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Isolated attosecond pulses generated from a relativistic plasma mirror via noncollinear gating
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A train of intense attosecond pulses can be obtained through relativistic high harmonic generation when an
intense laser field is reflected on a plasma surface. Separating a single isolated attosecond pulse from the train
is critical not only for applications such as time-resolved pump-probe experiments but also for studying laser-
plasma interactions with attosecond temporal resolution. Various methods have been developed for an isolated
attosecond pulse generation in gas. However, they require ultrashort laser pulses, which are difficult to apply
with high-power lasers typically employed in relativistic high harmonic generation. Here, we demonstrate that
an isolated attosecond pulse can be obtained through relativistic high harmonic generation using noncollinear
temporal gating. Our approach also provides direct access to each attosecond pulse in the train, allowing us to
diagnose the laser-plasma interaction, such as plasma denting and reflection positions, in a time-resolved manner.
Thus, it offers breakthroughs in attosecond pulse generation at relativistic laser intensities.

DOLI: 10.1103/PhysRevResearch.7.013216

I. INTRODUCTION

When an intense laser beam irradiates a medium, a plasma
is instantly created on the surface of the medium. If the plasma
density is high enough, the incident laser beam can be fully
reflected [1,2]. This phenomenon is called a plasma mirror
[1,2]. When the intense laser field is reflected, charged parti-
cles in the plasma can be driven by the laser field to relativistic
speed. This highly nonlinear motion of the electrons yields
attosecond pulses [3—7]. Since this process is repeated in the
oscillating laser field, a train of attosecond pulses is gener-
ated which forms a high harmonic spectrum in the frequency
domain.

Due to their superb temporal and spatial coherent prop-
erties, attosecond pulses obtained through relativistic high
harmonic generation (HHG) from a plasma mirror have
gained significant attention for decades [4—7]. They hold great
potential for applications such as pump-probe experiments
and coherent diffraction imaging [8]. For these applications,
it is desirable to isolate a single attosecond pulse from the
train. In the case of high harmonic generation in gas, sev-
eral methods have been successfully demonstrated for the
generation of isolated attosecond pulses, including amplitude
gating [9-11], ionization gating [12,13], polarization gating
[14,15], the attosecond lighthouse effect [16—18], and non-
collinear optical gating [19]. These developments have made
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a great advancement in strong field physics and attosecond
science [20].

In the context of plasma-based high harmonic generation,
research has also been conducted for generating isolated at-
tosecond pulses. Similar to gas harmonics, methods such
as few-cycle driving [21], temporal gating like polarization
gating [22], spatiotemporal noncollinear optical gating [23],
the attosecond lighthouse effect [16,18], and a mixed scheme
of polarization and noncollinear gating [24] have been sug-
gested. Also, a new approach called cascade method that
utilizes the response of the plasma is also suggested for the
generation of isolated attosecond pulses [25]. Some of them
showed experimentally the capability to generate isolated at-
tosecond pulses [18,24].

Although many approaches have been successfully sug-
gested, all the techniques essentially require an ultrashort
driving laser pulse. Such an ultrashort laser pulse is obtained
using pulse compression techniques [25]. The achievable peak
power for near-single-cycle or few-cycle pulses with available
technology is ~1 TW [26], corresponding to an intensity
of ~ 10" W/cm? when the laser beam is tightly focused.
Due to this limitation, the experimental demonstrations of
the aforementioned gating techniques were performed using
low-power lasers only [18,24].

To address these issues, we present an approach for the
generation of isolated attosecond pulses through relativistic
high harmonic generation. Our method focuses on angularly
separating a single, isolated attosecond pulse from the at-
tosecond pulse train in the far field. We use two laser pulses
which are superposed in a small angle at the plasma surface.
One pulse is an intense and long main pulse. The other laser
pulse is a significantly weak and single-cycle laser pulse. This
combination of laser pulses with different incidence angles al-
lows for the effective isolation of attosecond pulses. Through
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FIG. 1. Schematic illustration of separation of an isolated attosecond pulse. (a) Generation of attosecond pulse train and separation of an
isolated attosecond pulse. The main pulse is intense and long. The gating pulse is relatively weak and short. The two pulses are incident on the
plasma surface at a relative angle 6 and with a delay Az. (b) The electric field of the main pulse. (c) The electric field obtained by superposing

the two beams with & = 170 mrad and At = —3T;.

extensive numerical simulations and analysis, we demonstrate
the efficacy of our approach. We show that an isolated at-
tosecond pulse can be successfully separated using a long
driving laser pulse with an intensity of 1 x 10*' W/cm? by
superposing a short gating pulse with an intensity of 1.9 x
10" W/cm?.

The separation of the isolated attosecond pulse also allows
us to directly access the temporal profile of the attosecond
pulse train. By changing the time delay between the two
laser pulses, we could observe the attosecond pulse train
that contains information on the laser-plasma interaction. We
found that the temporal separations of the attosecond pulses
are varying in time, manifesting the plasma denting effect.
We could reconstruct the reflection point where the attosec-
ond pulses are generated, which is critical to understand
the mechanism of relativistic high harmonic generation [27].
Consequently, our approach not only provides a practical
method for generating isolated attosecond pulses but also
for investigating the laser-plasma interaction with subcycle
attosecond temporal resolution.

II. RESULTS AND DISCUSSION

When an intense laser field is obliquely incident on a dense
plasma, the laser field is reflected on the surface of the plasma
as shown in Fig. 1. The charged particles, both electrons and
ions in the plasma, are accelerated while the laser field is
reflected. If the laser field is intense enough (ap > 1), the
speed of the electrons, which are lighter, can reach relativistic
speeds. Here, ag is a normalized vector potential. The electron
motion becomes highly nonlinear, radiating a high-frequency
emission within a subcycle duration. These attosecond pulses
are emitted repeatedly at every optical cycle of the laser field
from the electrons distributed in the laser beam. Since the

intensity and phase (or wave front) of the driving laser beam
are symmetric along the beam axis, the generated attosecond
pulse propagates along the propagation direction ko of the
reflected laser beam, as shown in Fig. 1.

The propagation direction of the attosecond pulses is de-
termined by the amplitude and phase of the driving laser
beam within the interaction volume. Thus, the propagation
direction can be controlled by changing the wave front of the
driving laser field. One way to implement such a manipulation
is to impose a wave-front rotation by imposing an angular
dispersion on the driving laser beam [16,18]. However, it is
difficult to apply this approach to ultrahigh intensity laser
beams because it requires a broadband laser beam.

To manipulate the wave front of the driving laser beam, we
use an additional laser beam whose intensity is much weaker
than that of the driving laser field. When these two beams are
superposed, the wave front of the laser beam can be manip-
ulated depending on the superposition angle 6 and the time
delay At between the two pulses as shown in Fig. 1. When
the additional laser field is added, the wave-front rotation is
clearly observed as shown in Figs. 1(b) and 1(c). Thus, the
attosecond pulse generated at this single optical cycle can be
deflected.

The wave-front rotation can be expressed with the de-
flection angle ¢(¢) induced by the superposition of the two
laser pulses. Provided that both of the laser pulses have a
Gaussian envelope, €, = Ejexp[—2 1n(2)(t)2/112] and € =
Eyexp[—2 In(2)(t—At)*/72]. Here, E and 7 denote the field
amplitude and duration. The deflection angle ¢(¢) for a small
superposition angle 6 can be expressed as
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where £(¢) is the ratio of the field envelope. In order to get
an isolated attosecond pulse, the deflection angle difference
between subsequent optical cycles should be larger than the
harmonic divergence §,

() —p(t £T) = 4. @

Moreover, the FWHM of the time-dependent deflection
angle should ideally be a single cycle which can be estimated

as Tgaing = T24/2 10g,(2 +&p) when 7o < 71. By Egs. (1)
and (2), the conditions for the field amplitude & > §/(60—6)

and the gating pulse duration 1, < Tp,/ % must be

satisfied.

In our particle-in-a-cell (PIC) simulation, the main pulse
intensity was I} = 1 x 10%! W /cm? with 7; = 21 fs and im-
posing the superposition angle & = 170 mrad. The harmonic
divergence was 17 mrad, which was calculated with a PIC
simulation. Thus the gating pulse intensity I, with duration
T, = 2.67 fs must satisfy the condition I, > 1 x 10" W /cm?.
It is important to note that these duration and intensity re-
quirements apply exclusively to the gating beam. Given that
the gating pulse intensity can be significantly lower than that
of the main pulse, achieving ultrashort laser pulses is more
feasible [28].

For a more rigorous analysis, we performed two-
dimensional PIC simulations using SMILEI [29]. The resolu-
tion of the spatial grid in the PIC simulations was set to be
256 cells/Ap, and the size of the simulation box was 20Aq
and 40X for the x and y axes, respectively, as shown in
Fig. 1. The density and the scale length of the plasma slab
were 636n. and 0.05Ag, respectively. The target was placed
slightly away (a half of the Rayleigh range) from the focus
so that the incident laser beam is slightly diverging on the
plasma surface. With this configuration, the wave-front cur-
vature imposed by the plasma denting will be compensated,
reducing the divergence of the generated attosecond pulses.
The reflected field is captured at each time step on a probe
plane located at a position 28 away from the target surface.
The far-field distribution at an infinite distance is calculated
by simply Fourier transforming the electromagnetic field.

In our simulation, we used two p-polarized laser fields,
main and gate pulses, that have different intensities. The at-
tosecond pulses are emitted by the main laser pulse whose
intensity is /; = 1 x 102! W/cm?. The main pulse is focused
on the plasma surface with an angle of 45°. The size of the
focal spot is 2.4 um. A single-cycle laser pulse is used as
a gate pulse. The intensity of the gate pulse is I, = 1.9 x
10" W/cm?, which is two orders of magnitude weaker. The
superposition angle 6 between the main and gate pulses is
170 mrad as shown in Fig. 1. The divergence of the attosecond
pulses is approximately 17 mrad.

Figure 2 shows the angle-resolved far-field spectrum ob-
tained through PIC calculations. This spectrum is obtained by
taking the Fourier transform of the electric field captured by
a one-dimensional probe placed 284y away from the plasma
surface. Figures 2(a) and 2(b) show the far field obtained with
and without the gating pulse, respectively. The use of the
gating pulse gives a rise of an off-axis continuum spectrum
[marked with red dashed lines in Fig. 2(b)], clearly showing
the effect of the noncollinear gating.
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FIG. 2. The angle-resolved far-field spectra obtained from two-
dimensional PIC simulations (a) without and (b) with a gating
pulse. The main pulse (duration t; = 21 fs, center wavelength 1y =
800 nm, peak intensity I; = 1 x 10 W/cm?) and the gating pulse
(r, = 2.67 s, Ao = 800nm, I, = 1.9 x 10" W/cm?) are used with
the superposition angle § = 170 mrad and the time delay Ar =
—8fs. The red dashed lines show the range of the quasicontinuum
spectrum produced by adding the gating pulse.

The spatiotemporal profiles of the high harmonic emission
are analyzed in Fig. 3. The spatiotemporal profile of the
attosecond pulse train, generated using the main pulse and
the gating pulse, is illustrated in Fig. 3(a). A single isolated
attosecond pulse near + = —37; has a different propagation
angle from the train, which can be simply selected by spatial
filtering, ranging from 10 to 45 mrad [the filtering range is
marked with red dashed lines in Fig. 3(a)]. The intensity pro-
file obtained by spatial filtering is shown in Fig. 3(b), which
clearly demonstrates the generation of an isolated attosecond
(as) pulse. The duration of this isolated attosecond pulse is
399 as. For comparison, the attosecond pulse train obtained
without the gate pulse and spatial filtering is also shown in
Fig. 3(c). These results demonstrate the effectiveness of our
approach to obtain an isolated attosecond pulse through rela-
tivistic high harmonic generation.

Although it is ideal to use a near-single-cycle pulse, the
pulse duration of the gating pulse can be slightly longer
if the range of the spatial filtering is properly set. We per-
formed the same simulation with a gating pulse duration of
1.5 optical cycle (4 fs). The temporal profile of the attosecond
pulse is shown in Fig. 3(d). Since the use of the longer gat-
ing pulse changes the wave front of the adjacent attosecond
pulses, the spatial filtering was applied for a narrower range
from 25 to 45 mrad. Although the intensity of the attosecond
pulse is reduced due to the reduced range, this relaxed con-
dition enables the generation of the isolated attosecond pulse
with a slightly longer gating pulse.
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FIG. 3. Two-dimensional PIC simulation result of noncollinear
gating of relativistic high harmonic. The same calculation parameters
used in Fig. 2 are used. (a) Spatiotemporal profile in the far field.
(b) Isolated attosecond pulse selected by spatial filtering for the prop-
agation angle between 10 and 45 mrad in the far field [as indicated
by the dotted red line in (a)]. (c) The attosecond pulse train generated
without gating pulse. (d) Isolated attosecond pulse obtained using a
1.5-optical-cycle-duration gating pulse, which is selected by spatial
filtering for the propagation angle between 25 and 45 mrad in the far
field.

Our approach also offers an effective way to directly access
individual attosecond pulses of an attosecond pulse train. By
adjusting the time delay between the main and the gate pulse,
we can choose any attosecond pulse from the train. Figure 4 il-
lustrates the effects of varying the time delay of the gate pulse.
The intensity of the selected attosecond pulse is obtained for
different time delays by spatially filtering the attosecond pulse
for the range marked by pink dotted lines in Fig. 4(a). Since

(a)

100 10°
50 03
= 1073
2 >
E 0 -
<> 10_2.9
-50 m
-100 10°
(b)
PRl SERERNAN N T 2
a ————— Laserenve\ope a
2 08 08 §
2 kS
5 0.6 06 o
2 [0]
3 N
N o4 04 3
g €
502 02 S
-15
(c)
> 1 2
g K7
208 08 §
2 IS
=06 0.6 ©
5 [0]
3 N
Soa 04 3
g €
502 02 2
-15
(d)
1e3
0.4 s,
:G)
0.3 >
g 2
< 02 5
. 1els
0.1 5
) kS
[0)
01 1e-2
15 10 -5 0 5 10
time (to)

FIG. 4. Probing laser-plasma interaction using noncollinear gat-
ing. (a) Spatial profile of the harmonic emission obtained for
different time delays from —8.757; to 1.447; at intervals of
0.0625T. The spatial profile of the harmonic emission is obtained by
integrating harmonic orders between the 16th and 43rd harmonics.
(b) The intensity of the harmonic emission obtained by integrating
the propagation angle from 10 to 60 mrad as indicated by the dashed
pink lines in (a). (c) The intensity of the attosecond pulse train used
in the PIC calculation. (d) Temporal variation of the plasma density
profile. The blue dots show the reflection (or emission) position 7gen
estimated from the chirp of the temporal profile shown in (b).

the gate pulse deflects a single attosecond pulse consecutively
from the train as we change the time delay, the temporal
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profile of the attosecond pulse train can be visualized as
shown in Fig. 4(b). For comparison, the temporal profile of
the original attosecond pulses directly obtained from the PIC
calculation is shown in Fig. 4(c). These results demonstrate
that the temporal profile obtained from spatial filtering rep-
resents the temporal profile of the original attosecond pulse.
Therefore, noncollinear gating offers a quantitative method
for measuring the temporal profile of attosecond pulses.

The temporal profile of the attosecond pulses can also
unveil the emission time or the reflection position of the
attosecond pulses, which can be changed during the laser-
plasma interaction. As depicted in Fig. 4(d), the gradient of the
plasma density varies in time due to the radiation pressure of
the laser field, which is known as plasma denting effects. We
found that the group delay of the attosecond pulse is closely
related to the plasma denting effect because the reflection
position is varied in time. The group delay t; of the kth
attosecond pulse can be related to the reflection position 7
as Tpr1 — T = Top + (2/¢)(k+1 — ni ) cos 6;. Here, 6; denotes
the incidence angle of the laser pulse. The reflection posi-
tions found using this relation are shown with blue circles
in Fig. 4(d). These results reveal that the plasma surface
is pushed inwards with an average speed of 0.0148¢ due
to the radiation pressure, showing good agreement with the
gradually varying plasma density. These results confirm that
noncollinear gating is useful not only for the generation of
an isolated attosecond pulse, but also for probing the laser-
plasma interactions.

III. CONCLUSION

In summary, we demonstrated a noncollinear gating tech-
nique that can be applied for HHG from relativistic plasma
mirrors. The isolation of the attosecond pulse, generated by
an intense and long main pulse, is achieved by introducing a
weak single-cycle gating pulse superposed with a small angle.
The intensity of the gating pulse can be two orders of mag-
nitude lower than that of the main pulse. Thus, our approach
can be applied for relativistic HHG in which a high-power
main pulse is essentially required.

By separating the isolated attosecond pulse, we could di-
rectly analyze the temporal profile of the attosecond pulse
train. Adjusting the time delay between the two laser pulses
allows us to observe the attosecond pulse train and gain in-
sights into the laser-plasma interaction. Our findings show

that the temporal separations of the attosecond pulses vary
over time, manifesting the plasma denting effect occurring
due to the radiation pressure of the driving laser pulse. This
variation helped us reconstruct the reflection position where
the attosecond pulses are produced, which is crucial for
comprehending the mechanism of relativistic high harmonic
generation [30]. Therefore, our method not only offers a
practical way to generate isolated attosecond pulses but also
facilitates the investigation of laser-plasma interactions with
attosecond temporal precision.

Our approach would encounter certain limitations that
warrant attention in experimental studies. As the intensity
of the main pulse increases, the gating pulse must also be
strengthened for the isolation of the attosecond pulse. This
is ultimately constrained by the practical challenges of gen-
erating intense single-cycle pulses. It is possible to obtain
such an ultrashort laser pulse [28] at the intensity level of
10" W/cm?.

In addition, when using high-power lasers for HHG from a
plasma mirror, plasma denting induced by the laser’s radiation
pressure increases the divergence of the reflected harmonics,
which diminishes the effectiveness of the gating pulses. This
effect becomes more pronounced with longer plasma scale
lengths and smaller laser incidence angles. Nonetheless, as
demonstrated in recent work [31], optimizing the focus of the
incident pulses or flattening the spatial profile of the beam to
minimize plasma mirror curvature can mitigate these effects
to some extent. Addressing these challenges will enhance the
reliability and applicability of our approach for the isolation
of the attosecond pulse.
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