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Thin-film compression (TFC) and the focusability of high-power laser pulses after self-phase modulation in thin
films at transport intensities (~1 TW /cm?) for petawatt laser systems is demonstrated. High-energy (~296 m])
laser pulses are compressed from ~55 fs to ~31 fs. Additionally, the focusability of high-power (~45-55 TW)
flat-top laser pulses after spectral broadening in thin films is found to be largely maintained, showing only modest
decreases in the energy contained in the central part of the focal spot. In light of these findings, TFC offers a
method for moving toward single-cycle pulse durations at significantly higher energies than those found at

present, and if beam instabilities can be mitigated, maybe even higher intensities.
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1. INTRODUCTION

Next-generation laser driven accelerators and high field science
[1-4] require laser technology with shorter pulse durations and
higher peak power than is currently available. Much progress
has been made in the past few decades, most notably with
the introduction of chirped pulse amplification (CPA) [5] en-
abling ultrashort laser systems to reach peak power levels cur-
rently at the petawatt level [6]. Facilities across the world are
working to increase the peak power of their laser systems by
developing higher energy lasers in order to reach 10 PW at
the extreme light infrastructure (ELI) [7] or even 100 PW
at the Station of Extreme Light (SEL) [8] in Shanghai.
Meanwhile, the pulse length—intensity conjecture [9] suggests
that the compression of laser pulses to an ultimate limit perhaps
provides an alternative path to high intensities.

To achieve pulse compression of a transform-limited laser
pulse, there are two requirements: (1) its bandwidth must
be broadened, and (2) the broadened bandwidth must be
brought into phase. Optical pulse compression techniques
[10-17] achieve this by making use of the optical Kerr effect
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n(r, t) = ny + mI(r, t), where n; is the index of refraction, 7,
is the nonlinear index of refraction, and /(r, ¢) is the intensity.
The temporal intensity envelope causes a nonlinear phase shift
called self-phase-modulation (SPM) [18,19], leaving the pulse
envelope unchanged and therefore resulting in a broadened
spectrum. In the case of a Gaussian temporal envelope, SPM
causes a linear frequency chirp wy, (#) = wg - konyzdI(2) /dt
in the central region of the pulse where the temporal intensity
envelope is approximately quadratic. Here @, (?) is the instan-
taneous frequency, k; is the central wavenumber, and z is the
thickness of the nonlinear material. This linear chirp can then
be removed by chirped mirrors, bringing the spectral compo-
nents into phase, and constructing a shorter pulse than before.
As seen above, the spatial dependence of the intensity profile
can also affect the index of refraction, which can result in
whole-beam self-focusing or small-scale filamentation, depend-
ing on factors including mode type and peak power, which will
be further discussed in Section 4.

To scale pulse compression to petawatt laser systems, a tech-
nique called “thin-film compression” (TFC) has been suggested
by Mourou et al. [20] following the work of Mevel ez al. [21]
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and Mironov et al. [22]. This technique overcomes energy lim-
itations of conventional pulse compression techniques using
gas-filled capillaries (~1 m]) imposed by ionization and energy
losses due to mode coupling with the capillary [23] and has
recently been simulated [24] demonstrated using petawatt
beams [25]. Using intense pulses (~1 TW /cm?) and thin plas-
tic films, a flat-top beam from a high-energy laser would induce
uniform SPM across the beam profile with no restriction on
aperture size. The initial TFC proposal suggested the use of
plastic films, but here we test uncoated fused silica (FS) wafers,
which have a lower Kerr response than plastic. For the same
initial pulse, this lower Kerr response can be offset by increasing
the amount of material involved in the interaction as the extent
of spectral broadening is directly proportional to these values.
At the same time, minimizing the amount of material intro-
duced helps to avoid small-scale self-focusing within the bulk,
and therefore 0.5 mm thick wafers are considered as they might
prove useful in cases requiring higher damage thresholds than
what plastics can provide. Further, when the FS wafer is ori-
ented at Brewster's angle, reflective losses can be minimized,
making this process very energy efficient. With chirped mirror
reflectivity of > 99.5%, the largest losses from this technique
are expected to arise from surface reflections, material absorp-
tion, and small-scale filamentation arising from the pulse inter-
action with the thin film.

To reach the highest intensities for experiments, intense
pulses are focused to focal spots with diameters on the order
of the wavelength. It is therefore imperative that the wavefront
quality be maintained in the pulse compression technique used.
The unguided propagation of intense pulses in nonlinear ma-
terials can lead to wavefront imperfections [26-29] that may
impair the focusability of intense pulses. In lower-intensity
pulse compression techniques it is common to use waveguiding
structures to maintain wavefront quality.

In this paper, we present experimental results of TFC of
intense pulses far beyond the energy threshold for conventional
techniques (~296 m]). Further, to determine the significance
of the accumulation of wavefront errors as the laser power is
increased toward the petawatt level, we present experimental
results of the focusability of spectrally broadened intense pulses
after propagation in thin FS wafers at even higher power. Two
different short-pulse laser systems are used to carry out this
study: the HERCULES laser [30] located at the the Center
for Ultrafast Optical Science (CUOS) at the University of
Michigan—Ann Arbor, and the LASERIX facility located at
the Université Paris-Sud in Orsay, France.

In Section 2, high-energy TFC of intense pulses is demon-
strated at LASERIX after a brief description of the diagnostics
used to obtain the data. Section 3 investigates the effect on the
focusability of larger-scale, high-intensity pulses after SPM in a
thin FS wafer at the HERCULES facility. Finally, in Section 4,
the outlook for pulse compression using thin materials is dis-
cussed in the context of the experimental findings.

2. THIN-FILM COMPRESSION

The general layout of the LASERIX experiment can be seen in
Fig. 1. Intense pulses (~1.9 TW/cm?) are first spectrally

broadened in a 0.5 mm FS wafer in a vacuum at near normal

Vol. 36, No. 2 / February 2019 / Journal of the Optical Society of America B A29

10% refl.

UVFs
/ l Vacuum
Chamber
Smm MgF2 WIZZLER
,/ ND Filters
/

-250fs"2 CM

99.9% refl. F j -
Dielectric |
mirror |
-250 fsh2 CM
50:50 Beam

0.5mm FS Splitter

SPECTROMETER

LASERIX; Ti:Sapph

800 nm

Fig. 1. Schematic of the LASERIX experiment showing the attenua-
tion scheme, phase compensation, and spectral and temporal diagnostics.

incidence. The intensity is estimated based on the measured
laser pulse energy ~296 m]J, taken together with a measured
pulse duration of 50 fs. The s-polarized beam is then attenuated
by a factor of ~100 immediately after the interaction by reflec-
tions from 2x UV-grade fused silica (UVFES) windows with a
frosted back to prevent back-reflections. After attenuation, the
pulses travel through the MgF2 vacuum window with low
enough intensity such that no nonlinear effects are expected
or observed (B ~0.04). The chirped mirrors are placed outside
of the vacuum chamber to permit easy adjustment and after
attenuation as a precaution against damage. Being constructed
of a dielectric stack of thin films, these optics are expected to be
robust to intensities of ~1 TW /cm?, although detailed dam-
age studies will be an important topic for future studies. The
pulses then take 4x bounces on chirped mirrors compensating
for ~1000 fs* of group delay dispersion (GDD). As shown in
Fig. 1, a fiber spectrometer is used to measure the fundamental
laser spectrum. A lens is used to focus the laser onto a ceramic
diffuser to couple the light into the fiber. The pulse duration of
laser pulses with the 0.5 mm FS wafer in the beam (com-
pressed) and without (initial) are measured by a Wizzler
(self-referenced spectral interferometry, SRSI).

Shown in Fig. 2(a) is the initial (blue) and broadened (red)
spectrum measured by the fiber spectrometer. The broadened
spectrum is obtained by manipulating the compressor grating
separation with the FS wafer in the beam to find the broadest
spectrum. The wafer is removed from the beam to obtain a
measurement of the initial spectrum. The FWHM of the
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Fig. 2. (a) Laser spectrum and (b) pulse duration with (red) and
without (blue) the 0.5 mm FS wafers in the beam. The spectral broad-
ening (a) and pulse compression (b) shown here are measured by the
fiber spectrometer and Wizzler (SRSI), respectively.
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Fourier transform limit (FTL) of the spectrum before and after
spectral broadening is found to be 48.2 £ 0.2 fs and 28.4 fs,
respectively, as noted in Fig. 2(a). The FTL presented here
represents an average of 5 spectrometer measurements for
the initial pulse and a single spectrometer measurement for
the broadened spectrum, where the uncertainty represents the
standard deviation in these measurements. The extent of spec-
tral broadening in this case is very close to the expected value
from SPM theory. Nonlinear simulations using the open-source
Python software package pyNLO [31] were carried out, propa-
gating a pulse with the experimentally measured parameters
and zero phase through 0.5 mm FS. This package solves the
nonlinear Schrodinger equation accounting for group velocity
dispersion, self-phase modulation, self-steepening, and Raman
effects. The resulting FTL after propagation through the
0.5 mm FS wafer was ~28 fs, implying that the experimental
spectral broadening was very close to optimized. The FTL of
the simulated spectrum was calculated in the same way as the
FTL of the experimental data by Fourier transforming all of the
signal above 1% of the maximum intensity.

Similarly Fig. 2(b) shows the initial (blue) and compressed
(red) pulse duration as measured by SRSI. The FWHM dura-
tion of the initial and compressed pulse is found to be
54.8 fs £ 3.6 fs and 30.6 &£ 0.6 fs, respectively. The FWHM
presented here represents an average of five shots in each case,
where again the uncertainty represents the standard deviation
of these measurements. It is noted here that the temporal mea-
surements in this section correspond to an irised sample of the
beam profile, which is indicative of the full beam profile. The
initial pulse duration is slightly longer than the FTL as expected
due to the chirp incurred by the chirped mirrors. Once the FS
wafer is introduced to the beam, the spectrum is broadened,
and the spectral components are brought into phase, construct-
ing a pulse very near the FTL.

3. FOCUSABILITY OF HIGH-POWER
SPECTRALLY BROADENED PULSES

The general experimental layout of the HERCULES experiment
can be found in Fig. 3. Intense pulses (~0.6-0.7 TW /cm?)
are spectrally broadened in a 0.5 mm FS wafer in a vacuum
as in the last section. The HERCULES laser produces pulses
with durations of down to 30 fs [30]. The estimation of intensity
was made based on diode energy measurements of ~2.2-2.6 ]
combined with the FTL of the initial spectrum (~48 fs) and
serves as an upper bound to the intensity in this particular
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Fig. 3. Schematic of the HERCULES experiment showing the at-
tenuation scheme, focal spot imaging, and spectral diagnostics.
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experimental run. After creating a focus with an f'/20 parabolic
mirror, the p-polarized beam is attenuated by >100 times
with a UVES wedge at near 45 deg. This allows the beam to
be re-collimated and exit the chamber through the MgF2 win-
dow with negligible nonlinearity. The beam is further attenuated
after reflection from a wedge, and the focus is re-imaged onto a
CCD camera, where the pixel size is calibrated to the focal spot
size of the parabola. The beam transmitted through the wedge is
focused into a spectrometer to monitor the pulse spectrum.
Unlike the LASERIX setup, experimental constraints at
HERCULES require that the FS wafer cannot be removed
in situ, so the grating separation was decreased (adding positive
chirp to the pulse) to minimize spectral broadening in order to
determine the unbroadened laser spectrum. Negatively chirped
pulses are not included here due the observed effect of spectral
narrowing through SPM in fused silica [32].

The focusability of the initial and spectrally broadened in-
tense pulses are investigated by measuring how the focal spot
changes with and without spectral broadening. Using this tech-
nique, one can isolate the effect of the nonlinearity on the focal
spot without the complication of adding or removing optics. In
this way, the changes in the focal spot can be interpreted as
changes due to the nonlinear interaction.

Plotted in Fig. 4(a) is the average horizontal line-out of the
focal spot intensity distribution for the spectrally broadened
(red) and initial (blue) pulses. Here the shading represents
the standard deviation of the profiles of three initial shots
and four broadened shots. Figures 4(b) and 4(c) show the mea-
sured focal spots for the initial and spectrally broadened pulses,
respectively. The dashed horizontal line overlay corresponds to
the location of the line-outs shown on (a). In Fig. 4(a), the line-
outs from the peak counts are superimposed in order to high-
light the redistribution of the intensity at the focal plane by the
introduction of the nonlinear interaction.

With increasing intensity, the nonlinear response within the
ES wafer causes the HERCULES spectrum to broaden to a
point capable of supporting a FTL pulse at 87.5% of its initial
FWHM. As seen in the LASERIX experiment, laser pulses
broadened in this way are compressible through the use of
chirped mirrors to near the FTL, and this suggests that the
HERCULES pulses could be compressed to 87.5% of their
initial duration if the appropriate dispersion compensation
was applied. For the larger-scale beam profile, the pattern
of the focal spot is maintained while there is some energy
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without spectral broadening with spectral broadening

=200 200 =200 200

-200 -100 0 100 200
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Fig. 4. Average horizontal focal spot line-out at the max signal value
(a) for initial (blue) and spectrally broadened (red) pulses and sample
focal spots of the (b) initial and (c) broadened pulses. The shading in
(a) represents the standard deviation of all broadened (light red) and
initial (light blue) focal spot line-outs. The overlays of the line-out
location on the initial focal spot and the spot after spectral broadening
are shown in (b) and (c), respectively.



Research Article

Vol. 36, No. 2 / February 2019 / Journal of the Optical Society of America B A31

redistribution away from the central main portion of the focus
due to the SPM. Quantitatively, the energy contained in the
HERCULES central spot (within the first minima) is seen
to change from 49% =+ 3% to 38% = 4% with the introduc-
tion of the nonlinear spectral broadening. Further, the peak
counts are seen to drop from 123 £ 14 to 109 £ 10, which
represents a decrease in peak fluence of ~88.6%. Here the per-
cent energy contained and peak counts represent the average of
three initial shots and four broadened shots, respectively, and
the uncertainty represents the standard deviation among these
shots. The change in average energy contained in the central
spot may be due to filamentation, which is an expected chal-
lenge in high-energy systems, which is discussed in more detail
in the following section. The decrease in average peak signal
coupled with the decrease in average potential pulse duration
of roughly the same percent make it difficult to determine if the
peak intensity could be increased through pulse compression
based on this data due to the variability in shot-to-shot pulse
energy at HERCULES. On the other hand, this data suggests
that high-power laser pulses such as those of HERCULES
could be compressed and focused to the approximately the
same focal intensities, providing a route to the relativistic
single-cycle regime.

4. DISCUSSION

High-power laser pulses such as those of HERCULES and
LASERIX typically have flat-top modes due to amplification
in multi-pass amplifiers. In a multi-pass amplifier, gain satura-
tion is bypassed by taking different geometrical paths through
the gain medium. This maximizes the extraction of energy from
the gain medium [33]. When the peak power of the pulse ex-
ceeds the critical power P, = 7(0.61)243/(8nyn,) [34]
(~2.6 MW for fused silica at 800 nm), the laser mode and
diameter play an important role in how the focusability is af-
fected through the nonlinear Kerr effect. The critical power is
the threshold at which whole-beam self-focusing of a Gaussian
beam due to the Kerr effect just compensates for the beam
spreading due to diffraction [35]. For intense pulses with
super-Gaussian modes, instead of whole-beam self-focusing,
beam collapse is slightly different and tends to be initiated
by noise in the beam profile [36]. These pulses tend to be
susceptible to multi-filamentation through the modulational
instability [27] where a beam with P > P, is understood to
break up into multiple filaments during propagation through
a nonlinear medium of sufficient length, each with power of
order ~P, [37].

In the context of spectral broadening for pulse compression,
these mode effects are conventionally avoided by inducing SPM
in gas-filled hollow-core capillaries, which only allow for the
propagation of the fundamental mode at sufficient length [15].
However, the energy of intense pulses spectrally broadened in
this guided process are limited to the order of ~1 m], where
self-focusing and ionization of the gas near the entrance of
the fiber degrades the coupling to the fiber and therefore broad-
ening due to SPM [23].

TEC pushes past these barriers by using thin nonlinear
material for SPM (as in recent results using a similar technique
at energies up to 21 mJ [38,39]) of flat-top intense pulses and

re-compression with chirped mirrors as demonstrated by the
pulse compression of ~296 m] pulses in the LASERIX experi-
ment. Further, spatially filtering the beam before each nonlin-
ear interaction as suggested in TFC [40], or taking advantage of
the self-filtering based on free-space propagation [41-43],
allows for the minimization of filamentation and removal of
noise before the modulational instability is allowed to grow
[37,44]. In the HERCULES experiment, the focal spot was
maintained without the necessity of spatial filtering. It is ex-
pected that the focal spot quality of the spectrally broadened
pulse would only improve with the introduction of spatial
filtering before the nonlinear interaction. Quantifying the
improvement in focal spot quality with the implementation
of spatial filtering before the nonlinear interaction is very im-
portant and warrants investigation in future studies but is
beyond the scope of this paper.

The experimental demonstration of pulse compression from
~55 fs to ~31 fs using thin FS wafers in a single stage is appli-
cable for any beam mode that has a uniform intensity or flat-
top profile. Additionally, as suggested in [40], a second stage
could be utilized after spatial filtering to further decrease pulse
duration towards the single-cycle regime.

5. CONCLUSION

TEC of ~296 m] intense pulses in 0.5 mm FS wafers from
~55 fs to ~31 fs has been demonstrated. Further, the focus-
ability of high-power (45-55 TW) spectrally broadened intense
pulses after nonlinear interaction in FS wafers has been inves-
tigated. After spectral broadening in FS wafers, the ability to
create a well-defined focal spot is maintained with a modest
decrease in energy contained in the central portion of the focal
spot. These results suggest that multi-stage TFC using thin
wafers may present a practical route to relativistic single-cycle
laser pulses. Further, if modulational instabilities can be sup-
pressed by spatially filtering before the nonlinear spectral
broadening, TFC may even increase the peak intensity, pushing
the limits on high field science.
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