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A geometry of transient-grating self-referenced spectral interferometry (TG-SRSI) is proposed for weak
femtosecond pulse characterization. By using a reflective microscope objective (RMO), we build a compact,
robust, and easy to adjust device with a higher sensitivity to pulse energy in comparison to all previous SRSI
methods. A 65 nJ/ ~ 40 fs/1 kHz pulse at 800 nm is successfully characterized, which speaks to the capability of
our device to characterize a weak pulse. It is expected to extend the TG-SRSI method to the characterization of

femtosecond pulses from oscillators in the near future.
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Self-referenced spectral interferometry (SRSI) has turned
out to be a linear, analytical, accurate, and sensitive
method to measure the full time-dependent intensity
and phase of femtosecond pulses?. Compared to the two
most widely used femtosecond pulse measurement meth-
ods, frequency-resolved optical gating (FROG)? and
spectral phase interferometry for direct -electric-field
reconstruction?, SRSI has the advantage of using a
straightforward algorithm based on the fast Fourier trans-
form spectral interferometry (FTSI) process is to retrieve
the spectral phase’?. Non-linear frequency conservation
effects, specifically, the cross-polarized wave generation
(XPW)LZ) the self-diffraction (SD)Y, and the transient
grating (TG)Z have been used in the SRSI method for
femtosecond pulse characterization. Among them, XPW
has a collinear and compact apparatus, but the use of po-
larizers limits the spectral range and pulse duration of the
pulse to be characterized because of the dispersion and the
limited spectral range introduced by the polarizers®. SD
avoids the use of polarizers, but the non-collinear geom-
etry makes the system complicated and introduces angu-
lar dispersion due to phase matching. The TG process is
self-phase matched at all wavelengths, background free,
and alignment free, since the TG signal is generated in
a unique direction different from the three input beams,
but the same as the direction of the testing beam”. With
no spectrum-sensitive optics such as a nonlinear crystal or
polarizer, TG-SRSI has the potential to measure few-cycle
pulses or even single-cycle pulses from the deep-UV to the
mid-IR range with the appropriate spectrometers?.

It should be noted that XPW, SD, and TG are all four-
wave mixing processes, which the third-order nonlinear
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optical effects. Thus, the requirement of the incident pulse
energy is relatively higher than that of the second-order
nonlinear effect. Usually, a microjoule-level incident pulse
is needed to obtain signals in both the XPW and SDY
processes. As a result, the XPW- and SD-based SRSI
methods can only measure femtosecond pulses with pulse
energy at the microjoule level?2Y, This property limits the
application of the SRST method to the characterization of
weak femtosecond pulses, such as pulses from oscillators,
which usually have pulse energies ranging from a few
nanojoules to tens of nanojoules. Fortunately, it is found
that the threshold for the TG effect is far below that of the
SD and XPW effects, based on the results of the studies of
FROGY. That is to say, TG-SRSI has the potential to
characterize a weak femtosoecond pulse.

In this Letter, we introduce an extremely simple SRSI
device based on TG beam geometry for weak femtosecond
pulse characterization. With the use of a key element re-
flective microscope objective (RMO), the device is com-
pact, robust, easy to adjust, and has an extremely high
sensitivity to pulse energy. As a proof-of-principle
experiment, 43 fs/1 kHz input laser pulses at 800 nm with
pulse energies ranging from 65 to 95 nJ are successfully
characterized with the device, which verifies the ability
of the device to characterize a weak pulse. The second har-
monic generation (SHG) based FROG is used to measure
the same pulse for comparison.

The TG process is popularly used in ultrashort
pulse characterization and some nonlinear laser spectros-
copy?™. As TG is a third-order nonlinear optical effect,
the generated TG signal has a cubic dependence on the
time-dependent intensity of the three input pulses. The
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expression of the TG signal can be written in the following
way based on?:

[TG (97 t)
2

oc‘//da)/da)”El(t,w’)E%(t,w")E3(t,Q—a)”—|—a)’) . (1)

From the expression, it can be seen that the generated TG
signal is smoothed and broadened due to the spectral in-
tegration of the three incident pulses, which are broader
and smoother than the incident pulse”. As a result, it
can be used for the reference beam in the SRSI method.

It can be seen that the intensity of the three incident
pulses is the main parameter affecting the intensity of
the TG signal. Thus, the first direct way to increase the
intensity of the three weak incident pulses is to focus them
more tightly. A RMO is used in our setup. Our geometry
for the TG-SRSI is illustrated in Fig. 1(a). Usually, the
setup is based on the BOXCARS beam geometry =X, With
this geometry, it turns out that the generated TG signal
has a negligible angular dispersion?. In our case, the input
beam is regarded as consisting of four identical beams:
1, 2, 3, and 4. A special coated glass plate is used to intro-
duce a suitable attenuation of beam 4 and a suitable op-
tical delay 7 between beam 4 and the other three beams.
Then, the RMO focuses the four beams into a thin, non-
linear material. Beams 1, 2, and 3 are overlapped at the
same time with the BOXCARS beam geometry, leading
the self-phase matching according to the BOXCARS
phase matching, as shown in Fig. 1(b). The TG signal
is generated in the exact same direction as beam 4, the test
beam, which makes the geometry alignment free and back-
ground free.
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Fig. 1. (a) The optical setup of the RMO based TG-SRSI. P1,
aluminum-coated, fused silica plate; P2, nonlinear material; A,
black plate; L, lens; M, reflective plane mirror; S, spectrometer;
a and b are cross sections of the portions indicated by the arrows
and cis the black plate. All are seen from the right side. (b) BOX-
CARS phase-matching geometry.

The TG signal can be simply expressed as

Erg() « Ey(0) B3 (0) Ey(0) = B () B (@), (2)

where E)(w) (I =1, 2, 3) represent incident beams 1, 2,
and 3. We assume they are identical except for their direc-
tions during the focusing, which can be expressed as
Ej(w) = Ejy(w). A spectral interferogram between the
TG signal and test beam 4 can then be detected by a spec-
trometer. The detected spectral interferogram can be
expressed as follows:

D(w,7) = |Erg(0) + E(w)e™|?
= |Erg(@)]? + |E(o)?
+ By (@) E(w) e + Erg(o)E*(@)e ™. (3)
Here, Sy(@) = |Erg(w)|? + |E(w)]? is the sum of the spec-

tra of the TG signal and incident beam 4, and f(w) =
Eio(w)E(w) is the interference part of the two laser
pulses. Then, the spectral intensity and the spectral phase
of the test beam can be obtained through several analyti-
cal calculation steps using the FTSI process with the same
algorithm as®Y. Therefore, the temporal profile of the test
beam can be completely characterized.

The RMO (LMM-15X-UVV) used here is a commercial
product from Thorlabs. It consists of a concave mirror and
a convex mirror; both of the mirrors are aluminum coated
with about 83% reflectance at the central wavelength of
800 nm. There is an entrance pupil with an 8 mm diameter
in the center of the concave mirror. The incident beam is
guided into the RMO through the pupil. The convex
mirror, together with its holder, will block the center of
the incident beam. According to the parameter of the
RMO, the ratio of the obscured area to the unobscured
area is about 25%. Thus, the total transmittance of the
RMO is about 41%. P1 is an aluminum-coated, 0.5 mm-
thick fused silica plate that introduces an optical delay 7 of
about 750 fs and about 99.5% of the energy attenuation of
beam 4. The nonlinear material P2 is a 0.5 mm-thick fused
silica plate. The obtained TG signal combined with the
test beam are focused into a spectrometer (HR 4000 Ocean
Optics) by using a lens with a 75 mm focal length and an
aluminum-coated, highly reflective plane mirror.

A 1 kHz femtosecond pulse train at 800 nm from a
chirped-pulse-amplification Ti:sapphire laser system
(Coherent’s Legend Elite Series) is used for the proof-of-
principle experiment. The RMQO’s entrance pupil, which
has a diameter of 8 mm, selects the center of the 10 mm
diameter input beam for the measurement. The RMO,
which has a focal length of about 13.3 mm, is extremely
useful in characterizing the weak pulse. First, the short
focal length yields a focal spot diameter of about 15 pm.
The 65 nJ /43 fs incident pulse has an intensity as high as
0.7 TW /em?, which leads to our device being highly sen-
sitivity to the incident pulse energy. Second, it utilizes a
relatively larger part of the incident laser beam for the TG
process in comparison to the TG-SRSI geometry proposed
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by Liu et al.%. Third, it makes the setup extremely simple
and compact.

The spectra of the testing beam, the TG signal, and the
spectral interferogram are obtained independently by a
spectrometer, and are shown in Fig. 2(a). It can be clearly
seen that the spectrum of the TG signal is smoother and
broader than that of the test beam. The intensity of the
test beam is set to be lower than that of the TG signal by
adjusting P1 so as to clearly distinguish the TG signal
from the test beam in the calculation and reduce the cal-
culation error. If the intensity of the test beam is too weak,
a new coated fused silica plate (P1) with a lower reflec-
tance is needed to reduce the intensity of the TG signal
by using an appropriate iris to decrease the incident pulse
energy. On the contrary, if the intensity of the test beam is
too strong, P1 can be rotated to decrease its intensity.

The laser spectrum is obtained based on the spectral
interferogram obtained by the spectrometer. It agrees well
with the spectrum of the test beam obtained directly by
the spectrometer, as shown in Fig. 2(b). At the same time,
the spectral phase of the test beam is also retrieved. To
check the reliability of our measurement, the output beam
of the Ti:sapphire laser system is split into two beams us-
ing a splitter. The reflected light is used for our TG-SRSI
measurement, and the transmission light is used for a
homemade SHG-FROG measurement. Based on the mea-
sured FROG trace, we obtain the laser spectrum and
spectral phase with a retrieved error smaller than 0.005 by
using a commercial FROG software, which is also shown
in Fig. 2(b). The spectra retrieved with the two methods
have the same spectral bandwidth of about 26 nm, which
are a little bit narrower than that of the test beam. This
difference may be caused by the fluctuation of the
test beam, leading to a relatively flat spectrum top.
Figure 2(b) also shows the similarities in the retrieved
spectral phases for both methods. The retrieved temporal
profiles of the two methods are shown in Fig. 2(c). The
pulse duration obtained with both methods are the same,
about 43 fs, and their temporal phases are in good agree-
ment with each other. The result loudly confirms the
reliability of our geometry.

Figure 2(d) shows the three spectra of the TG signals
from the bottom to the top that are measured directly
by using the spectrometer with an integration time of
200 ms. They correspond to the input pulse energies of 65,
75, and 85 nJ. With our TG-SRSI geometry, we can obtain
a smooth and broad TG signal spectrum even when the
input pulse energy is as low as 65 nJ. This shows the abil-
ity of our device to characterize weak energy pulses. As the
transmittance of the RMO is about 41%, only 27 of the
65 nJ of the input pulse are focused into the nonlinear
material and take part in the TG signal generation proc-
ess. With a longer integration time, a lower energy pulse
can be characterized with the device. As the intensity of
the TG signal can be calculated by the integral of its spec-
tral intensity, as shown in Fig. 2(d), we can roughly obtain
the ratio of the intensities of different TG signals by com-
paring the maximum normalized spectrum intensity of

104 (@)
0.8
0.6

0.4

Normalized Intensity

0.2

0.0

740 760 780 800 820
Wavelength(nm)

104 (b)
0.8

0.6

0.4

Normalized Intensity
Phase(rad)

0.2

0.0 -10

740 760 780 800 820 840 860 880
Wavelength(nm)

104 (€) 1

0.8

0.6

Phase(rad)

0.4 1

Normalized Intensity

0.2

0.0 T ; ? T T
-200 -150 -100 -50 0 50

Time(fs)

T T -1
100 150 200

104 (d)
0.8+
0.6

0.4+

Normalized Intensity

0.2

0.0 T T T T T T T 1
720 740 760 780 800 820 840 860 880
Wavelength(nm)

Fig. 2. (a) Spectral intensity of the test beam (red curve), the
TG signal (blue curve), and the interference between them (black
curve) measured directly with the spectrometer. (b) The spec-
trum retrieved (black solid curve) and the spectral phase (black
dotted curve) by using TG-SRSI. The spectrum retrieved (blue
solid curve) and the spectral phase retrieved (blue dotted curve)
by using SHG-FROG. The red curve is the spectrum of the test
beam measured directly by the spectrometer. (¢) The temporal
profiles (solid curves) and phases (dashed curves) retrieved by
using TG-SRSI (black curves) and SHG-FROG (blue curves).
(d) Spectra of three TG signals measured directly by the spec-
trometer. Spectra from the bottom to the top correspond to when
the input pulse energies are 65, 75, and 85 nJ, respectively.
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each TG signal. Thus, for the 65, 75, and 85 nJ input
pulses, the intensity ratios of the TG signals are
0.43:0.65:1 =1:1.50:2.31 = H, while the intensity ratios
of the incident pulses are 65:75%:85% = 1:1.53:2.24 = @,
H ~ G, which keeps the relationship between the TG sig-
nal and the input pulse as Iq o I3 . The result also proves
the reliability of our device from another aspect.

Can our device be extended to the characterization of
femtosecond pulses from oscillators that have pulse ener-
gies of several nanojoules or tens of nanojoules? The an-
swer is yes. At first, it needs to be noted that multi-shot
energy sensitivity of the TG effect has been ~10 nJ when
800 nm/100 fs pulses from an unamplified or regenerative
amplified oscillator are focused to about 100 pm in a non-
linear medium®?Y. Second, there are still several improve-
ments that can be done in the near future to decrease
the requirement of the incident pulse energy: 1) With a
silver-coated-mirror-based RMO, the transmittance will
increased by about 1.3 times. 2) In the experiment, the
RMO is a 15x, 0.30 NA objective. By using a 40x,
0.50 NA RMO, the focal spot will be much smaller. As
Itg o 1/dS , this will increase the incident pulse energy
sensitivity. 3) A 0.5 mm-thick fused silica glass is used
in the proof-of-principle experiment. With a higher third-
order susceptibility material, for example As253, Ge-S, or
As-S-Ge, the third-order susceptibility of which are two
or three orders higher than that of the fused silica glass,
the input pulse energy sensitivity will also be increased for
the measurement. In all, several nanojoules pulses with
megahertz repetition rates output from the laser oscilla-
tors can also be characterized directly using this device
in the future.

In conclusion, we propose a geometry of TG-SRSI for
pulse characterization. With the use of a key optical
element, a RMO, our geometry is compact, robust, easy
to adjust, and has an extremely high sensitivity to pulse
energy compared to other SRSI devices. A 65 nJ pulse
(27 nJ on the glass plate) is successfully characterized,
which speaks to the ability of our device to characterize
a weak pulse characterization. The result also agrees well

with that measured using the SHG-FROG, which proves
the reliability of our geometry. This device is expected to
characterize even several nanojoules of megahertz pulses
from oscillators directly in the future.
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