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An all-reflective self-referenced spectral interferometry based on the transient grating (TG) effect is proposed for
single-shot measuring of the amplitude and phase of ultrashort pulses in a broadband spectral range. Except for a
thin third-order nonlinear medium, which was used to generate the TG signal, no transmitted optics were used in
the proposed device, and few-cycle pulses in a broad spectral range from deep UV to mid-IR can be characterized.
With a homemade compact and alignment-free device, a 5.0 fs pulse at 800 nm corresponding to about two cycles
and a 14.3 fs pulse at 1800 nm corresponding to less than three cycles were successfully characterized.
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Ultrashort laser pulses have now been widely used as im-
portant tools in many scientific research fields such as ul-
trahigh intense laser physics[1–3], ultrafast spectroscopy[4–6],
and nonlinear optical microscopy[7]. The progress of opti-
cal metrology of ultrashort laser pulses is always tightly
coupled with the development of laser sources and the ex-
tending of different applications, which always makes it a
very important topic in the ultrashort laser technology
field. A technique with a simple and alignment-free setup,
a wide spectral application range, single-shot and
few-cycle full amplitude, and phase measurement ability
is required for the present advanced laser pulses and
extended application.
Reliable techniques for full amplitude and phase char-

acterization of a femtosecond pulse were consistently pro-
posed during the last thirty years. In the late 1990s, two of
the most classic methods, frequency-resolved optical gat-
ing (FROG)[8] and spectral phase interferometry for direct
electric field reconstruction (SPIDER)[9], appeared, which
keep optimizing since then. Several other important meth-
ods were also proposed and studied in the past decade,
such as two-dimensional spectral interferometry (2DSI)[10]

and multi-photon intra-pulse interference phase scan
(MIIPS)[11]. However, the setup of these methods is
complicated in optical setup and alignment, which limits
their broad applications.
Recently, several new methods with simple and almost

alignment-free setup, such as D-scan and self-referenced
spectral interferometry (SRSI), have been proposed and
deeply studied to fully characterize the amplitude and

phase of femtosecond laser pulses. Besides the second-
harmonic generation (SHG) process, several other nonlin-
ear processes, such as self-diffraction (SD) and cross-
polarized wave generation (XPW), have been studied
and used in the D-scan methods recently[12–15], which allow
the D-scan to be applied in a wide spectral range. SRSI is
the other novel method for femtosecond pulse characteri-
zation, which was proposed in 2010. As an extension of
spectral interferometry (SI)[16], SRSI is an analytical, sen-
sitive, accurate, and fast method. The temporal profile
and phase of a femtosecond pulse can be retrieved easily
by the Fourier-transform SI (FTSI) algorithm[17]. In this
method, a reference pulse is self-generated from the un-
known pulse itself. Within a limited range of chirp, the
spectrum of the reference pulse is broader than that of
the unknown pulse because of the frequency-conserved
third-order nonlinear process[18]. Then, we can directly ob-
tain the spectral interferogram of the reference pulse and
the time delayed unknown pulse by a spectrometer (SP).
The spectral phase and amplitude of the unknown pulse
can then be retrieved by FTSI.

Until now, XPW[19], SD[20], and transient grating (TG)[21]

are all frequency-conserved four-wave-mixing processes
that are used to generate reference pulses in the SRSI tech-
nique. Initially, the development of the SRSI method was
based on the XPW process[22]. In 2011, by using LiF as a
Kerr medium to generate the XPW signal, femtosecond
pulses in UV were measured[23]. In the next year, 2.5 cycle
pulses at 1.65 μm (13 fs FWHM) were characterized[24].
However, the use of polarizers will introduce dispersion into
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the incident pulse, thereby limiting the spectral range
of the measured pulse. To solve the problem, reflective
optical elements were used in XPW-SRSI to avoid the
dispersion introduced by polarizers in 2015, and sub-
5-fs laser pulses were measured by this optical setup[25].
The SD process was used in the SRSI method in 2012. Be-
cause of its noncollinear geometry, SD-based SRSI avoids
the use of polarizers and supports wide range femtosecond
pulses characterization; a 55 fs pulse at 800 nm and a sub-
10-fs pulse at 400 nmwere successfully characterized by this
method. While the noncollinear geometry also causes trou-
bles that the SD signal owns, angular dispersion, whichmay
affect the measurement and the device, is relatively compli-
cated[20]. Based on the TG effect, TG-SRSI was proposed in
2012. As TG signal generation is a self-phase-matching fre-
quency-conserved third-order nonlinear process, TG-SRSI
avoids polarizers and angular dispersion limitations in
XPW-SRSI and SD-SRSI, respectively, and a 38 fs pulse
at 800 nm and a sub-two-cycle 10 fs pulse at 1.75 μm were
characterized. TG-SRSI also owns a higher sensitivity than
the other two methods; in 2017, weak femtosecond pulses
with sub-nanojoule pulse energy were successfully charac-
terized by using an optimized TG-SRSI setup[26].
In this article, a new all-reflective TG-SRSI (AR-TG-

SRSI) technique was demonstrated. A simple and almost
alignment-free device was then built up with the size of
about 290mm × 170mm × 80mm. All metal-coated
reflective mirrors and a very thin glass plate for the non-
linear process make the setup able to be run with an
extremely broadband spectral range from deep UV (DUV)
to mid-IR. Because there are no transmitted optical com-
ponents used in this device except for the Kerr medium,
and the TG process is a self-phase-matching frequency-
conserved third-order nonlinear process, it can work
without being bandwidth limited. At the same time, it
can also be used for few-cycle femtosecond pulse charac-
terizations due to the negligible dispersion caused by the
very thin Kerr medium. To verify the ability of the method
and the device, an 800 nm/5.0 fs pulse and a 1800 nm/
14.3 fs pulse were characterized successfully by using
the same device. This device can be used in different laser
systems as a real-time monitoring device even with differ-
ent center wavelengths, and it also can optimize the laser
pulse output of the laser system through feedback
optimization.
To achieve few-cycle pulse measurement, the transmis-

sive polarizer is replaced by using a set of reflective polar-
izers in the XPW-based SRSI[25]. However, the set of
reflective polarizers will limit the application spectral
range of the device. Here, AR metal-coated mirrors are
used, which will not only work in a broadband spectral
range from DUV to mid-IR, but also with less additional
dispersion in comparison to dielectric-coated mirrors. The
only transmitted optic before the signal generation is a
150 μm thick fused silica glass plate, which is actually used
as the nonlinear medium for TG signal generation. For the
characterization of few-cycle pulses, the dispersion in-
duced by the thin glass plate is negligible. Actually, even

this induced small fixed dispersion by the glass plate can
be reduced in the post-process. As we all know, the TG
effect in a glass plate can also work in a broadband spec-
tral range from DUV to mid-IR. As a result, few-cycle
pulses in a wide spectral range can be measured. To make
a simple and almost alignment-free setup, several typical
designs are involved in the AR-TG-SRSI.

Figure 1 shows the optical layout of our AR-TG-SRSI
technique. A simple black plate with four equal-size holes
is used to divide the input beam into four almost identical
beams 1, 2, 3, and 4. The center of the four holes forms a
square shape. Then, the four beams are reflected by a spe-
cially designed mirror. The mirror consists of two mirrors
“a” and “b”, which are glued together. The part of “a” is
an L-shaped mirror that is coated with metal film, while
“b” is an uncoated mirror with a parallel and a fixed de-
layed surface to that of mirror “a”. This uncoated mirror b
will induce a fixed time delay and is intensity-attenuated
to beam 4, which is denoted as the unknown test pulse.
FH2 is the second four-hole aperture and serves as a
limiting hole for the light adjustment process. With the
cooperation of FH1 and FH2, the direction of the incoming
laser pulse can be aligned flexibly. SM is another specially
designed reflective plane mirror with metal film coating. A
hole is introduced in the center of the mirror SM so as to
pass through the focused light of the following concave
mirror CM1. All four beams are reflected onto the concave
mirror CM1 and then focused onto a thin transparent
plate KP through the central hole of mirror SM. As we
can see, the cross-angle between the input and the output
beam in CM1 is zero, which means there is no aberration
in this focal process. Here, the thin plate KP is used as the
third-order nonlinear medium. This vertical convergence
alignment makes the four beams maintain better uniform-
ity in the spatial structure, so that the four beams easily
achieve spatial coincidence in the KP with the box coher-
ent anti-Stokes Raman spectroscopy (BOXCARS)[27]

beam geometry arrangement and generate a TG signal.
On the basis of the self-phase-matching principle of the
TG process, the generated TG signal is in the same
direction as the unknown test pulse. CM2 is used for

Fig. 1. Optical layout of the proposed AR-TG-SRSI. FH1 and
FH2, plate with four equal-size holes; a, L-shaped metal-coated
plane mirror; b, uncoated parallel mirror with fixed time-delay;
SM, metal-coated mirror with a 3 mm diameter hole; CM1 and
CM2, concave lens, f ¼ 100mm; KP, third-order nonlinear
medium, 0.15 mm thick fused silica; A, iris; CM3, concave lens,
f ¼ 75mm; SP, spectrometer.
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collimating all of the beams. The combined unknown test
pulse and TG signal are filtered out by using an iris A and
then focused into an SP by using CM3. Since there is a
suitable time delay and a proper intensity ratio between
the TG signal and the unknown test pulse, a clear spectral
interferogram can be obtained by the SP. Then, the tem-
poral profile of the unknown test pulse can be retrieved by
the FTSI algorithm[17].
Based on the optical layout described above, we

designed a compact, robust, and alignment-free device.
The schematic diagram of the device and its photo are
shown in Fig. 2. As shown in Fig. 2(a), there is a
38.10 mm tube S with three narrow grooves, which also
attaches FH1. Four almost identical holes are 3 mm in
diameter, and the centers of the four holes form a square
that has a side length of about 4.2 mm. The grooves are
used for placing and fixing different light barriers so as to
adjust the light path conveniently. The uncoated b region
of mirror M is parallel to the front surface of the coating
area a by less than 5 s and about 100 μm thinner for
achieving a suitable spectral interferogram. Therefore, a
simple adjustment of the energy and relative time delay
of beam 4 is achieved without introducing any chirp.
At the same time, the transmitted light of the b
region is introduced outside the device to prevent the scat-
tering noise caused by the reflection of other components
and affect the measurement results. The third-order
nonlinear medium KP (0.15 mm thick fused silica) is fixed
in a 26.20 mm tube T with a certain length of screw
thread, through which we can find the perfect position
for the TG process around the focal point of CM1
(f ¼ 100mm). In addition, the third-order nonlinear
medium KP can be moved vertically and horizontally
by two knobs to avoid the defect spots due to the excessive

pulse intensity around the focal spot. CM2 (f ¼ 100mm)
is used for collimating all of the beams. The unknown
pulse and TG signal in the direction of beam 4 can be fil-
tered by iris A, which is then focused into the SP by CM3
with a focal length of 75 mm. The size of the device is
about 290mm × 170mm × 80mm, and its plane size is
even smaller than the size of an A4 paper, which makes
the device able to be used as a femtosecond pulse sensor
or monitor inside a femtosecond laser amplifier system
to improve the accuracy and efficiency of different
experiments.

In this article, we first demonstrated that a device could
realize single-shot characterization of few-cycle femtosec-
ond pulses at different wavelengths. This breakthrough is
owing to the AR structure of the device, which has no limit
to bandwidth and introduces no dispersion. The only
transmitted optical components in this device are the
KP used for TG signal generation. But, we should note
that only the transmitted optical components before
the TG process will affect the measurement by adding
fixed dispersion to incident laser pulses. To verify the abil-
ity of our new AR-TG-SRSI device, two few-cycle laser
pulses at different wavelengths after a gas-filled hollow fi-
ber for pulse compression were used to test our device. The
experimental setup is shown in Fig. 3. An about 35 fs laser
pulse at 800 nm, with 3 mJ energy and 1 kHz repetition
rate, after a chirped-pulse-amplification Ti:sapphire laser
system (Legend Elite Duo) was focused into a 3-m-long
hollow fiber (with an inner diameter of 700 μm) filled with
neon. A pressure gradient configuration was implemented
to avoid nonlinear processes occurring before coupling
the pulses into the hollow core fiber (HCF), with
detrimental consequences on the performances of the com-
pression setup in terms of coupling efficiency and
carrier-envelope phase (CEP) stability. The gas pressure
inside the fiber increased from < 1mbar at the input up to
1.6 bar at the output. Pulse energy up to 2.2 mJ was ob-
tained at the output of the chirped-mirror compressor. A
pair of fused silica ultrathin wedges was placed at the in-
put of the AR-TG-SRSI device. Taking advantage of the
single-shot nature of the measurement technique, ideal
dispersion compensation could be easily and rapidly ob-
tained. To prove the measuring capability of the device
in a broad spectral range, a 1800 nm femtosecond pulse

Fig. 2. (a) Sketch of the AR-TG-SRSI. (b) The schematic
diagram. Size: 293mm × 170mm × 83mm [their dimensions
are specified in the brackets with units in millimeters (mm)].
(c) A photo of the AR device on an A4 paper.

Fig. 3. Experimental setup.
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from a homemade optical parametrical amplifier and a
hollow fiber compressor was also measured.
Then, a 5 fs pulse at 800 nm and a 14.31 fs pulse at

1800 nm were successfully measured, respectively. The
results are shown in Fig. 4. Many previous theoretical
and experimental works have proved the correctness and
superiority of the SRSI method[17–21]. Until now, two criteria
were widely used and demonstrated to verify the fidelity of
the SRSI method: one is that the spectral bandwidth of the
self-created reference pulse is broader and smoother than
that of the unknown input pulse, and the other is that
the measured spectrum of the test pulse matches the re-
trieved spectrum well. The former is embodied in Figs. 4(a)
and 4(d), which show the spectral intensity of the interfero-
gram, the test pulse, and the TG signal obtained directly by
SPs. The spectra of the reference pulse are smoother and
broader than that of the test pulse. The latter is also
embodied in Figs. 4(b) and 4(e), which show phases in
the frequency domain. The retrieved spectra of unknown
input pulses agree with those of the directly measured ones
very well. Both results meet well with the criteria of a cor-
rect measurement using SRSI. Then, the retrieved temporal
profile of unknown input pulses is obtained by the applica-
tion of the FTSI algorithm. It is worth noting that we sim-
ply changed the SP from USB4000 to NIRQuest512-2.5
(Ocean Optics) to detect the spectrum at 1800 nm without
changing other parts of the device.
In conclusion, a robust device for ultrashort pulse char-

acterization based on the TG-SRSI method is proposed.

Femtosecond pulses at different wavelengths were charac-
terized by the device by simply changing different SPs. A
14.3 fs pulse at 1800 nm and a 5.0 fs pulse at 800 nm were
successfully measured by this device, which speaks to the
characterizing ability of the novel AR-TG-SRSI device.
Furthermore, real-time monitoring of pulses can also be
realized by the device, owing to the single-shot nature
of the SRSI method. The optical setup is economical,
alignment-free, and even smaller than the size of an A4 pa-
per. The device can be used as a powerful instrument for
femtosecond pulse monitoring in single-shot or real-time,
which is very useful for a single-shot ultrahigh intense laser
system and ultrahigh intense laser physics applications.
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