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Abstract
We demonstrate, for the first time, a single-shot, complete spatiotemporal measurement of
pulses from a terawatt-scale, multi-stage-amplified, low repetition-rate laser source. The
ultrashort pulse electric field, E(x,y,z,t), is spatiotemporally complex due to distortions that
accrue from multiple chirped-pulse amplifiers, which requires a complete characterization.
Meanwhile, the instability of the laser source introduces field profiles that vary significantly
from pulse to pulse, which, together with the low repetition-rate (15 shots/hour), requires the
use of a single-shot measurement technique. To accomplish the measurements, we used a
wavelength-multiplexed, digital-holographic technique called Spatially and Temporally
Resolved Intensity and Phase Evaluation Device: Full Information from a Single Hologram,
specially tailored to measure picosecond pulses at a wavelength of about 1 µm. Specifically,
individual pulses from the compact multipulse terawatt laser were measured, with up to 0.3 J
per shot of energy and ∼2 ps pulse durations, at 1052 nm. With these measurements, we
characterized several major spatiotemporal distortions that affect the peak intensity at the laser
focus, as well as the pulse-shape instability on a shot-to-shot basis. Our technique allows
detailed diagnosis of laser pulses (especially high-order spatiotemporal distortions) and
provides straightforward four-dimensional animations of pulse propagation to a focus.
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(Some figures may appear in colour only in the online journal)

1. Introduction

A high-intensity laser pulse’s interaction with matter at or near
a focus depends sensitively on the pulse’s intensity and phase,
and unexpected and undesirable behavior can result from dis-
tortions in the pulse [1, 2]. Unfortunately, high-intensity laser
systems often suffer from temporal artifacts such as satel-
lite pulses and pre-pulse pedestals [3, 4]. In addition, dis-
tortions in the intensity and/or phase as a function of time
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and space, that is, spatiotemporal distortions, can significantly
decrease the focal-spot peak intensity. Such distortions, in
which the pulse’s temporal intensity and phase vary with trans-
verse position, can arise from misalignment, optical aberra-
tions, and intensity-induced coupling effects. Common simple
first-order spatiotemporal distortions include well-known dis-
tortions, like angular dispersion, spatial chirp, and pulse-front
tilt, as well as more exotic distortions such as wave-front
rotation and the ultrafast lighthouse effect [5]. But signi-
ficantly more complex spatiotemporal distortions also com-
monly occur, and the resulting pulse can be highly com-
plex [6]. Worse, the regenerative-amplification process in a
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chirped-pulse amplifier can easilymagnify spatiotemporal dis-
tortions in the pulse, which in the end lead to significantly
diminished focal-spot intensity [7–11]. This is especially true
with multi-stage-amplified, Terawatt-scale laser sources, such
as the COmpact MultipulsE Terawatt (COMET) laser at the
Jupiter Laser Facility [12, 13], where long-pulse (2 ns) and
short-pulse (0.5–100 ps) configurations are cascaded concur-
rently to achieve pulse energies up to 12 J on target. Tremend-
ous effort is required to maintain such lasers at the highest
output intensity and with a relatively well-defined temporal
duration and an aberration-free focal spot.

Unfortunately, even in the presence of simple first-order
spatiotemporal couplings, any diagnostic that measures time-
averaged or space-averaged quantities cannot fully reveal the
pulse. As a result, a complete spatiotemporal intensity-and-
phase pulse-measurement technique, that is, one that does not
involve such temporal or spatial averaging, is required to both
understand and optimize such pulses.

To further complicate the measurement, high-intensity
laser sources necessarily have low repetition rates—as low as
one shot per day [14]—rendering multi-shot methods imprac-
tical. Furthermore, such low rep rates (coupledwith the pulses’
high power) mean that the output pulses can also suffer from
severe shot-to-shot pulse instability, necessitating single-shot
measurement of the complete spatiotemporal intensity and
phase of such pulses. This is a much more challenging task
[15]. Shot-to-shot fluctuations in the simple peak intensity,
when reported, typically have rather high values of 10%–20%
[16]. Shot-to-shot variations in the spatially averaged pulse
temporal intensity and phase can be measured using single-
shot pulse- temporal-intensity-and-phase measurement meth-
ods, such as the popular GRENOUILLE technique [17–24].
GRENOUILLE also measures the first-order spatiotemporal
distortions on a single shot [25, 26]. But more complex
spatiotemporal distortions occur in high-power pulses, and
their variations from shot to shot and their resulting effects
have remained largely immeasurable [27] and can contamin-
ate experimental data and lead to mistaken conclusions. For
instance, laser-driven ion acceleration depends on the driving
optical pulse’s spatial and temporal shape [28], and instability
can introduce severe smearing effects.

Most pulse-characterization techniques, especially spati-
otemporal ones, must scan a parameter, such as a pulse delay,
and so necessarily must average over many pulses. As a
result, previous methods used to measure such spatiotem-
poral distortions in high-intensity laser pulses have required
averaging over multiple shots, thus missing any pulse-to-
pulse variations [29–37]. Indeed, to our knowledge, no single-
shot complete spatiotemporal intensity-and-phase measure-
ment has ever been made of a high-intensity pulse.

To solve this problem, we have developed a single-shot
complete-spatiotemporal intensity-and-phase pulse-
measurement technique, Spatially and Temporally Resolved
Intensity and Phase Evaluation Device: Full Information from
a Single Hologram, or STRIPED FISH [38–43], which meas-
ures E(x,y,ω) on a single shot. From this measurement, simple
Fourier transformation and a diffraction integral then directly
yield E(x,y,z,t). STRIPED FISH is designed to measure a

Figure 1. Schematic of STRIPED FISH device. The unknown and
reference beams cross at the slightly rotated 2D DOE, producing
many beam pairs at different angles which impinge upon an
ultranarrow IBPF. The resulting wavelength-multiplexed holograms
are then imaged onto the camera sensor.

nearly collimated beam, but this last step allows a STRIPED
FISH measurement made away from a focus to provide the
complete field at a focus as well.

Previously, we have used STRIPED FISH to rapidly meas-
ure trains of spatiotemporally complex pulses using only a
single camera frame [40–44]. The measurements reported
here are, to our knowledge, the first true single-shot complete
spatiotemporal intensity-and-phase pulse measurements ever
reported for any pulse.

2. Working principles of STRIPED FISH

STRIPED FISH simultaneously generates multiple holograms
of the unknown pulse, all of different wavelengths. To accom-
plish this, the unknown pulse and a completely characterized
reference pulse first cross at a small angle in the vertical plane
(see figure 1). Next, a 2D diffractive optical element (DOE)
transforms them into an array of vertically crossed beam pairs,
each at a unique horizontal propagation angle. It should be
noted here that the DOE is chosen to have negligible angu-
lar dispersion within all the various diffraction orders detec-
ted by the STRIPED FISH camera and so only functions to
replicate the original beam pair. Finally, for each beam pair,
an interference bandpass filter (IBPF) then transmits a very
narrow range of wavelengths, each determined entirely by the
beam pair’s horizontal incidence angle. The result is an array
of quasi-monochromatic holograms.

Note that, in order to achieve holograms, all of different
wavelengths, the DOE is rotated slightly about the system
optic axis, yielding a tilted array of beam pairs, each of whose
horizontal incidence angles at the bandpass filter is different.
Also, to obtain a completely characterized reference pulse,
some of the unknown beam is split off before the STRIPED
FISH device, spatially filtered to achieve a smooth spatial pro-
file free of spatiotemporal distortions, and temporally charac-
terized by GRENOUILLE [17]. In addition to its role in gen-
erating the holograms and, after the fact, deconvolving each
frequency’s spatial field from its hologram (see below), the ref-
erence pulse’s spectral phase also provides the relative phases
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of the various fields derived from each hologram. In addition,
the beam pairs pass through a lens that serves to image their
input plane onto the camera sensor, where they cross and inter-
fere, producing the required spatial fringes. All the holograms
are measured simultaneously on a single camera frame.

We note here that for single-shot measurements, such as
STRIPED FISH, interferometric stability is not relevant to
either the reference-pulse or unknown-pulse measurement.
Becausewemeasure one pulse at a time, we can actually watch
the fringes possibly vary from shot to shot, indicating interest-
ing variations that would pose a problem for multi-shot meas-
urements.

As alluded to above, because the reference pulse is spa-
tiotemporally known, the unknown pulse’s field at each fre-
quency can be extracted from its spatial fringes according to
the basic equation of holography:

I(x,y,ω) = |Eunk (x,y,ω)|2 + |Eref (x,y,ω)|2

+Eunk (x,y,ω)E
∗
ref (x,y,ω)e

ik sin(α)

+Eref (x,y,ω)E
∗
unk (x,y,ω)e

−ik sin(α) (1)

where Eunk is the unknown pulse to be measured, Eref is the
known reference pulse, and α is the crossing angle between
the two beams. This intensity profile can be thought of as a
sum of slowly varying (the first two) and rapidly varying (the
last two) terms. The slowly varying terms are Fourier-filtered
out, and just one of the rapidly varying terms is kept. This
term provides the full intensity and phase information vs. x and
y, corresponding to its frequency, E(x,y,ω), relative to that of
the reference pulse. The complete field information is extrac-
ted using the STRIPED FISH pulse-retrieval algorithm, which
combines the retrieved x−y field profiles, E(x,y,ω), for each
frequency ω found from each hologram [27]. Combining them
together using the relative spectral phase information from the
reference pulse produces the pulse field vs. two spatial dimen-
sions and frequency, Eunk(x,y,ω). This information is sufficient
to reconstruct the entire spatiotemporal pulse field (except for
the single parameter of an irrelevant overall constant phase),
and the remaining pulse field dependence on z is obtained from
diffraction integrals [45]. The pulse’s temporal dependence
can be found simply by inverse-Fourier-transforming this res-
ult from frequency to time. The result of a STRIPED FISH
measurement is a complete spatiotemporal measurement from
a single camera frame [38–44].

3. Implementation and measurement of terawatt
laser pulses

The STRIPED FISH device used in this experiment was
designed and built specifically for the COMET laser system
(see figure 2). This device’s DOE is a photomask printed on
soda lime glass with anti-reflective chrome coating that is
periodic in both transverse directions. The period and crit-
ical dimension of the DOE were selected so that the spectrum
would be sampled with better resolution than that of the IBPF.
In particular, a square hole size of 11 µmwith a pitch of 55 µm

Figure 2. Experimental setup for pulse measurement of pulses
emitted by COMET at the JLF, including the chamber setup and
STRIPED FISH pickoff. The beam enters the vacuum chamber and
is down-collimated through lenses L1 (f = 1000 mm) and L2
(f = 150 mm) before it is split into the unknown and reference beam
arms by beam-splitter BS1 (90/10). The unknown beam arm uses L3
and L4 (f = 400 mm) to relay image a point in the chamber to the
diffraction grating (DOE) of STRIPED FISH. The reference beam
enters a spatial filter with a 32 micron pinhole at the focus of lens
L5 (f = 200 mm), which is then magnified after lens L6
(f = 500 mm). A pickoff transmits the spatially filtered reference
pulse to a Swamp Optics GRENOUILLE at BS2 (50/50) and
reflects the reference pulse to be recombined with the unknown
pulse at BS3 (50/50) before entering STRIPED FISH.

was used; this ratio of 5:1 produces four subsidiary maxima
on each side of the zeroth order, corresponding to a 9× 9 grid
and a maximum angle of incidence (AOI) of 4.4 degrees on
the IBPF. This maximumAOI was chosen to match the IBPF’s
center wavelength vs. AOI curves, which were provided by the
manufacturer.

The temporal range of STRIPED FISH depends mainly on
the filter bandwidth [43]. The ultranarrow IBPF in the COMET
setup has a pass band of 0.1 nm, which spreads when tilted
to 0.3 nm, and the resulting temporal range for this device
is 12.3 ps. The STRIPED FISH device was implemented at
COMET using the setup shown in figure 2.

The COMET laser is a tabletop chirped-pulse-amplified
laser system at the Jupiter Laser Facility that was recently
rebuilt at the time of measurement. The system has four beam
configurations, able to run concurrently, with pulse lengths
from 1 ps to 2 ns and beam energies up to 20 J. This work
was performed using the compressed-short pulse configura-
tion, which has an available pulse length range of 0.5–100 ps
at 1 ω and a repetition rate of 15 shots/hour. The COMET laser
consists of a Nd:glass oscillator and a Ti:sapphire regenerat-
ive amplifier tuned to 1052 nmwith a four-stage Nd:phosphate
glass amplifier section. The 200 fs oscillator pulse is stretched
to 750 ps with the folded single-grating pulse stretcher, then
amplified to 5 mJ in the regenerative amplifier. The pulse is
passed through three successive rod amplifiers with diameters
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Figure 3. STRIPED FISH trace with the reference pulse alone (left)
and data trace with both beams present (right) for a representative
fully amplified shot. The number of holograms is chosen so that the
spectrum is sampled with a better resolution than that of the IBPF
(see figure 1).

of 7 mm, 16 mm, and 25 mm. In normal operation, the beam
would then double-pass a 50 mm rod amplifier (G = 10), but
this component was unavailable at the time of measurement.
The beam is then sent to the vacuum grating-compressor box,
which contains two double-passed gratings.

STRIPED FISH measurements were taken on the COMET
laser at two amplification conditions: maximum and par-
tial. The maximum amplification condition, which had an
average energy of 300 mJ, used all three available amplifi-
ers, while the partial amplification condition had an average
energy of 30 mJ and charged only the first and last amp-
lifiers. A wave plate between crossed polarizers after the
last amplifier was used to attenuate the delivered energy to
the diagnostic. Twenty-two data shots were taken at max-
imum amplification, and just five data shots were taken at
partial amplification. Data and reference STRIPED FISH
traces for one such fully amplified shot are shown in
figure 3.

4. Retrieval of the complete spatiotemporal electric
field

The set of complete spatiotemporal electric fields correspond-
ing to each shot’s data trace is retrieved using the STRIPED
FISH retrieval algorithm [40], with one key improvement
made. The single-shot STRIPED FISH algorithm uses the
quickly varying term (see equation (1)) from the data trace
(see figure 3) along with the full spatio-spectral field of the
reference pulse, which is acquired from the GRENOUILLE
measurement and the reference frame, for retrieving both the
intensity and phase information of the unknown pulse. The cal-
ibration for the relative intensities of the holograms in the data
trace is obtained by using the spectrum of the reference pulse
and the reference frame (see figure 3). In addition, the newly
developed RANA retrieval algorithm for SHG traces is used
to retrieve the reference pulse’s intensity and phase from the
GRENOUILLE trace [46].

During the retrieval analysis, corner suppression is applied
by multiplying each hologram by a radially symmetric super-
Gaussian of order 10, which forces the values at the peri-
meter, and especially at the corners, to zero. Low-pass Fourier-
filtering is implemented by 2D Fourier transforming each
hologram, multiplying the transformed hologram by a top-hat
function, and inverse 2D Fourier transforming the result back
to image space. A top-hat function of radius equal to σN/2
pixels, where N = 100 is the number of pixels in x and y for
each hologram and σ = 0.4, is used. The effect of low-pass fil-
tering is to remove the higher spatial frequencies correspond-
ing to noise [47].

5. Discussion and interpretation of systematic
results

It is worth reiterating that, as mentioned earlier, STRIPED
FISH is unique in its ability to measure highly complex pulses
in space and time with no assumptions about the pulse or beam
[38, 39], and to do so on a single shot. As a result, it can
quantify the higher-order spatiotemporal dependencies (and
any other distortions) on a single shot.

Across all shots in our experiment, the linear and higher-
order spatiotemporal distortions generally show systematic
behavior, but with some variations from shot to shot. In our
measurements, the average pulse length is 2.4 ± 0.09 ps.

The trends in spatiotemporal distortions across all meas-
urements are most intuitively seen in the intensity plots cap-
tured in figure 4, which show the spatiotemporal dependen-
cies in the x direction integrated over all shots. The pulse front
tilt (figure 4(a)), spatial chirp (figure 4(b)), ultrafast lighthouse
effect (figure 4(c)) and angular dispersion (figure 4(d)) are all
present, as seen by the nonzero slope in the relevant domains
[41]. Pulse front tilt and spatial chirp are well-studied con-
sequences of angular dispersion [48, 49], which can emerge
from angularly dispersive elements, including diffraction grat-
ings in a CPA laser [7, 50–52]. Due to the mathematical inter-
dependence of the spatiotemporal distortions [5], the ultrafast
lighthouse effect (angle-time coupling) is also present.

To assess the severity of measured first-order spatiotem-
poral distortions, a normalized correlation parameter ρ was
previously defined for each of the four intensity couplings in
figure 4 [53]. For instance, the correlation coefficient for pulse
front tilt is

ρxt =

˜
dxdtI(x, t)xt

∆x∆t
,

where∆x=

[¨
dxdtI(x, t)x2

]1/2
,

and∆t=

[¨
dxdtI(x, t) t2

]1/2
.

(2)

The correlation coefficients for the remaining first order
distortions are analogously defined. This parameter was
designed as an intuitive metric to quantify the amount of
distortion in any arbitrary given pulse on a scale from −1
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Figure 4. Pulse intensities along the x direction in the
spatiotemporal and spatio-spectral domains averaged over all shots.
In each frame, the maxima of the images are plotted in red, with the
polynomial of best fit plotted in black. A dotted vertical reference
line is plotted in white. (a) Pulse intensity summed over y in the
spatiotemporal domain. The intensity I(x,t) has linear dependence
between x and t, which indicates pulse-front tilt. (b) Pulse intensity
summed over y in the spatio-spectral domain. Similarly, the
intensity I(x,ω), shows dependence between x and ω, indicating
spatial chirp. (c) Pulse intensity summed over ky in the
wavenumber-time domain. The field intensity I(kx,t) shows the
presence of the ultrafast lighthouse effect. (d) Pulse intensity
summed over ky in the wavenumber-frequency domain. The field
intensity I(kx,ω) has a linear dependence between kx and ω, which
indicates angular dispersion.

Table 1. Mean ρ value across all shots for all first-order amplitude
couplings.

Parameter ρ

Domain Amplitude coupling x y

(x,t) Pulse-front tilt −0.3 0.5
(x,ω) Spatial chirp 0.1 −0.2
(k,t) Lighthouse effect 0.7 −0.5
(k,ω) Angular dispersion 0.9 −0.7

to 1, with heightened sensitivity to small levels of distor-
tion. Generally, the magnitude of these parameters should
be kept under 0.3–0.4 for optimal, quasi-Fourier-limited per-
formance [53]. For this data, the normalized pulse-front-tilt
parameter was extracted from the intensity profile integrated
over all shots (see figure 4(a)). While the amount of pulse
front tilt and angular dispersion are high, the amount of spa-
tial chirp is low (see table 1), which can occur when spa-
tial chirp but not angular dispersion is correctly compensated
in a chirped pulse amplification system (analogous to the
removal of the third prism in a four-prism pulse compressor)
[54, 55]. We attribute the first-order angular dispersion and
resulting pulse front tilt and spatial chirp to a misalignment
of one of the multi-passed gratings in the pulse compressor or
stretcher [48, 49].

Table 2. Mean R-squared values by polynomial order of shear fit.

Pulse front tilt Spatial chirp

Order x y x y

1 0.74 0.90 0.73 0.83
2 0.78 0.93 0.91 0.88
3 0.91 0.93 0.92 0.94
4 0.91 0.99 0.93 0.98
5 0.91 0.99 0.93 0.98

To quantify the average linear spatiotemporal distortions
across all shots, the shear of each integrated intensity pro-
file (see figure 4) is extracted [25]. The angle of first order
pulse front tilt is calculated from the line of best fit to the
maxima of the integrated image in figure 4(a). Across all shots,
the average value of the angle of first order pulse front tilt
is 0.16 mrad in x and 0.30 mrad in y. From the shear of the
integrated spatio-spectral image in figure 4(b), the linear spa-
tial chirp is 0.06 mm fs in the x direction and −0.17 mm fs in
the y direction.

In order to determine the contribution of nonlinear spati-
otemporal distortions, the coefficient of determination R2 is
used to assess the proportion of variance in the data that is
explained by linear regression to a higher-order fit [56]. To
assess the nonlinear pulse front tilt, the maxima of the integ-
rated spatiotemporal intensity image (see figure 4(a)) are fit to
polynomials, resulting in the R2 values in table 2. The R2 value
for pulse front tilt in the x direction jumped from 0.78 to 0.91
between the second and third orders and remained constant
with increased orders; from this we conclude that the majority
nonlinear contribution in the x-direction comes from the third-
order term.Meanwhile, substantial fourth-order pulse front tilt
is present in the y-direction. Higher-order pulse front tilt can be
caused by higher-order angular dispersion [57]. To assess the
nonlinear spatial chirp, an identical analysis was performed for
the integrated spatio-spectral intensity image (see figure 4(b)).
The majority nonlinear contribution is second order in the
x-direction and third order in y (see table 2).

6. Shot-to-shot variations in spatiotemporal
distortions

To investigate the shot-to-shot variations, we first analyze the
spectral and temporal phase vs. transverse position (x and y).
By the shift theorem, a linear spectral phase is a delay in arrival
time, and a linear temporal phase is a shift in center frequency
[5]. As a result, a change in linear spectral phase over posi-
tion indicates pulse-front tilt, and the change in linear temporal
phase over position gives the spatial chirp.

In figure 5, the temporal and spectral phase for a single
shot is investigated along the x-direction at the points shown
in figure 5(a). In figure 5(b), the spectral phase plots over x
are plotted with their fits. The spectral phase peak moves to
the right with x (red to blue), which indicates that the first
order coefficient, which is proportional to the arrival time, is
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Figure 5. Phase curves along x integrated over y for shot 12 of 22
maximum energy shots. The color coding from red to blue (in the
direction of the arrow) indicates the horizontal position across the
beam, moving left to right. (a) Sampling coordinates, color coded
and overlaid on the time-integrated spatial profile for this shot.
White lines at y = 50 and x = 50 indicate the center of the beam.
(b) Spectral phase curves across x. The spectral phase is cubic on
the left (red) and parabolic on the right (blue). The peak of the
spectral phase moves from lower to higher angular frequencies
across the beam’s horizontal axis (indicated with an arrow).
(c) Temporal phase curves across x. The temporal phase remains
roughly linear at all positions from left (red) to right (blue), and the
slope decreases along the x direction (indicated with an arrow).
Since a shift in the spectral/temporal phase corresponds to a shift in
arrival time/center frequency, these plots indicate the presence of
spatial chirp and pulse front tilt in the grating direction.

decreasing. In figure 5(c), the temporal phase plots show the
slope of the temporal phase decreasing with x, which indicates
a shift in center frequency as a function of transverse hori-
zontal position.

To verify this cursory assessment, and to investigate the
persistence of this behavior across all shots, the arrival
time is extracted from the first order coefficient of the
spectral phase fit for each shot (figure 5(a)), plotted, and
fit to a polynomial (see figure 6, table 3). Along the
x-direction (y-direction), the mean value of the arrival
time across all positions and all shots was −8 ± 300 fs
(210 ± 370 fs). An analogous temporal phase investigation
for spatial chirp confirms its presence in the x and y domains
as well. The center frequency is extracted from the first-order
coefficient in the temporal phase (figure 5(b)), plotted and fit
to a polynomial (see figure 6, table 3). Along the x-direction
(y-direction), the mean value of the center frequency across
all positions and all shots was 1.790 rad fs−1 ± 1.7 × 10−4

rad fs−1 (1.789 rad fs−1 ± 3.2 × 10−4 rad fs−1 ).
Finally, the coefficient of determination R2 is used to

assess the proportion of variance in the data that is explained

Figure 6. (a) Blue: arrival time across x, extracted from the spectral
phase across x (see figure 5(a)) for all shots. Red: center frequency
shift across x, extracted from the temporal phase across x (see
figure 5(b)) for all shots. (b) Blue: arrival time across y, extracted
from the spectral phase across y for all shots. Red: center frequency
shift across y, extracted from the temporal phase across y for all
shots. The mean value at each data point is plotted with error
envelope indicating the shot-to-shot fluctuation in that value,
quantified by the standard deviation over all shots at that location.
All shots were taken on the same day. Across all shots, the pulse
front tilt is roughly linear in the x direction (a) but shows a fifth
order dependence in the y direction (b). The spatial dispersion is
roughly linear in x with a weak quadratic term, while the data in y is
best fitted by a fifth order polynomial (see table 1).

Table 3. Mean R-squared values by polynomial order of phase fit.

Arrival time Center freq. shift

Order x y x y

1 0.79 0.64 0.90 0.94
2 0.81 0.66 0.97 0.95
3 0.85 0.78 0.98 0.97
4 0.88 0.80 0.99 0.97
5 0.90 0.92 0.99 0.99

by linear regression to a higher-order fit. Again, orders
higher than fifth were not considered. Overall, in the hori-
zontal direction, the arrival time shows a roughly linear
dependence which fits to a cubic polynomial and the spatial
dispersion shows a second-order polynomial dependence (see
figure 6(a), table 3). A similar analysis for the vertical dir-
ection reveals a nonlinear arrival time dependence which
is well fit by a fifth order polynomial, and the spatial dis-
persion fits to a fifth-order polynomial (see figure 6(b),
table 3).

In addition to random shot-to-shot fluctuations, the sys-
tematic drift of key quantities—in particular, the arrival time
and center frequency—over the course of the 22 consecut-
ive maximum energy shots is studied. In order to investig-
ate the change in the local arrival time τ relative to zero
delay over the course of the shot day, τ is calculated for each
location and for each shot. For each transverse position, the
local change in arrival time between shots is estimated by lin-
ear regression and plotted (see figure 7(a)). The change in
the local center frequency over the shot day is analogously
derived. The local change in center frequency between shots
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Figure 7. Drift over the course of the shot day in the arrival time
(a) and center frequency (b).

is estimated by linear regression and plotted (see figure 7(b)).
The mean drift in arrival time observed over all positions
is 4 ± 20 fs, while the mean drift in center frequency is
7.2 × 10−6 rad fs−1 ± 1.8 × 10−5 rad fs−1.

7. Single-shot movie and snapshot visualizations of
a terawatt laser pulse

The complete retrieved electric field is a multidimensional,
complex quantity that requires dynamic pulse propagation
plots in order to effectively display all intensity and phase
variations in space, time, and frequency. In order to present
the full spatiotemporal field intuitively and meaningfully, we
developed a 3D plotting method based on the pulse’s spectro-
gram,where brightness indicates intensity and color represents
the spectral energy distribution [45]. For color, RGB response
functions R(ω), G(ω), and B(ω) are defined with centers at the
low, center, and high frequencies within the pulse’s spectrum,
respectively, and normalized to the pulse spectrum, resulting
in a white beam when all frequencies are present.

Dynamic color animations of a representative partial and
full amplification shot are shown in visualizations 1 and 2,
respectively. These movies depict the pulse’s evolution on a
femtosecond timescale at the STRIPED FISH measurement
plane. The spatiotemporal distortions quantified in detail in
previous sections can be seen in both movies. Pulse front
tilt in both x and y is evident as the pulse moves diagon-
ally across the screen, and spatial chirp is seen when the
pulse is redder on the bottom left than on the top right. Sim-
ilar motion and color are seen across both shots, which is
consistent with the low variation in the pulse front tilt and
spatial chirp extracted from the integrated intensity plots in
figure 4.

To track the temporal motion of the pulse’s hot spots, a
40% intensity threshold was applied to the movie frames.
Although the spatiotemporal dependencies showed high con-
sistency from shot to shot, the spatial profile had a higher num-
ber of hot spots after full amplification that were not present
in the partially amplified pulse. The partially amplified shots
had an average of 1.2 hot spots at a 40% intensity threshold,
while the fully amplified shots had an average of 2.2 with val-
ues ranging from 1 to 4. Since no experimental conditionswere
changed between the two shot sets except for the charge state
of the final amplifier rod, our conclusion is that this difference
is attributable to variable gain across the final rod amplifier.

Figure 8. Pulse propagation plot of a single representative shot. The
longitudinal propagation behavior was determined by calculating
diffraction integrals [45]. Brightness indicates pulse intensity, and
because the phase is responsible for the frequency distribution, the
color distribution represents phase information. In this plot, we set
z = 0 mm at the focus.

Next, the spatiotemporal electric field at the near-
field STRIPED FISH measurement plane was numerically
propagated into the far-field by calculation of angular-
spectrum diffraction integrals [45],

E(kx,ky,ω,z) = E(kx,ky,ω,0) exp

(
iz

√
ω2

c2
− k2x − k2y

)
(3)

where E(kx, ky, ω, 0) is the 2D spatial Fourier transform of
the retrieved electric field at the STRIPED FISHmeasurement
plane, and kx and ky are the off-axis k-vectors in the x and y
directions. We assume ideal achromatic focusing to obtain the
electric field at the focus (see figure 8). The measured spatial
phase was unwrapped along x, y, and t, and speckle noise was
removed [58]. The angular dispersion varies with propagation
[59], as do the pulse front tilt and spatial chirp [60, 61]. The
spatially chirped focus is consistent with grating misalignment
that can cause the pulse front tilt, spatial chirp, and angular
dispersion that was observed at the STRIPED FISH measure-
ment plane [51, 62]. Finally, the electric field evolution at a
focus is plotted on a femtosecond timescale (see visualization
3), showing the persistence of the spatiotemporal distortions
in the far-field.

8. Conclusion

The first single shot, complete spatiotemporal measurement
of ultrashort pulses from an amplified laser system is reported
on the COMET laser at Jupiter Laser Facility. Based on the
analysis, laser compressor and stretcher alignment can be cor-
rected by adjusting the positioning of the gratings to minimize
angular dispersion. Misalignment in the laser compressor and
stretcher is identified, along with higher-order spatiotemporal
and spatio-spectral distortions. The single-shot nature of the
STRIPEDFISHmeasurement allows for a direct measurement
of each shot, resulting in a statistical analysis of the beam’s

7
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stability. Numerical propagation of the STRIPED FISH meas-
urement through the focal spot provides the first single shot,
complete focal spot characterization of a terawatt laser sys-
tem.We believe that such previously unavailable measurement
capability will play a key role in optimizing all such high-
intensity laser/amplifier systems, allowing the achievement of
ever higher focal spot intensities and the study of increasingly-
high-intensity exotic phenomena.
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Varanavičius A, Piskarskas A P and Valiulis G 2011
Manifestation of spatial chirp in femtosecond noncollinear
optical parametric chirped-pulse amplifier J. Opt. Soc. Am.
B 28 2902

[11] Giree A, Mero M, Arisholm G, Vrakking M J J and Furch F J
2017 Numerical study of spatiotemporal distortions in
noncollinear optical parametric chirped-pulse amplifiers
Opt. Express 25 3104

[12] Dunn J, Nilsen J, Osterheld A L, Li Y and Shlyaptsev V N
1999 Demonstration of transient gain x-ray lasers near
20nm for nickellike yttrium, zirconium, niobium, and
molybdenum Opt. Lett. 24 101

[13] Stuart B C, Bonlie J D, Britten J A, Caird J A, Cross R R,
Ebbers C A, Eckart M J, Erlandson A C, Molander W A,
Ng A, Patel P K and Price D F The Titan Laser at LLNL
2006 Conference on Lasers and Electro-Optics/Quantum
Electronics and Laser Science Conference and Photonic
Applications Systems Technologies, Technical Digest (CD)
(Long Beach, CA: Optical Society of America) p JTuG3
(https://www.osapublishing.org/abstract.cfm?uri=QELS-
2006-JTuG3)

8

https://orcid.org/0000-0003-4564-972X
https://orcid.org/0000-0003-4564-972X
https://orcid.org/0000-0002-6657-9604
https://orcid.org/0000-0002-6657-9604
https://orcid.org/0000-0002-0500-8437
https://orcid.org/0000-0002-0500-8437
https://orcid.org/0000-0001-7360-5527
https://orcid.org/0000-0001-7360-5527
https://orcid.org/0000-0002-9108-4558
https://orcid.org/0000-0002-9108-4558
https://orcid.org/0000-0002-3825-3666
https://orcid.org/0000-0002-3825-3666
https://orcid.org/0000-0003-3810-3737
https://orcid.org/0000-0003-3810-3737
https://orcid.org/0000-0002-4879-9072
https://orcid.org/0000-0002-4879-9072
https://orcid.org/0000-0002-6697-2932
https://orcid.org/0000-0002-6697-2932
https://orcid.org/0000-0003-2611-2046
https://orcid.org/0000-0003-2611-2046
https://orcid.org/0000-0003-0661-0769
https://orcid.org/0000-0003-0661-0769
https://doi.org/10.1038/lsa.2016.133
https://doi.org/10.1038/lsa.2016.133
https://doi.org/10.1038/s41566-018-0121-8
https://doi.org/10.1038/s41566-018-0121-8
https://doi.org/10.1364/OL.31.001456
https://doi.org/10.1364/OL.31.001456
https://doi.org/10.1364/OE.16.003178
https://doi.org/10.1364/OE.16.003178
https://doi.org/10.1364/OPEX.13.008642
https://doi.org/10.1364/OPEX.13.008642
https://doi.org/10.1088/2040-8978/12/9/093001
https://doi.org/10.1088/2040-8978/12/9/093001
https://doi.org/10.1007/s003400050001
https://doi.org/10.1007/s003400050001
https://doi.org/10.1364/JOSAB.26.000965
https://doi.org/10.1364/JOSAB.26.000965
https://doi.org/10.1364/OL.35.002251
https://doi.org/10.1364/OL.35.002251
https://doi.org/10.1364/JOSAB.28.002902
https://doi.org/10.1364/JOSAB.28.002902
https://doi.org/10.1364/OE.25.003104
https://doi.org/10.1364/OE.25.003104
https://doi.org/10.1364/OL.24.000101
https://doi.org/10.1364/OL.24.000101
https://www.osapublishing.org/abstract.cfm?uri=QELS-2006-JTuG3
https://www.osapublishing.org/abstract.cfm?uri=QELS-2006-JTuG3


J. Opt. 23 (2021) 075505 E Grace et al

[14] Miller G H, Moses E I and Wuest C R 2004 The National
Ignition Facility Opt. Eng. 43 2841

[15] Rhodes M, Rahaman S, Bowlan P, Steinmeyer G and
Trebino R 2014 From femtosecond to nanosecond,
laser-pulse measurement is all about the single shot Laser
Focus World 50 97

[16] Mangles S P D, Murphy C D, Najmudin Z, Thomas A G R,
Collier J L, Dangor A E, Divall E J, Foster P S,
Gallacher J G, Hooker C J, Jaroszynski D A, Langley A J,
Mori W B, Norreys P A, Tsung F S, Viskup R, Walton B R
and Krushelnick K 2004 Monoenergetic beams of
relativistic electrons from intense laser–plasma interactions
Nature 431 535

[17] O’Shea P, Kimmel M, Gu X and Trebino R 2001 Highly
simplified device for ultrashort-pulse measurement Opt.
Lett. 26 932

[18] Haefner C, Heebner J E, Dawson J, Fochs S, Shverdin M,
Crane J K, Kanz K V, Halpin J, Phan H, Sigurdsson R,
Brewer W, Britten J, Brunton G, Clark B, Messerly M J,
Nissen J D, Shaw B, Hackel R, Hermann M, Tietbohl G,
Siders C W and Barty C P J 2010 Performance
measurements of the injection laser system configured for
picosecond scale advanced radiographic capability J. Phys.
Conf. Ser. 244 032005

[19] Cheng L, Banerjee S, Zhang J, Chen S, Brown K, Mills J,
Powers N, Zhao B, Golovin G, Ghebregziabher I and
Umstadter D 2013 Repetitive petawatt-class laser with
near-diffraction-limited focal spot and transform-limited
pulse duration Proc. SPIE 8599 859919

[20] Galletti M, Galimberti M and Giulietti D 2015 Ultra-short
pulse reconstruction software in high power laser system
Nucl. Instrum. Methods Phys. Res. B 355 232

[21] Hopps N, Oades K, Andrew J, Brown C, Cooper G, Danson C,
Daykin S, Duffield S, Edwards R, Egan D, Elsmere S,
Gales S, Girling M, Gumbrell E, Harvey E, Hillier D,
Hoarty D, Horsfield C, James S, Leatherland A, Masoero S,
Meadowcroft A, Norman M, Parker S, Rothman S,
Rubery M, Treadwell P, Winter D and Bett T 2015
Comprehensive description of the Orion laser facility
Plasma Phys. Control. Fusion 57 064002

[22] Galletti M, Galimberti M, Hooker C, Chekhlov O, Tang Y,
Bisesto F G, Curcio A, Anania M P and Giulietti D 2016
An ultra short pulse reconstruction software applied to the
GEMINI high power laser system Nucl. Instrum. Methods
Phys. Res. A 829 442

[23] Nakamura K, Mao H, Gonsalves A J, Vincenti H,
Mittelberger D E, Daniels J, Magana A, Toth C and
Leemans W P 2017 Diagnostics, control and performance
parameters for the BELLA high repetition rate petawatt
class laser IEEE J. Quantum. Electron. 53 1

[24] Alessi D A, Prantil M A, Herriot S I, Hermann M R,
Heebner J E, Williams W H, Lanier T, Widmayer C,
Kalantar D H, Bowers M W, Pelz L J, Cabral J,
Shaw M J, Di Nicola J G, Sigurdsson R, LaFortune K,
Hamamoto M Y, Lawson J K, Lowe-Webb R R,
Martinez D, Haefner C, Crane J K, Homoelle D,
Barnes A, Paul M and Wegner P J 2020 High precision
characterization of the kilojoule multi-ps Advanced
Radiographic Capability OSA High-brightness Sources and
Light-driven Interactions Congress 2020 (EUVXRAY,
HILAS, MICS) ed L Assoufid and P Naulleau (Washington,
DC: Optical Society of America) p HTh2B.5

[25] Akturk S, Kimmel M, O’Shea P and Trebino R 2003
Measuring spatial chirp in ultrashort pulses using
single-shot Frequency-Resolved Optical Gating Opt.
Express 11 68

[26] Akturk S, Kimmel M, O’Shea P and Trebino R 2003
Measuring pulse-front tilt in ultrashort pulses using
GRENOUILLE Opt. Express 11 491

[27] Rhodes M, Guang Z and Trebino R 2017 Unstable and
Multiple Pulsing Can Be Invisible to Ultrashort Pulse
Measurement Techniques Appl. Sci. 7 40

[28] Fuchs J, Antici P, d’Humières E, Lefebvre E, Borghesi M,
Brambrink E, Cecchetti C A, Kaluza M, Malka V,
Manclossi M, Meyroneinc S, Mora P, Schreiber J,
Toncian T, Pépin H and Audebert P 2006 Laser-driven
proton scaling laws and new paths towards energy increase
Nat. Phys. 2 48

[29] Bowlan P, Gabolde P and Trebino R 2007 Directly measuring
the spatio-temporal electric field of focusing ultrashort
pulses Opt. Express 15 10219

[30] Bowlan P, Fuchs U, Trebino R and Zeitner U D 2008
Measuring the spatiotemporal electric field of tightly
focused ultrashort pulses with sub-micron spatial resolution
Opt. Express 16 13663

[31] Bowlan P, Gabolde P, Coughlan M A, Trebino R and Levis R J
2008 Measuring the spatiotemporal electric field of
ultrashort pulses with high spatial and spectral resolution J.
Opt. Soc. Am. B 25 A81

[32] Bowlan P, Valtna-Lukner H, Lõhmus M, Piksarv P, Saari P and
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