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Extremely broadband single-shot cross-correlation frequency-resolved
optical gating using a transient grating as gate and dispersive element
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(Received 8 December 2016; accepted 20 June 2017; published online 26 July 2017)

A cross-correlation frequency-resolved optical gating (FROG) concept, potentially suitable for charac-
terizing few or sub-cycle pulses in a single shot, is described in which a counter-propagating transient
grating is used as both the gate and the dispersive element in a FROG spectrometer. An all-reflective
setup, which can operate over the whole transmission range of the nonlinear medium, within the
sensitivity range of the matrix sensor, is also proposed, and proof-of-principle experiments for the
ultraviolet and visible-to-near-infrared spectral ranges are reported. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4991853]

I. INTRODUCTION

Inherently broadband few-cycle pulses are a valuable tool
in many fields, for example, in the spectroscopic investigation
of molecules1,2 and in high-harmonic generation of isolated
attosecond pulses in the extreme ultraviolet (UV) or even
shorter wavelengths.3,4 In most applications, it is critical to
know the precise temporal characteristics of the pulse in both
amplitude and phase. In this paper, we propose an all-reflective
(dispersion-free) single-shot characterization concept, whose
bandwidth is limited only by the transmissivity of the third
order nonlinear medium and the detector sensitivity, making it
applicable from the ultraviolet (UV) to the infrared (IR). We
propose and experimentally test such an all-reflective setup
that can in principle be used to characterize pulses of duration
less than a cycle to a few tens of cycles, with energies as low
as 10 nJ, over the wavelength range 200–1100 nm.

Many different techniques have been developed for char-
acterizing ultrashort pulses. Rapid oscillations of the optical
field can be directly measured with ultrashort electron bursts5,6

or phase-gating with attosecond pulses through high harmonic
generation.7 In most cases, however, the pulse energy is suffi-
cient only for an all-optical interaction. The most common
techniques are frequency-resolved optical gating (FROG)8

and spectral phase interferometry for direct electric field
reconstruction (SPIDER)9,10 although there are several other
approaches, such as the d-scan method11 and multiphoton
intrapulse interference phase scanning (MIIPS).12 All of these
techniques require a nonlinear interaction that is efficient over
the entire pulse bandwidth, while at the same time allowing
spectral resolution as a function of either the delay between
the interacting pulses or the spectral phase.

a)Author to whom correspondence should be addressed: heli.lukner@
mpl.mpg.de

b)Current address: Max Planck Institute of Quantum Optics, Hans-
Kopfermann-Strasse 1, 85748 Garching, Germany.

Although various χ(2) processes in birefringent crystals,
such as second harmonic and sum-frequency generation, are
commonly used in the visible and infrared regions, they are not
useful in the UV (wavelengths < 400 nm) due to lack of mate-
rial transparency. In addition, the phase-matched bandwidth
is limited to around an octave, even for extremely thin-cut
crystals. By dithering the crystal angle in a FROG, together
with delay-scanning, it has been possible to measure a two-
octave-wide spectrum in the range 400–1600 nm.13 Difference
frequency generation has been successfully used for FROG in
the UV,14,15 avoiding transparency issues, but with a limited
phase-matching bandwidth. Characterisation of spectra that
extend from the UV to the infrared therefore requires the use of
χ(3)-based nonlinear interactions, essentially based on various
forms of four-wave mixing (FWM).

Key FWM-based FROG geometries make use of self-
diffraction (SD) or a transient-grating (TG). A pair of intense
reference pulses, propagating at small angles to the opti-
cal axis, overlap spatially and temporally in the nonlinear
medium, producing a transient interference pattern, which
through the Kerr nonlinearity creates a transient phase grat-
ing. In the SD geometry, part of the reference pulse itself
is diffracted by the grating, the diffracted beam forming the
FROG signal. Using this method, ultrashort UV pulses of∼1 µJ
energy have been characterized in various nonlinear media:
fused silica, noble gases, beta-barium borate (BBO), and
SrB4O.16–19

The self-referencing TG process uses three input beams,
most often aligned as if arriving from three corners of a rectan-
gle, in the so-called box-car arrangement.20,21 Two reference
beams generate the transient grating and the measurand (the
pulse to be characterized) diffracts off it. The signal appears
in the fourth corner of the box-car, spatially well separated
from the reference beams. The FROG signal is spectrally
resolved as a function of delay between reference and measur-
and beams. In self-referencing TG-FROG, the incident pulse
is divided into three equally strong beams, two of which are
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used as reference and the third as the measurand.22,23 In this
arrangement, the FWM process is always fully phase-matched
regardless of wavelength, potentially permitting characteriza-
tion over extremely broad bandwidths—with the proviso that
the input pulse has sufficient energy.

A TG can also be obtained in a cross-correlation arrange-
ment, resulting in so-called TG-XFROG. This allows char-
acterization of measurand pulses that are several orders of
magnitude weaker than required in the self-referencing case,
with energies of order nJ. In addition, the signal pulses can be
in entirely different spectral regions compared to the reference
pulses, provided phase-matching is maintained. This has, for
example, enabled temporal characterization of filaments using
the intense fundamental pulse from the ultrafast laser source
as the reference.24 In this context, we note that it is possible
to characterize ultrashort signal pulses using reference pulses
that are longer than the signal. Very recently a broadband UV
pulse from hollow-core photonic crystal fiber (HC-PCF) was
shown to have sub 5-fs duration, using TG-XFROG in the
scanning regime.25

Single-shot characterization of ultra-broadband UV
pulses is desirable in situations when the pulse energy and
spectrum fluctuate from shot to shot. Filaments and continuum
light, both generated through the delicate balance of several
different nonlinear interactions, are well known examples of
such pulses. Self-referencing TG-FROG has been used in a
single-shot geometry to characterize 150 µJ deep-UV pulses
of 24 fs duration.26 Continuum light in the range 450–650 nm,
generated in fused silica from reference pulses of∼200 fs dura-
tion and 3 µJ energy, has also been recorded with single-shot
TG-XFROG in ZnS although technical limitations meant that
the traces had to be averaged over 5 shots.27

In this paper, we propose an all-reflective single-shot
TG-XFROG concept for characterizing ultrabroadband pulses
and introduce experimental setup for recording UV to near-
IR (200–1100 nm) pulses of >10 nJ energy with durations
ranging from sub-cycle to a few tens of cycles. A key nov-
elty in the design is that the TG plays two roles, serving
both as a temporal gate and as the diffractive element in the
FROG spectrometer. As a result, we refer to this scheme
as transient gating grating (TGG-XFROG). For test exper-
iments we consider the characterization of UV and ultra-
broadband pulses generated by nonlinearities in gas-filled
HC-PCF.

II. THE TGG-XFROG CONCEPT

A schematic of the TGG-XFROG system is shown in
Fig. 1. An ultra-broadband self-compressed measurand pulse
emerges from the gas-filled HC-PCF. A TG is generated by two
interfering reference pulses, split off from the same pulse that
pumped the HC-PCF. The measurand pulse M is diffracted by
the TG, creating a signal S that is transferred to a matrix sensor.
To achieve single-shot measurements, the reference beams are
tilted upwards in the x-direction. So as to minimize dispersion
and chromatic aberration, all the optics is reflective (note that
for simplicity the reflective collimating and imaging optics are
drawn as lenses in the sketch).

FIG. 1. Schematic of the TGG-FROG concept. Note that the reference pulses
(R1 and R2) counter-propagate against the measurand pulse (M). Collimat-
ing and imaging optics are drawn as lenses for simplicity (reflective optics
is used in practice—see Fig. 5). M: multicolour measurand pulse; S: spa-
tially dispersed signal pulse; R1 and R2: reference pulses; NLM: nonlinear
medium. (a) Side-view, looking in the �y direction. (b) Top-view, looking in
the �x direction.

A detailed picture of TG formation, drawn approximately
to scale, is sketched in Fig. 2(a). The two intense reference
pulses overlap obliquely inside a thin slab of glass (the non-
linear medium, NLM), producing an interference pattern that
through the Kerr effect results in the formation of a transient
refractive index grating. In the plane of the two beams, this
grating has the form of a rhombus of thickness dG ≈ τRc/nR

and width wG = dG/tan(αR) [see Fig. 2(a)] where αR is the
half-angle between the reference pulses inside the NLM, nR

is the refractive index, and τR is the FWHM pulse dura-
tion. Provided that the dispersion in the two reference arms
is balanced and the pulses are with planar wavefronts, the
grating period will be constant across this region, taking the
value

Λ= λ
/

(2nR sin αR)= 2π
/

q, (1)

where q is the grating vector, which is oriented along the
y-axis. The reference beams are arranged to propagate upwards
so that the normal to the plane containing them points at a small
angle αV to the x-axis. The measurand pulse propagates in the
opposite direction in the y-z plane, at an angle αM to the z-axis,
and is diffracted by the grating.

Figure 3 shows sketches in reciprocal space of the
wavevectors involved in the scattering process. The measur-
and pulse has wavevector kM = 2πnM/λM and is diffracted by
the TG into a signal pulse (S) with wavevector,

kS = (0, kM sin αM − q, kM cos αM). (2)

In general the magnitude of kS will not match that of a
free-running wave in the NLM but will be dephased in the
z-direction at a rate given by

ϑ= kM

(√
1 −

(
q
/

kM − sin αM
)2
− cos αM

)
(3)

(note that it is the component of wavevector parallel to the
NLM boundaries that is conserved). It is convenient to arrange
that ϑ = 0 for the central measurand wavelength, in which
case kM and kS point symmetrically at angles ±αM to kz axis.
In Fig. 2(a), this condition is satisfied for the green signal
ray.
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FIG. 2. (a) Sketch (approximately to scale) of the TG formed by two overlapping reference pulses R1 and R2 propagating at internal angles αR = ±2° to the
negative z-axis. The dashed purple lines mark the leading and trailing edges of the pulses and the blue stripes represent the interference fringes. Provided that the
spot-size is large enough, the grating extent (∼207 µm in the y-direction) and thickness (dG = 7.2 µm) are determined by αR and the reference pulse duration
(35 fs). The grating period [Eq. (1)] is 7.7 µm for λR = 808 nm. (b) In the single-shot geometry, the measurand pulse propagates in the +z-direction, and the
reference pulses are tilted upwards into the +x direction at an angle αV to the negative z-axis. As a result the delay δτ is mapped on to the vertical axis (see text).
(c) Space-time plot of the interaction between the measurand and reference pulses. The counter-propagating geometry means that the effective grating width deff,
shown for a narrow slice of the measurand pulse, equals dG/2.

The geometry is such that diffraction operates in the
Raman-Nath regime, so that many diffracted orders are
expected, with y-components of wavevector given by kM sin
αM + mq where m is an integer. Since however the grating
strength is very weak, only the first order (m = ±1) is typically
significant, all higher diffracted orders being negligible. Under
these circumstances, assuming that R1 and R2 have identical
intensities, zero depletion of the measurand pulse, treating all

the beams as infinite plane waves and assuming that they travel
at small angles to the optical axis, the intensity of the signal
pulse IS is approximately given by28

IS = IM

(
πdeffn2IR

λM

)2

sinc2 (
ϑdeff

/
2
)
, (4)

where IR is the intensity of each reference beam, IM is the mea-
surand beam intensity, and n2 the nonlinear refractive index of

FIG. 3. Wavevector diagrams of the
TGG interaction. (a) In the ky – kz plane,
the projected wavevectors of the two
reference pulses are at angles ±αR to
the �kz axis. Interference of R1 and R2
produces a transient grating with grat-
ing vector q, oriented parallel to the ky
axis. The counter-propagating measur-
and pulse (M) propagates at angleαM to
the +kz axis and is diffracted by the tran-
sient grating into wavelength-dependent
directions as shown. The diagram is
drawn so that the phase-matching is sat-
isfied for the green wavevector in the
measurand. (b) Detailed zoom-in on the
dephasing ϑ that appears at other wave-
lengths. (c) Three-dimensional sketch
of the wavevectors for perfect phase-
matching [green arrow in (a)]. The two
reference pulses propagate at a small
angle αV to the negative kz-axis.
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the NLM. Ignoring the slight tilt in the reference beam, each
temporal slice of the measurand pulse interacts with the grat-
ing over an effective distance deff = dG/2, which works out at
3.6 µm for τR = 35 fs. For a half-angle between the reference
pulses of αR = 2° (corresponding to an external angle of 3°),
the grating period Λ = 7.7 µm.

If the system is arranged so that perfect phase-matching,
i.e., ϑ = 0, occurs at a measurand wavelength of 400 nm (nM

= 1.47, αM = 0.986°), the dephasing length π/ϑ is ∼830 µm
at 200 nm (nM = 1.54) and ∼240 µm at 1100 nm (nM = 1.45).
Both these values are much greater than deff, showing that
dephasing is negligible across the entire spectrum.

The sensitivity of the external signal angle αS (evaluated
in air) to measurand wavelength λM takes the form

dαs
/

dλM =−1
/
Λ (5)

and the spectral resolution is inversely proportional to the
physical aperture of the signal beam, i.e., the grating extent
wG = τRc/(nR sin αR), which for the above parameters
works out to be ∼207 µm. For these parameters, the spec-
tral resolution is ∆λ/λ ≈ 2Λ/(πwG), i.e., 18.4 nm at 400 nm
wavelength.

The upwards tilt of the reference pulses [see Fig. 2(b)]
makes single-shot TGG-FROG traces possible because the
relative delay δτ between reference and measurand pulses is
mapped onto the x-axis via

δτ =
nRnMδx

(nR + nM)c sin αv
'

nRδx
2c sin αv

, (6)

permitting the signal spectra at different interpulse delays to
be separated in the x-direction. Note that, since the effect of
this small tilt on TG diffraction in the y-z plane is very slight
(cos αR ≈ 1), we will ignore it in what follows.

The diffraction efficiency from the measurand pulse into
the signal for reference pulses of duration 40 fs and energy
200 µJ, focused to a spot diameter of 350 µm, is plotted in
Fig. 4. Despite the narrow effective grating width, the effi-
ciency is always better than 0.1% and strongly increases at
shorter wavelengths, reaching over 1% at 200 nm. These high
efficiencies mean that measuring <10 nJ pulses is feasible
even if trace is spread over multiple pixels on a matrix sen-
sor. Although the strong wavelength dependence will distort
the signal spectrum, this will be mitigated to some extent by
the weaker sensitivity of silicon detectors in UV. Since it is pre-
cisely known, however, the wavelength-dependence can easily

FIG. 4. Efficiency of grating diffraction versus wavelength [from Eq. (4)] for
d = 3.6 µm, n2 = 3 × 10�20 m2/W, and 40 fs reference pulses with 200 µJ
energy, focused to a spot diameter of 350 µm.

be removed before retrieval of the trace, at the cost of increased
noise at wavelengths where the efficiencies are weaker.

The response time of the nonlinear medium limits the
shortest pulse duration that is resolvable in a measurement
device. For example, the response time of fused silica, which
can be most often considered instantaneous, could affect
the retrieval accuracy of sub-cycle pulses, especially in the
UV region. Nevertheless, a precisely characterized and “well
behaved” material response can be accounted for in the
retrieval process.8 As a result, a range of semiconducting mate-
rials of high nonlinear refractive index and non-instantaneous
response can be used for TG, silica carbide being one
example.

The bandwidth of TGG-XFROG is limited only by the
transmissivity of the third order nonlinear media and sensi-
tivity of the matrix detector (assuming spectrally flat, highly
reflective mirrors). For example, UV fused silica and a UV
enhanced Si detector enable UV to visible signals to be char-
acterised, while IR-enhanced fused silica or SiC together with
InGaAs (or another IR matrix sensor) allows characterization
of IR signals.

III. ALL-REFLECTIVE SETUP
AND PROOF-OF-PRINCIPLE EXPERIMENTS

In this section, we propose an experiment for measur-
ing, by means of a TGG-XFROG, a few femtosecond laser
pulse in the UV and near IR spectral region, generated in a
gas-filled hollow-core photonic crystal fiber (HC-PCF).29,30

The proposed experimental setup is depicted in Fig. 5. Pulses
from a Ti:sapphire laser system at 800 nm with 40 fs dura-
tion and 1 mJ energy are split into reference (90%) and pump
(10%) arms. A thin film polariser and a half-wave plate in the
pump arm are used to control the energy of the pulses, which

FIG. 5. A broadband measurand pulse M is generated in a gas-filled HC-PCF.
It is collimated and then steered to the NLM using two mirrors. Two intense
reference pulses (R1, R2) generate a TG inside the NLM. The FROG trace of
the diffracted signal S is mapped onto the CCD using an all-reflective setup
consisting of two orthogonally aligned cylindrical mirrors, the first imaging
the temporal axis and the second focusing the dispersed spectrum onto the
CCD. For an independent spectral measurement, the remaining, undiffracted
measurand light is coupled to a fiber spectrometer.
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are launched in a ∼15-cm-long kagomé-type HC-PCF (27 µm
core diameter). The fiber input end is placed in a gas cell and
filled with 15 bars Kr, while the output end is placed inside a
separated gas-cell, which can be filled with gas or evacuated
and also contains the NLM so as to eliminate the dispersion
of air from the output of the fiber to the NLM. Upon pump-
ing the fiber with µJ-level pulses, the combination of soliton
self-compression and dispersive wave emission30 results in
generation of ultra-broadband pulses extending from the deep
UV to the near-IR.31,32 The output of the fiber is collimated
by a spherical mirror, whose focal length is chosen such that
the shortest wavelength constituents of the pulse entirely fill
the TG. The two reference pulses with about 300 µJ energy
are focused into the NLM with an achromatic lens (focal
length 1.3 m). The reference and measurand pulses are orthog-
onally polarized, allowing scatter suppression of the reference
pulses by filtering with a broadband wire grid polarizer inside
the FROG spectrometer. In the single-shot TGG-XFROG, the
temporal axis is imaged onto the camera matrix, while the spec-
trally resolved signal on the perpendicular axis is focused. In
the FROG spectrometer, this is realized using cylindrical mir-
rors. Note that the imaging part of the spectrometer can be
built outside the gas-cell since the signal is not sensitive to
dispersion anymore after the nonlinear interaction has taken
place in the NLM.

Fused silica is a good choice for NLM; it is isotropic,
has a broad transparency range, a high damage threshold,
and a fast Kerr response. For longer wavelengths, SiC is an
interesting option, as this has at least an order of magni-
tude larger nonlinearity compared to fused silica,33 but also
a reduced transparency range (>400 nm), a non-instantaneous
Kerr response, and lower damage threshold and saturation
intensity due to the proximity of its bandgap. However, since
the non-instantaneous and wavelength-dependent response of
SiC33 is unknown, this should be measured before using it as
NLM in a TGG-XFROG. As shown above, the effective inter-
action length in the NLM is determined by the duration of
the reference pulses so that the medium itself does not need
to be very thin, and according to preliminary experiment a
200 µm thick fused silica sample can be used. The chirp aris-
ing from the excess nonlinear media can be minimized in setup
or removed numerically.

For the proposed TGG-XFROG, the shortest pulse dura-
tion, which can be measured, is set by the transmission of the
NLM (200-2100 nm in the case of silica) and by the sensi-
tivity of the detector in the spectrometer (200-1100 nm for a
CCD). This bandwidth can support pulses shorter than a single
cycle. Pulses longer than a few tens of cycle cannot be prop-
erly resolved with the given transient grating, which for the
given experimental parameters extends over ∼230 µm with a
pitch Λ ∼ 7.7 µm. In the case of broadband chirped pulses,
these can be measured extending the grating size by changing
αR. By considering the transient grating efficiency (0.2%), the
reflectivity in the spectrometer (∼80%) and a CCD with 0.9
quantum efficiency, low noise, and 8 µm size square pixel,
the minimum detectable energy can be estimated to be around
10 nJ for a signal centred at 600 nm and with 60 nm bandwidth.
However, since the reference pulses carry much more energy
than the measurand, scattered light may be a problem and it is

important to block any scatter of the references on the detector.
In a proof-of-principle experiment, we could record TGG-
XFROG traces of broadband UV pulses (centered around
300 nm) integrating over 390 shots and using fused silica as
NLM; however, the laser source, which we had, was highly
unstable and as a result the recoded traces could not be
retrieved.

IV. SUMMARY

In summary, we have introduced a single-shot TGG-
XFROG arrangement, in which a transient grating acts both
as a temporal gate and a dispersive element of the FROG
spectrometer. The inherent wavelength-selectivity of XFROG
spectral measurements (different wavelengths are diffracted at
different angles) is thus overcome and the setup is simplified.
The experimental implementation of an all-reflective setup for
the 200-1100 nm wavelength range is described. We believe
that the proposed TGG-XFROG scheme holds great promise
for the characterization of ultrashort laser pulses, especially
in the UV spectral region, once the technical difficulties are
overcome.
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