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ABSTRACT

We simulate the use of a newly developed single-shot wavelength-multiplexed holography-based diagnostic, STRIPED FISH, to fully char-
acterize the as-delivered laser pulses of the National Ignition Facility’s Advanced Radiographic Capability (NIF-ARC) laser. To that end, we
have performed simulations of the NIF-ARC pulse incorporating (a) a time-integrated spatial-profile measurement and a complete temporal-
intensity-and-phase measurement using a frequency resolved optical gating, but without any spatiotemporal pulse characterizations, and (b)
simulated first-order spatiotemporal distortions, which could be measured on a single shot if a STRIPED FISH device were deployed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043659

I. INTRODUCTION

High-intensity laser-matter interactions at or near a focus
depend delicately upon the laser pulse intensity and phase, and
distortions in the pulse can produce undesirable and unexpected
target physics."” In particular, spatiotemporal distortions, which
involve the coupling of the laser intensity and phase as a function of
space and time, can have deleterious effects on the focal spot peak
intensity. The most common spatiotemporal distortions are first-
order distortions, which include the pulse front tilt, spatial chirp,
and angular dispersion, as well as the less-known phase couplings
such as wavefront rotation and wave-front tilt dispersion. However,
higher-order spatiotemporal distortions can also occur, resulting in
a spatiotemporally complex pulse.” The regenerative amplification
process in a chirped pulse amplifier (CPA) can exacerbate the exist-
ing spatiotemporal distortions and introduce intensity-dependent
coupling effects.** Multi-stage amplification in petawatt-scale laser

systems, such as the National Ignition Facility’s Advanced Radio-
graphic Capability laser (NIF-ARC)’'' where 13 Nd:phosphate
glass amplifiers are used to achieve energies up to 1.0 kJ per 38 ps
beamlet and 250 ] in a 1.3 ps beamlet, is no exception. Achieving and
maintaining the highest output intensity requires precise control of
the temporal duration and focal spot of the pulse.

In order to optimize these pulses, a complete spatiotemporal
pulse measurement technique is crucial. Even in the presence of
the simplest first-order spatiotemporal couplings, the pulse cannot
be completely revealed by a method that measures the spatial and
temporal components separately.

For the NIF-ARC, which is capable of firing 1-2 shots per
day and can change its laser parameters to accommodate various
experimental requirements, the full characterization of its pulses
is a complex task. To further complicate the measurement, high-
intensity laser sources are particularly vulnerable to shot-to-shot
instabilities, which can contaminate experimental data.
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Conventional laser measurement techniques, including spatial
profilers, time-averaged power meters, and spectrometers, are not
capable of capturing the spatiotemporal complexity of the pulse.
Furthermore, most pulse diagnostics that do measure the spatiotem-
poral field must scan a parameter such as the delay or transverse
position and so must average over many pulses, missing any pulse-
to-pulse variations.'”~*

To address this problem, we have developed a complete, sin-
gle shot, spatiotemporal pulse diagnostic, Spatially and Temporally
Resolved Intensity and Phase Evaluation Device: Full Information
from a Single Hologram (STRIPED FISH), which measures the spa-
tiospectral pulse field E(x, y, w) on a single shot and directly yields
the full spatiotemporal field E(x, y, z, t) from a Fourier transfor-
mation and diffraction integral. Previous work has demonstrated
the ability of STRIPED FISH to accurately characterize the simul-
taneous pulse front tilt and spatial chirp,”® the ultrafast lighthouse
effect,” multimode optical fiber outputs,””*° complex waveforms in
free space,””® and a terawatt laser source.”” The simulations con-
tained here showcase the ability of STRIPED FISH to distinguish
and predict the focal behavior of spatiotemporal distortions that may
exist unmeasured on the NIF-ARC laser.

Il. PRINCIPLES OF STRIPED FISH

STRIPED FISH measures E(x, y, ) on a single shot by simulta-
neously generating multiple spatial holograms of the unknown pulse
at different frequencies (see Fig. 1). It takes the measurement with
respect to a reference pulse, which is generated by spatially filter-
ing a portion of the unknown beam and temporally characterizing
it using a GRENOUILLE (GRating-Eliminated No-nonsense Obser-
vation of Ultrafast Incident Laser Light E-fields).”” The reference
pulse and the unknown pulse cross at a small vertical angle on a two-
dimensional diffractive optical element (DOE), which generates an
array of crossed beam pairs. The DOE is chosen so that the angu-
lar dispersion within the orders used by STRIPED FISH is negligible
and only serves to replicate the original beam pair, and it is rotated

FIG. 1. Schematic of the STRIPED FISH device. The DOE is rotated at ~10° to

give angular separation of beam pairs in the horizontal direction, and the IBPF is
tilted at 25°-35° to allow certain transmission wavelengths. Adapted with permis-
sion from P. Zhu et al., Opt. Express 25, 24015-24032 (2017). Copyright 2017
Optical Society of America.
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around the optic axis so that each beam pair’s horizontal angle is
unique. The array is then sent through a narrow-band interference
band pass filter (IBPF), which is rotated horizontally at an angle with
respect to the optic axis so that the transmitted center frequency
depends primarily on the horizontal incidence angle (the vertical
angle effect is minimal, decided by the angle-tuning feature in IBPF).
After the IBPF, each beam pair in the array has a unique frequency.
Finally, the resulting array of quasi-monochromatic holograms is
imaged onto a camera sensor, where the beam pairs cross to pro-
duce spatial fringes. All the holograms are recorded simultaneously
on a single camera frame.

Since the reference pulse is spatiotemporally characterized,
the unknown pulse’s spatiospectral field can be extracted from
the spatial fringes according to the following basic equation of
holography:*!

2
1630 @) = [Eunt (532 @) + [Eres (5,3,0)|

+ Byt (x,7, @) Epo (2, )™ sin(a)

+E:nk(x’y’w)Eref(x’y>w)e_lkysm(a)) (1)
where E, is the unknown pulse to be measured, E,s is the known
reference pulse, and « is the crossing angle between the two beams.
The third term contains E,,,x(x, y, w), the field information as a func-
tion of transverse position and frequency in each hologram, and the
complex conjugate of the characterized reference pulse field. The
unknown field is extracted by collecting the transverse field profiles
for each hologram and using the relative spectral phase informa-
tion from the reference pulse field. Then, the unknown field E,
(%, y, w) is inverse Fourier transformed from frequency to time to
produce E, i (x, y, t). The remaining pulse field dependence on z
(see Figs. 4-6) is obtained by computing diffraction integrals using
the Rayleigh-Sommerfeld solution.’” The result is a complete spa-
tiotemporal measurement of E,x(x, y, z, t) from a single camera
frame_23729,33,34

lll. SPATIOTEMPORAL SIMULATIONS OF NIF-ARC
LASER SYSTEM

Previous data taken on the NIF-ARC laser system (see Fig. 2)
includes the time-integrated spatial profile and the single-shot tem-
poral and spectral intensity and phase characterization by the Fre-
quency Resolved Optical Gating (FROG). For the following simu-
lations, we used spatial profile data for the beam B353a at ARC.
These data are important but do not contain spatiotemporal cou-
pling information. In order to display the information that could be
illuminated with a spatiotemporal measurement, we add spatiotem-
poral distortions to these temporal and spatial measurements and
propagate the resulting fields through a focus.

First, the time-integrated spatial intensity data I(x, y) and spec-
tral electric field data E(w) as measured by using a single-shot
GRENOUILLE device (see Fig. 2) are directly multiplied with a flat
zero spatial phase assumed to produce a separable, spatiotemporal-
coupling free electric field: E(x, y, w) = E(x, y)E(w), where E(x, y)
oc [I(x, y)]l/2 (see Fig. 3). To simulate ideal achromatic focusing,
this field is assigned a curved wavefront and propagated through the
focal spot (see Fig. 4). Although the beam undergoes diffraction as it
propagates, the focal spot is spatiotemporally undistorted.
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FIG. 3. Simulated STRIPED FISH trace for the ARC shot N190523-001-999 for
beam B353a with no spatiotemporal distortions added. In this trace, we use
5 g 5 g 25 holograms, each with a different monochromatic frequency. As a set, the
> ) R 0 £ holograms'’ frequencies evenly sample over the measured NIF-ARC spectrum (see
g 3 2 a Fig. 2). Each beamlet is produced using Eq. (1) at one of the specified frequencies
£ & £ a with a separable, spatiotemporal-coupling free electric field. Our previous work
has simulated the effect of various spatiotemporal couplings on STRIPED FISH
J traces.0
-4 0 -

0 5 0 5 10 1050 1055 060 For all simulations, the value of p was kept at 0.35, which corre-
Time (ps) Wavelength (nm) . . .
sponds to a relatively low coupling that we expect to see in exper-

FIG. 2. Data taken from ARC shot N190523-001-999 for beam B353: (a) ime- ~ iment. Due to the relationship between the real and imaginary

integrated spatial profile for beam B353b (left) and B353a (right), (b) FROG- components of the various spatiotemporal couplings,”® we define
measured temporal intensity and phase for B353a, and (c) FROG-measured
spectrum and spectral phase for B353a. Im{Qu} = 2p[—Re{Qxx}Re{Qu}]1/2, (5)

In the spatiotemporal domain, the expression for the first-order
coupled field is

E(x,t) oc exp{ Quex’ +2Quxt — Qut’}, )

where Qy is the coupling coefficient between space and time. The
real parts of Q. and Qy describe the beam spot size and the pulse
duration, while their imaginary components give the wavefront cur-
vature and the temporal phase, respectively. The real part of the cou-
pling coefficient Qx; is the pulse front tilt, which can cause one side
of the beam to arrive before the other side, and the imaginary part
is wavefront rotation, which describes how the phase fronts change
direction in time as the pulse propagates. As in Ref. 32, we normal-
ize the spatiotemporal couplings to pulse parameters. We define the
normalized form of the spatiotemporal amplitude coupling as

Re{Qu} = p[-Re{Qu}Re{Qu}]"?, (3)

where p is a norma}lized, dimension}ess parameter that assigns the FIG. 4. Propagation of the spatiotemporally uncoupled ARC pulse through an ideal
strength of the spatiotemporal coupling term with an absolute value achromatic focus. Brightness indicates pulse intensity, and because the phase is
between 0 and 1.7 In the spatiotemporal domain, responsible for the frequency distribution, the color distribution represents phase
information. We set z = 0 mm at the focus, which is 8 mm from the STRIPED FISH

ff dxdtl(x, t)xt measurement plane. Although the beam diffracts as it propagates, the focal spot

=t 4) is undistorted.
AxAt
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FIG. 5. Ideal achromatic focusing behavior of the ARC beamlet with a simulated
first-order pulse front tilt with a relatively low strength of p = 0.35 that could be
seen in the experiment. In the far-field, the pulse arrives as a function of angle, a
phenomenon known as the lighthouse effect.

a choice that produces imaginary coupling strengths similar to those
of real couplings.”” Using these definitions, the ideal achromatic
focusing of the ARC pulse with the simulated pulse front tilt is plot-
ted (see Fig. 5). Pulse front tilt, or Re[Qx], is commonly caused by
angularly dispersive elements such as prisms and diffraction grat-
ings.”” When a beam with pulse front tilt is focused, the focused
pulse’s wave vector k acquires a temporal dependence, a phe-
nomenon usually referred to as the ultrafast lighthouse effect.”**%
In other words, a distortion in the x — t domain becomes a distortion
in the k. — t domain at a focus: the wavevectors acquire a tempo-
ral dependence. At the target, a pulse with initial pule-front-tilt will
spread in time, arriving as a function of angle.

FIG. 6. Ideal achromatic focusing behavior of the ARC beamlet with simulated first-
order wavefront rotation with a strength of p = 0.35. At a focus, the beam acquires
an angular temporal chirp.
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Practically, in addition, since the NIF-ARC laser system
involves propagation through a number of full aperture lenses, it
accumulates radial group delay, an effect similar to the pulse front
tilt. In this case, the outer portion of the beam arrives before the
inner portion of the beam. Analogous to the pulse front tilt, at the
focus, this phenomenon results in the coupling of the radial propa-
gation direction k, and time. This effect can produce a longer pulse
duration and diminished focal spot intensity.””*

Finally, we simulate the ideal achromatic focusing behavior of
a pulse with wavefront rotation (Fig. 6), or Im[Qx]. Wavefront rota-
tion is caused by a spatial chirp alone and/or the combination of a
pulse front tilt and a temporal chirp,’ all of which are common dis-
tortions that can be introduced by diffraction gratings. At a focus,
the temporal dependence of the spatial phase (wavefront rotation)
evolves into the temporal dependence of the propagation direction
(angular temporal chirp).

IV. CONCLUSION

High-intensity laser—target interactions require precise tuning
of the spatial and temporal characteristics of the laser pulse for opti-
mal performance. Common spatiotemporal distortions can produce
surprising and undesirable behavior at a focus, which can lead to
contaminated data. At the high-intensity laser system NIF-ARC,
which is of necessarily low-repetition-rate, a single-shot spatiotem-
poral diagnostic is required to fully assess the as-delivered focal
spot. A single-shot STRIPED FISH diagnostic installed on the ARC
beamline would act as a source of active feedback to identify the
source of spatiotemporal distortions, including the pulse front tilt
and wavefront rotation, and correct them before they reach the
target.
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