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Ultra-broadband all-optical sampling of optical
waveforms
Dmitry A. Zimin1,2, Vladislav S. Yakovlev1,2, Nicholas Karpowicz1,3*

Optical-field sampling techniques provide direct access to the electric field of visible and near-infrared light. The
existingmethods achieve the necessary bandwidth using highly nonlinear light-matter interaction that involves
ionization of atoms or generation of charge carriers in solids. We demonstrate an alternative, all-optical ap-
proach for measuring electric fields of broadband laser pulses, which offers an advantage in terms of sensitivity
and signal-to-noise ratio and extends the detection bandwidth of optical methods to the petahertz domain.
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INTRODUCTION
Direct access to the electric field of light (1) provides a subcycle view
of the polarization response of matter (2), thus enabling sensitive
metrology in physics (3–7), chemistry (8), and medicine (9, 10).
Optical-field sampling techniques take advantage of some process
that lasts much less than an optical cycle of the measured light wave.
Most of them rely on the generation of free electrons either by a
weak extreme ultraviolet pulse (11–13) or by a strong optical
pulse (14–23). An alternative is all-optical methods, where the fast
process is a nonlinear wave mixing. Such photonic methods may
rely on extreme ultraviolet (24–26) or optical pulses (27–30).
They typically have a better sensitivity (10, 27, 31) but a smaller
cutoff frequency. Here, we propose generalized heterodyne
optical-sampling techniques (GHOSTs), which overcome the band-
width limit through controlling light-pulse waveforms. Combina-
tions of multiple nonlinear optical processes allow new detection
bands to be placed throughout the electromagnetic spectrum, en-
abling all-optical waveform sampling in the visible and ultraviolet
spectral ranges.
Let us review the fundamental form of nonlinear optics–based

field-sampling techniques that exist for the infrared and terahertz
domains (see Fig. 1). In these techniques, the field that is being
sampled (test field) undergoes nonlinear wave mixing with a sam-
pling pulse that creates a temporal gate. The outcome of this non-
linear interaction is referred to as heterodyne signal or, for brevity,
simply signal, although this is not yet the outcome of the measure-
ment. This signal is first made to interfere with the local oscillator
(LO), which is what the sampling pulse becomes after transmission
through the same nonlinear medium in the absence of the test field.
In a spectral region where the signal and the LO overlap, the spectral
intensity of their superposition depends on the delay between the
test and sampling pulses. Two prominent examples of such mea-
surement techniques are electro-optic sampling (EOS) (27–30)
and air-biased coherent detection (ABCD) (31, 32). In EOS, the
signal is produced from sum and difference frequency generation
between the test waveform and sampling pulse, and the LO is pro-
vided by the unperturbed sampling pulse (30, 33). In ABCD, the
signal is the result of four-wave mixing, summing two photons

from the sampling pulse and subtracting one from the test wave-
form, while the LO is provided by field-induced second harmonic
generation: A bias applied to the nonlinear medium allows it to
combine two sampling-pulse photons even if the medium is centro-
symmetric. The phase of the nonlinearly created LO is modulated
by changing the direction of the bias field. This modulation creates
sidebands of the LO, which interfere with the signal, thus enabling
heterodyne detection of pulses over a continuous range from the
terahertz through the mid-infrared (31).
In addition to the spectral overlap between the signal and the LO,

these schemes had to satisfy two key requirements: (i) Only one
photon from the test waveform is involved in the generation of
the signal, and (ii) the same number of photons from the sampling
pulse is involved in forming the LO and signal. The former is nec-
essary for linear detection of the field. The latter ensures that the
interference between the signal and the LO is insensitive to the
carrier-envelope phase (CEP) of the sampling pulse, which is
known as the global phase (29) for arbitrary waveforms. If require-
ment (ii) is satisfied, the phase cancels during heterodyne detection,
meaning that sampling pulses with unstable CEP can be used.
When both these requirements are fulfilled, the interference
between the signal and LO has an amplitude and phase determined
by the test waveform, and varying the delay between the pulses while
recording the resulting intensity measures the electric field of the
test waveform.
Requirement (ii) is responsible for the primary limit on the

maximum detection frequency of the techniques: Since the signal
and LO wavelengths must match, and the signal frequency is
shifted by the frequency of the test waveform, it cannot exceed
the bandwidth of the LO. However, the emergence of CEP-stabi-
lized mode-locked laser oscillators allows us to bypass this restric-
tion. For example, using second harmonic generation to form the
LO for a signal based on sum-frequency generation (SFG), i.e.,
adding one more photon from the sampling pulse to the LO of
EOS, increases the frequency of the detection band by the carrier
frequency of the sampling pulse. We label this GHOST as SFG
+ second harmonic generation (SHG). A 5-fs sampling pulse at
400-THz carrier frequency and 200-THz bandwidth, capable of de-
tecting 0 to 200 THz via EOS, could in principle detect 100 to 700
THz via SFG + SHG (Fig. 1) or 900 to 1500 THz via difference-fre-
quency generation (DFG) + SHG. Other GHOSTs, on the other
hand, may in principle be used to detect even higher spectral com-
ponents. Using CEP-stable pulses, the detection bandwidth and
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spectral ranges can be expanded and tailored by choosing appropri-
ate combinations of GHOSTs and detection frequencies (see the
Supplementary Materials). The price that one pays for this is that
the phases of the LO and signal experience a different phase shift
upon a change of the CEP of the sampling pulse. As a result, a
phase shift∆ϕCE = a (NS−NLO) ϕS is applied to themeasured wave-
form, where NS is the number of sampling-pulse photons summed
over to arrive at the signal, NLO is the number of photons that par-
ticipate in generating a photon of the LO, a is 1 or −1 depending on
the mixing process, and ϕS is the CEP of the sampling pulse (for
further details, see the Supplementary Materials).
In both EOS and ABCD, ∆ϕCE = 0, while in the SFG + SHG

GHOST, ∆ϕCE = −ϕS. This has a straightforward interpretation in
the time domain: In any linear electric-field measurement, the de-
tected waveform is the convolution of the true electric field with the
response function of the detection system. The addition of an un-
balanced photon in the detection scheme causes this response func-
tion to oscillate in time, which allows for the detection of more

rapidly varying fields, but repeated measurements of fields with re-
producible (CEP-stabilized) waveforms will average to zero if ϕS is
not stabilized.
The sampling pulse must be well characterized for this response

function to be determined, which is necessary to relate the mea-
sured waveform back to the original electric field. If the sampling
pulse is not compressed, the amplitude of the response will be
weak due to destructive interference between contributions from
different spectral components of the pulse.

RESULTS
To confirm the validity of the concept, we experimentally investi-
gated the “SFG/DFG + THG” GHOST using a 2.7-fs pulse (18),
whose spectrum is presented in Fig. 2 (shaded magenta curve),
where SFG and DFG together form the heterodyne signal, while
third-harmonic generation (THG) forms the LO (see the Supple-
mentary Materials for further details). As a nonlinear medium

Fig. 1. Illustration of the measurement concept. (A) Two pulses are incident on the nonlinear medium: a test waveform that we wish to measure and a sampling pulse
that will be used to probe its structure. Twowaves emerge from the crystal: an LO, which is formed by nonlinear propagation of the sampling pulse, and a signal, which is
the product of nonlinearly mixing both input pulses. These pass through a polarizer and a band-pass spectral filter, and the intensity of the light is recorded in a pho-
todiode. (B) In the case of EOS, sum-frequency generation (SFG) forms the signal that primarily overlaps with the unmodified spectrum of the sampling pulse. The
interference of the signal with the LO modulates the spectral intensity versus time delay τ. At the detection frequency, labeled with a vertical dashed line, the amplitude
traces out the electric field waveform, providing the EOS signal. (C) For a test pulse in the visible spectral range, the SFG spectrum lies at higher frequencies, predom-
inantly in the ultraviolet, and has little spectral overlap with the sampling pulse. However, it significantly overlaps with the second harmonic of the sampling pulse that
was generated in the same nonlinear crystal, permitting the SFG + SHG GHOST to take place. The modulation of spectral intensity in the ultraviolet band, at the detection
frequency marked by the dashed line, traces out the test waveform. This concept can be extended to detection of light in other spectral regions, requiring a combination
of nonlinear processes to produce spectrally overlapping signal and LO waves.
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that has both χ(2) and χ(3) nonlinearities, we chose a thin quartz
crystal (see the Supplementary Materials for details) for its low ab-
sorption and dispersion. For detection, we used a band-pass filter
that transmitted light between 0.83 and 0.86 PHz (see the Supple-
mentary Materials). Although this frequency range is in the middle
of the second harmonic of the sampling pulse, the orientations of
the crystal and the polarizer were chosen such that only the χ(3) non-
linearity contributed to the LO. We benchmarked this implementa-
tion of GHOST against nonlinear photoconductive sampling (NPS)
(18), which is a field-sampling technique where temporal gating is
achieved through highly nonlinear photoinjection of charge carri-
ers. Both GHOST and NPS measurements were performed using a
2.7-fs sampling pulse, and we used theoretical response functions to
retrieve time-dependent electric field from the raw measured data
(see the Supplementary Materials for details). The benchmarking
results are shown in Fig. 2. In the time domain (Fig. 2A), the two
waveforms have very similar shapes: The Pearson correlation coef-
ficient between the waveforms is ρ = 0.93. The discrepancy between
the spectrum obtained with a spectrometer and with a Fourier
transformation of recorded pulse waveforms is attributed to differ-
ences in the temporal and spatial gating of the two measurements.
As the waveforms are measured over a finite range of time delay,
spectral components outside of this time window are not included
in the measurement. The spot size of the gate determines the

measured spatial volume, which can also influence the measured
spectrum in the presence of spatiotemporal distortions. Note that
GHOST measurements show much smaller stochastic fluctuations
—the peak SD is 10 times smaller than that of the NPS measure-
ments. The spectra of both electric-field waveforms agree well
with the spectrum obtained with a calibrated grating spectrometer
(Ocean Optics).
The benchmarking results shown in Fig. 2 confirm only the va-

lidity of the SFG + THG GHOST; to validate the DFG + THG
GHOST, the spectrum of the test pulse must extend well above
the frequencies that reach the photodiode. As a simple estimation,
let us take 0.3 PHz as the lowest frequency present in the sampling
pulse and 0.8 PHz as the detection frequency. In this case, we expect
the spectral range covered by the DFG + THG GHOST to begin at
1.1 PHz. So, we upconverted the test pulse in a 100-μm β-barium
borate (BBO) crystal, obtaining pulses with a spectrum that extend-
ed up to 1.25 PHz (see the Supplementary Materials). We plot the
GHOST waveform in Fig. 3A (here, no attempt is made to account
for the theoretical response function). In Fig. 3B, we compare the
spectrum of the detected waveform with the spectrum that we mea-
sured with a grating spectrometer. The inset displays the spectral
range that is relevant to the DFG + THG GHOST. While there
are discrepancies between the two spectra, and a careful bench-
marking in this spectral range is yet to be done, we conclude that

Fig. 2. Validation of GHOST detection via benchmarking against NPS and spectrometry. (A) Electric-field waveformsmeasured with the SFG/DFG + THG GHOST and
NPS. Using SFG signals, this GHOST allows for detection in the visible and ultraviolet, from approximately 0.1 to 0.7 PHz (see the Supplementary Materials for details). The
shaded areas represent the SDs evaluated from three individual measurements. (B) The spectral intensities and phases of the waveforms shown in (A) and the spectrum
obtained by a grating spectrometer. The shaded areas show the SDs for the spectral phases. We depicted SDs of the spectral intensities with error bars.
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our implementation of GHOST is capable of optical-field sampling
at frequencies that exceed 1.2 PHz.
As an additional verification that we indeed implemented the

SFG/DFG + THGGHOST, we investigated how themeasured wave-
forms depend on the peak strengths of the incident sampling and
test pulses. The results are shown in Fig. 4. As expected, the ampli-
tudes of measured waveforms scale as the fourth power of the peak
sampling field, Es. Each photon in the heterodyne signal emerges
with the involvement of one photon from the sampling pulse,
while each photon in the LO emerges from a three-photon nonlin-
ear process. Thus, the electric field of the heterodyne signal scales
linearly with ES, the electric field of the LO scales as E3S, and the in-
terference between the two fields makes the intensity oscillate with
an amplitude that is proportional to E4S. We observe this depen-
dence up to sampling fields as strong as 1.5 V/Å (see Fig. 4A). At
this field strength, multiphoton photoinjection of charge carriers
becomes significant. According to Fig. 4B, the amplitude of the
measured waveforms scales linearly up to test fields as strong as
0.5 V/Å. Nevertheless, Fig. 4C shows that already the 0.27-V/Å
test pulse produces a waveform that has high-frequency compo-
nents that are absent in the waveform measured with the 0.12-V/
Å test pulse. From Fig. 4C, we can also estimate a typical signal-
to-noise ratio (SNR) of our measurements. By comparing the

noise baseline with the peak signal strength, we obtain an intensity
SNR of approximately 30 dB independently of the test-field
strength, which indicates that, in these measurements, the noise
was dominated by the fluctuations of laser intensity. Future im-
provements (e.g., using a balanced detection scheme) may further
improve the SNR.

DISCUSSION
GHOSTs present a promising approach for measuring electric fields
of broadband laser pulses. We studied one particular combination
of nonlinear optical processes: SFG/DFG + THG, where the χ(2)
nonlinearity mixed the sampling and test waves, thus generating a
heterodyne signal, while the third harmonic of the sampling pulse
provided an LO. The spectral response of GHOST can be tailored
for a particular application through the choice of nonlinear process-
es and the frequency range that reaches the photodetector. In prin-
ciple, bandwidths exceeding 1 PHz may be achievable with a
combination of different GHOSTs, with an octave-spanning sam-
pling pulse. Any medium that exhibits the required nonlinearities,
such as solids or gases, could be used for waveform sampling. Since
they rely on low-order nonlinearities, GHOSTs can be used with a
broad variety of laser systems that produce pulses with a stabilized

Fig. 3. Ultraviolet waveform detection with the DFG + THG GHOST.We demonstrate the potential bandwidth of GHOST by applying it to a test waveform generated
by up-converting the pulse shown in Fig. 2. The shaded areas and error bars represent SDs. The DFG + THGGHOST has a theoretical detectionwindow from approximately
0.9 to 1.5 PHz, although phase-matching constraints limit the signal at shorter wavelengths (see the Supplementary Materials for details). (A) The detected waveform
contains a rapid ultraviolet oscillation preceded by the lower-frequency light (detected through the SFG + THGGHOST). The delay between the two parts of the test pulse
is caused by the group velocity mismatch in the 100-μm BBO crystal that we used for up-conversion. (B) The spectrum of the GHOST waveform (red) and the spectrum
measured by a grating spectrometer (purple).
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CEP. The use of low-order nonlinear processes implies that similar
field-resolved detection using femtosecond oscillators is possible.
Direct time-domain measurements of light-matter interaction

with subcycle resolution are at the forefront of attosecond science.
The new technique for direct electric field measurement presents
opportunities for highly sensitive time-resolved spectroscopy and
for the extension of field-resolved metrology to regimes of both
wavelength and intensity. The flexibility offered in terms of signal
photon energy, detection bandwidth, and nonlinear optical pro-
cesses provides an opportunity for field measurements to be inte-
grated into a variety of new investigations.

MATERIALS AND METHODS
The laser system used for the experiments (more details in the Sup-
plementary Materials) comprises a Ti:sapphire oscillator (Rainbow
2, Spectra Physics), followed by chirped pulse amplification to 1-mJ
pulse energy at 3-kHz repetition rate, further spectral broadening in
a hollow-core fiber and a chirped mirror compressor. The experi-
mental data acquisition (more details in the Supplementary Mate-
rials) was performed with a dual-phase lock-in amplifier (SR-830,
Stanford Research Systems) and with a grating spectrometer
(Ocean Optics).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S11
Table S1
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