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Diffraction-limited coherent wake emission
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The plasma mirror is a relativistic optical element that under certain irradiation conditions generates intense
attosecond extreme-ultraviolet light pulses, in a process known as coherent wake emission (CWE). CWE has
been previously characterized by its high spatial divergence, originating from an intrinsic intensity-dependent
phase accumulation. In this Letter, we show that the transverse variations of the plasma expansion can completely
cancel the CWE intrinsic phase. Accordingly, we experimentally demonstrate nearly diffraction-limited CWE
with unprecedented divergence, under 6 mrad. We validate our analytical model with particle in cell simulations.
This understanding facilitates the development of plasma mirrors as applicable ultraviolet light sources.
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Chirped-pulse amplification (CPA) technology made pos-
sible the realization of intense laser fields, in which oscillating
electrons reach nearly the speed of light. This so-called rel-
ativistic optics regime [1] prevails at an intensity threshold
of about 10'"® W cm™2 for typical 800 nm central wavelength
laser systems. Examples are plasma-based optical elements
that act as nonlinear media [2], and as optical switches [3]
and relativistic shutters [4] with femtosecond rise times.

The simplest plasma-based optical element is the plasma
mirror (PM) [3]. When an intense laser pulse is focused on
a polished surface, the target becomes strongly ionized and
forms plasma that reflects the incident pulse. If the incident
pulse is ultrashort, the plasma does not expand significantly,
and the laser pulse is specularly reflected.

Despite their simplicity, PMs present highly nonlinear
laser-plasma dynamics, manifested by the generation of syn-
chronized attosecond light [5] and electron bursts [6]. These
are of great interest to ultrafast science, because the avail-
ability of ultrashort, coherent pulses in the extreme-ultraviolet
(XUV) region is a prerequisite for many applications, such
as attosecond spectroscopy [7], biological imaging [8], and
material sciences [9].

In the frequency domain, the XUV emission manifests
in a discrete harmonic spectrum of the fundamental laser
wavelength. These so-called surface harmonics have been es-
tablished to originate from distinct types of plasma dynamics,
divided into two regimes of laser intensity: relativistic pro-
cesses driven by ultrahigh intensities of over 10! W cm™2,
such as the relativistic oscillating mirror [10] and coherent
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synchrotron emission [11,12], and a subrelativistic process
known as coherent wake emission (CWE) which prevails
at moderate intensities above 10'© W cm~2 [13]. Relativistic
processes are often considered more promising for appli-
cations, due to their higher bandwidth and efficiency [14].
However, these attributes are mainly manifested in the ultra-
relativistic regime, approachable only by petawatt-class laser
systems [15,16]. CWE on the other hand, with its lower inten-
sity requirement, is easily accessible by university-scale laser
systems and its efficiency of about 10~ (at 80 nm wavelength)
[13] surpasses typical gas-based harmonic generators.

A main drawback that limits the applicability of CWE
as an XUV light source is its excessive beam divergence,
which makes refocusing the attosecond pulses extremely chal-
lenging. The excessive divergence is associated with intrinsic
phase variation across the laser focal spot [17,18]. In CWE,
vacuum-accelerated Brunel electrons [19] collide in the sharp
density gradient of the plasma surface and induce high-
frequency plasma waves. After a short evolution time, when
a local phase-matching condition is met, these waves reemit
XUV radiation [13]. The amount of phase accumulated during
this three-step process depends on the local laser intensity
and on the local plasma scale length [20]. Phase induced by
spatiotemporal intensity variations was shown to broaden the
spectrum and the spatial divergence of CWE [17,18,20-23].

In surface harmonics experiments, preplasma is often en-
gineered by introducing a loosely focused auxiliary prepulse
(APP) beam [24,25]. The rather uniform illumination of the
APP at the focal spot area of the main beam justifies neglect-
ing the effect of lateral variations of the plasma scale. We
show here, however, that when preplasma is formed by native
precursor light (NPL) of the beam itself, lateral variations
of the plasma scale are fundamental to the harmonic beam
divergence.

In this Letter we first introduce a modification to the CWE
emission model of Ref. [21], to account for these spatial
variations. Next, we present experimental data supporting
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FIG. 1. An illustration of the laser intensity temporal evolu-
tion (yellow) considered in our derivation. An exponentially rising
pedestal (red) is followed by an intense ultrashort pulse, e.g., Gaus-
sian shaped (blue). Ablation is assumed to initiate during the pedestal
phase.

our model, in which CWE beams are controlled to become
highly collimated, with nearly diffraction limited divergence.
We conclude with a numeric particle in cell (PIC) study that
validates the results.

To model the local plasma expansion across the focal spot,
we determine the plasma scale length by time integrating the
plasma velocity until the peak of the pulse (at r = 0):

0
L(r, 0) =[
—t;(r)

where C; is the ion-acoustic velocity and —#; is the initiation
time of the plasma motion. Under the assumptions of instanta-
neous thermalization and monotonically increasing intensity,
the ion-acoustic velocity under subrelativistic irradiation can
be estimated to scale as C; ~ Cya(r,t) [26], with a*> =
1)2/(1.38 x 10" W ecm~2 um?) being the local value of the
normalized vector potential. As illustrated in Fig. 1, in mod-
ern high-power amplification schemes [27,28] the temporal
intensity profile can be described as being composed of a
low-intensity, slowly rising “pedestal,” and a high-intensity
ultrashort main pulse:

a(r, t) = apr/wy)[P(t/t.) +eexp(—t/T,)], (2)

where 7 is the radial intensity distribution of a spot with
radius wy; P is the temporal evolution of the main pulse with
duration 7z, e.g., a Gaussian; € < 1 is the amplitude of the
pedestal normalized at # = 0; and 7, > 7; is its time constant.
The substitution of Eq. (2) separates Eq. (1) into two parts,
for the main pulse and the pedestal, that can be solved sep-
arately. We assume the plasma expansion initiates during the
pedestal phase, having t; > t7. Thus, for the main pulse, we
can substitute the integral boundary by #;(r) — oo, to have

Cy(r, t)dt, ey

Lmain pulse (I‘) ~ COGOT)("/U)L)TLH’ (3)

where I1 = f(loo P(x)dx is an O(1) shape factor, e.g., IT =
/7 /2 for a Gaussian pulse. For the pedestal part, we define
Qyblation = a[—1;(r)] and change variables dt — da, to obtain

Lpedestal (r)= C()fp[ea()n(r/wL) — Qaplation]- 4

cos? 6

FIG. 2. Schematic illustration of CWE in a three-dimensional
(3D) plasma plume. A Gaussian-like plasma (color map) is formed
by the IR beam. At the center, a larger plasma scale length forms a
shorter optical path, but also a longer path for the Brunel electrons to
traverse into the plasma, where they induce HH emission.

Combining Egs. (3) and (4) yields a simple solution to the
plasma scale length att = O:

L(r) = Lola(r) — ai, (%)
with the constants Ly and a; defined as
i = Agblation(T7L/T) +€) 7,
Ly = 1,Co(It /T + €). ©6)

The lateral variation of the plasma scale length affects the
XUV spatial phase in two ways, illustrated in Fig. 2. First, the
optical path of an XUV beamlet generated from an expanded
plasma is shortened by [5]

Al = (2z. — dzy) cos B, (N

with respect to a laser beam reflected off the unexpanded
plasma. Here z. is the position of the laser-plasma interface,
and ézy the depth at which the Hth harmonic is born. Note
that §zy is accounted for only once, since the harmonics are
generated within the plasma. We ignore the plasma dispersion
here for the sake of simplicity. In a detailed calculation, the
plasma dispersion was found to affect the model parameters
by less than 10%.

Assuming an exponential plasma density profile, n.(z) =

noe~/t=1, z. and 8z are given by [23]
H, H
Ze=2LIn —= — L, 8zy =2LIn —, 8)
cosd cosd

where 6 is the angle of incidence, n. is the critical density
of the fundamental laser frequency, and Hp.x = +/19/n. with
Hp.x & 20 for fully ionized SiO, plasma at solid density and
800 nm laser wavelength. The overall change in the optical
path is then

Al 2Lcosf H2 .
— = In -1/, ©)]
Ay AH H cos6
which translates to an intensity-dependent phase term using
Eq. (5):

on _ _ Locosé T HALN
= [a(r)—a,][1n<HCOSQ) 1] (10)

T
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A second source for phase accumulation is the duration in
which Brunel electrons traverse the plasma and collide at 6z .
This duration was calculated in Ref. [21]:

y 5 3
L 0307 +0.725( -2 (11
13 al sin 9

Plugging in Eqgs. (5) and (8), and ignoring constant terms,
we find the phase term to be

1
200 In L : 3
P _qasgl{t | G (g
b4 Asinf a(r)

Following Ref. [23], we sum Egs. (10) and (12), and ap-
proximate the focused intensity by a(r) & ap(1 — r? / w%) to
find the normalized focusing parameter:

= n(%)%(l - Z—O)_Z—O —4;%%, (13)

[}

v

where R is the phase-front radius of curvature, defined
by ¢u ~kpr?/2R, n='812In(L)/sin6]5, and ¢ =

cos 0
cos 6[In( HHC.;Oasxg) — 1]. Requiring W = 0 yields the intensity

value at which the XUV emission becomes diffraction limited:

1
3
= 2(%2) Vanst. (14)

To relate the phase-front curvature at the focal plane to the
beam divergence at the far field, we assume that the XUV
source has a Gaussian profile, with the same waist size wy,
of the driver laser. The cone angle at the far field of the Hth
harmonic is then given by [29]

Oy 1 5
— = _—_J/1+HaY 15
6~ H +HrY), (15)

where 6, is the effective numeric aperture of the driving laser
pulse.

Experiments were carried out using a 20 TW, 25 fs, 800 nm
central wavelength laser system at Tel Aviv University. The
architecture of the laser, detailed in Ref. [30], is based on
picosecond optical parametric chirped-pulse amplification for
most of the system gain, followed by a traditional Ti:sapphire
power amplifier. A measurement of the laser temporal profile,
obtained with a Sequoia third-order autocorrelator [31] and
normalized to the focused laser intensity, is shown in Fig. 3(a).
The laser system features a temporal contrast better than 10'!
uptot = — 60 ps.

In these experiments, the beam was focused using a
16.3 cm focal length off-axis parabolic mirror onto an opti-
cally flat fused-silica substrate, at a 55° angle of incidence.
The beam’s numerical aperture was varied using a motorized
aperture, which sets the laser intensity both by reducing the
pulse energy and by increasing the focal spot size. The focal
ratio of the beam was varied in the range of f/20—f/7,
corresponding to focused intensities of 4.5 x 10> W em~2 to
3 x 107 Wem™2.

A far-field image of the focal spot, taken at /8.6, is shown
in color scale in Fig. 3(b). The spot diameter was measured as
7.9 pum [full width at half maximum (FWHM)], correspond-
ing to a focused intensity of 1.3 x 10" W cm™2 (ay &~ 0.25).

16
1018 x10
e (a) Ablation IZB\{@
7! threshold Z !
2 € 1014;......r.e.?..(.)....,.. 8 % £
g2 £=
EE 10 T
10

FIG. 3. (a) Temporal profile of the laser at ap =~ 0.25 (/ = 1.3 x
107 W cm~2), measured with a third-order autocorrelator and nor-
malized to the intensity at the focus. The APP is represented in light
gray, as a weak replica of the main pulse, shifted in time. (b) Spatial
intensity distributions of the laser beam (color scale) and the APP
(gray scale) at the focus.

The high-harmonics spectra were acquired using a flat-field
grazing-incidence XUV spectrograph (HP spectroscopy),
with a 2.76 cm wide back-illuminated CCD detector (An-
dor DO936N-M0Z), positioned 1 m away from the target.
A typical spectrogram is shown in Fig. 4(a), for a shot with
a normalized intensity of @y = 0.25. No auxiliary prepulse
was introduced in this setup, so that preplasma originates
from NPL only. The transverse profile of the 14th harmonic
is shown in Fig. 4(b), together with a Gaussian fit that yields
a 1/¢? radius of 5.8 & 0.15 mrad.

To verify that the low divergence indeed results from the
small transverse preplasma scale, we introduced an APP in a
similar method to that of Ref. [18]. A 150 um thick mirror was
inserted 100 um ahead of the final steering mirror to sample
the outer edge of the laser beam. This introduces a wide APP
atr ~ —1 ps.

A far-field image of the APP beam is shown in gray scale
in Fig. 3(b), with a focused intensity of about 10'* W cm~2,
contained within a 150 x 35 um? ellipse (FWHM). This large
lateral extent creates a nearly uniform illumination within
the focal spot of the main pulse. The ion-acoustic velocity
of the APP plasma is estimated as smaller than 10 nm/ps
[32], resulting in a plasma scale length of Lapp ~ A/100. The
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FIG. 4. (a), (c) show raw spectrograms, taken at ag = 0.25, for
the cases of NPL and APP, respectively. (b), (d) show spatial dis-
tributions of the H14 intensity, spectrally integrated over the range
marked by the yellow lines in (a), (c). Fits to Gaussian form (red) are
used to evaluate the angular divergence of each harmonic.
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FIG. 5. The beam divergence of H14. Measurements employing
an NPL (APP) are marked with circles (squares). Our (previous)
work is shown in filled dark-red (open black) markers. The dotted
line indicates diffraction-limited divergence. A fit to the analytic
model of Egs. (13) and (15) is shown in solid blue, with 1o uncer-
tainty bounds (shaded). The results of the PIC simulation are marked
with crosses. Inset: NPL data points around the diffraction limit
intensity. The error bars represent 95% confidence bounds resulting
from the fitting process.

resulting spectrogram for the APP case is shown in Fig. 4(c),
for a laser shot taken at the same intensity as the one in
Fig. 4(a). A tenfold increase of the XUV divergence is ob-
served by fitting the profile of the 14th harmonic [Fig. 4(d)].

Figure 5 presents the measured divergence of the 14th
harmonic normalized to the cone angle of the laser, in an
intensity range of 0.05 < ap < 0.35. The vertical error bars
represent the uncertainty resulting from the fitting procedure.
The stability in the range ap = 0.22—0.27 is found to be
smaller than 15% standard deviation. Our data are compared
to APP and NPL results from other works [14,23,24,33], and
to our APP control shot. The divergence of our NPL data
approaches the diffraction limit (dotted line) at ay =~ 0.22, and
it is over four times lower than any previously reported data.

To compare the data to our model, we fit Egs. (13) and (15)
in the range of ap > 0.12, with @; and L as free parameters.
The fit result, which is plotted in blue in Fig. 5, yields

a; = 0.044 £ 0.002

DL _
AfLy =11.31+0.6 and a5 =021 (16)

These parameters correspond to L ~ A /70 near the diffrac-
tion limit intensity, which is well within the known range of
CWE emission [24].

Interpreting the value of a; according to Eq. (6) for our
laser’s temporal profile (1, = 2515, Tpedestat ~ 20015, and € <
1), we find that the plasma motion was initiated at ~ 5 x
10"* Wem™2 (a = 0.005), in good agreement with the known
ablation threshold of fused silica.

The robustness of our model is demonstrated in Fig. 6,
where we compare the predicted evolution of the divergence
with the harmonic order to our data, at different laser intensi-
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FIG. 6. The measured emission divergence vs harmonic order for
different laser intensities (circles). The bars represent the uncertainty
resulting from the Gaussian fitting process. The analytic predictions
of our model (solid line) are calculated for the a, value indicated in
each case.

ties. The curves were all calculated with the same values of a;
and Ly, as used in Fig. 5.

We validated our results using two-dimensional (2D) PIC
simulations carried out with the EPOCH code [34]. The laser
pulse in these simulations was p polarized with A = 800 nm,
with a pulse duration of 15fs FWHM and a waist width of
3.4)» FWHM. The pulse impinges on an overdense plasma
(np = 250n.) with an exponential density gradient:

x—l> (17)
Lola(x)) —ail)"

Here x,, x; are the coordinates perpendicular and paral-
lel to the target surface, respectively; Lo = A/11.3; and a; =
0.044. The target was set at a 55 ° angle of incidence. The
simulations ran with a space step of Ax = 1/280, 30 particles
per cell, and a box size of 354 x 35A.

We performed a series of simulations for laser intensities
in the range of 0.15 < ap < 0.40. One example snapshot of
the target-parallel component of the electric field at ap = 0.2,
40 fs after the pulse reflection, is shown in Fig. 7. The harmon-
ics (marked with white arrows) are visible as thin modulation

n(x,,x)) = ng exp (—

1

E, (arb. units)
-1

2
-\-;/\/4'\'%‘ H-zlogm (ne/nc)

FIG. 7. PIC simulation results. A snapshot of the target-parallel
component of the electric field, after reflection off the PM. XUV
pulses (marked with white arrows) appear as thin modulations on
the reflected field.

L032059-4



DIFFRACTION-LIMITED COHERENT WAKE EMISSION

PHYSICAL REVIEW RESEARCH 3, L032059 (2021)

in the field of the reflected pulse. We applied a numeric
bandpass filter in the spectral range of H5-H15 to isolate the
XUYV front and extract its radius of curvature, from which the
focusing parameter W, and subsequently the harmonic beam
divergence, were calculated according to Eq. (15). The results
are indicated with red crosses in Fig. 5. The data and the
PIC results are in very good agreement, except for the lowest
simulated intensity.

In this Letter, we showed how excess divergence in CWE
that originates from intrinsic intensity-dependent phase varia-
tions can be canceled out in particular conditions which result
in a flat wavefront in the emission plane. CWE dynamics
are one dimensional in nature, as can be shown by using a
boost transformation to the normal-incidence frame [35]. Our
extension of the CWE model does not alter this fundamental
attribute, except that a different plasma scale is used at each
point along the lateral direction.

Our results highlight the sensitivity of CWE to the early
stage of plasma expansion, which is governed by the tempo-

ral intensity profile and by laser absorption during the few
hundred fs prior to the peak of the pulse. As suggested by
Egs. (6) and (14), for a fixed main-pulse duration the beam
divergence may be controlled through the pedestal slope,
e.g., by altering the ps contrast using an acousto-optic pro-
grammable dispersive filter [36]. This high sensitivity may
explain the different degrees of beam divergence that were
measured using different laser systems (Fig. 5), and the devi-
ation of our model from the experimental data for ay < 0.15.
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University Center for Nanoscience and Nanotechnology. Sim-
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as part of the UK Engineering and Physical Sciences Re-
search Council (EPSRC) funded Project No. EP/G054940/1.
We acknowledge the support by the Pazy Foundation, Grant
No. 27707241, and by the Zuckerman STEM Leadership
Program.
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