.8µm to prevent tunneling.
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3. RAMAN AMPLIFICATION WITH A PLASMA WAVE SEED

Stimulated Raman scattering can be excited with either a frequency-downshifted laser beam or a plasma Lang-
muir wave.62 Compared with using a laser seed, using a plasma wave seed in backward Raman amplification
could have engineering benefits. First, the plasma wave has a negligible group velocity, so without regard for
synchronization, it can trigger backward Raman amplification only when the pump beam reaches it. Second,
using a plasma wave seed also avoids the technological challenges of creating the exact frequency downshift.
Third, a plasma wave seed can be created locally without pre-pulses or pedestals which are difficult to eliminate
from ultrashort laser pulses.

To initiate powerful backward Raman amplification, the most important criterion is whether the plasma wave
seed can yield the promising π-pulse solution of amplification—the pump pulse energy is consumed by a counter-
propagating probe pulse that has a growing amplitude and a contracting duration. In Ref.,7 such a plasma wave
seed is constructed, through an equivalence condition between laser and plasma seeds, such that the amplified
pulse will transition to the same nonlinear asymptotic attractor solutions which feature pump depletion. Under
the equivalence condition, the envelopes of the plasma wave seed and the laser seed in the pump propagation
direction z is related by

f0(z) =
c

γ

∂

∂z
b0(z), (10)

where b0 and f0 are the amplitudes of the laser seed and plasma wave seed. They are normalized by b0 =

8.55 × 10−10
√
Ibλ2(W cm−2µm2) and f0 = (e/mecV )|Ee|, respectively, where V ≈ √ωaωp/2 for underdense

plasmas (i.e., ωa ≈ ωb � ωp with ωb being probe wave frequency) and linearly polarized optical beams. A
plasma wave seed f0 and a laser seed b0, upon interaction with the same pump laser pulse, will generate probe
pulse with asymptotically identical wavefronts, i.e.,

bf(t, z) =

∫
dz′Gbff(t, z − z′) c

γ

∂

∂z′
b0(z′) ∼=

∫
dz′Gbb(t, z − z′)b0(z′), (11)

where

Gbf(t, z) =
γ

c
I0(ξ) ·Θ(t− z

c
), (12)

Gbb(t, z) =
1

γ

∂

∂t
Gbf(t, z) =

γ

c

√
z

ct− z I1(ξ) ·Θ(t− z

c
) +

1

c
δ(t− z

c
), (13)

are the Green’s functions associated with the corresponding seeds.63 Here I0(·) is the zeroth order modified
Bessel function, Θ(·) is the Heaviside function, γ = a0V denotes the linear temporal growth rate, and ξ =
2(γ/c)

√
z(ct− z).

As the probe pulse propagates and grows, if initially short enough, it should eventually deplete the pump
and enter into the nonlinear or so-called “π-pulse” regime, characterized by the self-similar contracting pulse
envelope.6 The asymptotic equivalence expressed by Eq. (10) suggests that asymptotically identical pulses in
the linear regime should evolve to identical pulses in the nonlinear regime. In the limit of short (δ function) laser
seeds, and correspondingly short plasma seeds, a formal equivalence can be made. While the finite width case
does not follow rigorously, we show numerically that the equivalence in fact does extend to finite pulse widths.

The effects of finite seed width and finite plasma temperature are examined using one-dimensional PIC
simulations and the simulation results are reported is reported in Ref.7 The simulations take experimental
feasible parameters:30,35 ne = 1.5×1019cm−3, Te = 10 eV, λa = 0.8µm and Ia = 0.4 PW cm−2. The simulations
compare amplifications of a Gaussian shape laser seed and a nearly equivalent plasma wave seed. The laser
seed has a width of 10µm ≈ 0.16c/γ0 and peak intensity of 0.8 TW cm−2. The plasma wave seed uses a single
Gaussian profile to approximate the equivalence, with a normalized width 7.1µm ≈ 0.117 c/γ0, while ignoring
the second peak. The amplitude of the electrostatic seed wave is 5 × 109 V/m, which is associated with a 50%
electron density oscillation. Its wavelength is 0.4µm, so that kp = 2ka.

Note that, immediately after the interaction, a probe beam is generated [see Fig. 4(a)]. The comparison
indicates that the plasma seed indeed triggers the Raman amplification like a laser seed does. No precursors
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Figure 4. Amplified probe pulses using a plasma seed (blue solid line) and a laser seed (red dashed line) at interaction
time t = 50fs (a) and t = 8.5ps (b). (c) Comparison of the amplified probe pulse peak intensity. The thick solid and
dashed lines are PIC simulations; and the thin dotted-dash lines are fluid-model simulations using Eqs.(1). Adapted from
Qu, Barth and Fisch (2017),7 with the permission of American Physical Society.

are observed, but the moving window would suppress those. In Fig. 4(c), which shows the growth of the
peak intensity, we identify the linear stage amplification (before ∼ 4.5ps), exhibiting an intensity exponentially
increasing in time (or distance) and the nonlinear stage (after ∼ 4.5ps), exhibiting a quadratically increasing
intensity. After an amplification time of 8.5 ps, the leading spikes of the probes shown in Fig. 4(b) both reach
40 PW cm−2, which is 100 times higher than the pump intensity. The pump depletion at the probe peak is
75% for both seeds. The agreement between the PIC simulations with plasma and laser seeds is very good for
both the leading peak envelopes [Fig. 4(b)] and the maximum intensity [Fig. 4(c)]. They also decently match
the numerical solutions of Eq. (1), although PIC simulations show asymptotically lower peak intensities. The
discrepancy might be due to kinetic effects that are taken into account in PIC, but not in the fluid model, or
due to the envelope approximation in the fluid model.

For higher plasma density where GVD becomes important, one can advantageously chirp the laser seed to
reduce the required plasma length.64 Since higher frequency components propagate faster, the front of the chirped
probe sharpens due to GVD. In fact, for plasma seeds, the advantageous chirping effects can be accomplished
by chirping the wavelength of the plasma wave. When it scatters off the monochromatic pump, the generated
probe is also chirped and hence can contract due to GVD.

Figure 5. (a) Amplified probe beams triggered by chirped (blue solid) and non-chirped (red dashed) plasma seeds with a
600 fs pump pulse; (b) growth of the peak intensities. The seed amplitudes and shapes are identical. Reprinted from Qu,
Barth and Fisch (2017),7 with the permission of American Physical Society.

The effect of chirping and GVD can be shown by numerically solving the first-order three-wave equations,64

at − caz = −V bf, bt + cbz = V af∗ + iκbtt, ft = V ab∗, (14)

which is obtained by reducing the three-wave Eqs.(1)-(3). Here, κ = (1/2cb)(∂cb/∂ωb) = ω2
p/(2cbωb) and cb is

the group velocity of the seed. Figure 5 is reported in Ref.7 to compare amplification in a high density plasma
with a chirped plasma seed to amplification with a non-chirped plasma seed. The parameters are chosen similar
to those in Ref.,64 i.e., ne = 12× 1020cm−3, λa = 0.351µm, Ia = 12.2 PW cm−2 and the plasma length is 90µm.
The plasma seeds are both Gaussian with FWHM of 1.8µm. The nonchirped seed has a uniform wavevector
kf = ka+kb = 2π/0.215µm. Its output intensity reaches 2.8 EW cm−2. Here, the wavevector, kf , of the chirped
plasma seed increased 3.5% per µm, where pump interacts with lower kf first. Since the pump has a constant
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frequency, the generated probe is also chirped with smaller wavenumbers (smaller frequencies) at the front. Due
to GVD, the probe contracts when traveling through the plasma. Similar to the case of a chirped laser seed,64

the probe beam has a larger growth rate and its intensity reaches 4 EW cm−2. From Fig. 5(a), we also observe
an appropriately narrower probe pulse.

The equivalence of plasma and laser seeds is limited by accessible amplitude of the plasma wave. While a
seed laser pulse can take an arbitrarily large amplitude, the Langmuir wave seed amplitude will be limited by
the wavebreaking limit. In a cold plasma, this condition is equivalent to a maximum density variation δn < n0;
in a warm plasma the density variation is somewhat more limited.65,66 However, this will not be an issue in
the main amplification regimes67 for which the necessary laser seeding amplitudes can be small.45 Also, even a
small plasma wave seed can access operation near the wave breaking limit,42,43 since that limit is determined by
the pump amplitude, not the seed amplitude. The density restriction may be an issue though in the so-called
quasi-transient regime, where damping of the Langmuir wave is significant, so amplification is achieved only
with larger laser seed amplitudes.68,69 The corresponding amplitudes may then not be available for plasma wave
seeds. However, these regimes are in any event not of interest for plasma wave seeding, since, if the plasma wave
is heavily damped, the advantage of synchronization is absent.

4. RAMAN AMPLIFICATION WITH PARTIALLY COHERENT PUMP LASERS

While the precursors of the seed can be eliminated by using an optical shutter or using localized plasma waves,
plasma noise due to random density fluctuation can quickly grow in backward Raman amplification and lead to
reflection of the laser and causes pre-mature pump depletion. To address the noise-seeded spontaneous Raman
scattering, one is optimally looking for a solution that suppresses the linear growth Raman rate while maintains
the nonlinear growth rate. To this end, it has been proposed10 to replace the coherent pump laser with a laser
whose coherence length is shorter than the Raman growth rate. Through analytical calculation and numerical
simulations, Raman amplification with the partially coherent lasers is shown to efficiently compress a temporally
incoherent pump laser into an intense coherent amplified seed pulse and suppress spontaneous noise amplification.

By solving the same model for Raman amplification [Eqs. (14)], the pulse amplification by an incoherent
pump can be described by an integral equation in a moving frame (ζ = t− z/vb and τ = z/vb),

b(ζ, 0) = b(ζ, τ)−
∫ ζ

0

Γ2g(2ζ − 2ζ ′)eν(ζ
′−ζ)

∫ τ

0

b(ζ ′, τ ′)dτ ′dζ ′, (15)

where Γ = 〈a〉V , 〈a〉 =
√
〈|a|2〉 and g(∆t) = 〈a∗(t−∆t)a(t)〉

/ 〈
|a(t)|2

〉
is the correlation function of the pump

beam. Here, we describe the effect of plasma wave damping with the damping rate ν. The integral Eq. (15)
shows that an incoherent pump beam can amplify a coherent seed if the pump has a non-zero correlation length.
The plasma wave damping term multiplies the autocorrelation function in the integral kernel; incoherence and
plasma wave damping therefore have a similar effect on seed amplification. The analogy in the underlying physics
arises because the plasma wave produced by the beating of the pump and seed drifts out of phase with the pump
over the coherence time of the pump, leading to destructive interference and no net interaction beyond the pump
coherence length. Similarly, damping of the plasma wave leaves no wave to interact with beyond the damping
time.

The linear growth rate is affected by the pump incoherence and plasma wave damping. As an example of an
exponentially decreasing autocorrelation function g(ζ) = e−ζ/tc , the effective growth rate is10

Γ̄ =
Γ2

(ν + 2/tc) +
√

Γ2 + (ν + 2/tc)2
, (16)

and the seed maximum locates at

ζM =
ct

2

(
1−

√
(ν + 2/tc)2

1 + (ν + 2/tc)2

)
. (17)

In the limit of no damping and a fully coherent pump, the plasma wave, once generated, scatters the pump
continuously, producing a monotonically growing wavefront along ζ. For damping and a finite correlation length,
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Figure 6. Maximum field strength of the seed as a function of amplification time for different degrees of pump incoherence
from a three-wave simulation of the amplification process. The seed amplitude is normalized by the pump amplitude.
Reprinted from Edwards, Qu, Mikhailova and Fisch (2017),10 with the permission of AIP Publishing.

the plasma wave scatters the pump only for a finite amount of time and then the interaction stops. This reduces
the growth rate at the seed tail, hence the pulse maximum shifts towards the front and the peak growth rate is
reduced. The effect of pump incoherence is similar to the quasi-transient regime69 of Raman amplification, in
which the plasma wave quickly damps causing the interaction to exist only near the strong seed pulse.

The seed growth rate in the nonlinear stage can, however, tolerate more pump incoherence. In the nonlinear
stage, the strong seed depletes the pump energy; the front of the seed is preferentially amplified causing seed
duration compression. The compression of the amplified pulses shortens the time over which the pump must
retain its coherence with the plasma wave in order for the interaction to be treated as coherent. The key time
for determining whether incoherence hinders the amplification process then becomes the duration of the final
amplified pulse. Since the pulse duration can reach the order of the inverse plasma frequency (ωp), which may
be several orders of magnitude shorter than the inverse Raman growth time, the regime of efficient nonlinear
amplification is much broader than that of linear amplification.

Comparison of the seed growth in the linear and nonlinear regimes under different degrees of pump incoherence
has been shown in Ref.43 By numerically solving the coupled wave Eqs. (14), the results displayed in Fig. 6
show the evolution of the maximum seed intensity. In the linear stage when the relative seed amplitude is below
∼ 2.5, one can readily see the reduced growth rate with a larger degree of pump incoherence. However, when the
seed is sufficiently strong to enter the nonlinear stage, their leading spikes growth rates are almost independent
of the degree of pump incoherence, even for ∆ω/Γ > 12. The different final intensities in this figure are almost
entirely a result of the much lower linear growth rate for incoherent pumps.

Figure 7. One-dimensional PIC simulations (EPOCH) with coherent (a) and incoherent (b) pumps showing amplification
of a seed (blue, red). In (a), the pump spontaneously scatters from noise, causing pre-depletion of the pump before
arrival of the seed and reducing amplification efficiency. At right, the final amplified pulse is much stronger when using an
incoherent pump, due to the reduced loss of pump energy. N = 0.01, a0 = 0.01, and Te = 25 eV. For (b), ∆ω/ω = 0.04.
The simulations used 40 particles/cell and 40 cells/λ. The initial seed had duration 50 TL and maximum intensity equal to
the average pump intensity. λ = 1 µm. Adapted from Edwards, Qu, Mikhailova and Fisch (2017),10 with the permission
of AIP Publishing.
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The discrepancy in the linear and nonlinear growth rate using partially coherent laser is used to suppress
unwanted seed precursors and parasitic noise-seeded Raman scattering. Starting with a sufficiently strong laser
seed, the Raman amplification can directly reach the nonlinear stage and efficiently capture the pump energy.
However, amplification of the low-amplitude noise is significantly suppressed by the reduced linear growth rate.
The suppression of noise is even more effective than the fluid model can predict because the frequency fluctuation
of noise can cause a phase mismatch which further reduces the growth rate. The PIC simulation results reported
in Ref.10 have demonstrated the advantage of using partially coherent pump in a proposed experiment. In
Fig. 7(a), noise-seeded spontaneous Raman backscattering will grow at the effective Raman growth rate Γ̄, as
given for a pump with exponentially decreasing coherence by Eq. (16). However, the amplification of a short,
strong seed is not affected by the finite bandwidth. In Fig. 7(a), a significant fraction of the pump is depleted
by spontaneous Raman scattering before it has a chance to interact with the seed, leading to a loss of energy
and the formation of substantial precursors before the seed. In Fig. 7(b), the finite bandwidth of the pump
(∆ω/ω0 = 0.04) suppresses premature noise scattering. In this case, the final amplified seed is almost four times
more intense in the incoherent-pump case; amplification with an incoherent pump is more efficient than with a
coherent pump.

5. CONCLUSION

This paper reviews the theoretical advances on using plasma optics to increase the efficiency of backward Raman
amplification. We identify the technological challenges of creating the suitable seeds that can effectively compress
the pump laser pulse and generate ultra high output intensity. Three plasma optics methods are made available
to address the challenges. First, we design a high speed optical shutter in over-dense plasmas that can create a
sharp wavefront to a seed laser beam. The optical shutter is controlled by a separate laser beam at a different
frequency. When the control laser beam exceeds a threshold intensity, it abruptly induces a transparency window
in the over-dense plasma, leading to a sharp transmission wavefront in the seed beam. Unlike plasma mirrors70–72

or relativistic transparency,60 the control beam does not need to reach relativistic intensity and the seed beam
does not lose energy.

Second, we show that one can replace the traditional laser seed pulse by a plasma wave seed with a certain
envelope in backward Raman amplification. An equivalence condition is found to use a plasma wave seed to
produce the same output pulse in the asymptotic pump-depletion regime as does a counter-propagating laser
seed. A localized static plasma wave seed avoids the technological challenges regarding alignment, downshifting
the laser pulse frequency and eliminate pre-pulses.

Third, we show how an partially incoherent pump laser can suppress the noise-induced spontaneous Raman
amplification and yield higher output intensity than fully coherent pump lasers do. Noise suppression using
incoherent pump arises from the discrepancy that the stronger seed can tolerate more pump incoherence. For
Raman scattering of noise or low-energy pre-pulses, the Raman growth rate is low because they only interact
with a small portion of pump spectrum that is on resonance. But a strong seed pulse has a wide spectrum and
it can efficiently capture a larger pump spectrum and hence it is more tolerant to pump incoherence.
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