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enable characterization of picosecond optical pulses in a collinear but background-free way using autocor-
relation and second-harmonic frequency-resolved optical gating. © 2007 Optical Society of America
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In this Letter, we present a new device for implemen-
tation of second-harmonic generation (SHG) autocor-
relation and frequency-resolved optical gating [1]
(SHG-FROG) of ultrafast optical pulses. Conven-
tional SHG autocorrelation and SHG-FROG can be
implemented in either collinear or noncollinear ge-
ometries. The collinear geometry can be further di-
vided into copolarized and perpendicularly polarized
implementations. In general, using a noncollinear,
and therefore noninterferometric, geometry dictates
the use of a relatively inefficient bulk nonlinear ele-
ment, while allowing easy spatial discrimination be-
tween the autocorrelation SH signal and the SH pro-
duced by each pulse separately. The collinear
geometry can take advantage of highly efficient
guided-wave nonlinear materials, while exhibiting
interferometric effects when copolarized beams are
used. In this geometry, each pulse itself will produce
SH collinear with the autocorrelation SH signal, re-
sulting in a nonzero background. The devices de-
scribed in this Letter combine three features: a wave-
guide geometry to increase the efficiency compared
with bulk devices, a linearly chirped quasi-phase-
matched (QPM) grating to increase the bandwidth of
the SHG process, and two-mode operation with inte-
grated multiplexers and demultiplexers to enable
background-free operation.

The nonlinear elements used here are reverse-
proton-exchanged (RPE) apodized aperiodically poled
lithium niobate (apodized A-PPLN) waveguides [2,3].
By aperiodic, we mean a change in local periodicity of
the QPM grating as a function of position along the
propagation direction z. Following the nomenclature
introduced in [4], we can assign a grating %k vector
K,(2) to the local QPM period K,(z)=27/A(z). We call
a QPM grating linearly chirped, if K,(z) varies lin-
early along z, K,(2)=K,,+2D,z. Here, K, =Ak,
=2kpy—Fkgy 1s set by the usual phase-matching con-
dition for SHG at a convenient reference frequency
(typically at one end of the spectrum of the pulse to
be characterized), and D,=const is the grating chirp
parameter. While the conversion bandwidth of a pe-
riodic (i.e., uniform) QPM grating is inversely propor-
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tional to the length of the grating [e.g., 0.25-nm full
width at half-maximum (FWHM) for a 5-cm-long
grating, see Fig. 1(a)]l, the bandwidth of a linearly
chirped grating can be engineered by properly choos-
ing D,. One should note that the peak conversion ef-
ficiency of a given linearly chirped QPM grating is in-
versely proportional to its conversion bandwidth;
e.g., a b-cm-long 50-nm-wide QPM grating will have
a peak conversion efficiency that is 200 times lower
than that of a uniform grating of equal length [see
Fig. 1(b)]. While not taken advantage of in this work,
it is also possible to engineer the phase of the trans-
fer function with chirped gratings, for example, to
shape SH pulses [5].

For the case of SHG, there exists an analytical ex-
pression for a QPM grating’s transfer function given
K,(z) [4]. The transfer function and the grating k& vec-
tor form a Fourier transform pair. This explains the
pronounced ripple present in the SHG transfer func-
tion shown in Fig. 1(b); the abrupt beginning and end
of the QPM grating results in high spatial frequen-

(a) (b)
200 A1,5
3 3
< 150 <
> > 1
[$) o
4 =
.2 100 2
S S
s 50 e
(O] S
T T
ZI \ w0 . N . N
1533 1534 1535 1536 1537 1538 1510 1520 1530 1540 1550 1560
Fundamental Wavelength (nm) Fundamental Wavelength (nm)
©,, @ 4
E] S25
8 8
> 1 > 2
2 2
k3 915
Q O
i 05 i
(O] (O]
S Qos
» [N

1530 1540 1550 1560 1570
Fundamental Wavelength (nm)

%510 1520 1530 1540 1550 1560

Fundamental Wavelength (nm)

Fig. 1. Experimental SHG transfer functions of a (a) uni-

form, (b) 50-nm-wide chirped, (¢) 50-nm-wide chirped and

apodized, and (d) 25-nm-wide chirped and apodized QPM

grating. Note that the product of efficiency and bandwidth
is approximately the same for all cases.
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Fig. 2. Schematic of an asymmetric Y-junction device
showing mode multiplexer at the input and demultiplexer
at the output. Note that an odd SH spatial mode can be
generated only through mixing an even and an odd FH
mode, and so contains only SFG and not SH contributions.

cies in the transform domain and therefore in ripples
in the transfer function. Because these ripples are
rarely desirable, methods have been developed to re-
duce them. The underlying principle of these meth-
ods is the control of the local nonlinearity. A slow in-
crease and decrease of the local nonlinearity at the
beginning and end of the QPM grating, respectively,
eliminate the high spatial frequencies of hard-edged
gratings. Some of the methods to achieve this
apodization of the local nonlinearity in guided-wave
QPM structures are described in detail in [2]. When
applied to linearly chirped QPM gratings, they can
significantly reduce the amount of ripple within the
conversion bandwidth as shown in Figs. 1(c) and 1(d).
We used the deleted-reversal apodization technique
for the devices used in this experiment.

It has been demonstrated that these apodized
A-PPLN RPE waveguides provide excellent sensitiv-
ity and bandwidth for the characterization of femto-
second optical pulses [3,6,7], with autocorrelation re-
sults demonstrated at energies as low as 52 ad [6]
and SHG-FROG results at 124 aJ [3]. Since proto-
nated waveguides support only a single polarization
(TM), the collinear copolarized SHG geometry will
cause background SH and interferometric effects. Us-
ing on-chip mode multiplexing and demultiplexing in
two-mode RPE PPLN waveguides [8] as shown in
Fig. 2, we are able to greatly reduce the interferomet-
ric oscillations and almost completely remove the
background. The efficiency of the devices described
here is within a factor of approximately two of the
simpler straight-waveguide devices.

These devices are based on the launching and
separation of higher-order waveguide modes with
high contrast using asymmetric Y junctions. As de-
picted in Fig. 2, one of the inputs (signal 1) is
launched into the TM;, mode, while the other input
(signal 2) is launched into the waveguide’s lowest-
order mode, TM;,. The sum-frequency product (SFG)
between these two spatial modes is generated in the
TM;, mode (resembling a type II phase-matched in-
teraction), while the SH of each input appears in an
even-order mode, TMy, and TM,,, respectively. The
sum frequency can then be separated from each
pulse’s SH component by the output asymmetric Y
junction, resulting in a collinear but background-free
interaction. The resulting autocorrelation traces and
SHG-FROG data are ideally the same as the ones ob-
tained with conventional background-free methods,
while taking advantage of the large nonlinear conver-
sion efficiency available in engineered QPM wave-
guide structures.
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We implemented two different experimental setups
to compare single-mode waveguides to mode-
multiplexed ones (Fig. 3). In either setup we used
light from a mode-locked Ti:sapphire-synchronously-
pumped optical parametric oscillator (OPO) (Spectra-
Physics Tsunami & Opal) at 1550 nm as the input to
our experiment. This light was coupled into an
SMF-28 fiber via a fiber-coupled collimator before be-
ing bandpass filtered using a thin-film filter (1 nm
FWHM). The pulses were split into two identical cop-
ies using a 3 dB coupler. One replica was sent
through a fixed delay, while the other passed through
a variable delay line (General Photonics MDL-001).
In the conventional setup [A, Fig. 3(a)], the delayed
copies were then recombined in a second 3 dB splitter
before being coupled into a fiber-pigtailed A-PPLN
waveguide whose transfer function is shown in Fig.
1(d). The setup using the mode-multiplexing struc-
ture [B, Fig. 3(b)] did not require the second 3 dB
splitter due to the on-chip mode multiplexer (see Fig.
2). Here, two single-mode fibers were directly pig-
tailed to the inputs of the A-PPLN device [transfer
function similar to Fig. 1(d)]. The power and spectral
content of the generated SHG as a function of rela-
tive temporal delay were recorded using a silicon de-
tector and fiber-coupled handheld spectrometer
(Ocean Optics HR4000), respectively.

Unlike conventional type II SHG-FROG in a uni-
form crystal [9], the association in a chirped crystal of
each generated wavelength with a specific location
(and hence group-velocity mismatch-induced time de-
lay) allows straightforward removal of the spectral
shear. In this case, the limit on the shortest usable
pulse length arises from group-velocity dispersion
(GVD), as in type I SHG-FROG. Given the GVD pa-
rameter By and device length L, the shortest sup-
ported pulse length of a transform-limited Gaussian

pulse is T~ BeL/\(1+€%—1, accepting a frac-
tional pulse broadening of € over the length of the de-
vice. With the device parameters 8,~100 fs?/mm at
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Fig. 3. Schematic of experimental setup used for autocor-
relation and FROG measurements. (a) Setup A contains a
single-mode A-PPLN waveguide, while (b) setup B contains
a mode-multiplexing waveguide structure. OSA, optical
spectrum analyzer. Other terms defined in text.
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FROG data and plot of integrated spectral power obtained
using interferometric setup A.

1550 nm, L=5cm, and €=1%, 7,;,~190 fs. We will
discuss these limitations in more detail in future
work.

Proper operation of our setups was confirmed by
measuring the autocorrelation function of the input
pulses. The interferometric autocorrelation trace ob-
tained with setup A is shown in Fig. 4(a). By assum-
ing a Gaussian pulse envelope, the FWHM pulse du-
ration 7, is calculated to be 3.09 ps (7,/7,,=0.6523,
with 7,. being the autocorrelation’s FWHM), while
the shape of the interferometric autocorrelation trace
indicates the absence of frequency chirp. Repeating
this measurement with the background-free setup B,
we obtained 7,=3.04ps (7,/7,=1/ V2). Note that
while the wings of the intensity autocorrelation trace
shown in Fig. 4(b) approach zero, the finite modal
contrast of 23 dB within the device causes residual
interference fringes. Improved mode multiplexers at
the input of the device should allow for a further re-
duction of these fringes. Mode multiplexers with con-
trast ratios approaching 30 dB have been demon-
strated [8]. These fringes do not pose a problem for
FROG measurements as long as the spectrometer’s
integration time is long enough with respect to the
rate of delay change to average them out. To obtain
the results shown in Figs. 4(a) and Fig. 4(b), the de-
lay line was swept with 1 ps/s across a 20 ps delay
range.

Replacing the silicon detector with the spectrom-
eter, we recorded the SH spectra as a function of de-
lay position across a 40 ps delay range, sweeping the
delay with 0.25 ps/s. The spectrometer was set to in-
tegrate for 10 ms and average over 5 consecutive
traces. The spectrometer’s resolution in the region of
interest was 0.025 nm, allowing for sufficiently re-
solved spectra. The FROG trace shown in Fig. 4(c)
was obtained using setup A, while the one shown in
Fig. 4(d) was taken with setup B. The elimination of
the background contribution using setup B reduced
the overall offset of the data, while the significant re-

mation. The retrieved spectrum and temporal profile
are shown in Fig. 5. The spectral FWHM was calcu-
lated to be 1.13 nm, while the temporal FWHM was
3.17 ps. The FROG error in this calculation was be-
low 0.0009.

In conclusion, we demonstrated that mode multi-
plexing and demultiplexing in apodized A-PPLN RPE
waveguides can facilitate collinear but background-
free autocorrelation and SHG-FROG of ultrashort op-
tical pulses. The usefulness of these device structures
is not limited to the above mentioned techniques, but
will support other characterization schemes such as
X-FROG and SPIDER as well.
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