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The role of transient plasma photonic structures in
plasma-based amplifiers
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High power lasers have become useful scientific tools, but their large size is determined by

their low damage-threshold optical media. A more robust and compact medium for ampli-

fying and manipulating intense laser pulses is plasma. Here we demonstrate, experimentally

and through simulations, that few-millijoule, ultra-short seed pulses interacting with 3.5-J

counter-propagating pump pulses in plasma, stimulate back-scattering of nearly 100 mJ

pump energy with high intrinsic efficiency, when detuned from Raman resonance. This is due

to scattering off a plasma Bragg grating formed by ballistically evolving ions. Electrons are

bunched by the ponderomotive force of the beat-wave, which produces space-charge fields

that impart phase correlated momenta to ions. They inertially evolve into a volume Bragg

grating that backscatters a segment of the pump pulse. This, ultra-compact, two-step, inertial

bunching mechanism can be used to manipulate and compress intense laser pulses. We also

observe stimulated Compton (kinetic) and Raman backscattering.
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H igh-power, chirped-pulse amplification (CPA) laser
systems1 stretch initially ultra-short “seed” pulses before
amplifying them by many orders of magnitude in

amplifier chains, and then compressing them to ultra-short
durations and peak powers currently as high as 10 PW2,3. Optical
components in amplifier and compressor stages need to be large
to avoid damage, which results in enormous and complex systems
that are very expensive and difficult to maintain. Furthermore,
extending the peak powers towards exawatts becomes increas-
ingly challenging, which is driving a search for new technologies
and methods of manipulating intense laser pulses.

Plasma has been identified as an alternative, ultra-robust and
already broken-down, optically active medium for amplifying and
compressing intense laser pulses4,5 or acting as robust optical
elements to manipulate them6–8. An electron plasma Bragg
grating can be readily created by the ponderomotive force of the
beat wave of two counter-propagating laser beams. In plasma-
based amplifiers, the grating is almost instantly produced by
colliding a long pump pulse with a short and suitably detuned
seed pulse to stimulate Raman or Brillouin amplification by
resonantly exciting a third, longitudinal plasma density (Lang-
muir or ion-acoustic) wave, where the matching conditions
ω0= ω1+ ωp and k0= k1+ kp are satisfied, where ω0,1,p and k0,1,p
are, respectively, the frequency and wave-vector of the pump,
seed and plasma wave9,10. The thus excited plasma grating scat-
ters the pump to amplify the seed pulse. For a frequency-chirped
pump, the resulting plasma grating has frequency and wave
vectors that vary in space and time.

For sufficiently intense pump and seed pulses, where the
“bounce frequency”, ωB � 2ω0

ffiffiffiffiffiffiffiffiffi
a0a1

p
, of the electrons in the

troughs of the ponderomotive potential exceeds the electron
plasma frequency ωe, backscattering occurs kinetically4,5, which
leads to a Compton amplification phenomenon analogous to that
of the free-electron laser (FEL) instability11. Here, a0,1= eE0,1/
mcω0,1 are the respective normalised amplitudes of pump and
seed pulses, with E0,1 being their electric fields. In this case,
scattering is non-resonant, and ωp and kp do not correspond to a
propagating plasma wave. Bunching and production of the
grating can also be produced in a two-step modulator-buncher
process, where the space-charge forces of the ponderomotively
driven transient electron grating briefly impart momentum to the
ions, which then ballistically evolve into an ion grating accom-
panied by electrons forming an overlapping grating7,12. This
long-lived grating, also referred as a transient plasma photonic
structure (TPPS), back-scatters the pump, as will be
described below.

Parametric amplification in plasma has been studied extensively
over the last three decades, both theoretically4,5,13–34 and
experimentally35–49. Several demonstrations of Raman amplifica-
tion of seed in low-density plasma (np/nc≪ 0.25, where np is the
plasma density, and nc the critical plasma density)38–41,43–49 have
been made. However, measured efficiencies have been relatively
low (≈1−10%), which has been attributed to wave-breaking due to
the low phase velocity of the beat wave29,39,42. This can be partially
overcome by operating in the self-similar superradiant regime,
where pump depletion truncates the interaction and only the front
of the seed pulse grows5,25. The amplitude increase is linear rather
than exponential with time. Similar superradiant amplification
occurs in the Compton regime when the amplifying seed pulse
duration, τp is comparable to the bounce period 2π/ωB

4, as in the
FEL superradiant regime50,51. Brillouin amplification, operating in
the strongly coupled regime, where the ponderomotive potential
exceeds the thermal pressure, has been shown to lead to the
amplification of sub-picosecond, 1.06-μm laser pulses to intensities
of 1 × 1017W cm2 with an efficiency of ≈20%35.

Finally, several interesting applications of parametric amplifi-
cation have been suggested, including storing light information
within the plasma wave and retrieving it in a second step, which
may find use in optical communications17,32.

This article presents an experimental study of amplification due
to scattering off a local TPPS through a modulator-bunching
process. As will be described, this TPPS forms only under specific
conditions and acts as a partially reflective mirror that scatters the
pump energy for several picoseconds. It should be emphasised that
the process we describe here differs from that presented in the
numerical work by Jia et al.52, where the development of an energy
“tail” directly behind the seed is attributed to direct Brillouin
amplification. The scattering process we present here (i) does not
arise from a three-wave parametric process, because it does not
involve a plasma wave, (ii) it occurs on a relatively long timescale,
and (iii) it can potentially be efficient. The grating formation
process is distinct from the one presented by Peng et al.12, where
electrons are continually exposed to the ponderomotive potential of
the beat wave produced by two infinitely long counter-propagating
laser pulses, which similar to previously published theoretical
work16 are identical (although their model is valid for unequal
pulses of finite duration). Here, we show, both numerically and
experimentally, the feasibility of producing a localised TPPS that
persists for several picoseconds using a long-frequency-chirped
pump pulse and a short-duration seed pulse. The scattered energy
adds to that gained from Compton and/or Raman amplification,
which contributes close to 50% of the total measured energy.

Results and discussion
An experimental investigation of these three mechanisms was
undertaken using moderately intense, 6.5-ps duration, frequency-
chirped pump pulses with a central wavelength of 795 nm, and
150-fs duration, fully-compressed seed pulses, which counter-
propagate in a 3-mm wide hydrogen gas jet. The seed pulse central
wavelength is 810 nm and incident energy is at most 15mJ. For
further details on the experimental set-up, see the Methods and
Supplementary Fig. 1. A theoretical analysis, supported by particle-
in-cell (PIC) simulations, is also presented below.

We have experimentally measured both the total back-
scattered energies and individual spectra for a range of densities
using chirped pulses at the highest pump energy available (3.5 J),
corresponding to a maximum pump intensity of 1016W cm−2.
Key observations, presented in Fig. 1a, are: (i) the measured back-
scattered energies increase when the seed pulse is present, as
expected for a stimulated process; (ii) measured amplified seed
energies increase with plasma density for positively chirped pump
pulses, up to 90 mJ for densities ~1.5 × 1019 cm−3 (np/nc ≈ 8.6 ×
10−3). However, for densities larger than 1 × 1019 cm−3, the
Raman resonance is not satisfied (see Supplementary Fig. 2). For
a negative chirp, the seed energy saturates around 20 mJ. These
observations may appear unexpected and counter-intuitive,
because for a negative chirp and for plasma densities below
~1 × 1019 cm−3, the Raman resonance is satisfied at an early stage
of the interaction. For intensities that are initially below the
threshold for entering the Compton regime, the seed amplitude
can grow exponentially to the required level (see Supplementary
Figs. 3, 4); and finally (iii) scattering off plasma density fluctua-
tions or noise is strongly suppressed for a negative pump chirp.
This shows, as illustrated in Fig. 1a, that some of the observed
differences in seed amplification (for the different chirps) is
because the scattered pump energy is integrated over all times and
positions in the plasma.

Another observation is that spectra of the scattered pump
without seed show clear evidence of Raman-shifted spectral
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features, as illustrated in Fig. 1b, c, which confirms that the noise
scattering mechanism is Raman back-scattering. When the seed
pulse intercepts the pump, the spectrum of the total signal (the
amplified seed plus the back-scattered light from the pump pulse)
is confined to wavelengths solely within the initial seed spectral
range, which might suggest that the main amplification
mechanism is either Compton or Brillouin scattering. However,
the amplification mechanism is clearly identified in
1-dimensional (1D) and 2-dimensional (2D) PIC simulations
using the experimental parameters (see Methods).

Figure 2a, b show the envelope of the amplified seed electric field,
for positively and negatively chirped pump pulses, respectively,
from 1D simulations. Here, to identify the different contributions,
we have divided the radiation fields into three segments: (orange)
in advance of, (purple) within, and (green) trailing the seed pulse.
An energy amplification of the seed pulse by a factor of ~14 and 20
is calculated for a positive and negative chirp, respectively (a middle
(purple) region in Fig. 2a, b). Adding the energy contribution due
to the scattered light trailing the seed, the amplification factors
increase to 42 and 24, respectively. This is in qualitative agreement
with the experimental observations, in particular the higher ener-
gies measured for the positive pump chirp.

Numerical calculation of the seed and scattered light spectra
for the various temporal segments, shown in Fig. 2c, d, gives
insight into the relevant processes. Early scattering of the pump is
a result of Raman scattering from noise (the orange region in
Fig. 2a, b), which is confirmed by the presence of the Raman
Stokes line visible in the spectra at 880 and 840 nm, respectively,
in Fig. 2c, d. Amplification over the seed pulse duration (purple)
is attributed to Compton scattering. This is because the condition
ωB ≥ ωe is satisfied when a0 ≥ 0.048 (3.8 × 1015W cm−2)4. Bril-
louin amplification of the seed has been discounted because
simulations with immobile ions lead to the same result, as illu-
strated in Table 1, summarising gain values for different
numerical simulation configurations. In the case of a positive
chirp, a clear Stokes satellite is observed at 890 nm (Fig. 2c),
which has an amplitude larger than that of the initial seed
spectrum. The difference between the seed pulse central fre-
quency and the Stokes satellite is equal to ωe, which corresponds

to a shift in wavelength by λseed
ffiffiffiffiffiffiffiffiffiffiffi
np=nc

q
� 75 nm. This suggests

that a fraction of the amplified seed energy may be transferred to
the Stokes line by Raman forward scattering. However, this is not

observed in the experiment because the growth rate of the
instability may be lower than that of idealised simulations.

A key observation is that, for a positive chirp, a high level of
back-scattered energy of the pump occurs in the trailing region
behind the seed and appears as an apparent gain within the
initial seed spectral bandwidth (green curves in Fig. 2c, d). This
enhancement (apparent gain) is ascribed to the generation of a
long-lived, localised electron and ion grating, or TPPS, that is
formed close to the plasma entrance for the seed, at around
2.6 mm, as illustrated in Fig. 2e, f. This grating continues to
back-scatter energy from the pump pulse into the trailing region
behind the seed pulse. Back-scattering associated with this
spectral feature at the seed wavelength, is very efficient: 17.5%
of the pump energy is back-scattered while the grating persists.
From the ratio of energy between the different segments in the
simulations, we infer that the highest measured back-scattered
energy, 90 mJ, up to 40 mJ, can be attributed to the (delayed)
back-scatter from the TPPS, which is also consistent with the
differences in energy between positive and negative chirps,
observed experimentally. Figure 2e–h show electron and ion
density spectra as a function of position, at the time the seed
pulse exits the plasma slab (corresponding to the time t ≈ 10 ps
in Fig. 3). A nonlinear TPPS is still clearly evident around
2.6 mm for the positive chirp (Fig. 2e, g). In contrast, no TPPS
is clearly observed for a negative chirp (Fig. 2f, h), which may
explain the lower gain.

The TPPS is formed in the following sequence: the ponder-
omotive force associated with the local, quasi-stationary, laser beat
wave drives electrons into a grating. Ions experience the strong
associated space-charge fields and gain momentum from it.
Depending on the position of the ions in the electrostatic potential,
they gain phase-correlated momenta. After a short delay, an ion
grating is formed inertially and electrons follow the ions to neu-
tralise the charge7,8. The temporal evolution of the TPPS, for the
1D PIC simulations, is illustrated in Fig. 3. Figure 3a, c show the
creation of a superposed electron and ion gratings, for a positively
chirped pump. The seed and local pump wave frequencies are
almost equal, leading to the formation of a quasi-stationary beat
wave and a growing electron density modulation (see Supple-
mentary Fig. 5). The space-charge fields of the electrons act as a
modulator that imparts phase-correlated momenta to ions, which
then bunch inertially. This two-stage process is similar to that in a

Fig. 1 Main experimental results. a Back-scattered energy in the seed direction. Combined pump and seed shots are depicted by solid symbols, circle and
triangle for positive frequency chirp, and square for negative frequency chirp. Empty symbols represent corresponding shots without the seed pulse i.e.
scattering from noise. The different symbol shapes characterise different runs. The energy values are averages of three shots, with the error given as the
standard deviation. Error on the inferred plasma density is estimated to be ±20%. Where the error bars are not visible, their lengths are smaller or equal to
the symbol sizes. b, c are single-shot spectra. Solid (blue) line: seed spectrum after interaction; dotted (green) line: initial seed spectrum; dashed (red) line:
spectrum of pump back-scattered signal without seed. Areas under the curves have been normalised to the measured energy, assuming that little energy
falls outside the spectral window. b Pump with a positive frequency chirp, plasma density ~1.5 × 1019 cm−3 (np/nc≈ 8.6 × 10−3); c Pump with a negative
frequency chirp, plasma density ~1019 cm−3 (np/nc≈ 5.7 × 10−3). The longest observable wavelength is ~880 nm because a different spectrometer grating
was used compared to that in b. The inset in c displays the same data as c plotted on a magnified scale.
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klystron. The grating reaches its peak amplitude after 6 ps, as
illustrated in Fig. 3a, and washes out due to the continual phase-
space evolution of the ions, which is consistent with the phase of
the grating starting to vary after 6 ps, as shown in Fig. 3c. The time
scales are consistent with the duration of TPPS scattering observed
in Fig. 2a. In contrast, Fig. 3b, d, shows that a grating does not form
for a negative chirp. In this latter case, the relatively high phase
velocity of the beat wave, combined with rapid electron wave-
breaking, prevents the ions from gaining significant momentum
and thus ballistically forming a grating. We have confirmed this by

undertaking numerical simulations with immobile ions (Table 1,
Gas (immobile ions)), which reduces the scattering behind the seed
by two-thirds for the positive chirp case and highlights the role of
the ions. Finally, the effect of the chirp sign on the back-scattered
energy is suppressed for warm plasma, as illustrated in Table 1,
which shows that thermal effects prevent the effective formation of
a plasma grating. This underlines the differences between our work
and that of refs. 12,52, which describes processes in warm plasma.

For a more quantitative comparison with our experimental
measurements, we have undertaken 2D simulations, which are
presented in Fig. 4. The intensity profile of the seed pulse before
the interaction is illustrated in Fig. 4a, with its spectrum presented
in Fig. 4d. The intensity profiles after interaction are shown in
Fig. 4b, c for positive and negative pump chirps, respectively.
Amplification factors of ≈8 and ≈6, for energy integrated over the
initial seed pulse, are calculated for a positive and negative chirp,
respectively. Including the scattered light both in advance of and
also trailing the seed gives amplification factors of ≈24 and ≈17,
respectively. This is consistent with the 1D simulations and the
same physical processes can be identified from the spectra
(Fig. 4e–g) i.e. 1D and 2D PIC simulations both qualitatively
reproduce the larger amplification observed experimentally for a
positive chirp, suggesting that scattering off a long-lived TPPS has
an important role. Moreover, the spectrum of this scattered pump
radiation almost fully overlaps the seed spectral range.

Conclusion
We have shown that amplification of an intense seed pulse in
plasma depends on the sign of the chirp of an intense counter-
propagating pump pulse and occurs through several distinct
processes, including scattering off a TPPS, and the Compton and

Table 1 Gain values. Scattered energy normalised to the
initial seed energy obtained from the 1D simulations with
different configurations: (i) Gas (atomic hydrogen, with
mobile electrons and ions—corresponds to the main
simulation results presented in this paper); (ii) Gas with
immobile ions after ionisation; (iii) Warm plasma
comprising pre-ionised hydrogen with an electron
temperature, Te= 50 eV, and an ion temperature,
Ti= 5 eV).

Initial medium Positive chirp Negative chirp

Seed Tail Seed Tail

(i) Gas 14.29 28.8 19.84 4.16
(ii) Gas (immobile ions) 18.32 10 20 6.85
(iii) Warm plasma 8.88 8.29 9.21 5.76

Columns Seed correspond to integrated energy around the seed temporal region after the
interaction. Columns Tail corresponds to integrated energy trailing the seed pulse.

Fig. 2 1D simulation results. a, b are seed field envelopes after an interaction, for positively and negatively chirped pump pulses, respectively. The back-
scattering produced in advance of the seed pulse is shown in orange, the amplified seed pulse in purple, and the scattered light trailing the seed pulse in
green. Inset I shows the initial seed envelope. Insets II, III display the amplified seed pulses (purple region) on a magnified scale. c, d present the spectra
obtained from a and b, respectively. The colour scheme associates spectra with temporal segments. The dotted black curve represents the initial seed
spectrum. All spectra are normalised to the same value. e, f are the electron density spectra for positive and negative frequency chirp, respectively. Spectra
are calculated at the time the seed pulse exits the plasma (seed propagates from top to bottom). The wave numbers are given in units of approximately the
inverse beat wavelength, 2/λ0= 1/400 nm−1. g, h are similar to e and f, but correspond to the ion density spectra. The electron density spectral amplitudes
have been multiplied by factor four to be visible on the same scale as the ion density spectra. In f and h no spectral signature of the grating is visible when
presented on the same scale as e and g.
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Raman instabilities. The measured scattered energy saturates
around 20 mJ for a negative chirp, while, for a positive chirp, it
grows to 90 mJ as the plasma density is increased, without any
sign of saturation. PIC simulations show that almost half of the
energy scattered from the pump can be due to the formation of a
long-lived, localised, ion grating or TPPS. This is produced in a
two-step, klystron-like process: when the pump pulse collides
with the seed pulse, an electron grating is formed by the pon-
deromotive force of a local, nearly stationary, beat wave. Its space-
charge force imparts phase-correlated momenta to the ions,
which then ballistically evolve into an ion grating that is neu-
tralised by overlapping electrons. 1D numerical simulations show
the energy transfer is ≈17.5%, which should increase with higher
densities. Furthermore, the grating survives the continuing pro-
pagation of the pump pulse through it and only washes out when
the frequency detuning and/or pump intensity becomes large. In
contrast, for a negative chirp, the beat wave becomes stationary
somewhat later, and in the interim period, the plasma tempera-
ture rises, which suppresses the formation of the ion grating. The
ability to produce and maintain robust gratings could provide a
major advance for manipulating, reflecting, and compressing
ultra-intense laser pulses.

Methods
Experimental layout. The experiments have been conducted at the Central Laser
Facility at the Rutherford Appleton Laboratory using the two beams (referred to as
pump and seed) from the Astra-Gemini laser system. The experimental layout is
presented in Supplementary Fig. 1. The beams collide in a 3-mm wide hydrogen gas
jet at an angle of 177∘ to avoid feedback into the laser amplifier chains. The 1–3.5 J,
6.5 ps duration pump pulse, chirped at a rate ∣α∣= 1.15 × 1025 rad s−2, is focussed to a
beam waist of 50 μm, which results in intensities of up to 1016W cm−2. The pump
spectrum is centred at 795 nm and has a bandwidth of 25 nm. The seed is 150 fs long
and has an energy of up to 15mJ, and a waist at a focus of 40 μm, which leads to a
maximum peak intensity of 2.5 × 1015W cm−2. To provide frequency detuning, the
high frequencies of the seed pulse are filtered out in the compressor using a mask to
produce a spectrum with a bandwidth of 10 nm centred at 810 nm. The pump beam
serves the dual purpose of pre-ionising the gas medium to form a plasma with a
density of up to 1.5 × 1019 cm−3, while acting as a source of energy for amplifying the
seed pulse. The seed pulse is transported to a calibrated energy metre, and a small
fraction is directed to a diagnostic system that includes a far-field imager (16-bit
Andor CCD camera) and an imaging spectrometer (Shamrock spectrometer con-
nected to a 16-bit Andor CCD camera) for analysing the seed focal spot, in addition

Fig. 4 2D simulation results. a Initial seed amplitude profile. b, c Amplified seed field envelopes after interaction with a pump beam with positive and
negative frequency chirps, respectively. Pump back-scattering in front of the seed is not shown in full. The power spectrum of the initial seed is illustrated in
d. Power spectra of the line-outs through the centre of the scattered signals are shown in e–g, for positive chirp and h–j, for negative chirp: e, h spectrum of
the signal scattered in front of the seed; f, i spectrum of the amplified seed; g, j spectrum of the signal scattered into the trailing region behind the seed. All
spectra are normalised by the largest peak value from the spectrum shown in h.

Fig. 3 Temporal evolution of a region of the grating. Analysis is shown for
a 27 μm region centred around the position 2.665mm. The initial time
corresponds closely to the time at which the seed crosses the plasma
region of interest. The spectral amplitude of the fundamental wave number
of the electron (green circle) and ion (orange square) gratings as a function
of time is shown in a, for positive chirp and b, for the negative chirp.
c, d present the phases of the electron and ion gratings at the fundamental
wave number.
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to a frequency-resolved optical grating (FROG) diagnostic system, to enable full
temporal characterisation.

Plasma density measurements. The plasma density, for low gas backing pressure,
is estimated from the measured frequency shift between the pump pulse central
frequency and the Raman Stokes peak frequency using the “positive chirp” data. A
linear fit is used to evaluate the density at higher backing pressures, where the
experimental data cannot be used. The relative error is estimated to be ±20%.

Numerical simulations. Numerical simulations have been performed using the
fully relativistic PIC code OSIRIS in a static window53.

1D numerical runs use 32 particles per cell and per species with 60 cells per
laser wavelength. The simulation domain length is 6.15 mm, with a gas/plasma
length of 3 mm, including 200-μm up and down ramps. Depending on the
simulated case, the domain is initially filled with either atomic hydrogen or plasma.
The density in the main flat region is 1 × 1019 cm−3. The pump pulse is frequency-
chirped with a 6.5-ps full-width-half-maximum (FWHM) intensity Gaussian
envelope. The spectrum is centred at 795 nm with a 25-nm bandwidth. The seed
uses a fifth-order polynomial function with a 150-fs FWHM duration. Laser pulse
intensities match the experimental parameters.

2D numerical runs use four particles per cell and per species with 50
(longitudinal) × 6 (transverse) cells per laser wavelength. The simulation domain
and plasma lengths are identical to the 1D case, with a transverse dimension of
0.252 mm. The pump and seed pulse waists are 50 and 40 μm, respectively. The
seed temporal profile is identical to the profile for the 1D case. The pump
temporal profile is a combination of two Gaussian functions that models the
asymmetry observed in the measured experimental spectrum. The temporal
profile is derived from fitting the experimental spectrum and assumes a linear
frequency chirp to obtain a ≈ 6.5-ps full-width-half-maximum (FWHM)
Gaussian envelope.

Data availability
Data associated with research published in this paper is accessible at https://doi.org/10.
15129/537a07e7-8ef1-46ea-bf83-d44f895e688e.
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