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Attosecond pulse isolation via intense laser field synthesis
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Precisely synthesized driving fields for relativistic laser-plasma interactions are shown, using particle in cell
simulations, to allow for the absolute control over the temporal structure, and efficiency, of emitted attosecond
pulse trains. Using a two-color driving field with an off-harmonic frequency as the second color exploits the
sensitivity of the generation mechanism to the exact waveform seen by the plasma electrons. Fine control over
the relative phase between the two colors, combined with the incommensurate nature of the driving field, breaks
the symmetry of the input wave and allows for the selective enhancement of individual pulses in the resultant
attosecond pulse train. Our results show that, by suppression of the surrounding pulses in the train, it is possible to
use this technique to generate a single isolated attosecond pulse without compromising the resultant intensity as is
common in other temporal gating schemes and how it can be combined with the noncollinear gating mechanism
to further improve pulse isolation.
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At the instant a relativistically intense laser field (I >

1018 W cm−2) is incident on a solid density surface, a
plasma mirror is formed such that the laser pulse is reflected
[1,2]. During this highly nonlinear interaction, electrons at
the plasma surface are driven at relativistic velocities and,
as a consequence, emit highly coherent extreme ultraviolet
(XUV) and x-ray radiation once every cycle of the driving
frequency (for oblique incidence) or every half-cycle (for nor-
mal incidence). In the case of a multicycle laser, this results
in a train of ultrashort pulses on the scale of attoseconds
(1 as = 10−18s), represented in the frequency domain as the
generation of high-order harmonics [3]. The generation of
high-order harmonics and thus a train of attosecond pulses are
well described by three distinct mechanisms. Coherent wake
emission (CWE), which dominates for moderate intensities
with a short plasma scale length [4,5]; coherent synchrotron
emission (CSE), which has been shown to efficiently generate
bright XUV pulses in normal transmission [6]; and finally the
relativistic oscillating mirror model (ROM), which dominates
in the highly relativistic regime for comparably longer scale
lengths (L � λ/10) [1,7,8].

The potential to harness a single attosecond pulse paves
the way for continued development of attosecond science,
with applications in real-time ultrafast optical pump-probe
experiments to uncover the dynamics of atomic and elec-
tronic structures [9,10]. Increasing efforts over the past
decade toward attosecond pulse isolation has demonstrated
great promise with multiple novel techniques and gating
mechanisms. The most obvious approach to obtain a single
attosecond pulse is to use a single-to-few cycle incident laser

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

[11,12], however, achieving single-cycle laser fields becomes
extremely challenging with scaling to higher intensities. Other
schemes take advantage of temporal gating such as manipula-
tion of the polarization dependence between two noncollinear
pulses [13], spatiotemporal gating, which involves streaking
the attosecond pulse train in space [14,15], or a combination
of different gating mechanisms [16–18].

Previous studies have shown that appropriate tailoring of
the waveform of the incident laser field allows control of the
shape and periodicity of the up-shifted reflected field. For
specific tailoring, it is possible to achieve significant increases
in the efficiency of conversion yield to higher harmonics as
well as increased pulse intensity [19–22]. While such laser
field manipulation has been investigated before, both numer-
ically and experimentally, using the second harmonic of the
fundamental frequency, the focus has been on enhancing the
intensity of the resultant attosecond bursts of XUV radiation.
Here, using 1D and 2D PIC simulations, we present results
demonstrating a method of using two-color driving fields to
enhance the temporal pulse isolation of the reflected pulse
train as seen in the simple schematic in Fig. 1. We show
how the use of off-harmonic frequencies as the second color
can break the symmetry of the incident field resulting in fine
control of the temporal shape of the reflected pulse.

For the results presented in this paper, we simulate two-
color incommensurate fields [23,24] incident at 45◦ on an
overdense plasma of 400nc, where the critical density nc =
ω2

Lmeε0/e2 with ωL, me, ε0, and e being the fundamental laser
frequency, electron mass, vacuum permittivity, and electron
charge, respectively. The incident laser pulse has intensity
a0 = 20 where a0 = eE0/(meωLc) with E0 the electric field
amplitude and c the speed of light in vacuum. The incident
laser pulse has a temporal duration of 17 fs at full width
half-maximum (FWHM) and a wavelength of 800 nm. By
defining a second pulse with 20% of the total laser intensity,
we create a two-color field as the incident laser. Using Lorentz
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FIG. 1. Simple schematic demonstrating the Ey component of an
incommensurate field (red) incident with p polarization on a solid
surface. The unique asymmetry (compare with ωL and ωL + 2ωL

waveforms), with specific relative phases between the two fields
results in a temporally isolated attosecond pulse.

transformations, we then boost into a moving frame along the
target plane in order to simulate oblique incidence [25] in the
1D PIC code EPOCH [26].

The ability to control the relative phase, �φ, between the
two-colour fields allows for precise wave shaping opportuni-
ties, and hence, is a key parameter in this setup. A relative
phase of zero corresponds to the peaks matching for their cen-
tral cycle. In order to determine how �φ dictates the behavior
of the reflected pulse train, we performed a parameter scan of
0 < �φ < 2π in steps of π/30. In particular, we compared
different off-harmonic frequency multiples of the fundamental
as the second color to the case where the second harmonic is
used as the extra frequency. The results are shown in Fig. 2.

The top panel in Fig. 2, i.e., (a)–(c), shows a phase scan of
�φ for 2ωL, (5/2)ωL, and (9/4)ωL as the frequency of the sec-
ond color, respectively. The color map indicates the intensity
of the reflected pulses. Harmonics below the 20th have been
frequency filtered out from the reflected pulse train (travelling
right to left) to remove any low frequency noise, including
the fundamental frequency. The red dashed line in each case
shows the �φ value where the central pulse intensity is a max-
imum which corresponds to the pulse train line outs shown in
(g)–(i). It is evident from (a)–(c) the emergence of enhancing
and diminishing features in the intensity of the pulse train
for particular �φ values when off-harmonic frequencies are
included. For the case where 2ωL is the second color in (a), the
relative amplitudes of each pulse in the train remain constant,
regardless of �φ, for example, a clear enhancement for each
pulse in the train occurs at �φ = 0.266π while we observe
a disruption to each pulse in the train for �φ ≈ 1.1π where
the maximum pulse intensity is only 5% of the peak case.

Additional simulations were performed to determine the effect
of different ratios between the two fields. The results indicated
negligible isolation for cases where the second color has a
larger fraction of the intensity with optimal isolation when it
contains 20% of the energy.

For off-harmonic frequencies we observe that the pulse
train behavior is not repeated for each cycle for any given �φ

value. Instead, a disrupted reflected pulse train emerges. In
fact, we can predict the distinct behavior of the reflected pulse
train by examining the phase of the second color. Equation (1)
below describes the condition which, when satisfied, indicates
the set of pulses in the train, N = {n} ⊆ N, that will experi-
ence the same behavior for any one value of �φ,(

p

q
2πn

)
mod2π = 0. (1)

Here, the bracketed term is the phase of the second color
with p, q ∈ N where their quotient is the off-harmonic fre-
quency. For oblique incidence, we know that an XUV pulse
is emitted when ωLt = 2πn, where ωLt is the phase of the
fundamental frequency and we define t = 0 as the time when
the central pulse is emitted, with surrounding pulses being
emitted every 2π before and after t = 0. We can exploit
this condition as a method of determining the the reflected
pulse structure. For the case of an integer multiple used as
the second color, q = 1, we have (p2πn)mod2π = 0. For
any natural number p this holds true ∀ N , i.e., every pulse
will experience the same enhancement or suppression as in
Fig. 2(a). Meanwhile, when using an of integer, q > 1, Eq. (1)
reads (2πnp/q)mod2π = 0. In this case, for the equality to
hold for any value of p, we are limited to values of n such
that n/q ∈ N; in other words, n is restricted to multiples
of q, that is, N = {n ∈ N : n = mq} for m ∈ N. Therefore,
not all pulses in the train will experience the same behavior,
which is evident in Figs. 2(b) and 2(c), contrary to the integer
case. As an example, for (9/4)ωL as the second color, q = 4,
and so in order to satisfy Eq. (1), this means that it’s every
fourth pulse in the train that undergoes the same characteristic
behavior. The relative phase dependence is evidently more
intricate, with some pulses in the train being enhanced while
the surrounding pulses are suppressed all for one �φ, that is,
we observe enhancement coming in and out with respect to the
relative phase. It is this complex nature of the off-harmonic
phase dependence that provides the control required to iso-
late ultrashort attosecond pulses. The use of incommensurate
fields for this application allows for a time-varying shape of
the individual cycles in the incident waveform due to the
different periodicity of the off-harmonic frequency used as
the second color. This is highlighted in Figs. 2(h)–2(i) which
show an increasing temporal gating of the pulse train, result-
ing in a single intense attosecond pulse. A finer phase scan
around the optimal �φ indicates that, although not perfect,
the isolation effect is still present for relative phases either
side of the optimal case.

The middle panel in Figs. 2(d)–2(f) represents the time
derivative of incident electric field of the laser pulse (travelling
left to right) used for each of the three cases presented, where
the color map represents the negative gradient of the driving
electric field. The gradient of the synthesized laser pulses
provides physical insight into the nature of the unique
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FIG. 2. Simulations demonstrating the resultant pulse structure from off-harmonic wave synthesis. [(a)–(c)] shows a relative phase scan of
0 < �φ < 2π for an additional second color of 2ωL , (5/2)ωL , and (9/4)ωL , respectively. The color map shows the intensity of the reflected
attosecond pulses (right to left). [(d)–(f)] also shows a phase scan but the color map now indicates the negative gradient of the incident laser
fields used in [(a)–(c)], respectively. [(g)–(i)] shows the corresponding normalized pulse trains for line outs of the �φ with the maximum central
pulse intensity (�φ = 0.266π , 0.9π , and 0.833π for each case). The difference in the pulse structure when using off-harmonic frequencies is
demonstrated in (h) and (i) when compared to (g).

reflected pulse trains. The additional bandwidth provided by
the off-harmonic frequencies coupled with their asymmetric
period with respect to the fundamental allows for a transient
phase condition where the driving field experiences an instan-
taneous switching of direction corresponding to a significant
increase in gradient for that one cycle. Comparing the middle
panel with the top panel of Fig. 2, we can see that the enhanced
pulses in the reflected trains match with when the negative
gradient of the laser field is steepest, and indeed the
suppression of individual pulses within the train correspond
to a comparatively shallow gradient of the incident field.

Figure 3(a) shows the plasma oscillations and XUV pulse
emissions with intensity at least 40% of the maximum re-
flected intensity for 2ωL with optimum �φ from Fig. 2(g), that
is, where the central pulse has the maximum intensity. As ex-
pected, we see that with each oscillation of the plasma surface,
an XUV pulse is generated. Simulations show that there are
approximately an equal number of electrons in each emitting

bunch, in fact, the highest bunch density is only 1.3 times
greater than the average density of the surrounding bunches.
Figure 3(b) shows the longitudinal momentum of the emit-
ting bunches labeled 1 and 2 where negative momentum is
directed out of the target. It is clear that for adjacent pulses, the
bunches undergo a similar trajectory with comparable speeds
before returning to the plasma. However, for the (9/4)ωL case
with the optimized �φ from Fig. 2(i), only the central pulse
is seen to be emitted since the surrounding pulses are less
than 40% the maximum, which is also observed in Fig. 3(c)
and can be explained by the motion of the electron bunches
in Fig. 3(d). Unlike for the 2ωL case, for adjacent bunches
(black), the electrons are moving with approximately four
times less momentum than the bunch which is seen to emit an
attosecond pulse (red). Here, the highest bunch density is 4.36
times greater than the average of the surrounding bunches.
This pairs with previous observations that the emitted XUV
power scales with n2

b, where nb is the electron bunch density.
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FIG. 3. (a) Plasma surface oscillations with the square of the
frequency filtered E-field emissions mapped on top for the dashed
line case in Fig. 2(a). Only pulses greater than 40% of the maxi-
mum pulse intensity are shown. (b) Longitudinal momentum of the
electron bunches for the XUV emission at points 1 and 2. The blue
arrows indicate the direction of electron motion under the influence
of the tailored laser field. (c), (d) Plasma surface, XUV emission, and
longitudinal momentum for the dashed line case in Fig. 2(c). Note the
electron momentum and numbers 1 and 2 are color coded to match
those points in [(a)–(c)].

Simulations for different off-harmonic colors also indicate the
same electron behavior for strong/weak XUV pulses. Note
also, that as we continue to add colors of the form ωSC =
(2n + 1)/n for n � 2, we steadily reduce our bandwidth and
approach the case of using the second harmonic ωSC = 2ωL.

In order to demonstrate the versatility of this scheme, we
performed 2D simulations to investigate the impact of wave
synthesis when paired with alternative gating schemes. In
particular, we combined it with the recently published non-
collinear gating mechanism which uses two pulses, each at
an angle θ either side of the target normal and delayed in
time, to generate a sweep of attosecond pulses in space [15].
Importantly, our simulations include a longer pulse duration
of τ = 17 fs FWHM and a wavelength of λ = 800 nm in
consideration of the currently available laser specifications.
We directly compare the results for the best isolation achieved
from both the standard noncollinear scheme with that of the
combined scheme. In each case, a total laser of a0 = 10 is
incident on an overdense plasma of 400nc with scale length
λ/20. Figure 4(a) shows the intensity of the reflected pulse
train, filtered for the 20th harmonic and above, sweeping
through space for the noncollinear scheme. Below in Fig. 4(c)
is the angularly integrated temporal intensity after the electric
fields have propagated 150 µm. Figures 4(b) and 4(d) are
analogous to Figs. 4(a) and 4(c) but with the inclusion of
(5/2)ωL as an additional color to the driving lasers. Figure 4(e)
shows the result of filtering, removing the first ten harmonics,
after the fields have propagated in both schemes. There is an
unambiguous improvement in both the isolation of a single
attosecond pulse and the overall intensity, with the combined
scheme (red) having an isolated pulse twice as intense and six

FIG. 4. Visualization of combining the wave synthesis scheme
with the noncollinear scheme. (a) and (b) show the filtered reflected
intensity and propagated angularly integrated temporal intensity re-
spectively for the noncollinear scheme where the pulses are separated
by 7τL , i.e., seven laser cycles. (c) and (d) show the same results but
with the inclusion of an off-harmonic second color of (5/2)ωL where
the pulses are separated by 6τL . (e) The reflected train with harmonics
1–10 filtered out for both schemes, showing an excellent isolation of
the central pulse with an overall increase in the intensity.

times more isolated than the noncollinear scheme (black). The
reason for this increase in intensity is a direct benefit of includ-
ing the off-harmonic fields. While the noncollinear scheme
requires a large temporal delay between the two incident
pulses to achieve isolation, this is at the expense of reduced
intensity in the overlap region between the two. However, due
the ability of incommensurate fields to suppress the surround-
ing pulses, we can operate the isolation scheme with a smaller
temporal delay between the two lasers while maintaining good
isolation, hence an increase in intensity at the point where they
overlap. This proves that the effect is not only compatible
with different schemes but also beneficial to improve pulse
isolation with the bonus of greater pulse intensity.

In conclusion, a method of attosecond pulse isolation
from intense laser interactions with plasma surfaces has
been demonstrated, which involves the exploitation of off-
harmonic frequencies of the fundamental as a second color
in the incident laser field. Simulations show that the use of
incommensurate fields can change the periodicity of the pulse
emission which can be controlled by tuning of the relative
phase between the two colors to create a synthesized inci-
dent field. Practically, such incommensurate fields have been
realized with previous studies using mid-IR lasers to inves-
tigate the generation of THz radiation from gas ionization
[23,24,27]. In such setups, multiple optical parametric ampli-
fiers (OPAs) are utilised as a source of difference frequency
generation [28]. The wavelengths of the output signal and
idler beams can then be tuned over large bandwidths based
on the angle of incidence between the pump beam and the
optical axes of the nonlinear crystal. Additionally, methods
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that achieve broadband coherent wave synthesis have been
proposed that don’t rely on OPA but instead rely on phase and
amplitude control modules in particular configurations [29].
The strong attosecond pulse emission is linked to the points
of the sharp field gradients in the incident laser, forming elec-
tron nanobunches and supporting a strong accelerating field
sufficient for XUV radiation. The enhancing and suppressing
features observed are explained by the electron trajectories,
momentum, and bunch densities in each case. The notable
advantage of this scheme is the ability to preserve the intensity
of the reflected pulse, allowing for ultrabright ultrashort XUV
emission and the ability to be used in tandem with existing
gating mechanisms as seen from the 2D simulations. This

gating scheme deepens the understanding of the underlying
physics of generating an isolated XUV pulse, helping to
further research into probing attosecond science within the
relativistic regime.

The data that supports the findings of this study are avail-
able upon reasonable request from the authors.
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