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Divergence control of relativistic harmonics by an optically shaped plasma surface
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The unique spatial and temporal properties of relativistic high harmonics generated from a laser-driven plasma
surface allow them to be coherently focused to an extremely high intensity reaching the Schwinger limit. The
ultimately achievable intensity is limited by the harmonic wavefront distortions during the interactions. Here
we demonstrate experimentally that the harmonic divergence can be controlled by an optically shaped plasma
surface with a prepulse that has the same spatial and temporal distribution as the main laser pulse. Simulations
are also performed to explain the experimental observation, and we find that the harmonic wavefront curvature
from a dented surface can be precompensated by a convex plasma. Our work suggests an active approach to
control the harmonic divergence and wavefront by an optically shaped target. This can be critical for further high

harmonics applications.
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I. INTRODUCTION

High-order harmonic generation (HHG) through the inter-
actions of intense laser pulses with overdense plasma sur-
faces is a promising energetic coherent extreme ultraviolet
(XUV) source. HHG from plasma surfaces is explained by
three main mechanisms: coherent wake emission (CWE) [1],
relativistically oscillating mirror (ROM) [2—4], and coherent
synchrotron emission [5,6]. An alternative theory of relativis-
tic electronic spring has also been proposed [7,8]. Previous
experiments demonstrated that HHG from a plasma surface
driven by a petawatt laser can generate coherent x-ray pulses
at wavelengths in the “water-window” region [9]. In the time
domain, the radiation is confined in a very short temporal
window in each optical cycle, leading to the generation of
an attosecond pulse train [10]. Even single isolated attosec-
ond pulse could be obtained by various gating techniques,
including amplitude gating by few-cycle laser pulses [11,12],
noncollinear polarization gating [13], and the attosecond
lighthouse [14,15]. Simulations indicate that the polarization
of HHG is also fully controllable by the laser and plasma
parameters [3,16,17]. These exciting advances pave the way
for the wide applications of such a coherent XUV source,
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such as plasma and magnetic materials diagnostics [18-20],
high-resolution imaging [21,22], and seeding free-electron
lasers [23].

It is predicted that the harmonics could be coherently
focused to an unprecedentedly high intensity even reaching
the Schwinger limit to study the peculiar nonlinear quantum
electrodynamics effects [24-26]. However, focusing of the
harmonics is still challenging. A plasma mirror has been ex-
perimentally demonstrated to boost the laser intensity [27]. It
is almost impossible to make such a mirror with micrometer-
scale size. A curved plasma surface created by the laser radia-
tion pressure is proposed to combine the generation and focus-
ing of harmonics [26]. This scheme works only for a petawatt
laser. If the harmonics are focused in the far field by optics,
the ultimately focused intensity is limited by effects such
as intrinsic phase [28,29] and target surface denting [30,31]
during the interactions, which lead the harmonic wavefront
to deviate from an ideal plane or spherical wavefront. The
intrinsic phase is due to the laser intensity-dependent electron
dynamics, which is the dominant effect for CWE harmonics.
And the surface denting arises from the strong laser radiation
pressure, which is the dominant effect for ROM harmonics.
Major efforts have been made to mitigate the harmonic wave-
front curvature. Moving the target away from the laser best
focus can only partially compensate for harmonic wavefront
curvature of intrinsic phase [28] and target surface denting
[32], because the phase imposed to the harmonics by the
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intrinsic phase and the surface denting are also Gaussian in
shape for a Gaussian laser spot. Moreover, a much higher
laser power is needed to achieve the same intensity. Another
route is to use targets with specially designed shapes to
compensate for the harmonic wavefront curvature induced by
target denting effect. A shaped target with a convex surface
has also been proposed in simulations [33]. It is difficult to
fabricate and precisely align the target to exactly match the
focused laser intensity distribution.

In this paper, we demonstrate a practical implementation
to produce a suitable curved target shape. The target surface
shaping is optically achieved by a prepulse that has the same
spatial and temporal distribution as the main laser pulse. In
this way, the preplasma shape naturally matches the main
pulse intensity distribution. Experiments are carried out to
confirm the generation of such a curved target shape by the
observation of significantly enlarged harmonic divergence at
the laser intensity level of 10" W/cm?, which is well sup-
ported by two-dimensional particle-in-cell (PIC) simulations.
At much higher intensity, simulation results suggest that this
method can effectively compensate for the target denting and
actively control the harmonic divergence.

II. EXPERIMENTAL DETAILS

The experiments are carried out with the 200 TW
Ti:sapphire laser system (800 nm, 10 Hz) at the Laboratory for
Laser Plasmas of Shanghai Jiao Tong University. The ampli-
fied spontaneous emission contrast of the laser is improved to
be better than 10~!! at 10 ps prior to the main peak by combin-
ing a single plasma mirror system [34] and a cross-polarized
wave generation technique [35]. Due to the transmission of
the plasma mirror system, a p-polarized laser beam with an
on-target energy of E = 1 J is used in the experiments. The
laser beam with a pulse duration of v = 29 fs (full width
at half maximum, FWHM) is focused onto polished fused
silica plates by an f/4 off-axis parabola (OAP) mirror with
a focal spot size of 6 um (FWHM). The peak intensity of the
pulse on the targetis I = 3 x 10'” W/cm? (normalized vector
potential ap = 3.7). The high-order harmonic radiations are
measured with a flat-field spectrometer.

Figure 1 schematically shows the experimental setup. As
shown in Fig. 1(b), the convex plasma surface is produced by
prepulse P1, which is introduced by an ultrafast pulse shaper
(Dazzler, Fastlite) in the laser front end. The delay and energy
of P1 with respect to the main pulse can be tuned by the
pulse shaper. P1 goes ahead of the main pulse through the
whole laser amplifier chain, so that they have the same spatial
and temporal characteristics. Owing to the same focal spot
size with lower intensity, the density profile of the preplasma
generated by P1 varies within the focal spot of the main pulse.
A convex plasma surface is optically created when the main
pulse arrives. The harmonic generation efficiency is optimized
by P1 with ay = 0.4 and delay of 2 ps. The plasma density
scale length L = 0.17X is estimated using 1D PIC simulations
[36].

As shown in Fig. 2(a), relativistic ROM harmonics with
maximum order Hy,,x = 46 are observed at a laser specular
direction when the laser incidence angle is 40°. The spectrum
decays as a power law with I o« H~8/3 (H is harmonic order),
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FIG. 1. (a) The schematic illustration of the experimental setup.
(b) A convex plasma surface is generated by prepulse P1 introduced
by an ultrashort pulse shaper. (c) A planar plasma surface is gener-
ated by prepulse P2 introduced by a small mirror M1. M is the main
pulse.

which is in accordance with BGP theory [4]. The harmonic
radiations are usually observed to be highly collimated on the
reflected laser axis with a divergence of tens of mrads [30,37].
However, in our experiments, the harmonic divergence is
observed to be significantly enlarged by the convex plasma
surface, which is verified by the fact that intense harmon-
ics are also measured far from the laser specular axis. The
acceptance angle of the spectrometer is only 40 mrad, and
the target chamber window used to install the spectrometer
is limited. In order to demonstrate the much larger harmonic
divergence, the target is rotated to let the spectrometer out of
the reflected laser cone. Even though the harmonic generation
efficiency is affected by the changed laser incidence angle
[37], strong harmonics are also obtained off the reflected laser
axis as shown in Fig. 2(b), when the laser incidence angle is
20° and the detection angle is 60°. Differently from the scaling
law of I o« H3/3, the spectrum decays more slowly with a
nearly flat roll-off tendency.

In order to compare the harmonic divergence respectively
generated by a convex and a planar plasma surface, prepulse
P2 is introduced by another way to generate a homogeneous
preplasma within the main pulse focal spot [38]. As shown
in Fig. 1(c), P2 is obtained by a 2-inch reflection mirror
M1, which is placed in the front of a large mirror MO
(200 mm x 140 mm) to reflect a small part of the main pulse.
Changing the reflective area of M1, the intensity of P2 can
be adjusted. The delay of P2 can be precisely tuned by the
distance between M1 and MO. P2 is controlled to be ahead of
the main pulse with ay = 0.2 and delay of 3 ps to generate the
same L = 0.17X for efficient harmonic generation. Since the
beam size of P2 is much smaller than the main pulse, focused
by the same OAP, the focal spot of P2 (53 um x 14 um,
FWHM) is much larger than the main pulse (6 um, FWHM).
The plasma surface for the main pulse can be regarded as a
planar surface when it arrives.

Figures 3(a) and 3(b) show the two raw spectral images
with P1 and P2, respectively, at a laser incidence angle of
40° and detection angle of 40°. The harmonic divergence
is significantly enlarged by the convex plasma surface. The
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FIG. 2. The spectra of high-order harmonics obtained with pre-
pulse P1 in experiments: (a) harmonics are measured at specular
direction when the laser incidence angle is 40°; (b) harmonics are
measured off the reflected laser axis at 60° to the target normal
direction when the laser incidence angle is 20°. The red dashed lines
mark the scaling I oc H~%/3,

harmonic divergences of the 26th order from the two cases
are compared in Fig. 3(c). The harmonic divergence with P2
is fitted with a Gaussian profile to be 22.5 mrad (FWHM).
On the other hand, the harmonic angular distribution with
P1 is nearly flat. The divergences (FWHM) measured for
harmonic orders from 21st to 31st in the case of a planar
surface are presented in Fig. 3(d). It can be clearly seen that
the divergence decreases with the harmonic order, which is in
accordance with the diffraction-limited curve 0y = Ojaer/H.
The experimental results show that at our laser intensity of
I =3 x 10" W/cm?, the target surface denting effect is not
significant.

The potential different L between P1 and P2 partially influ-
ences the harmonic divergence [39]. However, the divergence
varies within the reflected laser cone when only L is changed
[30,32,38]. The harmonic divergence much larger than the
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FIG. 3. The raw spectral images of harmonic radiations from a
convex plasma surface (a) and a plane plasma surface (b). (c) The
angular distributions of the 26th-order harmonic in the two cases.
(d) The measured divergences (FWHM) of harmonics from 21st to
31st orders by a planar surface. The blue dashed line indicates the
diffraction-limited divergence.

reflected laser cone should be mainly attributed to the convex
plasma surface.

II1. 2D PARTICLE-IN-CELL SIMULATIONS

To further support the experimental results and show the
plasma surface shaping effect on HHG more clearly, we
carried out 2D particle-in-cell (PIC) simulations using the
VLPL code (Virtual Laser Plasma Laboratory) [40]. The key
parameters for the laser and plasmas are close to those in
the experiments. A p-polarized laser pulse is in the x-y plane
with A9 = 800 nm and ay = 3.7. The incident angle is taken
to be o = 20°, which is the same as Fig. 2(b). The laser
pulse profile is Gaussian both temporally and spatially with
a pulse duration of 77y (FWHM, Tj is laser period) and a
focal spot size of 31y (FWHM). The fully ionized plasma
target is composed of a uniform slab with density n.o = 100#n,
and a preplasma with an exponential density gradient profile
ne(x) = nqoexpl(x — x9)/Ls(y)] in the x direction, where xy =
45X is the position of the plasma-slab front surface. To
simulate the shaped plasma surface effects in the experiments,
we consider two transverse preplasmas profiles, i.e., with
a Gaussian-shaped Ly(y) = Lexp(—y*/4w}) (wy = 34) and
uniform density distribution L;(y) = L. L is 0.17X¢ in both
profiles. The resultant electron density distributions are shown
in Figs. 4(a) and 4(b), respectively. The ions are assumed to be
immobile during the interactions. The size of the simulation
box is 5549 x 60X¢. The grid step is A¢/200 x A¢/200, and
the time step is 0.00357.

In order to save computation resources and simulation
time, we shorten the focal spot size to 34y and the pulse
duration to 77y. The surface denting is not sensitive to laser
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FIG. 4. The plasma density maps of targets (a), (b), snapshots of
the magnetic field component B, during the interactions at t = 367
(c), (d), spatial distribution of the reflected magnetic field B, after
the interactions at t = 487 (e), (f) and the divergence of harmonics
from fifth to ninth orders (g), (h) for transversely Gaussian-shaped
(left column) and uniform density distribution (right column). The
laser is incident from the lower left corner and reflected towards the
upper left.

pulse duration, but it is mainly determined by the laser inten-
sity [30,39]. In addition, the transverse profile of the convex
plasma in y direction is Gaussian with wy = 31, which is the
same as the laser focal spot size in simulations. Figures 4(c)
and 4(d) present two snapshots of the magnetic field compo-
nent B, as well as the plasma density with n, > 1 (i.e., above
the critical density) during the laser-plasma interactions. It
can be seen clearly from Fig. 4(c) that the wavefront of the
reflected field is significantly curved because of reflection
from the convex plasma surface. This should largely affect
the divergence of the reflected pulse in the far field, although
the convex preplasma has a small thickness of only a few
hundred nanometers (notice the different scale in the x and
y axes). In contrast, the reflected field from the transversely
flat plasma mirror exhibits a straight wavefront pattern, as
shown in Fig. 4(d). The spatial distribution of the reflected
field after the interaction is shown in Figs. 4(e) and 4(f). The

their wavefronts (the dotted green lines) in panels (c) and (d).

divergence of the reflected pulse from the convex plasma is
considerably larger than that from the transversely flat target.
Due to the limited resolution of the 2D PIC simulations,
harmonics up to about 10th order could be numerically re-
solved. In order to compare with experiments, the simulated
divergence of harmonics from fifth to ninth orders is plotted
in Figs. 4(g) and 4(h). The divergence distribution for the
convex plasma surface is nearly flat. In contrast, the har-
monics from the planar plasma surface have a much smaller
divergence of 44 mrad. These results are in accordance with
experiments.

The above experimental and simulation results are carried
out at a relatively low laser intensity, where the plasma surface
denting effect is not significant [see Fig. 4(d)]. The resultant
harmonic divergence from a convex plasma surface is thus
larger than that from a flat surface. Under ultraintense laser
radiation with tight focusing, however, the target surface will
be dented. The above experimental and simulation results
suggest that the initially convex plasma surface may be useful
to compensate the surface denting and control the harmonic
divergence. To demonstrate this with an acceptable compu-
tation time, we increase the laser intensity by a factor of
hundred (ay = 37), decrease the spot size to 11, and shorten
the pulse duration to 27;. The other simulation parameters
remain unchanged. The extra simulations with mobile ions are
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also performed, which show the same results with immobile
ions. From Figs. 5(a) and 5(b), it can be seen that the target
shape during the interaction has been significantly modified
by the light pressure. The plasma surface is nearly flat for
an initially convex plasma surface while largely dented for an
initially flat surface. Figures 5(c) and 5(d) show the reflected
field distribution in the far field. The severely dented plasma
surface deflects the reflected fields into a large angular range
[see Fig. 5(d)]. In comparison, the beam divergence from the
initially convex plasmas is markedly reduced along with a
much higher intensity [see red line in Fig. 5(e)]. Our simula-
tion results shown above well reproduce the main experimen-
tal observations and demonstrate the great potential of an op-
tically shaped plasma surface to control the HHG divergence.

IV. CONCLUSIONS

In conclusion, we have demonstrated experimentally and
numerically that the harmonic divergence can be controlled
by an optically created convex plasma surface. Under our
conditions with the laser intensity about 10! W/cm?, the
divergence of harmonics from the convex plasma surface is
found to be much larger than that from a planar plasma

surface. However, when the laser intensity goes much higher
such as 10?! W/cm?, according to our simulations, due to
the optically shaped surface, the harmonics are radiated into
a significantly smaller angle along with a much higher in-
tensity. Our results suggest a practical approach to control
the harmonic divergence by tailoring the curvature of the
shaped convex surface. The harmonic wavefront curvature due
to the target denting effect could be precompensated by a
convex surface with suitable shape. This could be critical to
focus the relativistic high harmonics to achieve unprecedented
intensities in the future.
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