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Stimulated-Raman-scattering amplification of attosecond XUV pulses with pulse-train pumps and
application to local in-depth plasma-density measurement

Andréas Sundström ,1,* Mickael Grech ,2 István Pusztai ,1 and Caterina Riconda 3

1Department of Physics, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden
2LULI, CNRS, Sorbonne Université, CEA, École Polytechnique, Institut Polytechnique de Paris, F-91128 Palaiseau, France

3LULI, Sorbonne Université, CNRS, CEA, École Polytechnique, Institut Polytechnique de Paris, F-75252 Paris, France

(Received 14 July 2022; accepted 24 September 2022; published 20 October 2022)

We present a scheme for amplifying an extreme-ultraviolet (XUV) seed isolated attosecond pulse via stim-
ulated Raman scattering of a pulse-train pump. At sufficient seed and pump intensity, the amplification is
nonlinear, and the amplitude of the seed pulse can reach that of the pump, one order of magnitude higher than the
initial seed amplitude. In the linear amplification regime, we find that the spectral signature of the pump pulse
train is imprinted on the spectrum of the amplified seed pulse. Since the spectral signature is imprinted with
its frequency downshifted by the plasma frequency, it is possible to deduce the electron density in the region
of interaction. This region can be of micrometer length scale longitudinally. By varying the delay between the
seed and the pump, this scheme provides a local electron-density measurement inside solid-density plasmas that
cannot be probed with optical frequencies, with micrometer resolution.

DOI: 10.1103/PhysRevE.106.045208

I. INTRODUCTION

With high-order harmonic generation in gas targets (gas-
HHG) [1,2], it is possible to generate isolated attosecond
pulses (IAPs) in the extreme-ultraviolet (XUV) regime [3–6].
Such pulses can be used as probes to study processes on the at-
tosecond timescale [7], e.g., electron wave-function dynamics
in atoms and molecules [8–10], as well as plasma diagnostics
[11–15]. However, these pulses are relatively low energy and
will, in general, not be able to significantly drive a plasma in
an XUV-pump–XUV-probe experiment [16,17].

Another XUV source is high-order harmonic generation
in laser-solid interactions [18] (solid-HHG), via either sur-
face plasma waves [19,20], coherent synchrotron emission
[21–23], the relativistic electronic spring [24,25], or the rel-
ativistically oscillating mirror mechanism [26–31]. The latter
has the potential to provide XUV pulses with very high in-
tensities, potentially up to I ∼ 1025 W/cm2 [29]. With these
methods, a train of high-intensity attosecond XUV pulses can
be generated with sufficiently high field strength to signifi-
cantly affect the electrons and drive collective processes in
a plasma. There are also methods for generating IAPs with
solid-HHG [22,32–37].

In this paper we propose the use of stimulated Raman
backscattering (SRS) [38–43] to amplify an IAP seed pulse
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with a pulse-train pump. While the three-wave-coupling sys-
tem of equations for SRS is fairly well understood for
pseudomonochromatic pulses, its applicability to the broad-
spectrum IAP seeds and pulse-train pumps considered here
is not obvious. We therefore explore the possibility of this
approach via particle-in-cell (PIC) simulations and present
parametric studies of the SRS amplification with respect to
initial pump and seed amplitudes as well as pulse-train length,
plasma temperature, and the effect of Coulomb collisions.
The use of a pulse-train pump can be of interest for smaller
laser laboratories to produce high-intensity IAPs, as the other
pump-pulse alternative would be x-ray free-electron lasers
(XFELs), which are only found at a limited number of large-
scale facilities.

Since SRS relies on the presence of electron-plasma waves
induced by the pump and seed laser pulses, the efficacy of
the amplification is highly dependent on both the pump and
seed normalized amplitudes [43], a0 and a1, respectively.
Our simulations indicate that efficient nonlinear amplification,
without severe temporal stretching of the seed pulse, requires
a1 � 0.02, which is almost within reach for gas-HHG, with
reported amplitudes of a1 � 0.01 [6].

An interesting application of this XUV-SRS scheme is
for in-depth, local electron-density diagnostics. Because high-
density plasmas are opaque to optical frequencies, light-based
probing methods have to be in the XUV or x-ray range of
wavelengths. Previous experiments have utilized XUV trans-
mission [11,12] to determine electron densities on ∼100 fs
timescales. Furthermore, XUV wave-front sensing [13] and
dispersion of XUV pulses [15] have been proposed to diag-
nose solid-density laser-generated plasmas on the timescale of
the XUV pulse. However, these techniques all produce line-
integrated measurements along the path of the probe pulse.
By instead utilizing the locality of the SRS interaction, the
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method proposed in this paper has the potential to probe the
electron density, inside the plasma, with micrometer-scale
longitudinal resolution by varying the delay between the
pump and seed.

The proposed local electron-density diagnostics method is
based on the spectral imprinting of the spectral fringes of the
pump pulse train onto the broad-spectrum seed pulse. This
technique has previously been proposed [44–46] and demon-
strated experimentally [47] to probe laser-generated plasmas
in gas-jet targets using SRS of infrared lasers. Besides the
possibility of probing solid-density plasmas at significantly
higher spatial and temporal resolution employing XUV fre-
quencies, our proposed use of a pulse-train pump has an
additional advantage through an increased spectral resolu-
tion. Since a pulse train has a spectrum consisting of several
prominent peaks (depending on the separation of the pulses
in the train) and the SRS coupling is strongest at a frequency
shift equal to the plasma frequency �ω = ωp, these spectral
peaks will be imprinted onto the spectrum of the seed pulse.
The amplified seed pulse will therefore have a very distinct
spectral signature, which can be compared with the original
pulse-train pump to determine the local plasma frequency ωp

and thereby the electron density. Owing to the narrow spectral
peaks, we estimate the uncertainty of the density measurement
using our proposed setup to be as small as 2.5%. Note that
this spectral imprinting is most efficient in the linear SRS
amplification regime, i.e., for a1 � 0.01, which is currently
realizable.

II. INTERACTION REGIMES

Consider a pump and a counterpropagating seed in a
plasma with frequencies ω0 and ω1, respectively, fulfilling
the phase matching condition ω0 − ω1 = ωp, where ωp is
the plasma frequency; the pulses have normalized ampli-
tudes ai = eEi/(mecωi ) (for i = 0, 1) with Ei = √

2Ii/cε0 and
where e is the elementary charge, me is the electron mass, c
is the speed of light, ε0 is the permittivity of free space, and
Ii is the intensity of the respective beams. Following Edwards
et al. [48], the linear-regime SRS growth rate Γ for the seed
pulse inside a plasma with electron density ne is given by

Γ

ω0
= 1

2
[4Γ̃ 2 + (ν̃3 − ν̃1)2]1/2 − ν̃3 + ν̃1

2
, (1)

where

Γ̃ = a0c (|k0| + |k1|) (ne/nc,0)1/4

4
√

ω0ω1
(2)

is the undamped SRS growth rate with pump and seed wave
numbers k0 and k1, respectively, and nc,0 = ε0meω

2
0/e2 is

the critical density associated with ω0; ν̃3 = ν̃Lnd + ν̃ei/4 and
ν̃1 = (ne/nc,0) ν̃eiω0/ω1 using the normalized collisional and
Landau damping rates

ν̃ei = 2
√
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√
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and

ν̃Lnd =
√

πne/nc,0

(2qe )3/2
exp

(−1/qe
)
, (4)

respectively, where qe = 4Te/(mec2ne/nc,0), and the Coulomb
logarithm is taken as ln Λ = ln(12πλ2

Dne/Zi ) with the elec-
tron temperature Te, Debye length λD =

√
ε0Te/(nee2), and

ion charge number Zi.
In this paper we study pump amplitudes ranging from a0 =

0.05 to a0 = 0.2, which results in growth rates on the order of
Γ/ω0 ∼ 0.023−0.1 at ne ≈ 0.6nc,0. As discussed by Edwards
et al. [48] for wavelengths above 10 nm and for the pump
amplitudes considered here, amplification by SRS should be
more favorable than stimulated Brillouin scattering (SBS), or
in some cases the difference will be marginal. However, this
theory assumes quasimonochromatic pulses, which is not the
case in our study. We have also verified, by complementary
simulations (not shown here), that indeed the SBS amplifica-
tion is not efficient for our setup and parameter range. As it is
expected that the observed growth rates should be lower due to
the “gaps” between pulses in the pump pulse train, the faster
timescales associated with SRS are essential. Furthermore,
due to the short pulse durations, the energy in the pump and
seed pulses is spread over a broad spectral range, which is
expected to differently affect the growth rates of the spectral
components of the seed. To our knowledge, there is no devel-
oped fully spectral theory of the SRS with broadband pulses,
but we expect that the growth rate of each spectral component
is approximately proportional to the spectral density |Ê | of
the pump—similar to the a0 dependence in (2)—where Ê is
the Fourier transform of the electric field.

It has been pointed out that in order to have efficient SRS
amplification, it is useful to start with a seed that has initial
amplitude and duration close to the optimal condition of non-
linear amplification [43], namely, a1τ1ω0(ne/nc,0)1/4 ≈ 6.8,
where a1 and τ1 are the amplitude and duration, respectively,
of the seed pulse once the nonlinear regime has set in, with a1

being comparable to a0. Typical seed pulses in the XUV range
will be only a few cycles and will interact in relatively high
density plasmas, of the order of 0.1nc,0–0.2nc,0. In order to
fulfill the condition above, we would need a very large initial
seed amplitude a1 = 0.5, which is beyond the parameter range
of interest for this paper. Nonetheless, for sufficiently large
pump intensity (a0 � 0.2) we do enter into a nonlinear regime
of amplification as will be discussed below.

III. SIMULATION SETUP

We used the SMILEI PIC code [49] to simulate the inter-
action between a seed pulse and a pump pulse train in a
plasma in one dimension (1D). The simulations were per-
formed in various box sizes, all with a spatial resolution of
�x � 0.7 nm, at least 50 times smaller than the laser wave-
lengths used in this study. The seed pulse considered here
had a central wavelength of λ1 = 50 nm and the Gaussian
temporal envelope with a (field-amplitude) full-width-at-half-
maximum (FWHM) duration of four cycles. The plasma was
chosen to be a pure hydrogen plasma at densities 0.1nc,1

(Sec. IV A) and 0.2nc,1 (Sec. IV B), where nc,1 is the critical
density associated with the seed central frequency ω1. The
plasma was modeled using 1000 and 800 particles per cell
for the electrons and protons, respectively. The initial elec-
tron and ion temperatures were Te = 100 eV and Ti = 1 eV,
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respectively. The pulse trains considered had central
wavelengths of λ0 = 38 nm (Sec. IV A) and λ0 = 36 nm
(Sec. IV B); the individual pulses in the train were also
of four-cycle FWHM duration—based on their own central
wavelength. The distance between pulses in the train was
400 nm.

We have also performed additional simulations to investi-
gate the effect of electron temperature and Coulomb collisions
on the SRS as well as on the spontaneous Raman scatter-
ing (RS) which occurs for the higher-intensity pumps. This
was done through a scan in electron temperature from 50
to 500 eV, both with and without binary Coulomb collisions
[50] enabled. Because the spontaneous RS is seeded by ran-
dom density fluctuations, it is sensitive to numerical noise,
and we have used a higher resolution in order to accurately
capture the spontaneous RS [51]. We note, however, that
the strength of the spontaneous RS in our study is relatively
small compared with the SRS, and that the difference in en-
ergy contained in the spontaneous RS between the nominal
and high-resolution simulation is �25%, which amounts to
�2.5% of the energy in the SRS-amplified pulse in all cases.
The nominal-resolution simulations therefore give a good rep-
resentation of the behavior of the SRS mechanism, even if
they might overestimate spontaneous RS.

We note that the use of 1D PIC simulations is well
justified under these conditions. The fastest-growing trans-
verse instability one can expect, the filamentation instability
[52,53], grows over timescales of hundreds of femtoseconds
and submicrometer transverse scales, much larger than those
considered in this paper.

IV. RESULTS AND DISCUSSION

We first discuss the amplification of an IAP (Sec. IV A),
considering, in particular, the effect of the lengths of pump
pulse trains. Most efficient amplification, without severely
extending the duration of the amplified seed pulse, is shown
to occur in the nonlinear regime. In contrast, in the linear SRS
regime (Sec. IV B), the clear spectral signature of the pump
pulse train is imprinted onto the seed pulse with a frequency
shift equal to the local plasma frequency. By comparing the
spectra of the amplified and pump pulses, this technique can
be used to deduce the electron density inside the plasma, with
micrometer resolution.

A. XUV-pulse amplification

Figure 1 shows the amplification of a seed pulse with
initial amplitude a1 = 0.02; Figs. 1(a) and 1(b) show the
pulse before and after, respectively, interaction with the pump
pulse train consisting of N = 10 pulses with wavelength λ0 =
38 nm. The dotted black curves in Figs. 1(a) and 1(b) indicate
the spatial filtering used to obtain the spectra of the seed pulse
shown in Fig. 1(c), where the dashed blue curve represents
the spectrum of the initial seed pulse and the solid red curve
represents that of the amplified seed pulse; the dotted magenta
curve shows the spectrum of the pump after SRS has occurred.
The vertical dashed lines show the spectral maxima of the
pump and amplified seed pulses; the corresponding frequency

(a)

(b)

(c)

FIG. 1. Amplification of an IAP by an XUV pulse train via
nonlinear SRS, with initial pump and seed amplitudes a0 = 0.2 and
a1 = 0.02, respectively. (a) and (b) Real-space field [relativistically
normalized (norm.) with the central frequency of the seed] before
(a) and after (b) the seed-pump interaction. The dotted black curves
indicate the spatial filtering envelopes used to distinguish the spectra
of the seed or amplified pulse. (c) Spectra of the amplified (solid red
curve) and initial seed pulse (dashed blue curve), as well as the pump
pulse train after interaction with the seed (dotted magenta curve). The
vertical dashed lines indicate the spectral maxima of the pump and
amplified seed pulse.

downshift �ω agrees very well with the plasma frequency ωp

associated with the electron density ne = 0.1nc,1 used here.
The quality of the amplification can broadly be cap-

tured by two parameters: the energy gain G = Efinal
1 /E init

1 and
amplified-pulse duration τ95% measured as the time span that
contains 95% of the energy in the pulse. By integrating the
spatially filtered spectra in Fig. 1(c), we can calculate the
energy E1 of the seed pulse before and after amplification,
which gives an energy gain of G � 236 in this case. Next, we
find the duration of the amplified pulse to be τ95% = 3.0 fs; in
comparison, the initial seed-pulse duration is τ

(init)
95% ≈ 0.8 fs.

In order to gauge the efficacy of the pulse-train pump
compared with flat-top (constant-intensity) pulses, we run two
simulations with two different flat-top pump pulses. The first
such pulse was chosen to contain the same total energy as the
N = 10 pulse train, resulting in a duration of 3.5 fs. The sec-
ond flat-top pump had a duration of 10.6 fs, which is the same
duration as the pulse train—but containing approximately 2.9
times more energy. The energy gain G and amplified-pulse
duration τ95% obtained from the pulse-train pump and the two
flat-top pumps are summarized in Table I. The lower energy
gain G observed with the same-energy flat-top pump might
indicate that the seed pulse requires some fixed time in the
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TABLE I. Comparison of the energy gains G and amplified-pulse
duration τ95% between the nominal pulse-train pump with N = 10
train length (as shown in Fig. 1) and two cases with flat-top pumps:
either with the same total energy or with the same duration as the
nominal pulse train.

Pump type Energy gain G Duration τ95% (fs)

Pulse train 236 3.0
Flat top (same energy) 83 0.9
Flat top (same duration) 330 1.5

linear-growth regime, which makes up a larger proportion of
the same-energy pump than in the pulse train. At the same
time, the short duration τ95% and observed amplified-pulse
spectrum (not shown here) suggest that the SRS interaction
eventually reaches the nonlinear regime, with resulting pulse
compression. The same-duration flat-top pump results in a
significantly larger energy gain, as expected, while still having
a significantly shorter duration than the pulse-train pump; both
of these observations are expected since the higher energy in
this pump allows for both more energy transfer and a more
nonlinear interaction. It also appears that the flat-top pumps
result in somewhat less spontaneous RS and other noise,
which is likely due to the narrower spectrum of the flat-top
pulse envelopes.

We have also performed similar calculations for various
pulse-train lengths N with different combinations of pump and
seed amplitudes, a0 and a1, respectively, which are shown in
Fig. 2(a). In the cases displayed, the gain rises rapidly with
the number of pump pulses for small N . However, at a certain
point the gain saturates at approximately G ∼ (a0/a1)2, which
roughly corresponds to the seed pulse reaching the amplitude
of the pump. Extending the pump pulse train beyond this
saturation point mostly results in a broadening of the pulse
envelope and an increased background of spontaneous Raman
scattering (RS). The unwanted spontaneous RS is especially
prominent in the cases with a0 = 0.2 and a1 = 0.02—due
to the stronger nonlinear effects at higher pump amplitudes.
Already at N = 10, there is noticeable spontaneous RS, as
seen by the noise floor on both sides of the amplified seed
pulse in Fig. 1(b).

The stronger nonlinearity present at higher pump and seed
amplitudes is, however, also key to producing short amplified
pulses. In Fig. 2(b), we see that the shortest amplified-pulse
durations τ95% � 3 fs are produced with a0 = 0.2 (with N
between 5 and 10). For the [a0, a1] = [0.2, 0.02] case (red tri-
angles), we also observe a decrease in τ95% starting at N = 5,
which indicates the onset of pulse compression observed in
strongly nonlinear SRS [54]. For the same case, we also see a
more irregular behavior after N = 10, which is likely due to
the higher spontaneous RS in the longer simulation box used
for the N > 10 cases, as discussed in the previous paragraph.

We continue by investigating the saturation of the relative
energy gain by varying the initial electron temperature, which
affects the strength of Landau damping, as well as using a seed
pulse with a1 = a0 = 0.2, to study whether electron-wave
breaking may be causing the saturation. These simulations
were performed with significantly higher resolution in order

(a)

(b)

FIG. 2. Relative energy gain G (a) and amplified-pulse duration
τ95% (b) as functions of the number of pulses N in the pump train.
The seed and pump pulses are both of four-cycle FWHM duration
with seed and pump wavelengths λ1 = 50 nm and λ0 = 38 nm, re-
spectively. The plasma density is ne = 0.1nc,1.

to accurately resolve the spontaneous RS, as discussed in
Sec. III; corresponding results are shown in Fig. 3. When
the electron temperature is varied between Te = 50 eV and
Te = 500 eV, there is no clear trend in the strength of the
spontaneous RS in the collisionless cases, while the desired
stimulated RS is reduced at higher temperatures. Interestingly,
including collisions reduces the spontaneous RS somewhat

FIG. 3. Relative energy gain G of the seed pulse (solid curves)—
stimulated scattering—and energy of the spontaneous RS (dotted
curves), as functions of electron temperature Te, with (red squares)
and without collisions (blue circles). All cases shown here are with
a0 = 0.2 and a1 = 0.02 and with a N = 10 pulse-train pump. Both
the stimulated and spontaneous energy gains are measured relative to
the energy of the initial seed pulse.
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(a)

(b)

(c)

FIG. 4. Amplification of an IAP by an XUV pulse train with
the same amplitude seed and pump a0 = a1 = 0.2. (a) and (b) Real-
space field (relativistically normalized with the central frequency of
the seed) before (a) and after (b) the seed-pump interaction. The
dotted black curves indicate the spatial filtering envelopes used to
distinguish the spectra of the seed or amplified pulse. (c) Spectra of
the amplified (solid red curve) and initial seed pulse (dashed blue
curve), as well as the pump pulse train after interaction with the seed
(dotted magenta curve).

while at the same time only impacting the stimulated energy
gain by �10 %. However, in foil targets the higher ion charge
at solid density may result in more significant collisional
effects [55,56]. The effect of collisions decreases with tem-
perature, both in stimulated RS and in spontaneous RS. At
Te = 500 eV, the spontaneous RS is even slightly higher with
collisions than without; this is within the noise margin of the
PIC simulations.

Next, in a series of simulations with a1 = a0 = 0.2, we
varied the number of pulses in the pump train from N = 2
to N = 10 to study the effect of electron-wave breaking. The
result of the N = 10 case is shown in Fig. 4, where we in
Fig. 4(b) see that the amplitude of the amplified pulse is al-
most 2.5 times higher than the initial seed amplitude, without
any significant increase in pulse duration—the amplified-
pulse duration is τ95% ≈ 1.0 fs, compared with the initial seed
duration of τ

(init)
95% ≈ 0.8 fs. While the electron phase space (not

shown) in the a1 = a0 = 0.2 cases shows clear tendencies of
electron-wave breaking—which occurs when the amplitude of
the electron wave is sufficiently large that the fastest electrons
significantly outrun the wave itself—we still find that the ab-
solute energy gain �E1 = Efinal

1 − E init
1 is approximately twice

that of the [a0, a1] = [0.2, 0.02] case. Thus, since there is
no deterioration of the energy transfer for a1 = a0 = 0.2, we
may conclude that electron-wave breaking is not significantly
affecting the nonlinear amplification in the cases considered
here.

(a)

(b)

(c)

FIG. 5. Illustration of the spectral imprinting from linear SRS,
with initial pump and seed amplitudes a0 = 0.2 and a1 = 0.02, re-
spectively. (a) and (b) Real-space field (relativistically normalized
with the central frequency of the seed) before (a) and after (b) the
seed-pump interaction. The dotted black curves indicate the spatial
filtering envelopes used to distinguish the spectra of the seed pulse.
(c) Spectra of the amplified (solid red curve) and initial seed pulse
(dashed blue curve), as well as the pump after interaction with
the seed (dotted magenta curve). The vertical dashed lines indicate
the spectral maxima of the pump and amplified seed pulse, separated
by a frequency shift of �ω ≈ 16.8 fs−1.

B. Linear SRS as a local density diagnostic

Although the relative energy gain is lower and the
amplified-pulse duration is longer in the linear compared with
the nonlinear regime, the same mechanism that causes these
undesirable amplification properties can instead be exploited
for measuring the electron density inside a plasma. Figure 5
shows the results of the interaction between an a0 = 0.1
pump pulse train and an a1 = 0.01 seed pulse with central
wavelengths (in vacuum) of λ0 = 36 nm and λ1 = 50 nm,
respectively. Figures 5(a) and 5(b) show the pulses before and
after interaction, respectively. We find that the amplitude of
the seed was not greatly affected by the SRS; however, the
pulse duration increased to τ95% ≈ 4.6 fs—practically to that
of the full pump pulse train.

The cause for this result is elucidated by the spectra shown
in Fig. 5(c). The amplified pulse has acquired three distinct
peaks (solid red curve) on top of the initial spectrum (dashed
blue curve). These peaks correspond to a downshift by ωp of
the three highest peaks of the pump spectrum (dotted magenta
curve). Spectrally, the amplified seed pulse has become more
similar to a pulse train, which is also seen in the real-space
shape of the envelope [Fig. 5(b)]. Owing to the frequency
shift, the spectral peaks of the amplified seed pulse are still
distinguishable from reflections of the pump pulse train.

The linear nature of the low-amplitude SRS means that
the amplification of each spectral component of the seed is
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approximately proportional to the spectral density |Ê (0)
y (ω)| of

the pump (downshifted by ωp). We therefore get an imprinting
of the rather distinct spectral signature of the pump pulse train
onto the amplified pulse, which allows us to determine the size
of the frequency shift �ω = 16.83 fs−1, as indicated by the
two vertical dashed lines in Fig. 5(c). We find that the down-
shift agrees very well with the electron density ne = 0.2nc,1

used in this simulation, which has a corresponding plasma fre-
quency of ωp = 16.85 fs−1. In practice, however, the accuracy
of the measured frequency shift is limited by the width of the
spectral peaks, which in this case is approximately ± 0.8 fs−1,
giving an uncertainty in the density measurement of less than
±2.5%. If the length, N , of the pulse train is increased, the
spectral width of each peak will be reduced, thus increasing
the accuracy—albeit at the cost of lower spatiotemporal reso-
lution.

Also note that the broad-spectrum nature of the seed and
the pump is crucial for this density diagnostic method to be ef-
fective. Because the spectral amplification also depends on the
spectral density of the seed, |Ê (1)

y (ω)|, the seed-pulse spectrum
should be sufficiently broad to capture the imprinting of an
as-wide-as-possible section of the pump spectrum, even when
the central frequencies are not perfectly matched—as is the
case in the simulation shown in Fig. 5. If the seed and pump
had narrow spectra, then the frequency difference between
the seed and the pump would have to be swept, in order to
find the largest amplification, before the value of ωp could be
established, which could be challenging experimentally. Of
course, the method is still limited in what plasma densities
can be measured—based on which seed and pump central
frequencies are available—even with a broadband seed and
pump, but the range of densities that can be probed increases
with the seed and pump bandwidths.

Next, because the spectral imprinting only occurs while
the seed and the pump interact, the probed frequency shift
corresponds to the plasma frequency only in the interaction
region, the size of which is approximately half the length
of the pump pulse train. While the linear regime operates
with relatively low amplitude pulses, it should be noted that
if the pump amplitude is below a0 � 0.05, the SRS growth
rate becomes low—even if the seed amplitude is increased
to a1 = a0—and a longer pump pulse train is needed, thus

increasing the interaction region. By varying the pump-seed
delay, it is possible to choose where in the plasma to probe
the density. This method therefore has the potential to probe
the electron density at micrometer longitudinal resolution, at
depth inside the plasma. Depending on the transverse size of
the focus, the probed volume can be as small as a few tens
of μm3.

V. CONCLUSIONS

We have presented a scheme for amplifying isolated at-
tosecond XUV pulses based on stimulated Raman scattering
(SRS). In order to efficiently amplify the attosecond seed
pulse without severely extending its duration, the seed and
pump must be sufficiently strong to enter the nonlinear
regime. In particular, we find that the relativistic amplitude
of the seed should be a1 � 0.02 with a pump of amplitude
a0 = 0.2.

In the linear SRS regime, the broad spectrum of the at-
tosecond seed is imprinted with the peaked spectrum of
the pump pulse train. Because the imprinting of the pump
spectrum occurs with a frequency downshift equal to the
local plasma frequency ωp ∝ n1/2

e , the local plasma density
can be deduced by comparing the spectra of the pump and
amplified seed pulses. The advantage of this in-depth density-
measurement method is that, depending on the length of the
pump pulse train, the longitudinal spatial resolution can be in
the micrometer scale, allowing for local density diagnostics of
solid-density plasmas inside the plasma.
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