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We demonstrate that the total reflected field produced by the interaction of a moderately rela-
tivistic laser with dense plasma is itself an efficient driver of high harmonic generation. A system
of two or more successive interactions of an incident laser beam on solid targets may therefore be
an experimentally realizable method of optimizing conversion of laser energy to high harmonics.
Particle-in-cell simulations suggest that attosecond pulse intensity may be increased by up to four
orders of magnitude in a multi-pass system, with decreased duration of the attosecond pulse train.
We discuss high-harmonic waveform engineering for enhanced attosecond pulse generation with an
electron trajectory model, present the behavior of multi-pass systems over a range of parameters,
and offer possible routes towards experimental implementation of a two-pass system.

Relativistic high-order harmonic generation (HHG) on
solid-density targets offers a path towards the creation
of intense attosecond pulses [1, 2]. The intensity limit
of current laser technology provides substantial motiva-
tion for maximizing the intensity of generated attosecond
pulses at fixed driving laser power [3]. Experimental,
computational, and theoretical work has explored rela-
tivistic HHG [4–13], though attention has been focused
almost entirely on single-frequency driving lasers. Some
previous studies [14–17] have suggested that two-color
beams can produce relativistic harmonics more effec-
tively than single-frequency waveforms. Analogous work
on two-color beams [18, 19] and waveform optimization
[20–22] has been conducted for gas-phase HHG, where
multi-color beams have been shown to improve attosec-
ond pulse characteristics. The short durations, and re-
sulting wide spectra, of the laser pulses interesting for
relativistic HHG make the addition of more than two or
three harmonics difficult. In this paper we show that the
waveform created by relativistic HHG is under many con-
ditions itself an excellent choice for driving further har-
monic generation, and that a system comprising two or
more passes of a relativistic laser on solid targets provides
remarkable gains in attosecond pulse intensity. Recently
published work [23] has found multi-pass enhancement in
the case of normal incidence in one-dimension. Here we
provide a comprehensive description of multi-pass sys-
tems, covering oblique incidence, finite plasma-density
gradients, and two-dimensional effects.

Electron trajectory analysis of HHG associates high
attosecond pulse intensities with increased electron ve-
locity and acceleration at the time of emission, parallel
and perpendicular to the reflected wavevector, respec-
tively [12, 14]. Examination of the trajectories followed
by emitting electrons (Fig. 1) suggests that ideal wave-
forms create a large transverse (y-direction) electron ve-
locity between times t1 and t2, where most of the electron
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energy is acquired. Between t2 and t3, the electrons are
turned by the laser magnetic field and slowed in y by the
laser electric field. The net effect of the ion field varies
with parameters; in Fig. 1 the ion static field adds no
net energy between t2 and t3, since the z positions at
t2 and t3 are equidistant from the ion sheet. Optimized
attosecond pulse emission requires minimizing the loss
of energy between t2 and t3 and maximizing the field
at t3, which suggests a large field gradient between t2
and t3. Addition of a second harmonic field can increase
the field gradient [14], but a sharp field gradient is also
characteristic of the total reflected field for relativistic
high-harmonic generation.

We conducted particle-in-cell (PIC) simulations to
study the cumulative effect of successive relativistic laser-
plasma surface interactions, using a modified version of
the one-dimensional (1D), three-velocity PIC code BOPS
[24] and the two-dimensional (2D) implementation of
the code EPOCH [25]. All 1D simulations were per-
formed with ∆x/λ = ∆t/TL = 0.0012 at λ = 800 nm
and 150 particles per cell, where ∆x is the cell size
and ∆t is the time step. The 2D spatial resolution was
∆x/λ = 0.004. Due to the high laser intensities involved,
we consider a fully ionized plasma, and both ions and
electrons are mobile. Solid targets produce over-dense
plasmas (N = ne/nc > 1, where ne is the electron num-
ber density and nc = meω

2
L/4πe

2 is the plasma critical
density), and here we study P-polarized relativistic driv-
ing lasers (a0 = E0/Erel > 1, where Erel = meωLc/e).
The plasma is initially at zero temperature and is suffi-
ciently thick (1λ) to be treated as semi-infinite for the
pulse lengths (τ = 5 fs FWHM, intensity) used for these
results (where not otherwise noted).

We initially consider a two-pass mechanism in which
the reflected light from the first interaction maintains its
intensity until the second interaction, i.e. the reflected
field of the first simulation is exactly the incident field
of the second simulation. Fig. 2a illustrates the spectral
enhancement provided by the second interaction over a
single reflection. The inset shows the filtered high fre-
quency (attosecond pulse) intensity, confirming that the
second interaction maintains the phase coherence of the
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FIG. 1. Trajectories followed by electrons during attosecond
pulse generation on thin foil target (thickness λ/200), at nor-
mal incidence with N = 500 and a0 = 10. The color of
the mean trajectory corresponds to the absolute value of the
transverse acceleration, normalized by its maximum value.
The initial electron position is (0, 0). Inset: Electric field ex-
perienced by emitting electron bunch, with fields values at
times t1, t2 and t3 marked with green circles.

first, and demonstrating both improved pulse isolation
and a two-order-of-magnitude increase in intensity.

The enhancement of attosecond pulse intensity as a
result of the second interaction varies with plasma den-
sity and laser intensity. Figure 2b shows the ratio of the
second-pass attosecond pulse intensity (I2) to the pulse
intensity after the first pass (I1) for different a0 and N .
The attosecond pulses are calculated by filtering the re-
flected spectrum to include only ω/ωL > 10. For fixed
N there is a particular value of a0 at which the maxi-
mum enhancement obtained in the second pass occurs;
at higher densities this corresponds to higher a0. Addi-
tional spectra, corresponding to the highest two-pass gain
values of a0 for N = 100 and N = 200, are presented in
Fig. 2c and d.

Though a two-pass system is most readily realized, ad-
ditional successive passes may continue to increase high
harmonic conversion efficiency for values of a0/N below
the two-pass optimum. Fig. 3a illustrates that the max-
imum pulse amplification sometimes occurs only after
multiple passes through the system. For these results
the reflected field of each simulation is supplied as the
incident field of the next, so that energy losses in the
plasma are accounted for, but energy losses due to refo-
cusing onto the target are not. Lower incident intensi-
ties require multiple passes before HHG is significantly
enhanced, but the ultimate gains can be large, with 11
passes at a0 = 5 producing a brighter attosecond pulse

than a single interaction at a0 = 30. Fig. 3b, shows the
field steeping that occurs for alternate changes in fields
sign after each pass. The produced waveform is remi-
niscent of that found to be optimal for two-color driving
beams [14]. After multiple passes, or at high initial laser
intensity, harmonic generation is so efficient that the re-
sulting waveform loses its suitability for driving addtional
harmonics. This saturation is characterized by the divi-
sion of high frequency energy among multiple attosecond
pulses per optical cycle, resulting in the loss of phase
coherence and the disruption of emitting electron trajec-
tories.

The advantages of a multi-pass system are reduced for
surfaces with finite exponential plasma density gradients
(ne(x) ∝ exp(x/L) where L/λ ≈ 0.05 − 0.1), partially
because density gradients at the plasma surface already
substantially increase HHG efficiency [2, 13], and par-
tially due to additional energy loss in the plasma as a
result of a finite gradient. Previous work on two-color
beams [14] has shown that for a finite gradient gains in
attosecond pulse intensity from waveshaping are reduced
to about an order of magnitude. For longer (τ = 30 fs)
pulses (Fig. 4a), an interaction with a flat surface before
a second interaction with a finite gradient produces at-
tosecond pulses up to 10-30 times brighter than a single
interaction with a finite gradient at the same conditions,
with a dependence on N and a0 which appears similar to,
though less well defined than, the infinitely-steep density-
gradient case. When the first interaction surface also has
a finite gradient (Fig. 4b), the additional loss of energy
in the the first plasma gradient reduces intensity gains,
though the enhancement can still be substantial. This
case may also be advantageous for longer duration inci-
dent pulses (τ & 20 fs), since the interaction of longer
pulses with multiple finite gradients can produce dra-
matic shortening of the attosecond pulse train in addition
to intensity gains (Fig. 4c).

To check the validity of reducing the above analysis to
one dimension, 2D simulations were performed for both
one- and two-pass configurations. In Fig. 5a, an inci-
dent beam which reaches a0 = 20 is focused between
two plasma surfaces (N = 200) producing substantially
enhanced harmonics compared to both the intermediate
field between the two plasma surfaces and the evolved
single pass field in Fig. 5b. Fig. 6a indicates that the
second interaction does not result in increasing diver-
gence for the second beam; the smaller generation area
is offset by the shorter wavelength of the generated light.
The inset spectrum exhibits the same characteristics as
the 1D spectra in Fig. 2. Fig. 6b shows how the beam
widths of the different frequencies contained in the in-
cident and reflected fields evolve throughout the interac-
tion, demonstrating both that a small beam diameter can
be maintained through both passes and that the two-pass
high harmonics retain a relatively small divergence. The
agreement between 1D and 2D simulations suggests that
the spatial distribution of harmonics and beam focusing
do not substantially reduce multi-pass efficiency.
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Experimental realization of a two-pass configuration is
possible either by placing the two interaction surface so
close together that both are within the Rayleigh length
of the driving laser (Fig. 7a), or by refocusing the re-
flected pulse with a focusing mirror onto a new surface
(Fig. 7b). Advances in additive manufacturing may allow
geometries such as that shown in Fig. 7a to be fabricated
practically [26]. A configuration of multiple reflections
at finite angle of incidence (θL 6= 0) between two paral-
lel surfaces may not be viable, because the sign of the
angle of incidence determines which of the two attosec-
ond pulses that would appear during each optical cycle at
normal incidence is enhanced. In a parallel plate configu-
ration at oblique incidence, θL changes sign with each re-
flection, so that any high harmonics in the incident beam
will be half a cycle out of phase at the second reflection
and will suppress rather than enhance the creation of
new attosecond pulses. This effect is directly related to
the suppression of attosecond pulses by second harmonic
light for particular values of the relative phase [14]. A
geometry which maintains the sign of the angle of inci-
dence is therefore required. The behavior of multi-pass
configurations at different angles of incidence is qualita-
tively similar, with some variation in the magnitude of
enhancement depending on the efficiency of underlying
one-pass configuration. Though refocusing (Fig. 7b) will
result in the loss of very high harmonics from the first
pass due to the difficulty of reflecting extreme ultraviolet
and x-ray light, the enhanced efficiency of the second-
pass generation is driven primarily by the lower order
harmonics; the high harmonics are too weak and high in
frequency to have a significant effect on electron motion.

In comparison to two-color driving beams, multi-pass
HHG is advantageous for creating intense attosecond
pulses because the different frequencies are automati-
cally formed with the same polarization and an appro-
priate phase difference. Multi-pass HHG offers a real-
izable method for approaching the optimal efficiency of
HHG in the short-pulse regime, where few tools for wave-
form engineering are effective. In this paper we have
provided computations on multi-pass configurations for
experimentally relevant parameters, including the effects
of oblique incidence, finite plasma gradients and two di-
mensions, and suggested possible routes towards experi-
mental implementation.
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FIG. 2. Enhancement of HHG through two-pass interaction.
(a) The spectra of the incident (green dashed line), first-pass
reflected (blue, lower solid line), and second-pass reflected
(red, upper solid line) fields, showing a substantial increase
in HHG efficiency at a0 = 30, N = 500, and θL = 30◦ (angle
of incidence) on a flat plasma surface. Inset: Corresponding
attosecond pulses (10 < ω/ωL) generated after first pass (left)
and second pass (right). (b) The attosecond pulse intensity
after two passes (I2) compared to intensity after a single pass
(I1) for varied a0 and N . θL = 30◦, 10 < ω/ωL. (c) The
reflected spectra after one (blue, lower line) and two (red,
upper line) passes at a0 = 5 and N = 100 and (d) a0 = 10
and N = 200.
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FIG. 3. Effect of multiple interactions on attosecond pulse in-
tensity and electric field shape. (a) Attosecond pulse intensity
for each pass through a multi-pass configuration, demonstrat-
ing the effect of a0 on the optimum number of passes on a flat
surface at θL = 30◦, N = 500, τ = 5 fs (FWHM), and har-
monics filtered by 30 < ω/ωL < 100. (b) Change in shape of
electric field after each pass for the data at a0 = 10.
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FIG. 4. Multi-pass configuration with a finite plasma density
gradient. (a) Attosecond pulse intensity after second pass on
finite gradient (L/λ = 0.05) where the first pass is either (a)
on an infinite plasma density gradient or (b) on the same
density gradient as the second pass. For both cases, the first
pass intensity used for normalization, I1, is calculated for a
single pass on a finite gradient. (c) Comparison of attosecond
pulse trains generated at N = 200, a0 = 40, L/λ = 0.05,
and τ = 30 fs with (red) and without (blue) an initial pass
on a flat plasma surface at the same intensity and maximum
density. The intensity of the largest single-pass attosecond
pulse is 1. For all results, θL = 30◦ and 30 < ω/ωL < 100.
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FIG. 5. 2D simulations comparing two (a) and one (b) pass
interactions. An incident laser (red, a0 = 20, τ = 5 fs) inter-
acts with two (a) or one (b) plasma surfaces (white, N = 200),
showing substantially enhanced high harmonics (green) in the
two-pass case. Note that in these images the colors corre-
sponding to the attosecond pulse intensities are saturated for
visibility, so the pulses appear spatially larger than their true
extent.
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FIG. 6. (a) The transverse distribution of reflected intensity
from 2D simulations (same as Fig. 5, showing spatial narrow-
ing, after one pass (blue, lower line) and two passes (red, up-
per line). Inset: spectra of reflected fields in both cases (red,
upper line is two-pass spectrum), demonstrating quantita-
tively similar behavior to 1D simulations. (b) Spatial FWHM
of fundamental (red), moderate harmonics 4 < ω/ωL < 20
(blue) and high harmonics 25 < ω/ωL < 40 (gray) for fo-
cused two pass interaction.

FIG. 7. Experimental multi-pass configurations. Multiple
interactions may be realized by (a) focusing the driving beam
such that two surfaces are within the Rayleigh length or (b)
refocusing the reflected harmonics onto a second surface.
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