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All-optical switching has myriad applications in optoelectronics, optical communications, and

quantum information technology. To achieve ultrafast optical switching in a compact yet versatile

setup, we demonstrate distinct sets of two-dimensional (2D) broadband up-converted multicolor

arrays (BUMAs) in a thin type-I b-barium-borate crystal with two noncollinear near-IR

femtosecond pulses at various phase-matching conditions. The unique interaction mechanism is

revealed as quadratic spatial solitons (QSSs)-coupled cascaded four-wave mixing (CFWM),

corroborated by numerical calculations of the governing phase-matching conditions. Broad and

continuous spectral-spatial tunability of the 2D BUMAs are achieved by varying the time delay

between the two incident pulses that undergo CFWM interaction, rooted in the chirped nature of

the weak white light and the QSSs generation of the intense fundamental beam. The control of 2D

BUMAs is accomplished via seeding a weak second-harmonic pulse in situ to suppress the 2D

arrays with polarization dependence on the femtosecond timescale that matches the control pulse

duration of �35 fs. A potential application is proposed on femtosecond all-optical switching in an

integrated wavelength-time division multiplexing device. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869466]

Nonlinear cascaded processes are the phenomena wherein

energy exchange or new light frequency generation amongst

interacting optical beams via second-order (v(2)) or third-order

(v(3)) nonlinearities leads to various nonlinear effects.1,2

Quadratic spatial soliton (QSS) arises from nonlinear ampli-

tude and phase shift of fundamental beam interacting with its

second harmonic (SH).3–7 This cascading v(2) phenomenon

behaves similarly to v(3) optical Kerr process but has advan-

tages for ultrafast all-optical switching, because the response

of quadratic nonlinearity occurs on the femtosecond (fs) time-

scale.1 Numerical and experimental investigations demon-

strated the realization of all-optical processing devices

governed by a soliton or soliton collision,8–13 however, the

ultrafast switching exploited by QSSs typically requires

intense peak power. In comparison, weak SH-beam-controlled

QSSs generation was shown6,14 that may prove effective for

all-optical switching where a weak beam controls a strong

beam. Meanwhile, nonlinear v(3) processes via cascaded

four-wave mixing (CFWM) were observed in various aniso-

tropic and isotropic media using two crossing laser beams,

simultaneously generating the spatially dispersed multicolor

array from UV to near IR.15–19 These interwoven nonlinear

processes could exert influence on multi-wavelength transmis-

sion systems if the generation of new wavelength components

and high-speed control of the multidimensional output pattern

can be simultaneously achieved in one compact setting. The

setup could then be utilized for optical communication, partic-

ularly all-optical multicasting20,21 and wavelength/time divi-

sion multiplexing (WDM/TDM).22–26

In this work, we demonstrate distinct sets of

two-dimensional (2D) broadband (bandwidth of 1000—

1500 cm�1) up-converted multicolor arrays (2D BUMAs)

generated from (v(2):v(2))-QSSs-coupled cascaded

(v(3):v(3))-FWM processes in a thin type-I b-barium-borate

(BBO) crystal using two near-IR fs pulses and their

second-harmonic beams at various phase-matching conditions

(PMCs). The spatial and spectral tunability of these 2D side-

band signals derived from CFWM processes is achieved by

varying the time delay between the two incident pulses with

various polarizations. Furthermore, the control of 2D BUMAs

using either an externally or internally generated SH weak

beam is accomplished on the fs timescale. The experimental

findings manifest an appealing integrated optical routing and

switching behavior that supports practical applications in ultra-

fast all-optical WDM-TDM switching devices.

The prototype of the 2D-BUMA setup was reported.19

Briefly, the mode-locked Ti:sapphire laser amplifier provides

35 fs, 800 nm pulses at 1 kHz repetition rate [Fig. 1]. Part of

the output (�10 lJ/pulse) is focused onto a 2-mm-thick

Z-cut sapphire plate to generate super-continuum white light

(SCWL). The weak SCWL near-IR part (k> 810 nm, �150

nJ/pulse) is selected using a longpass filter. A stronger por-

tion of the fundamental pulse (FP1, �40 lJ/pulse) is used as

the pump and attenuated to have pulse energy tuned between

ca. 3–15 lJ. A half-wavelength waveplate is used to vary the

FP1 polarization between p and s. The two near-IR incident

beams with a crossing angle of �6� are loosely focused onto

a 0.1-mm-thick BBO crystal (Type I, h¼ 27.8˚, BBO1) using

an f¼ 10 cm concave mirror. Notably, this cutting angle is

different from the optimal angle (29.2�) for second-harmonic

generation (SHG) at 800 nm, but instead it is chosen to

work for broad SCWL covering ca. 800–1000 nm and inter-

acting with FP1 for sum-frequency generation (SFG). The

beam-crossing angle is larger than the previous reports (ca.

2�–3�) for 2D array observation.14,27 A third p-polarized FP

beam (�200 nJ/pulse, FP2) passes through a motorized

translational stage and is made collinear with FP1 using a
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beamsplitter: it acts as a control beam to switch the 2D-

BUMA signals in situ.

We previously demonstrated that versatile 1D-BUMA sig-

nals from UV to near IR could be generated via rotating BBO

or time-delaying the two incident near-IR pulses.18,19 When

FP1 and SCWL temporally and spatially overlap in BBO1 at

the optimal SHG condition (i.e., PMC1), dominant multicolor

sidebands appear in the UV range due to SFG-induced CFWM

between SHG and SFG pulses.18 As BBO1 is rotated �90�

from PMC1 to reach PMC2, a pronounced CFWM array (ca.

380–780 nm) is observed with FP1 pulse energy of �7 lJ.19 In

this work, as the FP1 power is increased to �11 lJ/pulse, we

achieve four distinct sets of stable and spatially separated 2D

BUMAs by rotating BBO1 to different angles in conjunction

with varying the FP1 polarization from p (parallel) to s (per-

pendicular to SCWL). Fig. 2(a) shows condition 1: at PMC1

and the intense FP1 p-polarized, 2D multicolor arrays from

SFG-CFWM (2D SFG-BUMAs) appear above and below the

center 1D SFG-CFWM array.18 Fig. 2(b) shows condition 2: at

PMC2 and FP1 p-polarized, CFWM processes produce bright

2D FP-BUMAs (Sþi) with salient spatial dispersion at the FP1

side, while the dominant 1D S-i signals on the SCWL side arise

from weak-SFG-induced CFWM at PMC2.19 Fig. 2(c) shows

condition 3: at PMC1 and FP1 s-polarized that does not favor

SHG, the 2D SFG-BUMAs observed in Fig. 2(a) are mostly

switched off, accompanied by the appearance of 2D

FP-BUMAs. Fig. 2(d) shows condition 4: at PMC2 and with

FP1 s-polarized, remarkably enhanced 2D-BUMA signals

emerge via CFWM processes at the FP1 side, concomitantly

via SFG-CFWM at the SCWL side. This represents the most

efficient 2D-BUMA generation, likely due to optical paramet-

ric amplification involved therein.2,19,28 The FP1 energy loss

measured by blocking and unblocking SCWL at condition 2 is

�6%; more than twofold energy loss is observed at condition

4 owing to simultaneous generation of 2D FP/SFG-BUMAs.

The PMCs play a crucial role in generating these distinct sets

of 2D BUMAs. Moreover, the corresponding FP1 energy loss

for maximal FP-BUMA generation in a 0.15-mm-thick BK7

glass plate is <1%.29 These observations elucidate that para-

metric gain through FWM interaction occurs during BUMA

generation in the BBO crystal.28

The observed strong FP-power dependence of BUMA

going from 1D to 2D prompts us to investigate the signal ori-

gin, because CFWM alone cannot lead to a 2D pattern. The

asymmetric focusing by a reflective concave mirror [Fig. 1]

leads to the FP1 beam ellipticity, which is important in caus-

ing a spatial breakup6,7,14 to form multiple QSSs in BBO

besides nonlinear crystal anisotropy.6 With the FP1 power at

�11 lJ/pulse [Fig. 2] and weak SCWL blocked, the transmit-

ted FP1 (SH) beam past BBO manifests two localized satel-

lite QSSs at each longitudinal side of the elliptic FP1 (SH)

beam in the two orthogonal PMCs, shown in the inset of

Figs. 2(b) and 2(a), respectively. We also find that decreasing

the FP power significantly suppresses the QSSs. This effect

is quantitatively plotted in Fig. 3(a), wherein the critical-

FP1-power-dependent 2D FP-BUMA generation of Sþ2 and

Sþ2U [circled in Fig. 3(c) as two representative signals] at

condition 2 is measured to elucidate the generation mecha-

nism of 1D and 2D sidebands. Results show distinct evolu-

tion characteristics, and the tardy Sþ2U signal emerges above

the pump power of �9 lJ/pulse that corresponds to the onset

of multiple FP1 QSSs. It is thus evident that the observed 2D

BUMAs arise from CFWM interactions between multiple

satellite QSSs and SCWL, namely, a unique cascaded

(v(2):v(2))-QSSs-coupled (v(3):v(3))-CFWM process. This is in

contrast to the previous work that attributed 2D sidebands to

purely cascaded v(2) processes.14 Notably, the bright 2D

BUMAs in Fig. 2 are not QSSs themselves, instead they only

exist because FP or SH QSSs emerge above the incident

pump power density threshold1,3,4 and are capable of inter-

acting with SCWL in a 2D matrix.

Since multiple QSSs can be controlled by a weak SH

pulse,6,14 we implement a crucial control experiment at condi-

tion 2 by inserting a 0.1-mm-thick BBO crystal (Type I,

FIG. 2. Photographs of (a) 2D SFG-BUMAs at PMC1, the FP [FP1 in

Fig. 1] is p-polarized; (b) 2D FP-BUMAs at PMC2, both FP and SCWL are

p-polarized; (c) 2D FP-BUMAs at PMC1, the FP is s-polarized; (d) 2D

FP/SFG-BUMAs induced by concomitant CFWM and SFG-CFWM at

PMC2, wherein the FP is s-polarized. The SH (FP) beam profile past the

BBO crystal at PMC1 (PMC2) with the FP power of �11 lJ/pulse is shown

as an inset in (a) and (b), respectively. The apparent multiple QSSs at �400

or 800 nm generated above and below the original beam are highlighted by

white dashed circles. The 2D sideband Sþ1U above the center array is high-

lighted by white solid circles.

FIG. 1. Schematic of our unique optical setup for 2D-BUMA generation and

ultrafast switching. The internal and external SH weak beam control route is

separately marked. BS: beamsplitter, VNDF: variable neutral density filter,

SA: sapphire plate, LPF: longpass filter, DL: delay line, BBO: 0.1-mm-thick

type-I b-barium-borate crystal. The specific function of each BBO is indi-

cated. The tuning angle of BBO1 in the plane normal to incident beams for

BUMA generation and control is depicted as a in the right subfigure.
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h¼ 29.2˚, BBO2) in the FP1 path [Fig. 1, left panel]. The SH

beam generated by BBO2 is thus collinear with the FP beam.

The SH/FP pulse energy ratio is PMC-dependent and can be

tuned from ca. 0% to 3.5%. Fig. 3(b) shows the effect of

increasing SH intensity on 2D BUMAs. The FP QSSs are sup-

pressed when the SH/FP energy ratio reaches 3.5%, leading to

the switch of BUMA pattern from 2D to 1D [Fig. 3(b), top to

bottom]. An additional control is done at SH/FP¼ 3.5% when

a longpass dichroic mirror (400 nm Reflection, 800 nm

Transmission; DMLP567, Thorlabs) is added to completely

reject the generated SH beam from FP: the remarkable recov-

ery of 2D BUMAs is observed therein. This added control is

crucial because the generation and suppression of 2D FP-

BUMAs also depend on the FP polarization state. The rotation

of BBO2 in the FP1 arm could potentially change its polariza-

tion, affecting subsequent optical switching in BBO1 and

leading to the situation, wherein no 2D array could be recov-

ered upon blocking the SH beam. Therefore, we carefully

tune the setup to achieve pure p-polarized FP1 and the collin-

ear weak s-polarized SH before conducting our measurement,

in order to unambiguously demonstrate weak SH beam con-

trol via the external BBO2 inserted into the FP1 arm. Another

relevant experiment is done at the same condition 2 by simply

decreasing the FP power to 95% of its original value, but the

2D pattern remains. This substantiates that SH weak-beam

control of the QSSs (not FP power loss) is the dominant

mechanism herein to switch off the 2D BUMAs.

Markedly, broadband wavelength tunability of 2D FP-

BUMAs can be readily achieved by varying the time delay

between the two incident pulses, accompanied by continuous

and transverse change of the sideband angular dispersion.

This phenomenon is observed across experimental conditions

1–4 [Figs. 2(a)–2(d)] and exhibits versatility of the setup. For

example, at condition 2, the center wavelength of Sþ1U as

circled in Fig. 3(c), shows a broad tunable range of

580–780 nm within �100 fs time separation between FP and

SCWL [Fig. 4(a)]. The Sþ1U signal bandwidth at various

delay time is ca. 1000–1500 cm�1, corresponding to the

Fourier-transform-limited pulse duration of 10–15 fs, signifi-

cantly shorter than the previous reports.14,27 We also measure

the cross correlation between FP1 and SCWL and find the

SCWL pulse duration of �80 fs from the FWHM of the

near-Gaussian temporal profile. The broadband tunability of

sidebands likely originates from the interaction of FP1 (for the

center 1D array) or FP1 QSSs (for the 2D arrays above and

below the center array) with the positively chirped SCWL.

In order to quantitatively determine the exact spectral

component of SCWL interacting with one of the FP1 QSSs

to generate Sþ1U [Figs. 3(c) and 4(a)], we record the center

wavelengths of Sþ1U through the entire tunable range. At

each time delay, the SFG signal wavelength is measured.

Given that FP1 is centered at 800 nm, the SCWL component

coinciding with FP1 can be derived. We then numerically

simulate the wavelength tunability of Sþ1U using the PMC

equation for CFWM [Fig. 4(b)].15,18 The crossing angle

/-dependent wavevector magnitude of the 2D-BUMA signal

based on the noncollinear geometrical phase matching for

two interacting beams is given by

kþmU ¼ ðmþ 1Þk1 þ mk2ðtÞ½ �2 � 4mðmþ 1Þk1k2ðtÞcos2 /
2

� �� �1
2

; (1)

where kþmU represents the wavevector of the 2D FP-BUMA

signal above the center 1D array; m¼ 1, 2, … is the sideband

beam order; and k1 and k2ðtÞ represent FP1 QSS and the

time-delayed SCWL, respectively. Calculation results in Fig.

4(b) confirm that the Sþ1U wavelength variation is due to the

v(3)-based CFWM between the FP1 QSS and different

FIG. 3. Generation mechanism and broadband tunability of 2D BUMAs.

(a) Normalized intensities of Sþ2 and Sþ2U as a function of the incident FP

[FP1 in Fig. 1] pulse energy. Both sidebands are highlighted by white

circles in (c). Photographs of (b) 2D FP-BUMAs generated at condition 2

[Fig. 2(b)] vs. SH/FP energy ratio upon tuning BBO2 in the FP1 arm for

external SH weak-beam control; and (c) tunable 2D FP-BUMAs at condi-

tion 2 as a function of time delay within �100 fs between FP1 and SCWL.

The time-resolved sideband spatial variation is indicated by the white dot-

ted line pointing downward.

FIG. 4. Broadband tunability of a 2D-BUMA signal with its underlying

CFWM origin. (a) Normalized spectra of the time-dependent Sþ1U signals at

condition 2. (b) Broadband tunability of Sþ1U as FP1 QSS [inset of Fig. 2(b),

the upper satellite band] interacts with different components of the chirped

weak SCWL. Filled blue circles are experimental results, and the solid red

line is from numerical simulations based on the PMCs [Eq. (1)], depicted as

an inset.
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components of the chirped SCWL via tuning the time delay

between them. For a given SCWL wavelength component,

Sþ1U emits at a fixed direction with a specific wavelength

based on its specific PMC [Eq. (1)], illustrated in inset of

Fig. 4(b). As FP1 is tuned to the redder side (earlier in time)

of SCWL, the Sþ1U signal shifts in space as well as becomes

more and more green (i.e., wavelength decreases). The spe-

cific geometric constraints for SCWL to interact with the

two satellite FP1 QSSs also explain the tilt of 2D BUMAs in

Fig. 2.

Can these unique properties of 2D BUMAs be combined

to achieve femtosecond optical switching? The transition

from 2D to 1D FP-BUMA using an externally generated

weak SH beam [Fig. 3(b)] suggests the feasibility. To per-

form ultrafast time-resolved optical switching in one com-

pact setup [Fig. 1], we add a second weak FP (FP2) as a

control beam. The Sþ1U signals circled in Figs. 2(c) and 2(d)

are measured with FP2 and FP1 fixed to p- and s-polariza-

tion, respectively. As BBO1 is rotated to condition 4 [Fig.

2(d)], the p-polarized FP2 interacting with SCWL matches

condition 2 [Fig. 2(b)], so the Sþ1U temporal profile shows

positively enhanced intensity dynamics [blue filled circles,

Fig. 5]. As BBO1 is rotated to condition 3, the Sþ1U signal is

partially switched off by FP2 and shows an intensity tempo-

ral profile with a negative dip [red filled stars, Fig. 5]. This

latter configuration ensures that the p-polarized FP2 satisfies

the PMC for efficient SHG in BBO1 to internally produce an

SH pulse, which then acts as a weak control beam to switch

off the satellite QSSs generated by the intense FP1.6,14

Moreover, the delay-time-dependent signal intensity loss/-

gain traces manifest similar temporal response: assuming

Gaussian pulse shape, the fitting yields �37 fs full width at

half maximum that matches the incident FP duration of

�35 fs. This reveals that optical switching occurs on the fs

timescale involving quadratic nonlinear processes in BBO, and

the switching speed is limited by the incident pulse duration.1

In conclusion, we report bright 2D-BUMAs generation

via unique multiple-QSSs-coupled CFWM/SFG-CFWM

processes in a thin type-I BBO crystal with just two near-IR

fs pulses at various PMCs. Broad spectral tunability of the

nascent sidebands is accompanied by spatial changes, readily

achieved by varying the time delay between FP1 and chirped

SCWL. An additional weak FP2 generates a SH beam in the

same BBO crystal for 2D-BUMA generation and in-situ
switches off the 2D signals to 1D. The spatial-spectral tuna-

bility of the 2D BUMAs in conjunction with polarization

and weak SH control suggests prospective applications in

ultrafast all-optical switching30–32 and WDM-TDM devi-

ces25,33 which we demonstrate on the 37-fs timescale. Fig. 6

shows such a principle scheme for the proposed device based

on our compact experimental setup. The different color com-

ponents of weak SCWL are spatially separated and propa-

gated through different channels by an interacting intense

FP1 beam; meanwhile, the channels can be instantaneously

switched on/off via the control of another weak FP2 beam.

This platform will guide the design and greatly enhance the

ultrahigh-speed signal processing capabilities, efficiencies,

and versatility in communication networks.

C. Fang wishes to thank Oregon State University for the

Faculty Research Startup Fund that makes this research
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