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Advances in the generation of ultrashort laser pulses, and the emergence of new research areas such as attosecond
science, nanoplasmonics, coherent control, and multidimensional spectroscopy, have led to the need for a new class
of ultrafast metrology that can measure the electric field of complex optical waveforms spanning the ultraviolet to the
infrared. Important examples of such waveforms are those produced by spectral control of ultrabroad bandwidth
pulses, or by Fourier synthesis. These are typically tailored for specific purposes, such as to increase the photon energy
and flux of high-harmonic radiation, or to control dynamical processes by steering electron dynamics on subcycle time
scales. These applications demand a knowledge of the full temporal evolution of the field. Conventional pulse mea-
surement techniques that provide estimates of the relative temporal or spectral phase are unsuited to measure such
waveforms. Here we experimentally demonstrate a new, all-optical method for directly measuring the electric field of
arbitrary ultrafast optical waveforms. Our method is based on high-harmonic generation (HHG) driven by a field that
is the collinear superposition of the waveform to be measured with a stronger probe laser pulse. As the delay between
the pulses is varied, we show that the field of the unknown waveform is mapped to energy shifts in the high-harmonic
spectrum, allowing a direct, accurate, and rapid retrieval of the electric field with subcycle temporal resolution at the
location of the HHG.
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1. INTRODUCTION

Ultrashort duration optical pulses find application in a wide range

two decades, including FROG [11], SPIDER [12], MIIPS [13],
and D-Scan [14], have played important roles in the development
of ultrafast laser sources and for characterizing laser pulses used in
a wide range of experiments. However, they suffer from a number
of limitations in their capabilities: (i) they measure only the spec-
tral/temporal intensity and dispersion/chirp, not the full electric
field, including the carrier-envelope phase (CEP); (ii) they cannot
measure the relative phase across spectral nulls without an aux-
iliary field with a bandwidth that spans the null [15,16]; (iii) for
ultrabroad bandwidth pulses, the bandwidth and efficiency of the
measurement is limited by the requirement to use a nonlinear
material to act as a time-stationary filter; and (iv) the pulse is
rarely measured iz situ, which necessitates a careful calibration

of science and technology, from measurement and control of
molecular and electronic dynamics [1-5], to material processing
[6,7]. Knowledge of the pulse shape—that is, the temporal (and
possibly spatial) distribution of the pulse’s electric field—is impor-
tant both as a diagnostic of the laser sources producing the pulses,
and also for understanding the outcomes of experiments or ap-
plications that use them. In the past decade, the development
of light pulses in which the phase of the carrier frequency relative
to the envelope is controllable [8,9] have made it necessary to
consider methods that can retrieve the full electric field, rather

than simply the field envelope. Despite considerable success in
the development of schemes for pulse characterization [10], it
has proven challenging to find schemes that can extract the entire
temporal field. The reason for this is that the methods are self-
referencing, meaning that they use the pulse to “measure” itself.
This necessarily means that they are insensitive to time-invariant
parameters of the field. The well-established methods of the past
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of the linear and nonlinear space—time propagation of the pulse
from the diagnostic to the site of the experiment.
Developments in the synthesis of complex pulse waveforms
have pushed the metrology requirements beyond the capabilities
of these conventional characterization techniques, providing a
motivation for new methods suited to the measurement of arbi-
trary waveforms. Complex waveforms in the ultraviolet (UV) to
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infrared spectral regions have been obtained by a variety of
methods, including spectral phase control of ultrawide bandwidth
pulses [17,18], or by the Fourier synthesis of discrete harmonics
[19]. Such waveforms are often tailored for field-sensitive light—
matter studies. Examples include the generation of subcycle tran-
sients for attosecond spectroscopy in the condensed phase [20],
and the synthesis of sawtooth waveforms to optimize high-har-
monic generation (HHG) [21,22] or terahertz pulse generation
[23]. Accurate and robust ways of measuring such waveforms
with subcycle temporal resolution are required to support future
developments in ultrafast and attosecond science. What is needed
is a reference field and a medium with a very rapid nonlinear re-
sponse, significantly shorter than an optical cycle. The process of
HHG provides such a mechanism. Ideally, the measurement tech-
nique should also allow sufficiently rapid acquisition of data (of
the order of seconds) to permit near-real-time monitoring of
waveforms.

To the best of our knowledge, there are currently only two
techniques that have been demonstrated to retrieve the electric
field of an arbitrary optical waveform. The first is attosecond
streaking [24-26], in which photoelectrons produced by an
attosecond pulse [usually in the extreme ultraviolet (XUV)] are
momentum-shifted (streaked) by the field of the pulsed waveform
to be measured. Measuring this momentum shift as a function of
delay between the pulses allows the unknown waveform to be
retrieved. Attosecond streaking has been used mostly to character-
ize attosecond pulses. However, it has also been applied to char-
acterize near-infrared (NIR) few-cycle pulses to allow comparison
with other techniques, such as SPIDER [27], and has recently
been used to measure synthesized waveforms spanning three oc-
taves from the UV to NIR [28]. For 1 kHz repetition lasers, mini-
mum scan times are of the order of minutes and, more typically,
tens of minutes.

A second method has recently been reported by Kim ez al.
[29]. In their all-optical approach, the pulse to be measured is
crossed at an angle with an intense drive pulse for HHG, resulting
in a deflection of the XUV harmonic pulse within a macroscopic
sample by an amount proportional to the test pulse electric field at
the time of overlap. The waveform of the test pulse can thus be
retrieved by measuring this deflection as a function of delay be-
tween the pulses using a spatially resolving XUV spectrometer.
This all-optical method removes the complexities of attosecond
pulse generation and photoelectron spectroscopy that are required
for attosecond streaking.

Here, we report on a new all-optical HHG-based method
that has some important differences to the technique of Kim ez 4/.
It uses collinear beams, does not require a spatially resolving
spectrometer, and it uses only the spectral amplitude manifested
in the HHG intensity spectrum. These features allow for a
straightforward and versatile implementation and very rapid
and direct field retrieval. Our technique, called Attosecond
Resolved Interferometric Electric-Field Sampling (ARIES), is
based on HHG driven by a field that is the collinear, parallel po-
larized superposition of the pulse to be measured, the zest pulse (TP),
and a more intense HHG drive pulse, the probe pulse (PP). As
the delay between the pulses is varied, the field experienced by
the atoms increases or decreases as the PP and TP fields add
constructively or destructively. Therefore, the photon energy of
the HHG cutoff, which is directly related to the incident peak
intensity, changes. By monitoring the changes of the harmonic
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cut-off frequency as a function of the delay between the PP
and TP, the full TP electric-field waveform can be extracted.
In this way, the field of the TP is mapped to photon energy shifts
in the high-harmonic spectrum that can be measured with a spec-
trometer. Using pulses centered at 800 nm, we demonstrate the
field sensitivity of ARIES by measuring the CEP changes of a few-
cycle TP, and show further that ARIES can accurately retrieve the
electric field of heavily chirped TPs. We also demonstrate the use
of ARIES to measure the electric field of a UV TP with a center
wavelength of %400 nm. To the best of our knowledge, this is the
highest frequency electric-field waveform that has been directly
measured using all-optical means.

2. ARIES WORKING PRINCIPLE

ARIES works by mapping the TP waveform onto modulations in
the HHG spectrum. Here we use modulations of the HHG spec-
tral cutoff (highest photon energy) driven by a few-cycle PP as an
easily tracked feature in the HHG spectrum. The HHG driving
field in an ARIES measurement is given by E(¢) = E,,(¢)+
Ey,(t - 7), where E,(¢) is the strong CEP-stable PP, E,(#) is
the weaker (typically 1001000 times less intense) TP to be mea-
sured, and 7 is the relative delay. As illustrated in Fig. 1, the ad-
dition of the TP shifts the cutoff compared to that which would
be achieved by the PP alone. Constructive interference between
the PP and TP during the generation of the cut-off emission
(around the peak of the PP) shifts the cutoff to higher photon
energies [Figs. 1(c) and 1(d)]. Destructive interference shifts
the cutoff to lower energies [Figs. 1(e) and 1(f)]. By scanning
the delay between the PP and TP, the TP waveform is mapped
onto modulations in the HHG cutoff [Fig. 1(g)].

Within the framework of the semiclassical recollision model of
HHG [30], the electron is ionized by the intense laser field, and
then driven by the linearly polarized field away from and then
back toward its parent ion. During recollision with the parent
ion, the electron can recombine, leading to the emission of a pho-
ton of energy equal to the sum of its kinetic energy upon recol-
lision and the ionization potential, 7,. The classical electron
velocity at the instant of recollision for the two-component driv-

ing field is
e [t
V= ;/ (Epp(0) + Eg(t =)t = vy + v, (1)

where e and 7 are the electron charge and mass, respectively, and
t; and ¢, are the ionization and recollision times, respectively.
Writing £, = Epp cos wp,tand Ey, = Etp cos(wy,t + ¢h), where
EPP, Etp, and @, @y, .
and TP, respectively, we have from Eq. (1) that v, o £, /@,,, and

are the amplitudes and frequencies of the PP

Vg X E o/ @ The electron recollision kinetic energy is given by
1 1
e = zm(”pp + vtp)z ~ 5 mvgp + mvp, v, (2)

where we have neglected the term %mvfp since £y, < E,p,. If we
consider the PP in isolation, it is well known that there is a par-
(max) (max)

ticular electron trajectory with #; = #;,;" and #, = t5,pp that

maximizes the recollision kinetic energy (= eg';ax) ), correspond-
ing to the cut-off HHG emission for the PP alone at a photon
energy /, + eé';ax). The addition of a much weaker TP changes
these times slightly, but if we make the simplifying assumption
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Fig. 1. Basic working principle of ARIES, demonstrated here by SFA
calculations of HHG in Ne for a 3.5 fs probe pulse centered at a wave-
length of 800 nm with a peak intensity of 5 x 10'% W cm2, and a con-
tinuous-wave (CW) test waveform at 800 nm with a relative intensity
I, /1,, = 0.1%. () CEP-stabilized few-cycle probe pulse and (b) corre-
sponding HHG spectrum. (c) Constructive interference with a CW test
waveform and (d) resulting HHG spectrum. (e) Destructive interference
with a CW test waveform and (f) resulting HHG spectrum. The same
probe pulse (blue) was used in (a)—(f); the test waveform (red) in (c) and
(e) has been magnified by a factor of 5 x for clarity. In (b), (d), and (f),
the spectral positions of the cutoff (dotted vertical lines) are calculated by
using the corresponding shaded regions (black, probe only; red, construc-
tive interference; blue, destructive interference). (g) Simulated ARIES
scan for a complex test waveform that comprises a linearly chirped section
with a frequency sweep from @y, = 0.05w,, - 1.0w,, and a sawtooth
section of frequency @, = 0.5@,,,. Only the scan near the cut-off region
is shown. The HHG spectrum as a function of delay between the probe
and test pulses shows modulations of the cut-off that accurately map the
TP electric-field waveform (dotted black curve, scaled in amplitude to
match the maximum cut-off shift).

that this is a small effect and use ¢, = t,(.fssx ) and t, = tglix) in
Eq. (2), we obtain
EE
~ pptp
Ae'matx ~ m”ppl’tp & - > (3)
pp@rep

where Ag,,, is the shift of the cutoff relative to 81(;;“). The hetero-

dyne mixing responsible for the cross-term 7 has been con-

pp?tp
sidered theoretically in the context of extending the HHG cutoff
by using a weak control pulse [31]. In that work, the linear
dependence of the cut-off shift on the electric field of the weaker
field (here ﬁ[p) obtained from the semiclassical analysis [Eq. (3)]
was confirmed via simulations of HHG by numerical integration
of the time-dependent Schrodinger equation using pulsed fields.
The ARIES method utilizes this linear dependence to retrieve the
TP electric-field waveform by recording Ae,,,, (7), i.e., the cut-off
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shift as a function of the delay between the PP and TP. The tem-
poral resolution of the measurements is related to the time inter-
val Az = ¢, - ¢;. Under the simplifying assumption that Az is
independent of 7, Ae,(7) is simply proportional to the convo-
lution of E,(#) with a gate function of width Az. Full numerical
integration of Eq. (1) to find the cut-off electron trajectory in the
combined field at each 7 yields a full width at half-maximum tem-
poral resolution of <1 fs.

Going beyond these classical considerations, we can model the
process more realistically by calculating the HHG emission from a
single atom driven by the combined field, E(¢) = E,,(r)+
Ey,(z - 1), using the strong field approximation (SFA) [32],
which is an analytic quantum theory. Simulated ARIES traces
for a 3.5 fs PP at 800 nm and a TP waveform comprising a fre-
quency chirped section and a sawtooth are shown in Fig. 1(g).
The calculated HHG spectrum as a function of 7 shows clear
modulations in the cutoff that accurately retrieve the TP
waveform.

3. METHODS

For our experimental demonstration of ARIES, we employed the
setups shown in Figs. 2(a) and 2(b).

For measurements with an 800 nm PP and TP [Fig. 2(a)],
we used pulses from a few-cycle laser system (Femrtolasers,
Femtopower) comprising a CEP-stabilized Ti:sapphire femtosec-
ond amplifier followed by a home-built differentially pumped
hollow fiber and chirped mirror compressor [33,34]. A fused silica
wedge pair was used to fine-tune the dispersion and CEP. At the
output of this system, pulses of 3.5 fs duration with 0.5 m] energy
were obtained, at a repetition rate of 1 kHz. We use SEA-F-
SPIDER [35] to measure the few-cycle pulse durations. The
CEP stability was better than 250 mrad RMS single-shot.

The test and probe pulses are produced by sending the
few-cycle pulses into a Mach—Zehnder interferometer. The TP
undergoes two reflections from broadband beam splitters of
10% reflectivity, while the probe pulse is transmitted by the beam
splitters, giving a maximum intensity ratio /,, /7, of #1%. We
have also experimentally verified the ability to use a mirror with a
hole in the center to split and recombine the beams instead of
broadband beam splitters. This overcomes any limitations in
obtaining beam splitters with suitable optical coatings and low
dispersion from the substrate, allowing maximum flexibility in
wavelength and bandwidth selection. An adjustable iris in the
TP arm was used to adjust this ratio in the range of 0.1%—
1%. A fused silica wedge pair in the TP arm was used to control
the TP CEP and chirp. By using the wedge pair, it was possible to
balance the dispersion of the TP and PP. The relative dispersion
and group delay were measured using spectral interferometry.
Delay control in the interferometer was provided by a double de-
lay stage comprising a closed-loop piezo actuated stage (Physik
Instrumente, P-753 LISA) with 50 pm resolution and 38 pm
range mounted on top of an open-loop DC motor stage
(Thorlabs, PT1-Z8) with 200 nm resolution and 25 mm range.
After the interferometer, both pulses entered a vacuum chamber
through a 1 mm thick fused silica window. Inside the chamber,
high-order harmonics were generated by focusing the collinear
beams (both linearly polarized with parallel polarizations) with
a 75 cm focal length spherical mirror into a neon gas target ap-
proximately 1 mm long with a density of ~#10'” cm™. The high
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Fig. 2. Experimental apparatus used for demonstrating ARIES.
(a) Setup used for electric-field measurements of 800 nm TPs. The
PP and TP are produced in a Mach—Zehnder interferometer by injecting
CEP-stable, few-cycle pulses from an amplified Ti:sapphire laser system
with hollow core fiber (HCF) and chirped mirror compressor (Comp).
Beam splitters BS1 and BS2 are 10% reflective. The adjustable iris (I)
in the TP arm is used to control the TP intensity, and the fused silica
wedges (W) in the TP arm are used to control the TP CEP and chirp.
A delay stage in the PP arm is used to control the relative delay, 7, be-
tween the pulses. After the Mach—Zehnder interferometer, the collinear
beams are sent into a HHG chamber, where they are focused into a gas jet
(GJ). The generated harmonics are spectrally analyzed in an XUV spec-
trometer that uses a flat-field grating (G). The HHG spectrum is detected
on a microchannel plate detector (MCP) readout by a CCD camera.
(b) Setup used for electric-field measurements of 400 nm TPs. A portion
of the laser pulse is split off at beam splitter BS before the HCF, and used
to generate a second-harmonic TP in a BBO SHG crystal. The polari-
zation of the second-harmonic pulse is rotated by 90° with a half-wave
plate and combined with the few-cycle PP at a dichroic beam combiner
(BC). Due to the long path length in this setup, the relative delay was
actively stabilized.

harmonics were dispersed with a flac-field XUV spectrometer [36]
and detected with a microchannel plate (MCP) detector
(Photonis) read out with a cooled CCD camera (Photonic
Science, Coolview FDI). This enabled HHG spectra to be re-
corded in the energy range 15-150 V. Each harmonic spectrum
was integrated over several hundred laser pulses.

For our ARIES measurements of a UV pulse, we used the
setup shown in Fig. 2(b). A beam splitter was used to split off
a 0.5 m], 30 fs pulse before the hollow fiber. This was then fre-
quency doubled in a 100 pm thick Type I beta barium borate
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(BBO) second-harmonic generation (SHG) crystal. The SHG
pulse, centered at ~400 nm, was recombined with the 3.5 fs
PP at a dichroic beam combiner (Layertec). The collinear, parallel
polarized beams were then directed to the HHG chamber, as for
the 800 nm measurements. The PP parameters were as before.
The TP intensity was ~10'! Wem™ (L /1y = 0.05%).

For the ARIES field retrieval, the HHG cut-off energy is de-
termined by calculating the center of mass of the spectrally
masked on-axis harmonic emission spectrum. The on-axis emis-
sion is calculated by averaging over the central part of the spatially
resolved harmonic spectrum defined by the region in which the
harmonic spectrum depends weakly on the spatial position. This
can also be achieved experimentally using a mask in the far field of
the HHG source before reimaging onto a single array detector,
eliminating the requirement to spatially resolve and thus reducing
the acquisition time. The spectral mask is generated by finding
the group of adjacent harmonic photon energies with a spectral
density above a user-defined threshold located near the cut-off
position of the PP-only spectrum.

4. RESULTS AND DISCUSSION

We begin with the results for the 800 nm TP. To test ARIES’
sensitivity to the TP field, we performed several ARIES measure-
ments as a function of TP CEP, while keeping the PP constant.
The results are shown in Fig. 3.

The PP and TP both had a duration of 3.5 fs, with intensities
~5x 10 Wem?  and  ~5x 10" Wem™2,  respectively,
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Fig. 3. ARIES measurements of few-cycle TP waveforms with varying
CEP, demonstrating its field sensitivity. (a), (c), (e), (g), and (i) are mea-
sured ARIES scans for five different TP CEP values spanning a range of
~2n. The black lines are the center of masses of the HHG cutoff as a
function of delay. The corresponding field retrievals are replotted in (b),
(d), (f), (h), and (j) as thick blue curves with the pulse envelopes plotted
as dotted red lines. (k) Retrieved TP CEP values (blue circles) as a func-
tion of fused silica insertion obtained over a larger wedge scan range cor-
responding to &8z CEP phase variation. The solid line is a linear fit to
the data points, with the shaded red region marking the 95% confidence
interval. The CEP is defined as the mean wavelength times the temporal
difference between the peak of the electric field and peak of the pulse
envelope. The green points mark the wedge positions of the waveforms
plotted in (b), (d), (f), (h), and (j); the retrieved CEP values are 0.27,
0.5z, 1.27, 1.4z, and 1.87, respectively.
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(L p/ 1y = 0.1%). Figures 3(a), 3(c), 3(e), 3(g), and 3(i) show
ARIES scans for five different wedge positions, covering a
CEP range of ~2x. The black lines track the cut-off position
as a function of delay. The delay-dependent shifts have been re-
plotted as the thick curves in Figs. 3(b), 3(d), 3(f), 3(h), and 3(j).
The CEP variation is clearly evident. We emphasize that, aside
from finding the center of mass of the cut-off position at each
delay (which is computationally straightforward), no additional
processing is required to retrieve the normalized TP electric-field
waveform. The retrieved CEP as a function of fused silica inser-
tion for a larger range of wedge positions has been plotted in
Fig. 3(k). The inverse slope of the linear fit to the data points
is 48.5 £ 0.7 pm/2x rad, which is in excellent agreement with
the theoretically predicted value of 49.1 pm/27 rad for fused
silica.

We have also shown that ARIES can retrieve the field of
significantly longer TPs that are heavily chirped (large time—
bandwidth product). To do this, we carried out a TP wedge scan
over a much larger range, corresponding to around 1 mm of fused
silica. The retrieved waveforms are shown in Fig. 4(a). Waveforms
(I) and (II) are positively chirped, waveform (III) is close to the
zero dispersion position, and waveforms (IV)—(VIII) are nega-
tively chirped. Figure 4(c) show the average of waveforms
(I)=(VIII) after numerically compensating each one for the known
phase introduced by the wedges. The shaded region corresponds
to the mean =+ 1 standard deviation, showing the precision of the
retrieval even for heavily chirped TPs. Figure 4(b) shows the spec-
tral phase of the retrieved pulses minus the spectral phase of the
near-Fourier-limited pulse (III), together with the theoretical
spectral phase based on the known fused silica insertion. The
agreement between the retrieved and theoretical curves is excel-
lent. In Fig. 4(d), the retrieved TP spectrum is compared to an
independent measurement of the spectrum using SEA-F-
SPIDER. As in [29], the spectra agree qualitatively.

We now turn to our measurements of a UV pulse centered at
~400 nm. The ARIES retrieval of the TP is shown in Fig. 5(a).
The retrieved full width at half-maximum of the intensity
envelope is around 30 fs, which is consistent with the expected
UV pulse duration under conditions of saturated SHG. For refer-
ence, a SEA-F-SPIDER measurement of the PP at 800 nm is also
shown. A magnified view of the center of the waveform is shown
in Fig. 5(b). The retrieved spectrum of the TP is shown in
Fig. 5(c). It agrees qualitatively with an independent measure-
ment of the UV spectrum.

For waveforms with bandwidths spanning an octave or more,
the spectral response of ARIES is not uniform and needs to be
taken into account. We calculated the spectral response using
SFA simulations to determine the maximum cut-off shift
|Ag | (over all 7) as a function of w,,. The result is shown
in Fig. 6 for an 800 nm PP, and TP frequencies, @y /2x, in
the range 0.2-2.3 PHz (1500-130 nm). The SFA result agrees
well with a simulation based on numerical integration of the
classical equation of motion where no assumptions are made
about #; and ¢,. Since the classical calculation does not include
the field-dependent ionization dynamics, this indicates that
the dominant mechanism for the cut-off shift is electron acceler-
ation in the combined field. Reasonable agreement with the SFA
result is also obtained with the classical approximation
Ag oy & mvf)';ax) vi‘p“ ax), where z/g;ax) and vg}" ™) Jre the maximum
recollision velocities for the PP and TP, respectively. This
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Fig. 4. (a) Retrieved waveforms for long-range TP wedge scan. The
colors of the curves are related to the instantaneous frequency to show
the pulse chirp (red corresponding to lower frequencies, blue to higher
frequencies). The fused silica insertions relative to the zero dispersion
wedge position are (I) 0.3 mm, (II) 0.15 mm, (III) 0 mm,
(IV) -0.15 mm, (V) -0.3 mm, (VI) -0.45 mm, (VII) -0.6 mm, and
(VII) -0.75 mm. (b) Spectral phase curves for the retrieved waveforms
minus the spectral phase of the near-Fourier-limited pulse corresponding
to (I) to (VIII), in same order as in (a). The curves have been offset for
clarity. The dashed lines are the calculated phase curves from the known
fused silica insertion. (c) The thin red curve is the average of the wave-
forms in (a), after numerical compensation of the known dispersion. The
shaded region represents the mean 1 standard deviation. (d) Retrieved
TP spectrum from ARIES (filled red line) and TP spectrum measured
using SEA-F-SPIDER (dashed magenta curve).

approximation provides a simple scaling relationship in terms
of experimental parameters:

by

w @
P PP. (4)

w,
pp

(max)

Ag . R 2epp

max

trp
3

Though this tends to overestimate the shift compared to the
SFA result, it reproduces the general features of the frequency
dependence. The field sensitivity of ARIES can thus be approxi-
mated by

A /eV & 41/ ef™ [eV (2 /um) (B, /(V/A)), ()

where we have used the well-known result that Eér;ax) =3.17U »

772 2 . .
where U, & Ej,, [}, is the ponderomotive potential.
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trum (blue curve) and the TP spectrum measured by a spectrometer
(magenta dashed curve).
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fluctuations by reducing the half-cycle peak intensity, resulting in
a random shift of the cut-off energy quantified by a normal dis-
tribution with standard deviation

D 41n 2 ( opp )z -
Emax  \/IV/2 \@ppTpp

where ocpp is the standard deviation of the CEP distribution,
w,, and 7, are the PP central frequency and full-width at half-
maximum pulse duration, respectively, and the measured HHG
spectrum is averaged over IV laser pulses. For our experimental
parameters (ocpp ~ 250 mrad, N = 300, @,, = 2.36 rad/fs,
Tpp = 3.5 fs, €max & 100 €V), we estimate the noise amplitude
in the reconstructed field due to CEP fluctuations to be
~0.02 eV, which is %0.7% of the 3 eV maximum shift due
to the TP. Though negligible in our experiment, this can be re-
duced by numerically bandpass filtering the reconstructed field in
the spectral domain because the CEP noise is uncorrelated with
the TP-PP delay.

We now consider the pulse duration requirements. Though we
used a few-cycle PP in our experiments, our SFA simulations sug-
gest that this is not essential, though further experiments are re-
quired to confirm this. Figure 7 shows the simulated ARIES
retrievals for 4 and 24 fs PPs. The retrieval using the 24 fs PP
is still satisfactory. Since the HHG cut-off emission is generated
from the most intense half-cycle of the PP field [37], a well-
defined gate for the measurement (between the ionization and
recollision times for the cut-off emission) is obtained even for
a multicycle PP. The reconstruction error can be quantified by
calculating the RMS field error [38] between the ARIES recon-
structed TP field and the TP field used in the simulation. It in-
creases relatively slowly with TP duration up to about 15 fs. The
reconstruction error at 24 fs is approximately double that at 4 fs.
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Fig.6. ARIES amplitude response (i.e., maximum cut-off energy shift)
fora 5 x 10" Wem2, 3.5 fs, 800 nm probe pulse and CW test wave-
form with 7, /1,,, = 0.1% as a function of the TP frequency. Filled blue
curve: response calculated from SFA simulations. Red curve: response
calculated from numerically integrating the classical equation of motion
[Eq. (1)]. Dotted green curve: classical approximation given by [Eq. (4)].
The right vertical axis shows the absolute shift in photon energy; the left
vertical axis shows the relative response scaled to unity for the SFA sim-
ulations at @y, = @, The PP spectrum is shown by the gray-filled
dashed black curve.

We now address the basic requirements for an ARIES mea-
surement. Both the TP and PP must be CEP stabilized and
synchronized with a timing jitter that is small compared to the
electron excursion time, Az. Provided the TP and PP are phase
locked, CEP fluctuations are common to both, and, thus, the PP
will sample the same temporal point of the TP for a given delay.
Small CEP fluctuations therefore have a similar effect as intensity
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Fig. 7. SFA simulations of ARIES using multicycle PPs. The PPs are
centered at wavelength of 800 nm with peak intensity fixed at
5x 10" W cm 2. The positively chirped TP is 7.7 fs in duration and
centered at 800 nm, with peak intensity 0.1% of the PP. ARIES traces
for (a) a4 fs and (b) a 24 fs PP. (c),(d) ARIES reconstructions of the TP
electric field (black points) compared to the TP field used in the calcu-
lation (red lines) corresponding to (a) and (b), respectively. (¢) ARIES
reconstruction error as a function of PP pulse duration (see text for

details).
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In terms of the intensity requirements, the PP must be suffi-
ciently intense to drive HHG in the nonperturbative regime (typ-
ically 7,,, 2 10" Wcm™2), and the TP must be intense enough to
cause a measurable cut-off shift, but weak enough to ensure a
linear relationship between the cut-off shift and the electric field.
For our experimental conditions, our SFA simulations indicate
that the linearity error is <5% for /,/1,, < 1%. Intensity
fluctuations add a small amount of noise to the reconstructed
electric field. Since the random intensity fluctuations are normally
distributed with a standard deviation o7, the cut-off energy
will also be normally distributed with standard deviation

aﬁ.i ) S Emax R \/LNGI /1, where the HHG spectrum has been aver-

aged over N laser pulses. For our experimental parameters
(67/1 = 2%, N = 300, &, = 100 eV), we estimate the noise
amplitude on the reconstructed field due to intensity fluctuations
to be ~#4%. As was the case for the CEP noise, this can be reduced
by bandpass filtering the reconstructed field in the spectral
domain.

How strong a TP field is required for an ARIES measurement?
In our experiment, using a relatively low-resolution spectrometer,
we were able to resolve a cut-off shift of 3 €V at a photon energy
of 100 eV, which is equivalent to resolving neighboring harmon-
ics of an 800 nm laser. Taking this as a conservative value for the
available spectral resolution, then from Eq. (5) with 4, =

800 nm, a minimum TP field of 20.1 V/A is required, i.e.,
I, 2 1.3x 10" Wem™. For typical HHG focusing conditions
(focused spot radius of ~50 pm), this intensity could be reached
with a TP energy of #0.25 pJ for a 50 fs pulse duration, or pro-
portionally less for a shorter TP. Therefore, the electric field of
TPs at the 100 nJ level should be retrievable using ARIES.

For situations where the TP will be used for HHG, such as
tailored fields for optimized XUV generation or attosecond pulse
generation, ARIES provides an iz sizu measurement that can be
carried out with the spectrometers already found on most HHG
beamlines. Implementation is greatly facilitated by the use of
collinear beams, which make alignment simple and robust.
The collinear geometry is also compatible with HHG gas targets
that have small limiting apertures. These include commonly used
pulsed and continuously flowing drilled-tube targets, as well as
gas-filled waveguides that are used to improved phase matching
[39,40] or to extend the HHG interaction region for tightly
focused beams, as required when using very low laser pulse
energies [41,42].

For our proof-of-concept measurements, we used about 2000
delay points for each ARIES scan, typically oversampling the
waveform by about 10 times the Nyquist rate. Each scan took
about 10 min to complete, since we integrated the HHG spec-
trum at each delay position over 2300 laser pulses (%300 ms at
1 kHz laser repetition rate) to increase the signal-to-noise ratio for
the detection of the relatively high cut-off photon energies we
used (>100 eV). In principle, the ARIES scan time could be re-
duced to a few seconds for a 1 kHz source (or less for higher rep-
etition rate lasers), by reducing the sampling rate to closer to the
Nyquist rate and significantly decreasing the integration period,
e.g., by using a lower photon energy cutoff where both the HHG
signal and detection efficiency are higher. Since the retrieval is
computationally straightforward, ARIES thus lends itself well
to (near-) real-time monitoring of optical waveforms. For exam-

ple, one could imagine ARIES being used to provide a feedback
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signal for a closed-loop waveform synthesizer [17,18] to allow
the rapid convergence to a target waveform, or to provide a
measurement of the excitation light field in a coherent control
experiment [43].

Due to the close agreement between the classical and SFA sim-
ulations, we conclude that the main mechanism for modulating
the harmonic spectrum is from steering the electron trajectory in
the continuum. Therefore, we expect ARIES can be used in a
variety of configurations beyond those explicitly demonstrated
here. For example, we believe it is possible to use alternative gat-
ing schemes, such as polarization gating, although this has yet to
be demonstrated. ARIES is not limited to neon or a cutoff at
120 eV. For example, we have successfully demonstrated
ARIES in argon with a cutoff at 60 eV. Using a cutoff at higher
energies has the advantage of decreasing the linearity error in the
reconstructed electric field due to reducing the effect of the
ionization potential and the terms dropped in Eq. (4). We also
believe ARIES can be used at different PP wavelengths. However,
shorter PP wavelengths might decrease the accuracy due to in-
creased multiphoton ionization effects and the breakdown of
the SFA; conversely, increasing the PP wavelength should im-
prove the accuracy.

5. CONCLUSIONS

In summary, we have theoretically and experimentally demon-
strated a new all-optical technique, ARIES, based on HHG for
measuring the time-dependent field of ultrafast optical wave-
forms. We used ARIES to retrieve the electric field of femtosec-
ond pulses centered at 800 and 400 nm. ARIES uses collinear
beams, which greatly simplifies implementation and analysis,
and allows the technique to be applied to a range of HHG targets,
such as gas-filled waveguides, where crossed beams would be
problematic. Since the ARIES signal is the delay-dependent shift
of the HHG cutoff, no spatial resolution is required in the mea-
surement of the HHG spectrum. With retrieval rates approaching
~1 Hz possible with a 1 kHz repetition-rate source, real-time
measurement and optimization of complex optical waveforms
is within reach. See [44] for supporting content.
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