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Spectral detuning of relativistic surface harmonics
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Relativistic surface harmonics driven by high-intensity lasers are considered a promising future light source,
as their bandwidth and brightness are scalable with the driving laser power. Typically, the emission frequencies
of these sources are limited to integer multiples of the laser fundamental frequency. In this Letter, we describe
how the generation dynamics of these harmonics may enable spectral detuning of their frequencies. A dent in
the plasma surface driven by the radiation pressure of the laser field grows during the interaction and varies the
harmonic beam divergence. When a temporal chirp is added to the driving laser pulse, different instantaneous
fundamental frequencies drive the harmonic beam to different cone angles, resulting in an overall spectral
detuning of the high harmonics beam. We present experimental measurements of the dependence of the spectral
detuning on the temporal chirp of the driving pulse. We show how these results are reproduced by our model,
and conclude with its predictions for higher intensity laser systems.

DOLI: 10.1103/PhysRevResearch.4.1.022036

The interaction of an ultraintense laser field with a sharp-
gradient plasma surface forms a relativistic optical element
known as plasma mirror (PM) [1]. Relativistic PM dynamics
are manifested by the emission of attosecond bursts of ener-
getic electrons and coherent extreme ultraviolet (EUV) light.
Bright ultrashort EUV pulses are of great interest to ultrafast
science because they are a prerequisite for many applications,
including attosecond spectroscopy [2], biological imaging [3],
and material sciences [4].

The EUV emission spectrum features a comb of high-order
harmonics (HHs) of the fundamental frequency. These so-
called surface harmonics originate from two distinct types
of plasma dynamics: At moderate laser intensities, of over
I)X? > 10' Wem™2 um? with A being the laser wavelength,
HHs are generated by a subrelativistic process known as
coherent wake emission (CWE) [5]. Beyond the relativistic
threshold of about /A% > 10'® Wem™2 um?, the relativistic
oscillating mirror (ROM) [6] and the coherent synchrotron
emission [7,8] mechanisms prevail. The promising applicative
property of these latter processes is their intensity-scalable
generation efficiency and bandwidth [9].

For some applications, however, the ability to tune
the emission frequency around the narrow band of an
individual harmonic order is a prerequisite. In EUV spec-
troscopy [10,11], the ability to tune the emission frequency
allows probing of specific atomic or molecular resonances.
In lensless imaging, multispectral illumination provides direct
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information about the chemical composition of the interro-
gated sample [12].

High-order harmonic generation (HHG) in gas, which is
inherently limited in scaling to ultrahigh laser intensities, may
be easily manipulated to detune the harmonic frequency by,
e.g., the introduction of a temporal chirp to the pulse [13], or
the addition of an auxiliary pulse to induce optical parametric
generation [14] or interference [15] in the gas target. Another
means to detune the frequency of HHG in gaseous media is to
simply shift the frequency of the fundamental IR pulse [16].
This approach, however, is not straightforward for HHG from
relativistic PMs because multi-terrawatt (TW) laser systems
are typically limited to amplification around the central emis-
sion wavelength of a limited selection of high-gain amplifying
media. For CWE, in which the emission phase is highly de-
pendent on the instantaneous laser intensity, introduction of a
temporal chirp results in spectral detuning [5,17].

A key aspect governing the emission properties of rela-
tivistic plasma surfaces is the denting of a plasma surface
under the radiation pressure of the intense laser field [18]. The
induced surface curvature results in strong focusing of the HH
beam near the surface and increases its far-field divergence.
This feature may be either mitigated [19,20] or employed
to achieve unprecedented light intensities [21,22]. Here we
demonstrate utilizing this transient plasma dent to enhance the
emission of a specific instantaneous frequency of a chirped
laser pulse.

The displacement of a critical plasma surface under the in-
fluence of an ultraintense laser field may be expressed as [23]

8 = —LIn(1 +2n; + 1. + 7). (1

where L is the plasma scale length, and 7, and 7; are func-
tions of the local normalized field amplitude ay (r, t) which
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represent the electronic and ionic contributions to the surface
displacement, respectively [18]:

I, [’
Lt dt,
2Lcos€/,r a(rt)

ni(r,t) =

Ne(r,t) = ar(r, 1) @

wL(1 +sinf)’
Here c is the speed of light, 0 is the laser’s angle of incidence,
and [y = \/R,Zm.cos /2Am,,, where R, ~ 0.7 is the plasma
reflection coefficient [18], Z and A are the charge and mass
numbers of the plasma ions, respectively, having Z/A = 2 for
fully ionized silica, and m, and m,, are the electron and proton
masses. In the regime of weakly relativistic laser intensity
(ap 2 1), the plasma denting is dominated by the ions dis-
placement, monotonically increasing during the irradiation.
We note that the plasma scale length, incorporated in Egs. (1)
and (2), can generally vary in space, depending on the spatial
profile of the precursor light that drove the plasma expan-
sion [24].

The dependence of L on the laser intensity is crucial for
capturing the emission dynamics of relativistic plasma sur-
faces. Because the ion-acoustic velocity dependence on the
hot electron temperature 7, is given by C; = /ZT, /Am,, [25],
it follows that L o 4/T,. The electron temperature in turn is
expected to be proportional to the absorbed laser intensity, and
therefore to scale as T, o< Ips o< If'. Finally we find

L(r) oc as. (3)

The values of the scaling parameter o were found to cover
a wide range, from o ~ 1/3 in picosecond laser irradiation
of thick solids [26], to  ~ 1.1 in high contrast femtosecond
laser irradiation [27], and to « = 3/2 in Brunel’s theory [28].
Considering the high sensitivity of « to the precursor light
profile, its value is kept as a free parameter in our analysis.

Both the expansion of the plasma and the denting under
radiation pressure affect the reflecting plasma surface depth,
which sets the amount of excess phase introduced to the
reflected HH beam [23]:

0, = 2kHcos9{L(r)[1n(@) - 1] +58,(r, z)}, 4)
ne
where kyy = 2w H /X is the Hth harmonic wave number, n, the
critical plasma density, and n, the electron density at the head
of the density ramp.

Temporal variations of ¢, induce a Doppler shift of

d
Swp = —¢u(r = 0,1), &)

while spatial variations of ¢, modify the far-field divergence
of the HH beam. For a laser tightly focused to a spot of
radius wy, the spatial phase variations are quantified by the
normalized focusing parameter W:

wz w% 92
=R H =00 (6)

where R is the phase front’s radius of curvature of the HH
beam. The normalized far-field divergence of the H harmonic
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FIG. 1. Cartoon depiction of the emission dynamics leading to
spectral detuning of a HH beam. The transverse component of a
chirped laser pulse is illustrated in black. The relative average HH
emission frequency is indicated in a red-to-blue color palette. Five
temporal snapshots show how the evolution of the plasma surface
curvature under the radiation pressure of the laser field modifies the
HH emission cone angle, maximizing the emission brightness of a
specific frequency-shifted harmonic.

is then [29]

H“:ULH \/1 + [2nH(l:;—i’)2xp]2, 7)

where 6, is the cone angle of the incident laser, and wy is
the source radius of the Hth harmonic. Assuming a nearly
Gaussian focal spot, the source radius is closely related to the
intensity scaling of the HH beam:

wr/wy ~ \/q, 3

through the scaling parameter g, whose value is found to be
q ~ 4[18,30].

When a temporal chirp is introduced to the driving laser
pulse, the time-dependent divergence of the HH beam re-
sults in detuning of its peak spectral brightness. This idea
is depicted in Fig. 1, which illustrates snapshots of a tempo-
rally chirped pulse incident on a PM surface. The transverse
component of the laser field is plotted in black. The plasma
surface, initially convex because of preexpansion, curves in
under the radiation pressure of the laser field. At a given
instant, the surface flattens and sets a minimal divergence to
the instantaneous frequency of the HH beam.

Figure 2 shows the instantaneous intensity (a) and fre-
quency shift (b) of a & = —2 chirped laser pulse. Here
the dimensionless chirp parameter £ is defined by 7, =
194/ 1 + &2, where 17 and 1o are the chirped and compressed
pulse durations, respectively. The far-field divergence of the
HH beam, calculated using Eq. (7) and shown in Fig. 2(c),
becomes minimal when the plasma surface flattens under the
radiation pressure of the laser field. The HH beam brightness
is inversely proportional to the emission solid angle d2 oc 67.
Thus, the peak of Iy is shifted in time with respect to I,
toward times of smaller divergence, as seen in Fig. 2(d).
Because the driving laser is chirped, this time shift maximizes
a specific instantaneous spectral component, detuned from the
fundamental harmonic frequency. The resulting spectral shift
for temporal chirps in the range of —4 < £ < 4 is plotted in
Fig. 2(e).

We carried out experiments using a 20 TW, 800 nm cen-
tral wavelength laser system at Tel Aviv University. A key
challenge for HHG from PMs are the stringent requirements
for the temporal contrast of the laser [31]. Traditionally,

On/6r =

IH X Iq,
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FIG. 2. Calculated spectral detuning of HH emission from a rela-
tivistic plasma surface, irradiated with a temporally chirped Gaussian
laser pulse. (a) The instantaneous intensity and (b) frequency shift
of a £ = —2 chirped IR pulse, where Aw; is the bandwidth of
the driving laser. (c¢) The instantaneous divergence and (d) far-field
brightness of the reflected HH beam. The evolving HH beam diver-
gence shifts its peak brightness (dashed line) to earlier times with
respect to I;. This shift maps a specific instantaneous frequency and
results in spectral detuning. (e) The overall resulting spectral shifts
for different values of the dimensionless chirps. The driving laser
spectrum is shown in dash-dotted black.

postcompression contrast enhancement in the form of an ultra-
fast optical switch is used. This solution, however, increases
experiment complexity and lowers the available pulse energy
on target. The work presented here was made possible by a
newer generation high-power laser technology, with a front
end based on picosecond optical parametric chirped pulse
amplification [32]. A pristine temporal contrast, better than
10'°, is achieved up to t = —40 ps, and 10° up to t = —1.4
ps [24]. The spectral bandwidth of the amplified beam is 5.5%
FWHM. An acousto-optic programmable dispersive filter [33]
at the laser front end is used to achieve a nearly Fourier
transform limited pulse duration of 30 fs of the fully amplified
beam.

In these experiments, we introduced a controlled temporal
chirp to the pulse by adjusting the distance between the two
compressor gratings, using a motorized stage with absolute
accuracy of better than 10 um. The pulse duration used to
calculate £ was inferred from the grating separation and was
verified against second-order single-shot autocorrelator mea-
surements.

The laser beam was focused using a 16.3 cm focal length
off-axis parabolic mirror onto a polished glass substrate with
an angle of incidence of 55°. Before focusing, the beam is
apertured to 3.2 cm diameter, which results in a focal spot
size of 47 um (FWHM) corresponding to a peak inten-
sity of 1.05 x 10" Wem™2 (a9 ~ 2.2). We measured the
emitted EUV radiation using a grazing-incidence flat-field
EUV spectrometer, with a 4 megapixel charge-coupled device.
The spectrometer was positioned in the reflection direction,
100 cm downstream from the target. A 200-nm-thick Al foil
was placed at the entrance to the spectrometer to block visible
light. We used the second-order diffraction of the aluminium
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FIG. 3. (a) Typical raw spectrogram obtained by the irradiation
of a PM with a £ =0, ap = 2.2 laser pulse, featuring HH emission
orders from H17 to H34, which are well beyond the CWE cutoff
frequency. (b) Angular profiles of several HH orders demonstrating
the extraction of their angular divergence by fitting to a Gaussian
form (black). (c) Spatially integrated spectra of H22-H24, taken at
different laser chirps. The colormap is in logarithmic scale, normal-
ized to the peak value at £ = 0.

L edge at Aa; &~ 17.05 nm to calibrate the spectrometer to
within 0.3% accuracy.

A typical EUV spectrogram obtained by irradiation with
laser parameters of & =0, ayp ~ 2.2 is shown in Fig. 3(a).
Harmonic orders in the range of 17 < H < 34 are clearly
observed, with a spectral single harmonic bandwidth of
Awy /oy ~ 0.5% (FWHM). The angular distribution of sev-
eral HH orders is shown in Fig. 3(b), with a fit to Gaussian
form. The harmonic orders above the CWE cutoff (H > 20)
present similar divergence of 14.5 & 0.8 mrad (FWHM), cor-
responding to a normalized divergence of 6y /6, ~ 0.2.

HH spectrograms were recorded for laser pulses with
temporal chirps in the range of —4 < & < 4. The spatially in-
tegrated spectra of harmonics H22-H24 are shown in Fig. 3(c)
for different values of &£. The spectral detuning of each har-
monic toward blue (red), with negative (positive) chirp values
is evident. The angular divergence of the HH beam is found to
be independent of the chirp and within a shot-to-shot fluctua-
tion of Afy /0y = 14%.

Our model, given by Egs. (4)—(8), predicts the divergence,
spectral detuning, and brightness of the HH beam. To eval-
uate these observables, we write the brightness of the Hth
harmonic as

Su(t) = 67|14/ Hertdonn |2, ©)

I;(t), 6y(t), and the laser frequency wj(f) are all instan-
taneous quantities. A temporal chirp is introduced to the
pulse by addition of a compressor grating separation A,
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FIG. 4. Experimental results (red) and fitted model (black) for
the (a) spectral detuning, averaged over H22-H26, and (b) normal-
ized angular divergence of H23, plotted vs the amount of temporal
chirp. In both panels, solid lines and shaded areas represent the fitted
model with @ = 0.28 +0.01, Ly/A» = 0.063 £ 0.03.

introducing second- and third-order spectral dispersion terms
2 (A), p3(A) [34]. The chirped instantaneous intensity is then
given by
- . ‘ 302
I.(t) o ‘f_'*l {IL1/2(w)efl(tlﬁz/Z)(w*wo)2*1(@53/6)(110*Uvn)3 H . (10)
We model the laser power spectrum I as a smooth functional
form

— wo

T(w) = %[l—i-cos(nw )]@(Aa)— o —wol), (11)

which reproduces the finite bandwidth Aw of a realistic
high-power laser beam around a central frequency wgy. The
second-order spectral phase can be related to & using Egs. (10)
and (11) giving

£~ —031Aw°¢, + erf(0.22Aw¢,). (12)

With this machinery, the time-averaged divergence and
frequency-averaged spectral detuning of the HH beam are
given by
7o O (1)Sp (1)dt

L2 Su(t)dt

B ffoooa)SH(a))dw
2 Su(w)de

(On) = . (dw)

—Ha)(),

(13)
where Sy (w) = F{Su(t)} is the power spectrum of the HH
beam.

The values of these two observables, measured over a range
of temporal chirps, are shown in Fig. 4. The spectral detuning
values in (a), representing the average of H22-H26, are shown
with their standard deviation errors. Not shown is an addi-
tional overall systematic frequency calibration uncertainty of
40.3%. The normalized angular divergence values in (b) are
for H23, and their error bars reflect a +1.5 wm uncertainty
in the target surface position along the focal position, which
propagates into wy, in Eq. (7).

We fitted our model to both data sets simultaneously, leav-
ing the plasma scale length at the beam center, Ly = L(r = 0),
and the intensity scaling exponent « as free parameters. The
solid lines in Fig. 4 represent best-fit results, with the un-
certainties represented by the gray bands. The value of the
absorbed laser intensity scaling coefficient was found to be
a = 0.28 £ 0.09, consistent with the empirically measured
value [26].
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FIG. 5. Integrated HH brightness vs the average spectral detun-
ing. The measured values of this work (ay = 2.2) are shown in red.
Model calculations for different laser field strengths are plotted in
black. Each curve is calculated for a temporal chirp range of —4 <
& < 4. The amount of Doppler redshift for fully compressed pulses
is shown in dashed blue, to indicate its role in the overall spectral
detuning.

The fitted plasma scale length, found to be Ly /A = 0.063 +
0.03, is just above the threshold for the onset of ROM [35,36].
This should be expected in our experimental scenario, where
the initial scale length was not optimized by an auxiliary
prepulse [37]. For the laser intensity and temporal contrast in
these experiments, plasma formation initiates at t &~ —1.4 ps.
For this plasma expansion duration, Ly is in good agreement
with the literature [35]. To interpret the trend of the curve in
Fig. 4(a), we note that Eq. (2) predicts the electronic and ionic
contributions to the surface displacement to scale with laser
pulse duration as 1, o< 1/,/7; and n; o< /Tr, respectively. For
a small amount of chirp |&| < 2, these scalings counteract
keeping 4, roughly constant, making the spectral detuning
nearly linear in £. By contrast, for large amounts of temporal
chirps, || > 2, the quadratic term n? in Eq. (1) becomes
dominant, giving

8~ Lnf 1, (14)

bringing the amount of spectral detuning to saturation.

The relative HH brightness for different amounts of spec-
tral detuning is presented in Fig. 5. The model prediction,
calculated with the Ly and o values found above without ad-
ditional fitting, is plotted in black. The penalty for introducing
a temporal chirp and thereby reducing the laser intensity is
evident in the logarithmic drop of the HH beam brightness at
high spectral shifts.

The predicted HH brightness for laser intensities up to
ap = 20 is also presented in Fig. 5. The plasma scale length
is predicted using Eq. (8), L(ag) = Lo(ap/2.2)*, for the same
Ly and o values. As the laser field is increased, the plasma
dent grows faster because of stronger radiation pressure
and longer plasma scale length. For increased laser intensi-
ties, the Doppler redshift becomes the dominant contribution
to the spectral detuning, finally overcoming the temporal
chirp contribution, thus presenting multivalued curves. This
is demonstrated by the dashed blue line, which is a direct
calculation of the Doppler shift using Eq. (5).

In this Letter, we demonstrated fine manipulation of the
emission spectrum of HH beams by introducing a temporal
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chirp to the driving laser pulse. A straightforward model of
these dynamics reproduced the dependence of the two ob-
servables, dwy and 6, on the temporal chirp, with two free
parameters, Ly and «. An important future extension of this
work would be a direct measurement of the plasma scale
length before the main laser interaction, using, e.g., time-
resolved frequency- or spatial-domain interferometry [38,39].
Direct measurement of the laser absorption scaling coefficient
« is challenging, but values that were obtained from fitting the
data may be validated using numeric simulations.

Another instructive extension of this study would be the
introduction of a richer spectral phase control using, e.g., an
acusto-optical modulator. In this scenario, Eq. (9) would be
modified to account for the full details of the spectral phase,
which preferably will be also measured directly, using, e.g., a
FROG [40] or a SRSI [41].

We acknowledge the support by the Pazy Foundation,
Grant No. 27707241, and by the Zuckerman STEM Leader-
ship Program.
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