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We retrieve the spectral phase of 400 fs pulses at 1560nm with 5:2 aJ coupled pulse energy (40 photons) by the mod-
ified interferometric field autocorrelation method, using a pulse shaper and a 5 cm long periodically poled lithium
niobate waveguide. The carrier-envelope phase control of the shaper can reduce the fringe density of the interfero-
metric trace and permits longer lock-in time constants, achieving a sensitivity of 2:7 × 10−9 mW2 (40 times better than
the previous record for self-referenced nonlinear pulse measurement). The high stability of the pulse shaper allows
for accurate and reproducible measurements of complicated spectral phases. © 2011 Optical Society of America
OCIS codes: 320.7100, 190.7110, 120.3180.

Characterization of the spectral phase of ultrashort
pulses in the picosecond to attosecond regimes plays a
pivotal role in a variety of applications [1–3]. On the other
hand, the pulse shaper has been widely used to produce
optical and radio frequency waveforms with extremely
high complexity [4]. The marriage between the pulse
shaping and the pulse measurement techniques has re-
ceived great attention in recent years and enabled a ser-
ies of shaper-assisted pulse measurement schemes, such
as time-domain interferometry [5], multiphoton intra-
pulse interference phase scan (MIIPS) [6], four-wave
mixing autocorrelation [7], spectral shear interferometry
for direct electric field reconstruction (SPIDER) [8],
sonogram [9], intensity autocorrelation, frequency re-
solving optical gating (FROG), and spectrally and tempo-
rally resolved up-conversion techniques[10]. In these ap-
plications, the pulse shaper is used to implement beam
splitting, delay scanning, tunable filtering, or generation
of chirped reference pulse, which are typically carried
out by bulk or fiber optics. As a result, they are particu-
larly advantageous in terms of measuring ultrabroadband
(more than one octave) signals [7], all-in-one integration
of pulse manipulation and measurement, elimination of a
reference beam and additional dispersion, as well as
measuring the pulse at the point of experiment (such
as the focal point of a high numerical aperture micro-
scope objective) [8]. In practice, a pulse shaper might
be most valued for signal characterizations because of its
carrier-envelope phase (CEP) control functionality,
which is absent for any other optical component. CEP
control has been proposed to mitigate the phase-cycle
slip errors in SPIDER [8] and demonstrated to reduce
the average fringe density of interferometric data traces
[10]. However, the former has not been experimentally
verified, and the latter only exhibited a limited accuracy
when the fringe density reduction was coupled with a
weak pulse chirp.
We have proposed and experimentally demonstrated

themodified interferometric field autocorrelation (MIFA)
method to analytically measure the spectral amplitude
and phase of nearly transform-limited and slightly modu-
lated pulses with record high sensitivity by a fiber-based

setup and a reference CW laser (for fringe correction)
[11,12]. The setup only consisted of a standard collinear
Michelson interferometer, a thick nonlinear crystal, and
a slow point detector, without using any reference pulse,
spectrograph, and detector array. The same method also
succeeded in measuring 8 fs pulses at 600 nm by using
300mm thick lithium triborate crystals [13]. In this Letter,
we showed that the unique stability and CEP control of a
pulse shaper are particularly useful for pulse mea-
surement techniques relying on interferometric delay
scanning. Accurate and reproducible measurements of
complicated spectral phaseswere experimentally demon-
strated by a MIFA setup composed of a Fourier pulse sha-
per and a 5 cm long unchirped periodically poled lithium
niobate (PPLN) waveguide. The longer lock-in time con-
stant, due to the reduced fringe density, achieves an un-
precedented measurement sensitivity of 2:7 × 10−9 mW2,
improvingon theprevious records of FROG [12] andMIFA
[12] by 800 and 40 times, respectively. The shaper-assisted
MIFA is free of external reference pulse, precise calibra-
tion, and stringent requirement of the spectrometer reso-
lution [8]. It does not need iterative measurements [6] or
data inversion [9,10] and is immune to the limit of a finite
phase-matching bandwidth. These advantages, alongwith
the simple configuration and high sensitivity, make it
promising in simultaneous measurement and manipula-
tion of low-power femtosecondand even subfemtosecond
optical pulses.

Fig. 1. (Color online) Experimental setup. PBS, polarization
beam splitter; SLM, spatial light modulator; PC, polarization
controller; PMT, photomultiplier tube.
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Figure 1 shows the setup of the shaper-assisted MIFA
experiments. The signal pulse train (50MHz, 400 fs,
1560 nm) coming from a passively mode-locked Er-doped
fiber laser was sent into a homemade reflective pulse
shaper with ∼5dB back-to-back loss, 15:5GHz spectral
resolution, and 80 nm (1520–1600 nm) spectral window.
A detailed shaper setup is described in [2]. The pulse
replicas with variable delay and desired CEP were
produced by the pulse shaper via a complex transfer
function of [10]:

Mðf Þ ¼ 1
2
f1þ e−j2π½f−ð1−βÞ×f 0�τg; ð1Þ

where βð0 < β < 1Þ represents the carrier frequency
reduction factor. The signal pulse replicas from the pulse
shaper were coupled into a 5 cm long PPLN wave-
guide for second-harmonic generation, where the phase-
matching bandwidth (FWHM) was only 50GHz (≈3% of
the signal bandwidth Δf ). The average second-harmonic
power at each delay was detected by a photomultiplier
tube and a lock-in amplifier. To retrieve the spectral
phase, the peak phase-matching wavelengths were set
to 780:1nm ð45 °CÞ and 780:6 nm ð51:5 °CÞ when acquir-
ing the two MIFA traces, respectively. As explained in
[11,12], processing the two MIFA traces due to thick non-
linear crystals with peak phase-matching frequencies of
2f 0 and 2ðf 0 −ΔÞ (f 0 ¼ 192:28THz, Δ ¼ 0:12THz in the
experiments) produces two “even” spectral phase func-
tions ψe1ðf Þ ¼ ½ψðf Þ þ ψð−f Þ�=2 and ψ e2ðf Þ ¼ ½ψðf Þþ
ψð−f − 2ΔÞ�=2, from which the spectral phase ψðf Þ of
the unknown pulse can be retrieved by a recursive
relation:

ψðf − 2ΔÞ − ψðf Þ ¼ 2½ψ e2ðf − 2ΔÞ − ψe1ðf Þ�: ð2Þ
Figure 2 illustrates the experimentally measured quad-

ratic spectral phase coefficient c2 versus the carrier fre-
quency reduction factor β (achieved by the CEP control),
where the spectral phase is approximated by ψðf Þ ≈ c2f 2.
The results show that the MIFA measurement remains

accurate until the equivalent carrier frequency is about
0:016f 0 or twice the signal bandwidth Δf . The standard
deviation of six measurements of c2 at β ¼ 0:04 is only
0:0254 ps2, equivalent to the dispersion caused by a
5:6 cm long single mode fiber. As a result, we chose β ¼
0:038 and a delay step size of 26:7 fs (better than the Ny-
quist criterion of ð4βf 0Þ−1) to carry out the experiments.

Figure 3 illustrates the retrieved spectral phase profiles
at fundamental average powers (coupled into the PPLN
waveguide) of 0:8 μW (solid curve) and 0:26 nW (open
circles), respectively. The two phase curves are nearly
indistinguishable even in the presence of 35 dB input
power difference. The 0:26 nW average power is equiva-
lent to 10 μW peak power, 5:2 aJ pulse energy, and 40
photons per pulse. These numbers correspond to an un-
precedented sensitivity of 2:7 × 10−9 mW2, improving on
the previous records of FROG [14] and interferometer-
based MIFA [12] by 800 and 40 times, respectively. Com-
pared with the system in [12], the current setup does not
need a CW reference laser and permits a much longer
lock-in time constant (50ms, versus 0:64ms in [12]) be-
cause the pulse shaper can provide accurate delay scan-
ning and dramatically reduce the fringe density via CEP
control. Acquiring one MIFA trace with a 10 ps delay win-
dow took 2 min, primarily limited by the update speed of
the spatial light modulator pixels (∼300ms).

In addition to the high sensitivity, we also demon-
strated that the shaper-assisted MIFA method is able to
retrieve complicated spectral phase profiles. We used the
pulse shaper to fully compensate for the residual spectral
phase of the signal pulse and added three types of addi-
tional phase modulations ψ ðiÞ

modðf Þ ði ¼ 1; 2; 3Þ for verifica-
tion. The applied and retrieved spectral phase functions
are shown as solid curves and open circles in Fig. 4, re-
spectively. In Fig. 4(a), a cubic phase of ψ ð1Þ

modðf Þ ¼ 2 ps3 ·
f 3 was added and accurately retrieved by the shaper-
assisted MIFA method. The corresponding temporal in-
tensity exhibits six side lobes ahead of the main lobe,
which is a signature of strong cubic phase modulation.
Figure 4(b) illustrates that a square phase of 1π indention

Fig. 2. (Color online) Quadratic spectral phase coefficient
measured by the shaper-assisted MIFA at different β values (so-
lid curves), where the full length of each error bar represents
the standard deviation of six measurements. The standard de-
viation is independently shown (dashed curve).

Fig. 3. (Color online) Spectral phase profiles retrieved by the
shaper-assisted MIFA at β ¼ 0:038 and input average powers of
0:8 μW (solid curve) and 0:26nW (open circles), respectively.
The inset shows the temporal intensity arising from the re-
trieved spectral phase and the power spectrum measured by
OSA (dashed curve).
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depth, i.e., ψ ð2Þ
modðf Þ ¼ f−π; if jf j< 0:4THz;0;otherwiseg,

can be successfully retrieved. Note that such a large in-
dention depth can lead to disruptions in the SPIDER in-
terferograms and systematic errors in the phase
reconstruction [8], while MIFA can still retrieve it with
high fidelity. In Fig. 4(c), a sinusoidal phase modulation
of the form ψ ð3Þ

modðf Þ ¼ −K cosð2πτmf Þ was tested, where
K ¼ 0:13π, τm ¼ 0:8 ps, respectively. The sinusoidal
phases are of practical importance in single-pulse coher-
ent anti-Stokes Raman spectroscopy [1] and MIIPS mea-
surement [6]. The spectral phase curve measured by the
shaper-assisted MIFA method (open circles) agrees well
with the applied one (solid) over a wide spectral range
corresponding to ∼92% of the total power (spectral area).
These experimental results confirm the feasibility of our
approach in measuring complicated spectral phases
and creating the desired pulse shapes at the point of
experiment.
We have experimentally demonstrated that the shaper-

assisted MIFA method using long PPLN waveguides can
analyticallymeasure complicated spectral phases of ultra-
weak, ultrashort pulses with high accuracy, reproducibil-
ity, and sensitivity. The setup only consists of a Fourier
pulse shaper, a thick nonlinear crystal, and a slow point
detector, without using any reference light, spectrograph,
and detector array. The achieved sensitivity is 2:7 ×
10−9 mW2, about 40 times better than the previous re-
cord. This scheme can be generalized to interferometric

spectrogram measurement, from which multiple data in-
version approaches can be used to recover the complex
envelope of the unknown pulse with better robustness
against measurement noise [15].

Space-time coupling effect [16] is not apparent in our
current experiments since our pulse shaper is designed
to have a 64 ps time-window with a spot size approxi-
mately equal to the liquid crystal pixel dimension. Inves-
tigations into space-time coupling might bring new
aspects for future optimization and are underway.
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Fig. 4. (Color online) Experimentally retrieved spectral
phases (open circles) corresponding to the application of:
(a) cubic phase, (b) square phase, and (c) sinusoidal phase
(solid curve), respectively. For comparison, the signal power
spectrum is indicated as the gray shaded area.
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