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We demonstrate an approach to all-optical switching, where a weak beam controls a strong beam,
based on three-wave mixing optical parametric amplification in a nonlinear crystal. Ultrafast
switching within 400 fs has been achieved with a 130 fs single-photon level switch beam
containing, on average, 0.75 photon/pulse, which can turn on/off a signal pulse containing 5.9
�108 photons. The transverse patterns for the on and off states are well defined and the switch has
a large bandwidth of up to 10 nm. © 2008 American Institute of Physics. �DOI: 10.1063/1.2909540�

All-optical switching has profound application potential
in communications and data processing due to its ultrafast
operation and other superior properties, which are not subject
to conventional electronic limitations.1,2 Recently, low-light-
level switching has emerged as an exciting direction of all-
optical switching, where a weak light beam switches on/off a
strong light beam,3 a function essential for cascaded classical
and quantum computation elements.4 Single-photon level
switching is critical for quantum networks based on photons5

and has been achieved through electromagnetic induced
transparency in atoms.6–13 Using a weak beam to switch a
stronger beam was first reported by Dawes et al.,3 where as
few as 2700 photons were observed to switch a 6500 times
stronger beam. The underlying mechanism there was four-
wave mixing �due to quantum interference� instability pat-
tern formation in a warm atomic gas. Here, we present an
approach that is based on three-wave mixing14 in a nonlinear
crystal, where a switch beam containing single photons is
capable of switching a signal beam containing up to 5.9
�108 photons. In addition to being easy to implement, our
approach facilitates ultrafast operation over a very large
bandwidth.

The underlying mechanism is three-wave mixing optical
parametric amplification �OPA� with a beta-barium borate
�BBO� crystal as the core switching element. Parametric
down conversion in a BBO crystal has been used before in
quantum information science to produce high-intensity en-
tangled photon pairs,15 which can be entangled in every de-
gree of freedom.16 Versatile design of optical switching
based on OPA has been implemented to enhance the contrast
ratio in ultrashort pulse generation;17 four-wave mixing op-
tical parametric gain in silica and on a silicon photonic chip
has also been demonstrated.18,19 However, the performance
of OPA-based ultrafast low-light-level switching, where a
weak beam switches a strong beam, has not been reported so
far. For weak light interactions three-wave mixing in a non-
linear crystal has the advantage of a relatively large optical
nonlinearity compared with that of many four-wave mixing
processes. In a similar case using three-wave mixing upcon-
version in a BBO crystal, we have realized a time-resolved
fluorescence spectrometer capable of detecting as few as 15
fluorescence photons.20 In this work, we show that three-
wave mixing OPA can be used to implement single-photon

level ultrafast all-optical switching, where the switch beam is
more than 108-fold weaker than the signal beam.

The optical configuration of our experimental setup is
shown in Fig. 1. A Ti:sapphire regenerative amplifier �Hurri-
cane, Spectra Physics� was used to deliver 258 �J optical
pulses at a repetition rate of 1 kHz. The central wavelength
was 800 nm and the pulse width about 130 fs. The output
beam was split into two parts with a ratio of 7:3. The stron-
ger beam assumed the role of a pump beam3 after frequency
doubling by a 1-mm-thick BBO crystal �SHG in Fig. 1, de-
noting second harmonic generation�. The weaker beam was
attenuated by a neutral density filter and acted as the switch
beam. The pulses of both beams, in the working state, were
spatially and temporally overlapped in another 2-mm-thick
BBO crystal �OPA in Fig. 1�, which is the major element of
the switch. The focal length of the lens for the pump beam
was 22 cm, and 32 cm for the switch beam. The OPA BBO
crystal was cut for type I phase matching with the angles
�c=32° and �c=0°. Before SHG, we used a telescope sys-
tem instead of a focusing lens to reduce the beam diameter
by just 50% to avoid damaging the first BBO crystal. At
192 mW average power for the 800 nm pump beam, the
measured SHG conversion efficiency was 24.5%. The dielec-
tric mirrors �DM in Fig. 1� selectively reflected the 400 nm
beam. After a neutral density filter, the 400 nm pump power
was measured to be 39 mW. The OPA crystal was placed
about 8 mm ahead of the focal point. The angle � between
the pump and switch beams was 6° outside and 3.9° inside
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FIG. 1. �Color online� Schematic of the experiment. BS: 70%–30% beam
splitter, CP: chopper, DS: delay stage, DM: dielectric mirror, NDF: neutral
density filter, BF: band pass filter, and PD: photodetector. The core element
of our single-photon level switch is the 2-mm-thick BBO crystal �OPA�.

APPLIED PHYSICS LETTERS 92, 151109 �2008�

0003-6951/2008/92�15�/151109/3/$23.00 © 2008 American Institute of Physics92, 151109-1
Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2909540
http://dx.doi.org/10.1063/1.2909540


the crystal. When the switch beam was blocked, the crystal
position was optimized to achieve the brightest superfluores-
cence from the parametric down-conversion cone with the
pump alone. The switch beam was then allowed in and its
direction optimized, such that a 400 nm photon was annihi-
lated to generate two 800 nm photons with the maximum
efficiency. The direction of the two output beams is indicated
in Fig. 1, where the signal beam is taken to be in the direc-
tion symmetric to that of the switch beam.

Figure 2 shows the output observed. Figure 2�a� is a
photograph of the ring-shaped superfluorescence around the
central pump spot without any switch input, with a plain IR
detection card as a screen. When the switch photons are al-
lowed in and the appropriate phase-matching conditions ful-
filled, parametric amplification wins the competing nonlinear
optical process �spontaneous parametric down con-
version that leads to broadband optical parametric genera-
tion� and the superfluorescence ring is suppressed, being re-
placed by two strongly amplified bright signal spots at
800 nm, as shown in Fig. 2�b�. �The distance between the
two dots in the on state is slightly larger than the diameter of
the visible superfluorescence ring in the off state, due to its
longer wavelength�. We define the ring pattern of Fig. 2�a� as
the off state and the two-dot pattern of Fig. 2�b� as the on
state. Switching between the two digital states is determined
by the presence of the switch pulse. In other words, the
switch beam controls the on and off states of the signal
beam. To check the spectrum of the signal beam, we used a
silicon photodetector �Thorlabs DET36A� with a band pass
filter �800 nm central wavelength, 12 nm full width at half
maximum �FWHM�, 67% maximum transmission, and
�0.5% minimum transmission� to filter out the visible fluo-
rescence light and scattered 400 nm pump photons. Figure
2�c� shows the spectra of the on and off states, which gives
the allowed operation bandwidth of the switch and is ob-
served to be on the order of 10 nm or 5 THz.

Figure 3 shows the fluence dependence of the signal
pulse on the switch pulse. Before saturation, the signal flu-
ence is linearly dependent on the switch fluence. In the low
energy regime, the signal pulse fluence is about 5.9�108

times stronger than that of the switch pulse, which clearly

shows that a weak beam controls the on/off state of a strong
beam. The complete range of dependence that was measured
is shown in the inset of Fig. 3 for completeness. The fluence
of the pump pulse at 400 nm was 2762 W /cm2.

To examine the low energy limit in more detail, we sys-
tematically reduced the switch beam intensity using multiple
neutral density filters. In the extreme condition, we reduced
the intensity so that each pulse contained �on average� an
energy of 0.75 photon �for the 1 /e2 intensity radius of
40.2 �m in our experiment, this corresponds to 1.5�10−5

photons/��2 /2�� or 3.7�10−24 J / ��2 /2�� associated with
each pulse3�. By scanning the delay stage �DS� �Fig. 1� the
time-resolved signal pulse profile was recorded with a
lock-in amplifier and a mechanical chopper modulating at
200 Hz. Only one scan with an integration time of 1 s was
needed to observe the signal curve in Fig. 4, where the red
line is a Gaussian fit. The time domain FWHM of the curve
is 189.6 fs, in correspondence with the 130 fs laser pulse-
width. From Fig. 3, it is estimated that the signal pulse used
to plot Fig. 4 contained about 5.9�108 photons. This is huge
compared with available results on low-light-level switching.
Our experiment shows that a beam containing, on average,
one photon per pulse is capable of switching a beam that
contains 5.9�108 photons. �However, to verify that every

FIG. 2. �Color� The on/off state of the optical switch. �a� off state pattern.
�b� on state pattern. �c� Corresponding spectra of the on and off states. The
former gives a 10 nm or 5 THz bandwidth of the ultrafast switch. a.u.:
arbitrary units.

FIG. 3. Linear fluence dependence of the signal beam on the switch beam in
the low energy regime. The inset gives the whole range of dependence.

FIG. 4. �Color online� Signal pulse profile in time domain, where the switch
pulse energy is, on average, as low as that of a single photon. The switch-on
and switch-off operations each take about 200 fs, demonstrating ultrafast
operation of the switch. The red line is a Gaussian fit.
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incoming single photon will actuate the switch needs further
investigation.� It is well known that the photon number fluc-
tuations of a coherent source of laser light are described by
Poissonian statistics, i.e.,

Pn =
�ne−�

n!
,

where Pn is the probability of obtaining n photons when the
average photon number is �. The choice of a small � value
is required to obtain a reasonable approximation to a single-
photon source. For example, for a pulsed laser with an aver-
age of one photon per pulse, �=1 so Pn=0= Pn=1�0.368 and
Pn=2�0.184 �see Table I�, and the probability of obtaining
six or more photons �Pn=6�0.0005� in a given pulse is less
than one out of the 500 pulses per 1 s integration time, and
so is negligible for most purposes. The average power of the
switch beam in our experiment was 158 �W without the
chopper, and the total transmittance of the nine neutral den-
sity filters was 1.18�10−12, so the value of � that was used
to plot Fig. 4 was 0.75. The lowest value used to obtain a
clear Gaussian signal was 0.4 �not shown�, which means that
the probability of a switch pulse containing four or more
photons in an actuated switching operation was negligible.

The ultrafast operation has a total on and off switching
time of less than 400 fs, so the corresponding switching rate
is larger than 2.5 THz. A contrast ratio of 1.032:1 was mea-
sured for our single-stage setup through chopping the total
laser beam before the beam splitter. Higher switching rates
can be obtained by employing relatively shorter laser pulses,
and improved contrast ratio can be obtained by using better
band pass filters and cascading the device.

We would like to emphasize that our demonstration is
only proof-of-principle. Our laser has a repetition rate of
1 kHz so there is plenty of time for the OPA crystal to relax
to its original state after each operation. The switching action
is thus not the accumulated effect of consecutive pulses, un-
like what might occur in semiconductor switches. Due to the
wide bandwidth, no temperature-sensitive effects have been
observed. The switch works at room temperature, which
makes it easy to implement, and it is cavity free and cell free,
which makes it convenient to operate. It also can be cascaded
to achieve higher throughput with possibly a cascade scheme
could be similar to that in Ref. 17 where the exact temporal
and spectral characteristics of the original switch pulse are
preserved if an even number of stages is implemented. Our
switch is even more versatile since the signal beam can be
along the switch beam direction, so we are not limited to the
number of stages. It is interesting that cascading the device
can not only achieve higher gain but can also help to remove
the background superfluorescence photons and scattered
pump photons for single-photon level switching purposes.
Background �noise� photons along the same direction as the
signal beam in the initial stage will spatially and spectrally
separate after the next stage. Therefore, a cascading setup

can also function as a noise filter in our experimental ap-
proach. Possible switching router properties may be investi-
gated by simultaneously applying another switch beam in a
different direction �hence another state on*�. How the signal
beams would compete with each other �i.e., state on with
state on*� requires further investigation.

In summary, we have demonstrated ultrafast all-optical
switching where a weak beam switches a strong beam.
Through three-wave mixing OPA in a nonlinear optical crys-
tal, a switch pulse at the single-photon level can turn on/off a
signal pulse containing 5.9�108 photons within 400 fs. In
addition, the switch has broad bandwidth and can operate at
room temperature. It can be cascaded, and various other im-
provements and developments may be envisioned.

The authors express their sincere gratitude to Arthur L.
Smirl and John P. Prineas for stimulating discussions and
Jing-Yuan Zhang and Yong Xu for helpful comments. This
work was supported by the National Natural Science
Foundation of China �60438020, 60321002, and 10704085�
and the National Program for Basic Research in China
�2006CB921100�.

1O. Wada, Opt. Quantum Electron. 32, 453 �2000�.
2E. J. Gansen, K. Jarasiunas, and A. L. Smirl, Appl. Phys. Lett. 80, 971
�2002�, and references therein.

3A. M. C. Dawes, L. Illing, S. M. Clark, and D. J. Gauthier, Science 308,
672 �2005�.

4R. Keyes, Science 168, 796 �1970�.
5L. M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature �London� 414,
413 �2001�.

6H. Schmidt and A. Imamoglu, Opt. Lett. 21, 1936 �1996�.
7S. E. Harris and Y. Yamamoto, Phys. Rev. Lett. 81, 3611 �1998�.
8M. D. Lukin and A. Imamoglu, Phys. Rev. Lett. 84, 1419 �2000�.
9M. Yan, E. G. Rickey, and Y. Zhu, Phys. Rev. A 64, 041801 �2001�.

10D. A. Braje, V. Balić, G. Y. Yin, and S. E. Harris, Phys. Rev. A 68,
041801 �2003�.

11K. J. Resch, J. S. Lundeen, and A. M. Steinberg, Phys. Rev. Lett. 89,
037904 �2002�.

12I. Novikova, A. S. Zibrov, D. F. Phillips, A. André, and R. L. Walsworth,
Phys. Rev. A 69, 061802 �2004�.

13C. Wang, Y. Chen, S. Lin, W. Lin, P. Kuan, and I. A. Yu, Opt. Lett. 31,
2350 �2006�.

14S. E. Harris, Appl. Phys. Lett. 9, 114 �1966�.
15P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and

Y. H. Shih, Phys. Rev. Lett. 75, 4337 �1995�; P. G. Kwiat, E. Waks, A. G.
White, I. Appelbaum, and P. H. Eberhard, Phys. Rev. A 60, R773 �1999�.

16J. T. Barreiro, N. K. Langford, N. A. Peters, and P. G. Kwiat, Phys. Rev.
Lett. 95, 260501 �2005�.

17I. Jovanovic, C. P. Barty, C. Haefner, and B. Wattellier, Opt. Lett. 31, 787
�2006�.

18Q. Lin, R. Jiang, C. F. Marki, C. J. McKinstrie, R. Jopson, J. Ford, G. P.
Agrawal, and S. Radic, IEEE Photonics Technol. Lett. 17, 2376 �2005�.

19M. A. Foster, A. C. Turner, J. E. Sharping, B. S. Schmidt, M. Lipson, and
A. L. Gaeta, Nature �London� 441, 960 �2006�.

20X.-F. Han, X.-H. Chen, Y.-X. Weng, and J.-Y. Zhang, J. Opt. Soc. Am. B
24, 1633 �2007�; X.-H. Chen, X.-F. Han, Y.-X. Weng, and J.-Y. Zhang,
Appl. Phys. Lett. 89, 061127 �2006�; X.-F. Han, Y.-X. Weng, A. Pan, B.
Zou, and J.-Y. Zhang, Appl. Phys. Lett. 92, 032102 �2008�.

TABLE I. Probability of obtaining n photons in one pulse for an average photon number of �.

� n=0 n=1 n=2 n=3 n=4 n=5 n=6

1 0.368 0.368 0.184 0.061 0.015 0.003 0.0005
0.75 0.472 0.354 0.133 0.033 0.006 0.0009 0.0001
0.4 0.670 0.268 0.054 0.007 0.0007 0.000057 0.0000038
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