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Conventional sampling techniques may not be able to meet the ever-increasing demand for increased band-
width from modern communications and radar signals. Optical time-stretched sampling has been consid-
ered an effective solution for wideband microwave signal processing. Here, we demonstrate a significantly
increased stretching factor in the photonic time-stretched sampling of a fast microwave waveform. The
microwave waveform to be sampled is intensity modulated on a chirped optical pulse generated jointly
by a mode-locked laser and a length of dispersion compensating fiber. The pulse is then injected into
an optical dispersive loop that includes an erbium-doped fiber amplifier and is stretched by a linearly
chirped fiber Bragg grating multiple times in the loop. A record stretching factor of 36 is achieved based
on an equivalent group delay dispersion coefficient of 12;000 ps∕nm. This result could help address the
new challenges imposed on signal processors to operate at a very high sampling rate. ©2014Optical Society of

America
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1. INTRODUCTION

The ever-increasing bandwidth of modern communications
and radar signals has imposed new challenges on signal process-
ors to operate at a very high sampling rate. The use of the con-
ventional sampling techniques may not be able to meet the
demand. To realize broadband sampling, a solution is to
use photonic-assisted sub-Nyquist sampling. Numerous ap-
proaches have been proposed, such as optical downsampling
[1,2], optical undersampling [3], optical pseudorandom sam-
pling [4], compressive sampling [5], and optical time-stretched
sampling [6–14]. Among these techniques, optical time-
stretched sampling has been considered an effective solution
for wideband microwave signal processing.

In an optical time-stretched sampling system, a microwave
waveform is modulated on a predispersed optical pulse, which,

after the modulation, travels through another dispersive
element for time stretching. The second dispersive element
should have a much greater group delay dispersion (GDD) co-
efficient than the first element. A time-stretched microwave
waveform will be generated when the pulse is sent to a photo-
detector (PD) and a slow version of the original waveform is
obtained [15]. This technique was first proposed by Coppinger
et al. in [7], demonstrating a sampling rate that is 1/3.25 of
the Nyquist frequency. Since then, new efforts have been
dedicated to further reducing the sampling rate by increasing
the stretching factor. In [8], dispersion-based time-stretched
sampling with a stretching factor of 5 combined with compres-
sive sensing was demonstrated to achieve a sampling rate as low
as only 1∕40 of the Nyquist frequency. The sampling rate is
then further reduced to 1∕80 of the Nyquist frequency by
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using a time-stretched sampling module with a time stretching
factor of 20 [9]. In [10], time-stretched sampling using a
coherent receiver to improve the detection sensitivity by can-
celling the dispersion-induced impairments and optical nonli-
nearity was demonstrated. A stretching factor of 24 was
achieved by using two dispersive elements with two GDD
coefficients of 45 and 1045 ps∕nm for predispersion and time
stretching, respectively. In [11], time-stretched sampling of a
continuous-time signal was demonstrated based on virtual
time gating, where a stretching factor of 1.5 was achieved.
To overcome the “big data” problem associated with time-
stretched sampling, Asghari and Jalali demonstrated a sampling
solution based on nonlinear time stretching [12]. An equiva-
lent stretching factor of 200 was achieved. The system has been
further enhanced to achieve a real-time bandwidth suppression
factor of 500 [13]. In the system, a programmable optical filter
was used to modulate the microwave waveform to the optical
pulse, which may make the system complicated and costly.
In [14], an unprecedented time-stretching factor of 250 was
realized by using a predispersion element with a GDD coef-
ficient of 41 ps∕nm and a double-pass dispersive element
with a GDD coefficient of −10; 246 ps∕nm. To achieve such
a large dispersion, an extremely long dispersion compensating
fiber (DCF) is used. To compensate for the loss in the long
DCF, four stimulated Raman amplifiers pumped by four
high-power laser diodes were employed. Although the system
could realize an effective sampling rate of 10 T samples/s, the
use of a long DCF and multiple Raman amplifiers makes the
system rather bulky and complicated. For a time-stretching
element with a fixed GDD coefficient, to achieve a large
stretching factor, the predispersion element could be selected
to have a relatively small GDD coefficient. The consequence of
using a predispersion element with small dispersion is that the
input optical pulse cannot be sufficiently prestretched to have a
large time duration, to allow a microwave waveform with a
long duration to be modulated on the prestretched input
pulse. Therefore, the fundamental solution for having a large
stretching factor for a long-duration microwave waveform is to
use a time-stretching element with a large GDD coefficient.

In fiber optics, a dispersive element can be a single-mode
fiber (SMF), a DCF, or a linearly chirped fiber Bragg grating
(LCFBG). Since an SMF has a relatively small dispersion co-
efficient, it is rarely used in a time-stretched sampling system,
especially as the time-stretching dispersive element. A DCF, on
the other hand, can have a dispersion coefficient that is several
times greater than that of an SMF. However, to achieve large
time stretching, a DCF with a length of several tens [10] or
even hundreds [14] of kilometers is required. Thus, the system
is still bulky and lossy. An LCFBG has been proved to be a
highly effective dispersive element with low insertion loss
and small nonlinear effects [16,17]. The GDD of an LCFBG
is proportional to its grating length and inversely proportional
to its bandwidth. For time-stretching applications, the band-
width of an LCFBG is usually controlled to be equal to the
bandwidth of the optical pulse. Hence, to have a large
GDD coefficient, an LCFBG with a long length is needed.
For example, a 10 cm long LCFBG with 1 nm bandwidth
has a GDD coefficient of 1000 ps∕nm. To further increase

the GDD coefficient, the length of the LCFBG should be
further increased. Although an LCFBG with a length greater
than 1 m is commercially available, the size is large and the
fabrication is complicated and costly.

The use of a microwave waveguide with a large GDD co-
efficient has been explored in the past few years for spectrum
analysis [18,19]. Recently, it was demonstrated [20] that by
forming a dispersive loop that incorporates a microwave
dispersive element and a microwave amplifier, an equivalent
microwave dispersive element with a GDD coefficient that
is several times greater than that of the original dispersive
element can be achieved by recirculating the microwave wave-
form in the loop. Compared with a simple cascade of multiple
dispersive elements for achieving an equivalent dispersive
element with a large GDD coefficient, the recirculating disper-
sive loop has advantages such as a smaller device footprint,
lower insertion loss, and a better signal-to-noise ratio (SNR)
[20]. The major limitations of an electrical dispersive loop
are the small bandwidth, usually below 1 GHz, and high loss.
In addition, the maximum time delay is limited, although the
constant time delay provided by a coaxial cable is already much
larger compared to that of a waveguide. To implement a dis-
persive loop with a large GDD coefficient over a large band-
width, a solution is to use photonic components. In addition
to a broad bandwidth, an optical dispersive loop can generate a
much longer time delay, since a long loop is possible due to the
extremely low loss of an optical fiber. A time-stretched sam-
pling system using an optical dispersive loop can significantly
increase the stretching factor over a broad bandwidth.

In this paper, we propose a novel technique for achieving
time-stretched microwave sampling with a significantly in-
creased stretching factor. In the proposed system, a microwave
waveform is modulated on a predispersed optical pulse, which
is sent to a recirculating dispersive loop consisting of an
LCFBG and an erbium-doped fiber amplifier (EDFA). The
LCFBG is used to achieve repetitive pulse stretching, and
the EDFA is used to compensate for the loss in the loop.
By controlling the gain of the EDFA to compensate for the
loop loss, the optical waveform can recirculate in the loop,
and repetitive use of the LCFBG for accumulated pulse
stretching is realized. The proposed technique is experimen-
tally demonstrated. An LCFBG with a GDD coefficient
of 1500 ps∕nm is fabricated and incorporated in the recircu-
lating dispersive loop. An equivalent GDD coefficient of
12; 000 ps∕nm is achieved, which, to the best of our knowl-
edge, is the largest dispersion ever reported for time-stretched
sampling. The corresponding stretching factor is 36. The use
of the system to sample a microwave waveform is demon-
strated. For a sampling system with a bandwidth of 32 GHz,
the use of the proposed recirculating dispersive loop can extend
the bandwidth by 36 times, or 1.15 THz (or a time resolution
of 347 fs), with a frequency resolution of 4.93 GHz.

2. PRINCIPLE

The schematic of the proposed time-stretched sampling system
is shown in Fig. 1. An optical pulse from a mode-locked laser
(MLL) is sent to a DCF serving as a predispersion element.
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The predispersed optical pulse is then sent to a Mach–Zehnder
modulator (MZM) through an optical bandpass filter (OBPF)
and an EDFA (EDFA1). A microwave waveform is modulated
on the predispersed optical pulse at the MZM. The modulated
signal is then sent to the recirculating dispersion loop, in which
an LCFBG and a second EDFA (EDFA2) are incorporated.
Note that the bandwidth of the OBPF is identical to the band-
width of the LCFBG, so the predispersed optical pulse at the
output of the OBPF has a spectral width that is identical to
that of the LCFBG. The microwave waveform to the
MZM is generated by mixing an electrical gate signal from
an arbitrary waveform generator (AWG) with a sinusoidal mi-
crowave signal from a microwave generator (SG). The modu-
lated waveform is launched into the recirculating dispersive
loop through a 2 × 2 3 dB coupler. In the loop, the LCFBG
is used as a dispersive element and EDFA2 is used to compen-
sate for the round-trip loss. An attenuator (ATT) is also in-
cluded in the loop to provide fine control of the loop gain
in order to maintain full compensation of the loss while avoid-
ing optical lasing in the loop. The optical pulse is recirculating
in the dispersive loop. The time-stretched optical pulse at the
output of the loop is sent to a PD. The stretched microwave
waveform is sampled by a real-time oscilloscope.

It is known that an LCFBG has a quadratic phase response
within its passband. Its transfer function can be written as [21]

HLCFBG�ω� � exp

�
−j
βC
2
ω2

�
; (1)

where ω is the optical angular frequency and βC is the GDD
coefficient of the LCFBG (in ps2). Assuming that the optical
spectrum at the input of the dispersive loop is Ei�ω�, the out-
put spectrum after recirculating for N round trips in the loop
can be written as
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where g is the net gain of the loop, which can be changed by
tuning the gain of EDFA2 or the loss of the attenuator. If we
make g close to but slightly less than
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By comparing Eqs. (1) and (3), we can see that the recir-
culating dispersive loop acts as a dispersive element that has
an equivalent GDD coefficient of NβC . It should be noted
that in practice,

ffiffiffi
2

p
g∕2 should always be smaller than unity

to prevent the loop from lasing. As a result, the amplitude of
H loop�ω� should decay with the increase of N . The maximum
number of N is determined by the minimum SNR required to
detect the time-stretched signal. If the 2 × 2 coupler is replaced
by an optical switch, then the number of recirculations can be
controlled by the optical switch. In this case, the equivalent
GDD coefficient of the recirculating dispersive loop can be
tunable by letting the waveform recirculate in the loop for
a certain number of round trips.

The stretching factor of the time-stretched sampling system
is given by

M � 1� NβC∕βD; (4)

where βD is the GDD coefficient of the predispersion element.
Since the second term in Eq. (4) is much greater than 1, it can
be seen that the stretching factor increases proportionally to
the number of the round trips N . Again, if an optical switch
is employed in the system, the stretching factor can then be
adjusted to improve the performance of the sampling system
according to the frequency band of the input waveform. For
example, N should be large for a fast microwave waveform so
that all the details of the microwave waveform can be revealed,
while for a relatively slow microwave waveform, N should be
small to avoid oversampling and data redundancy [12,13].

3. EXPERIMENT

An experiment based on the setup shown in Fig. 1 is per-
formed. In the experiment, an MLL (IMRA femtolite 780)
with a repetition rate of 48 MHz and a central wavelength
of 1558 nm is employed to produce an optical pulse train.
An individual pulse in the pulse train is nearly transform lim-
ited with a 3 dB spectral bandwidth of 8 nm. The predisper-
sion element is a DCF with a dispersion coefficient of
βC � 432 ps2 (or −339 ps∕nm). The LCFBG used in the dis-
persive loop has a dispersion coefficient of βC � 1912 ps2 (or
−1500 ps∕nm) within a reflection passband of 0.6 nm cen-
tered at 1558 nm. The OBPF (Finisar WaveShaper 4000S)
is configured to have a near-rectangular passband with a band-
width identical to that of the LCFBG. It can be calculated that
after the predispersion by the DCF and the filtering by the
OBPF, the MLL pulse is stretched to have a time duration
of Δτ � 203 ps. The optical pulse train at the output of
the OBPF is amplified by EDFA1 and sent to the MZM.
The MZM has a bandwidth of 20 GHz and is biased at
its minimum transmission point. A microwave waveform
generated by mixing an 18 GHz microwave signal from the

MLL MZM PDOBPF

EDFA2

DCF

2X2 
coupler

LCFBG

EDFA1
ATT

Mixer

OSC

1

2

3
DC bias

Synchronization
AWG SG

Fig. 1. Schematic of the time-stretched sampling system. MLL, mode-
locked laser; OBPF, optical bandpass filter; DCF, dispersion compensat-
ing fiber; EDFA, erbium-doped fiber amplifier; MZM, Mach–Zehnder
modulator; ATT, attenuator; LCFBG, linearly chirped fiber Bragg
grating; PD, photodetector; AWG, arbitrary waveform generator; SG,
signal generator; OSC, oscilloscope.
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SG with a rectangular pulse train with a repetition rate of
286 kHz serving as a gate signal from the AWG is applied
to the MZM. The repetition rate of the rectangular pulse train
is smaller than that of the MLL (48 MHz) to reduce the duty
cycle of the modulated optical pulse train, thus allowing
pulse stretching with a large stretching factor without creating
overlap between adjacent pulses. Note that in the experiment,
the AWG and the MLL are synchronized. The modulated
optical waveform at the output of the MZM is sent to the
recirculating dispersive loop via the 2 × 2 coupler. The length
of the recirculating dispersive loop is estimated to be 61 m
(corresponding to a time delay of 305 ns). The time-stretched
optical pulse from the recirculating dispersive loop is sent to
the PD (25 GHz, New Focus). The electrical waveform at
the output of the PD is sampled by a real-time oscilloscope
(Agilent DSO-X 93204A).

The modulation process is depicted in Fig. 2. As can be seen
from Fig. 2(a), the gate signal with a repetition rate of 286 kHz
and a gate duration of 20.8 ns is mixed with the 18 GHz
microwave generated by the SG and sent to the MZM. Since
the MZM is biased at its minimum transmission point, the
predispersed pulse train corresponding to the low voltage level
of the modulation waveform will not be able to pass through
the MZM, and the pre-dispersed pulse train corresponding to
the high voltage level of the modulation waveform is modu-
lated by a microwave waveform with twice the frequency of the
microwave signal generated by the SG (i.e., 36 GHz), as shown
in Fig. 2(b). Therefore, the number of microwave cycles in
each MLL pulse is 7. In addition, there will be only one
MLL pulse that is modulated by the microwave waveform
in every period of the gate. The resulting pulse train with a
reduced repetition rate is illustrated in Fig. 2(c). It should
be noted that for practical applications one can use an
MLL with a lower repetition rate so that the gate signal is
not needed. Then the MZM can be biased at the quadratic
point and the waveform carried by the MLL pulse will be
the same as the modulation signal.

The modulated pulses are then injected into the recirculat-
ing dispersive loop. In every round trip, part of the optical

pulse is coupled out of the loop by the 2 × 2 coupler and
detected by the PD.

Figure 3 shows the measured MLL pulse at the output of
the MZM. The FWHM of the pulse is measured to be around
230 ps. Compared to the theoretical pulse width of
Δτ � 203 ps, the 27 ps difference could be caused by the rel-
atively large sampling interval of 12.5 ps of the oscilloscope.
The microwave waveform modulated on the predispersed
pulse cannot be correctly sampled, since the doubled micro-
wave frequency of 36 GHz exceeds the highest frequency of
the oscilloscope.

The waveform at the output of the dispersive loop is then
measured by the real-time oscilloscope, as shown in Fig. 4. As
can be seen when a modulated optical waveform is launched
into the recirculating dispersive loop, a pulse burst with a
decaying amplitude is generated. The quick decay in amplitude
is due to the loss in the loop. To avoid lasing in the loop, the
gain of EDFA2 is controlled to be smaller than the loss. The
time duration between two adjacent pulses is 308 ns, which
corresponds to the time delay of the recirculating dispersive
loop. The time duration between two large pulses is 3.5 μs,
corresponding to the repetition time of the optical pulse train
at the output of the MZM.

Theoretically, the decaying can be reduced by increasing the
loop gain. However, due to the uneven magnitude response of
the LCFBG and the uneven gain spectrum of EDFA2, the
recirculating dispersive loop may start lasing at a certain
wavelength when the loop gain is increased, while at the other
wavelengths, the loop gain is still smaller than 1. The relatively
high noise floor is mainly caused by the amplified spontaneous

Microwave signal Gate signal

Mixer MLL pulse trainModulation
waveform

Suppressed
pulses

Modulated
pulse

(a)

(b)

(c)

Fig. 2. Modulation process. (a) An 18 GHz microwave signal gener-
ated by the SG (solid blue line) and a gate signal generated by the AWG
(black), (b) the waveform applied to the MZM (blue) and the MLL pulse
train after predispersion and filtering (red), (c) the resulting optical pulse
train carrying the microwave waveform with a reduced repetition rate.
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Fig. 3. Waveform of the modulated MLL pulse measured at the
output of the MZM.
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Fig. 4. Measured optical waveform at the output of the recirculating
dispersive loop.
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emission of EDFA2 and the occasional lasing of the loop,
as the loop gain is very close to 1 at some wavelengths. To
increase the SNR of the system, an LCFBG with a specially
designed amplitude response or an EDFA gain-flattening filter
should be included in the loop to avoid lasing. One may
also use an optical switch to replace the optical coupler so that
the loop loss can be reduced, and a lower gain for EDFA2 is
required.

The detailed waveforms after the pulse is stretched in the
recirculating dispersive loop for one to eight round trips are
shown in Figs. 5(a)–5(h). After one round trip, the pulse du-
ration is stretched to around 1 ns and all seven microwave
cycles with a temporal separation between two adjacent cycles
of around 140 ps can be identified, as shown in Fig. 5(a). The
optical pulse is stretched with a stretching factor of around 5.

Then, the optical pulse keeps on recirculating in the loop,
with the stretched pulses shown in Figs. 5(b)–5(h). Since the
round-trip loss cannot be completely compensated by the gain
of EDFA2, and the amplified spontaneous emission of EDFA2
introduces a significant amount of noise, the SNR drops after
each round trip. By fine control of the loop gain using the
tunable attenuator, we are able to make the pulse circulate
for eight round trips before it is fully imbedded in the noise.
For the pulse after the eighth round trip, the equivalent GDD
is 8 × 1500 ps∕nm � 12; 000 ps∕nm. The measured wave-
form after the eighth round trip shows that the pulse duration
is around 7 ns and the average temporal separation between

each microwave cycle is 1 ns. This indicates that a stretching
factor of 36 is obtained, which is close to the theoretically cal-
culated stretching factor of 36.4 based on Eq. (4). Assuming
that the bandwidth of the system is limited by the oscilloscope
used in our experiment, which is 32 GHz, the bandwidth of
the sampling system can be as large as 36 × 32 � 1.15 THz,
corresponding to a time resolution of 347 fs. The frequency
resolution, on the other hand, is limited by the time duration
of the optical pulse used to carry the microwave waveform,
which is �203 ps�−1 � 4.93 GHz.

Figure 6 shows the electrical spectra of the measured wave-
forms for different numbers of round trips given in Fig. 5. The
spectra show that the SNR decreases as the number of round
trips increases, which agrees with our discussion. It can also be
seen that for a single frequency input, there is only one output
frequency component, which means that the signal distortion
effect usually encountered by a time-stretched system has
a weaker effect compared to the SNR deterioration and is
negligible.

4. DISCUSSION AND CONCLUSION

A novel time-stretched sampling system with a large stretching
factor has been demonstrated by the repetitive use of an
LCFBG in a recirculating dispersive loop. An equivalent
GDD as large as 12; 000 ps∕nm with a large stretching factor
of 36 was achieved. This is the second largest dispersion-based
stretching factor for a time-stretched sampling system ever re-
ported. Although the stretching factor of 250 reported in [14]
is much greater than the stretching factor of 36 in this work,
we have demonstrated a dispersive element with a greater
dispersion than that in [13]. If we used a predispersion element
that has a similar dispersion coefficient as the one in [14], we
would be able to achieve a much greater stretching factor than
250. Note that for pulse stretching with a very large stretching
factor, the input pulse applied to the MZM should be very
short; thus the system can only sample a microwave waveform
with a narrow width.

It should also be noted that the stretching factor can be
further increased by using a low-noise optical amplifier. In ad-
dition, by flattening the magnitude response of the LCFBG
and the gain of EDFA2, the net gain in the loop can be con-
trolled to be very close to 1, but with no lasing; thus an input

Fig. 5. Output waveforms after different numbers of round trips.
(a) One round trip, (b) two round trips, (c) three round trips, (d) four
round trips, (e) five round trips, (f) six round trips, (g) seven round trips,
and (h) eight round trips. Note that the time scale is 1 ns∕division in
(a)–(c) and 5 ns∕division in (d)–(h).
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Fig. 6. Electrical spectra of the measured time-stretched waveforms for
different numbers of round trips. (a)–(h) correspond to the waveforms
given in Figs. 5(a)–5(h).
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pulse can recirculate in the loop more times, which would lead
to a much greater stretching factor. In [22], a microwave pho-
tonic filter with an ultra-even magnitude response was used
to achieve pulse recirculation in an active cavity for 270 round
trips. If this can be realized for a wideband LCFBG, the
equivalent GDD can be as large as 4.05 × 105 ps∕nm, which
corresponds to a stretching factor of 1195.
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We propose a new type of confocal microscope using
Fresnel incoherent correlation holography (FINCH).
Presented here is a confocal configuration of FINCH us-
ing a phase pinhole and point illumination that is able
to suppress out-of-focus information from the recorded
hologram and hence combine the super-resolution capa-
bilities of FINCH with the sectioning capabilities of
confocal microscopy. © 2014 Optical Society of America
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microscopy; (180.6900) Three-dimensional microscopy; (070.6120)

Spatial light modulators.
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Confocal imaging is commonly used for microscopy due to its
ability to provide optical sectioning, improved contrast, and
high-image resolution [1]. The concept of confocal microscopy
was developed by Minsky in 1955 but found widespread use
in biology only a few decades later. The reason for this delay is
probably due to technological limitations at that time, as con-
focal imaging requires scanning over the entire imaged target
[2,3]. Though confocal holographic systems that do not
require scanning had been developed [4,5], they are unfortu-
nately not suitable for fluorescence imaging [5], which is com-
monly practiced in microscopy for biological applications.
In this Letter, we present, for the first time to our knowledge,
a confocal configuration of Fresnel incoherent correlation
holography (FINCH) [6]. FINCH is readily suitable for fluo-
rescence microscopy and offers resolutions beyond the
Rayleigh limit [7] but lacks the optical sectioning capabilities
that are most important whenever thick objects are being im-
aged. These highly sought-after capabilities exist in the hereby
proposed system and are achieved with the added cost of target

scanning. These costs, however, can be mitigated to a large
degree if a proper scanning methodology is used [1,8].

Before discussing the proposed confocal FINCH system,
the working concept of FINCH is first briefly presented. A
schematic configuration of a dual-lens FINCH system [9,10]
is shown in Fig. 1(a). It is assumed that the object is spatially
incoherent; thus light beams that are emitted or scattered from
two different object points cannot interfere with each other,
and the system is analyzed by considering a single point source
object. In Fig. 1(a), a spherical light beam is emitted from the
source point ao, located at the front focal plane of the objective
lens Lo, and propagates into the FINCH system. An input
polarizer P1 is set at a 45° angle to the active axis of a spatial
light modulator (SLM), SLM1, which allows the formation of
two in-parallel imaging systems in a common-path single-
channel configuration. The SLM modulates the phase of only
the polarization components of the beam that are in parallel to
its active axis. Polarization components of the input beam that
are perpendicular to its active axis are not modulated; for them,
the SLM is a transparent element. The system can thus be con-
sidered as two imaging systems, each acting with one of two
orthogonal polarization components of light. In these systems,
the input beam of light is collected by the objective lens Lo and
then further concentrated by the lens Lc . In one of the two
systems the SLM does not influence the beam, and an image
is formed at the image point a2; in the other, a converging
diffractive lens is displayed on SLM1 and the beam is concen-
trated into the image point a1.

To record a hologram of the maximum achievable resolu-
tion [7,9], a charge-coupled device (CCD) is positioned be-
tween the two image points, a1 and a2, so that a perfect
overlap is achieved between the beam diverging from the image
point a1 and the beam converging toward the image point a2.
Note that interference can occur between these two beams,
since they originate from the same point source, ao, granted
that the maximal optical path difference between the two is
shorter than the coherence distance of the light source [9]. Fur-
ther, note that the output polarizer P2 is essential and is used
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to project the polarization components of the two beams into a
common orientation. Usually, P2 is also set at a 45° angle to
the active axis of SLM1, but other angles can be used to con-
trol the relative intensity of the two beams [11]. The intensity
of the two-beam interference pattern is recorded by the CCD,
giving rise to a 0th order term and two other terms attributed
to the holographic image of ao and its twin. A phase-shifting
procedure [6,7,9–11], utilizing SLM1, requires at least three
exposures and is performed so that only the holographic image
term remains. The spatial incoherence of the object ensures
that the final recorded FINCH hologram is a summation
over the intensities of all point source interference patterns.
The recorded object can then be reconstructed from the holo-
gram through a digital Fresnel propagation to a specific
reconstruction distance, zr [9]. An additional feature of
FINCH is that out-of-focus points are also recorded in the
hologram. This, on one hand, can be advantageous when re-
focusing to planes of different depths is required, but on the
other hand, it can impose noise and artifacts over the observed
in-focus image. Next, we present a FINCH-based method that
can section any desired plane out of the three-dimensional
(3D) object distribution.

In a confocal FINCH system [Fig. 1(b)], a second SLM,
SLM2, is positioned in the x y plane in which the image point
a1 is formed. A diffractive optical element, hereby referred to as
a “phase pinhole,” is displayed on SLM2. This phase pinhole is
considered as one of the main innovations of the presented
work. The phase pinhole at the scanning point �m; n� is de-
scribed by the following equation:

G�r⃗; r⃗ l � �
�

exp�iφk� jr⃗ − r⃗ l − r⃗ sj ≤ r1
exp�iαjr⃗ − r⃗ l − r⃗ sj�P�r⃗∕R2� Otherwise

;

(1)

with r⃗ � �x; y�, r⃗ l � �am; bn�, and r⃗ s � �xs; ys�, and is com-
posed of the actual pinhole part, exp�iφk�, which is a circular
area of radius r1 set to a uniform phase modulation, sur-
rounded by a mask of an axicon, exp�iαr�, where α is a param-
eter proportional to the axicon angle, P�r⃗∕R2� denotes the
circular aperture of SLM2, with a clear disk of radius R2, a
and b are scanning intervals in the x and y axes, respectively,
and r⃗ s is the starting point of the scanning. In the confocal
FINCH system, for every scanning point �m; n�, the uniform
phase modulation at the pinhole region is set to three different
φk values, usually 0°, 120°, and 240°, and SLM1 is no longer
used for the phase-shifting procedure. Since the phase is
changed only within the phase pinhole, any information car-
ried by a wave that passes through SLM2 outside the phase
pinhole and does not eventually interfere with the wave modu-
lated by the phase pinhole is lost after the phase-shifting pro-
cedure. Overall, the proposed phase pinhole can be considered
as a regular pinhole for the polarization components parallel to
the active axis of SLM2 and as a clear aperture (of SLM2
dimensions) for the orthogonal polarization components.
Accordingly, the proposed phase pinhole can perform properly
even without displaying an axicon. Yet, by incorporating the
axicon, light outside of the circular pinhole is actually deflected
outside the sensor area. This, in turn, diminishes the amount
of light that would otherwise reach the CCD and is only later
removed digitally via phase shifting. Thus, the dynamic range
of the CCD can be better exploited when the axicon is present.
Eventually, we are left mostly with the information of the in-
terference between light that passes through the phase pinhole
of SLM2, with its orthogonal counterparts that are imaged at
the point a2.

The above described phase pinhole can efficiently achieve
optical sectioning, as will be demonstrated promptly. How-
ever, better results can be achieved by incorporating a point
illumination system, forming a complete confocal FINCH sys-
tem. In a confocal FINCH system [Fig. 1(b)], the object points
outside the scanning spot are eliminated from the recorded
hologram. First, due to the point illumination, any of the ob-
ject points that are not lit (i.e., are not within the cone of light)
will not be recorded. Second, all points that are focused onto
the region of SLM2 but fall outside of the phase pinhole are
also rejected from the hologram. Points that fall partly within
the phase pinhole will be attenuated in the recorded hologram,
as their recorded fringe patterns will have a very limited aper-
ture, rejecting most of their intensity. Most importantly,
points whose images are out of focus on SLM2 are either com-
pletely eliminated from the recorded hologram (if their light
does not propagate through the phase pinhole) or their inten-
sity is greatly diminished, first due to the out-of-focus illumi-
nation and then due to an additional rejection of most of the
information, since only a small part of their cone of light can
propagate through the phase pinhole. This mechanism allows
optical sectioning, with a tradeoff; unlike a regular FINCH
system [Fig. 1(a)], which records holograms that contain the
complete 3D information of the wide-field illuminated scene,
here only a single point in space is properly imaged in a single

Fig. 1. Schematics of FINCH recorders: (a) a dual-lens FINCH
system; (b), (c) the proposed confocal FINCH systems. P1 and P2,
polarizers; Lo, objective lens; Lc , converging lens; SLM1 and SLM2,
spatial light modulators; CCD, charge-coupled device.
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recorded hologram, and thus a scanning mechanism is required
over the entire object.

Scanning of the entire object can be performed either me-
chanically, by translating the object in the x, y, and z axes, or
electronically, without any mechanical intervention. In order
to electronically control the position of the point illumination,
one can introduce into the illumination system an additional
SLM, for example, or other beam steerers (acousto-optical or
electro-optical). As the object is scanned over the x y plane, the
imaged point over SLM2 is formed at different positions, and
so the phase pinhole mask is electronically centered to that
point. For each scanning position �m; n�, a single hologram
is recorded (extracted from three exposures by a complete
phase-shifting procedure). From each hologram a single point
is reconstructed using the Fresnel diffraction integral formula
for a single output point (a complete convolution is unneces-
sary), and all points from all of the recorded holograms can
then be combined into a single image. Alternatively, as per-
formed in the reported experiments, from each hologram a
reconstruction of the entire input plane can be calculated;
then, for each single pixel of the hologram, the maximum in-
tensity value from all reconstructions is chosen, and a complete
reconstruction of a specific x y plane is formed. In practice,
just like in conventional confocal microscopy [1,8], many
points can be imaged in parallel. This can be achieved, for ex-
ample, by point illuminating multiple points on the same x y
plane simultaneously, while a phase pinhole mask of multiple
pinholes is displayed over SLM2. Of course, the distance be-
tween the illuminated points must be chosen so that proper
optical sectioning can be achieved.

It is also possible to electronically scan at different depths
(z positions) by controlling the focal length of the converging
lens displayed on SLM1, but this will not allow a perfect over-
lap of the interfering beams on the CCD plane, and thus a
resolution reduction is expected. A mechanical movement
of the object at the z axis may then be preferred. This is a
bearable cost, since this movement is only necessary once
an x y plane scan is completed. Note that alternative FINCH
configurations can be used to achieve perfect overlap at differ-
ent z distances without a mechanical movement. This can be
achieved by incorporating another SLM, placed with its active
axis perpendicular to the active axis of SLM1 [see Fig. 1(c), in
which two SLMs are stacked together and a perfect overlap can
be achieved for any desired point source object]. This SLM can
even replace the lens Lc if needed.

In Fig. 1(b), the point ao is located on the optical axis and
on the back and front focal planes of the point illumination
system and the objective lens, respectively. Consider an arbi-
trary point located on the optical axis at a distance zo from ao.
According to McCutchen’s theorem, the complex amplitude at
that point, �0; 0; zo�, is given by hill�zo� � F fH ill�2λf 2

oρ�g,
where the right-hand-side term is attributed to a one-
dimensional Fourier transform of the radial aperture distribu-
tionH ill, of the illumination system, f o is its focal distance, λ is
the central wavelength, and ρ is the variable of H ill equal to r2

[12]. The point �0; 0; zo� is imaged into two image points,
�0; 0; z1 � zoma;1� and �0; 0; z2 � zoma;2�, with complex

amplitudes of b1hill�zo� and b2hill�zo�, respectively, where b1
and b2 are constants, ma;1 and ma;2 represent the axial magni-
fications of the corresponding imaging systems, and the planes
of z1;2 � 0 are at the imaged points a1 and a2, respectively.
The waves associated with these two points interfere on the
CCD plane, forming a fringe pattern from which the point
�0; 0; zo� can be reconstructed. The interference pattern can
be described as

I �
����c1eiφkQ

�
1

l1

�
hill�zo�hdet�ma;1zo� � c2Q

�
1

−l 2

�
hill�zo�

����
2

;

(2)

where Q�1∕l k� � exp�iπl −1k λ−1�x2 � y2�� is a quadratic phase
function. The left-hand-side term in Eq. (2) is attributed to the
wave associated with the image point �0; 0; z1 � zoma;1�, a dis-
tance l1 from the CCD, following its multiplication by the
phase mask of the form of Eq. (1), which effectively multiplies
the wave by a complex amplitude proportional to hdet�z1� �
F fH det�2λf 2

1ρ�g, withH det affiliated with the imaging system
forming that point and f 1 as its focal distance. Note that in the
case of clear circular apertures, H ill and H det are Rect func-
tions, so hill and hdet are Sinc functions. The right-hand-side
term in Eq. (2) is attributed to the wave associated with the
image point �0; 0; z2�, a distance l2 from the CCD.

Following a phase-shifting procedure, only one of the cross
terms in Eq. (2) is left:

H�x; y� � coQ
�
1

zr

�
hill�zo�h�ill�zo�hdet�ma;1zo�P�r⃗∕RH �; (3)

where r⃗ � �x; y�, zr � l1l2∕�l1 � l2� is the reconstruction
distance and P�r⃗∕RH � denotes the circular aperture of the
hologram, with a clear disk of radius RH . This radius is deter-
mined by the overlap area of the two interfering waves. The
recorded point can then be reconstructed from the hologram
through a digital Fresnel propagation to the reconstruction
distance zr [9]:

h�u; v; zo� � H �x; y� � Q
�
1

zr

�
∝

hill�zo�h�ill�zo�hdet�ma;1zo�F fP�λzr r⃗∕RH �g ∝

jhill�zo�j2hdet�ma;1zo�J inc
�
2πRH

λzr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 � v2

p �
; (4)

where �Q�1∕zr� denotes a Fresnel propagation (here, � de-
notes a two-dimensional convolution) and J inc�r�≜J1�r�∕r
is the Bessel function of the first kind and of order one. Com-
paring Eq. (4) above with Eq. (5) of Ref. [9], we conclude that
the transverse resolution of the proposed system, attributed
to the J inc term, is similar to a regular FINCH system;
however, the longitudinal separation is much better in the
proposed system and is comparable to that of a conventional
confocal microscope, due to the zo-dependent terms
jhill�zo�j2hdet�ma;1zo�.

In order to demonstrate the optical sectioning capabilities of
the proposed system, the experimental setup described in Fig. 2
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was used. A beam splitter, BS1, was used as a beam combiner,
with two resolutions charts (negative National Bureau of Stan-
dards 1963A), RC1 and RC2, positioned at a distance of 30
and 31 cm (for the x y plane scan of RC1) or 29 and 30 cm
(for the scan of RC2) away from the objective lens, respec-
tively. Together, the two charts can be considered as a
1 cm thick object. The resolution charts were back-illuminated
using two LEDs (Thorlabs LED635L, 170 mW, λ �
632.8 nm, Δλ � 15 nm). Diffuser sheets were attached to
the charts in order to imitate a scattering/illuminating object.
The focal lengths of the objective lens Lo and the lens Lc were
chosen as f obj � 30 cm and f c � 150 cm, respectively. For
simplicity, we have replaced these two lenses with an equiva-
lent lens with a focal length of f e � 25 cm, implying that
d 1 � 0 cm (Fig. 2). Other parameters in the system were:
d 2 � 10 cm, d 3 � 66.3 cm, and zh � 90 cm (which is the
distance from SLM1 to the CCD and is the parameter
that determines the transverse magnification of FINCH as
MT � zh∕f obj). The two SLMs (Holoeye PLUTO, 1920 ×
1080 pixels, 8 μm pixel pitch, phase-only modulation) were
positioned at similar orientations, with their active axes in par-
allel, while the two polarizers, P1 and P2, were set at a 45°
angle to these axes, and in parallel to each other. Since the two
SLMs are reflective, two beam splitters, BS2 and BS3, were
incorporated into the system so that the two SLMs were posi-
tioned orthogonally to the optical axis. This causes a loss of a
large amount of light, which can be avoided by either by po-
sitioning the SLMs at a small angle, eliminating the beam split-
ters but requiring a careful compensation in the SLM displayed
masks, or by using transmissive components (e.g., SLM1 can
be replaced with a liquid crystal gradient index lens [13]).

In the experiments, we compared the results of a regular
FINCH system (setting the phase mask of SLM2 to a constant
zero modulation) and an optical sectioning FINCH system
(with a phase pinhole displayed on SLM2). The phase pinhole
radius was r1 � 44 μm, surrounded by an axicon of parameter
α � 2π · 13 · 10−3∕λ, and the scanning over a grid of size
81 × 61 points on each plane was performed with pinhole dis-
placements in the x and y axes of 40 μm. The exposure time

was set to 1.25 s, implying a scanning time of roughly 5 h per
plane. Note that in the reported experiments we do not use the
proposed point illumination, and the entire object is illumi-
nated at all times. This is to emphasize the contribution of
the phase pinhole, which can be considered the most genuine
part and newest contribution of this work, whereas scanning
illumination systems are widely used in confocal microscopy
[8]. It should be noted that such systems, in which the section-
ing is performed solely by the phase pinhole, can be useful for
imaging situations in which the observed scene cannot be
illuminated as required.

The experimental results are presented in Fig. 3.
Reconstruction results from regular FINCH holograms are
presented in Figs. 3(a) and 3(b), for the resolution targets
closest to the objective (RC1) and farthest from it (RC2), re-
spectively. Here, the out-of-focus targets greatly diminish the
quality of the reconstruction. The equivalents of the recon-
structions of Figs. 3(a) and 3(b), resulting from the phase-
pinhole-incorporated FINCH, are presented in Figs. 3(c)
and 3(d), respectively. Unlike regular FINCH holography,
the out-of-focus targets are highly attenuated, and so the
in-focus targets appear with much detail, high contrast, and
weak background artifacts. Hence, the optical sectioning
capability of the proposed system is clearly demonstrated. It
should be noted that once a single point illumination is incor-
porated into the system, the sectioning capabilities are ex-
pected to be further enhanced. Here, the out-of-focus target
is illuminated with similar intensity to the in-focus target, un-
like the case of point illumination, where object points will
exhibit an illumination of less intensity that declines farther
away from the location of the illuminated point.

To conclude, a new confocal FINCH configuration capable
of optical sectioning has been proposed in this Letter, and a

Fig. 2. Experimental setup: RC1 and RC2, resolution charts; BS1,
BS2, and BS3, beam splitters; P1 and P2, polarizers; Lo, objective lens;
Lc , converging lens; SLM1 and SLM2, spatial light modulators; CCD,
charge-coupled device. Fig. 3. Experimental results: (a) FINCH reconstruction of a

16.0 cycles∕mm resolution chart located 30 cm away from the objective
lens, with the 18.0 cycles∕mm resolution chart at 31 cm; (b) FINCH
reconstruction of a 18.0 cycles∕mm resolution chart located 30 cm away
from the objective lens, with the 16.0 cycles∕mm resolution chart at
29 cm; (c), (d) the optical sectioning FINCH equivalents of (a) and
(b), respectively.
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simpler configuration of FINCH capable of sectioning has
been demonstrated and compared with regular FINCH.
The proposed system combines the super-resolution capabil-
ities of FINCH with the sectioning capabilities of confocal
microscopy. Together with the notable capabilities of FINCH
for fluorescent microscopy, parallel illumination arrangements,
and nonmechanical scanning schemes [8], we expect the pro-
posed system to have an important role in microscopy in gen-
eral and biological microscopy in particular. Other potential
applications for the proposed system might include high lateral
resolution tomography that is also capable of simultaneous
imaging of passive reflecting surfaces and fluorescent objects.
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Conventional absorption spectroscopy is not nearly sensitive enough for quantitative overtone measure-
ments on submonolayer coatings. While cavity-enhanced absorption detection methods using microreso-
nators have the potential to provide quantitative absorption cross sections of even weakly absorbing
submonolayer films, this potential has not yet been fully realized. To determine the absorption cross section
of a submonolayer film of ethylene diamine (EDA) on a silica microsphere resonator, we use phase-shift
cavity ringdown spectroscopy simultaneously on near-IR radiation that is Rayleigh backscattered from
the microsphere and transmitted through the coupling fiber taper. We then independently determine both
the coupling coefficient and the optical loss within the resonator. Together with a coincident measurement
of the wavelength frequency shift, an absolute overtone absorption cross section of adsorbed EDA, at
submonolayer coverage, was obtained and was compared to the bulk value. The smallest quantifiable
absorption cross section is σmin � 2.7 × 10−12 cm2. This absorption cross section is comparable to the ex-
tinction coefficients of, e.g., single gold nanoparticles or aerosol particles. We therefore propose that the
present method is also a viable route to absolute extinction measurements of single particles. ©2014Optical

Society of America

OCIS codes: (230.3990) Micro-optical devices; (230.5750) Resonators.

http://dx.doi.org/10.1364/OPTICA.1.000075

1. INTRODUCTION

Single-molecule detection and single-atom detection rely
largely on the measurement of excited-state fluorescence
[1,2]. While single-particle absorption measurements, espe-
cially in the IR fingerprint region [3], are generally applicable
and provide more chemical specificity, conventional absorp-
tion spectroscopy is not nearly sensitive enough for single-
molecule measurements. In most commercial spectrometers
absorption spectroscopy requires the measurement of a small
intensity change on a large intensity background. While direct
single-particle absorption detection therefore appears impos-
sible with this approach, Celebrano et al. succeeded in
detecting the shadow of a strongly absorbing molecule by

focusing the light to a diffraction-limited spot [4]. Of course,
surface-enhanced Raman scattering [5,6], surface-plasmon-
resonance-enhanced detection [7], and near-field scanning
optical microscopy also have approached and occasionally
reached single-molecule or single-particle detection limits.

Optical microresonators of differing geometries have also
been used previously as label-free and ultrasensitive chemical
sensors reaching single-particle or single-molecule detection
limits [8–18]. The resonance frequencies of the “whispering
gallery” cavity modes (WGMs) are sensitive to the surface cov-
erage and the refractive index of the adsorbed chemical species
[11,19], while the optical absorption of the surface layer leads
to a decrease of the quality (Q) factor [20] and can be retrieved

2334-2536/14/020075-09$15/0$15.00 © 2014 Optical Society of America
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either from the reduction of power that is transferred to the
resonator mode [21], from the decrease of the cavity ringdown
time, or from the broadening of the resonance line. These
cavity-enhanced absorption detection methods have, therefore,
the potential to provide quantitative absorption cross sections
of single particles. For microresonators this potential has, to
the best of our knowledge, not yet been realized, although
Pipino et al. measured absolute overtone absorption cross
sections using a large monolithic folded optical cavity [22].
In most previous studies the presence of a particle placed in
the mode field of a microresonator was inferred from, e.g.,
stepwise resonance frequency shifts [19] or incremental trans-
fer of thermal energy into the resonator [8,9] and could not be
readily quantified. In addition, a measurement of the total
optical loss in the microresonator obtained from resonance life-
time or linewidth measurements does not permit us to distin-
guish losses due to molecular absorption from changes in the
cavity coupling coefficient.

As we show in the present paper, the signal enhancement,
which is provided here by an optical microcavity, is indeed
quantifiable and provides a route to absolute absorption cross
sections of either single particles or—here—of weak transitions
at submonolayer coverages. We combined “conventional”
phase-shift cavity ringdown measurements of Rayleigh back-
scattered light with phase-shift measurements of light bypass-
ing the cavity and thereby obtain absolute values for the
coupling coefficient and the cavity loss. The optical loss mea-
surement can then be related to the surface coverage, which is
obtained from the frequency shift of the WGM. With the as-
sumptions made about the molecular dimensions, it is possible
to calculate the absorption cross section.

Time-domain measurements have routinely been used to
measure optical lifetimes in a variety of resonator configura-
tions [23] including monolithic silica resonator cavities [22,24]
and microresonators [25,26]. For such cavity ringdown time
measurements the time-dependent intensity decay of a short
optical pulse injected into the resonator is monitored. We ap-
ply an alternative approach that, instead, uses intensity-
modulated light from a cw source and then measure the phase
shift of light exiting the resonator. This approach is referred to
as phase-shift cavity ringdown (PS-CRD) spectroscopy and has
been used for mirror cavities [27,28], fiber-optic loops [29],
and, more recently, silica microsphere resonators [30,31].
To demonstrate the sensitivity of the method we use the PS-
CRD technique to measure the optical absorption of near-IR
light through a weak overtone transition of ethylene diamine
(EDA), H2N − CH2 − CH2 −NH2, that is adsorbed on the
surface of a high-Q silica microsphere with a coverage of less
than four monolayers. The compound was selected because its
absorption spectrum and refractive index at 1.5 μm are well
known. Also, the adsorption kinetics of EDA on silica have
previously been characterized [32], and its vapor pressure is
comparably high, allowing for a controlled dosing experiment.

2. EXPERIMENTAL SETUP

The silica microsphere (diameter of 273 μm, measured using
the microscope built into the fusion splicer) was formed by

melting the end of a single-mode optical fiber (Corning
SMF-28E) in the electric arc of a fusion splicer. Another strand
of single-mode optical fiber was tapered to a waist diameter of
about 3 μm and used to couple light into the evanescent field
of the microsphere’s WGMs. A detailed description of the
experimental setup regarding the microsphere and tapered
waveguide may be found elsewhere [30].

The amplitude- and frequency-modulated light is coupled
into either TE or TM WGMs of the microsphere. Rayleigh
backscattering, from imperfections in the silica microsphere,
equilibrates degenerate counterpropagating WGMs. Rayleigh
backscattered light is coupled into the fiber taper and detected
using a photodetector (Fig. 1) [33,34]. In addition, WGM res-
onances are observed by monitoring the light transmitted
through the tapered waveguide using a second photodetector.
A spectrum of a typical WGM resonance, viewed simultane-
ously in backscatter and transmission modes, is shown in refer-
ences [35,36]. Frequency locking of the diode laser was
achieved using the Pound–Drever–Hall (PDH) technique
[37], as described previously [38]. The control signal was con-
tinuously acquired and is readily converted into the WGM
frequency shift.

A distributed feedback (DFB) laser (Avanex 1905 LMI,
linewidth: 2 MHz), amplified to a power of 9 mW using an
erbium-doped fiber amplifier (Keopsys OI-BT-C-18-Sd-B-
GP-FA), was employed to interrogate the microsphere. An
ILX Lightwave ultra-low-noise current source (LDX-3620)
was used with the DFB laser. At a fixed temperature, this laser

Fig. 1. Schematic representation of the experimental setup. The out-
put of a distributed feedback (DFB) laser at 1549 nm is directed through
an optical isolator and an erbium-doped fiber amplifier to a Mach–
Zehnder modulator. The polarization of the amplitude-modulated beam
is then polarization controlled before being coupled into a silica micro-
sphere resonator. The Rayleigh backscattered light is directed though a
circulator to a photodetector (PD) (3). The intensity and phase of the
signal from the PD is measured using a lock-in amplifier. Photodiode (2)
and another lock-in amplifier are used to measure the intensity and phase
of light that is transmitted through the fiber taper. The backscattered
light is also used to lock the center frequency of the laser to the cavity
resonance with the Pound–Drever–Hall (PDH) method. The coverage is
obtained from the frequency shift of the WGM as described below. The
FM and AM frequencies are kept sufficiently different to allow the lock-
in amplifiers to accurately extract intensity and, simultaneously, phase
angle values without cross talk. Typically the Rayleigh-backscattered
signal is used to lock the laser to the WGM resonance.
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can be continuously current tuned over a wavelength range of
0.15 nm. The laser output was sinusoidally intensity modu-
lated using a Mach–Zehnder modulator (JDS Uniphase) to
a maximum frequency of 20 MHz. A polarization controller
positioned after the modulator allowed the TE or TM resona-
tor mode to be selectively excited. The mode polarization was
determined by placing an InGaAs detector [Detector (1):
Thorlabs DET10C] above the microsphere and recording
the scattered radiation through an IR polarizer.

WGM resonances were detected through the Rayleigh back-
scattering of light coupled into the delivery waveguide. It is well
known that Rayleigh backscattering from imperfections in the
silica microsphere quickly equilibrates degenerate counter-
propagating cavity modes [34]. A fiber-optic circulator directed
the backscattered light to a fiber-coupled 150 MHz bandwidth
InGaAs detector [Detector (2): Thorlabs PDA10CF]. Light
transmitted though the delivery fiber was monitored using
another InGaAs detector [Detector (3): Thorlabs DET10C].
RF lock-in amplifiers (Stanford Research Systems Model
SR844) processed the detector outputs, providing intensity
and phase angle measurements that were referenced to the laser
intensity modulation.

A quartz crystal microbalance (QCM) was placed under the
microsphere and taper. The fiber taper, microsphere, and
microbalance sensor element were located under a 5 cm3 glass
dosing chamber into which EDA vapor was introduced. A low
flow of nitrogen was passed over neat EDA (vapor pressure of
11.3 Torr at room temperature), carrying the vapor through a
Teflon valve into the dosing chamber. This entire apparatus
was contained within a Plexiglas enclosure and purged with
dry nitrogen, which served to reduce contamination and the
adsorption of water vapor onto the microsphere.

3. POUND–DREVER–HALL FREQUENCY LOCKING

To lock the laser to a WGM, we use the PDH method [37] as
described earlier [38,39]. Briefly, the DFB laser is current
modulated, resulting in a frequency modulation (FM) of
10–50 MHz in addition to the 1–20 MHz amplitude modu-
lation (AM) described above. When the resulting detector
signal, which contains the beat notes at the FM frequency,
is mixed with the FM oscillator and low-pass filtered, a
dispersive-like error signal is obtained that is returned to the
laser driver and used to lock the laser center frequency.

We select the FM frequency such that the error signal re-
mains proportional to the derivative of the WGM line shape,
i.e., we work in a regime in which the modulation frequency is
small compared to the WGM linewidth. The polarity of the
error signal indicates the relative tuning of the laser with re-
spect to the resonance center frequency. This signal is applied
to a servo circuit, where it is amplified, integrated, and fed back
to the current driver as a correction signal. As a consequence,
the laser frequency locks tightly to the WGM resonance with
an electrical bandwidth of 35 kHz. If the WGM shifts in fre-
quency due to, for example, adsorption of molecules on the
microsphere surface, the magnitude of the correction signal
applied to the laser changes accordingly. Knowledge of the
transfer function of the laser driver (mA/mV), as supplied

by the manufacturer (ILX Lightwave), together with the mea-
sured tuning characteristics of the DFB laser (pm/mA), allows
us to calculate the frequency shift from the control voltage
change.

4. REAL-TIME MEASUREMENT OF THE SURFACE
COVERAGE

The surface coverage of the silica sphere with EDA was mea-
sured simultaneously using both the frequency shift of the
WGM and a QCM. The QCM was positioned directly below
the fiber taper and microsphere. The surface of the quartz crys-
tal supports a gold electrode, which occupies about 25% of the
surface area. While the gold electrode of the QCM presents a
different surface compared to the silica microsphere, both are
expected to adsorb EDA and coverages may be compared. Sur-
face coverages of the QCM were calculated from the quartz
crystal resonance shifts using the Sauerbrey equation [40].
An analog-to-digital converter was used to simultaneously
measure the servo-control voltage, the QCM frequency, the
backscattered signal intensity, and the phase angles from the
lock-in amplifiers, while the laser was locked to the WGM.
These values were displayed, and simultaneously recorded,
on a computer through a LabView program (Fig. 2).

We note that with a number of assumptions it is also
possible to independently determine the coverage from the
wavelength shift of the WGM. Teraoka and co-workers have
derived an expression describing the wavelength shift of a
WGM due to molecules adsorbed on a microsphere surface
[10,19,41]. Their calculation is based on the polarization in-
duced in an adsorbed molecule by the evanescent tail of
the WGM. Using a perturbation approach for calculating
the wavelength shift induced by a change, δεr , in the dielectric
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Fig. 2. Response of WGM to dosing of EDA onto the silica micro-
sphere surface. Very low concentrations of EDA have been mixed into a
stream of dry nitrogen starting at t � 300 s. (a) Frequency response of
the QCM. The readout is digitized with 1 Hz resolution. (b) Wavelength
shift, δλ, of the WGM resonance as measured by the correction voltage
supplied to the PDH-locked DFB laser, (c) absorption coefficient, αm,
and (d) coupling coefficient, κ, calculated from the observed phase shifts
and Eqs. (3)–(5).
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medium external to the microsphere with radius R, they
derived the expression for the fractional change in the
TE-mode wave vector (see also Appendix A):

�
δk
k0

�
TE

� −
αtθ

ε0R
1

�n21 − n22�
: (1)

For the first-order TMmode one requires a correction term,

�
δk
k0

�
TM

≅
�
δk
k0

�
TE

�
2 −

�
n2
n1

�
2
�
; (2)

and would have to use both the tangential and the radial com-
ponent to the polarizability instead of αt as is appropriate for a
TE mode. This expression holds for a surface layer that is much
thinner than the wavelength of the light—as is the case in the
present experiments. Here, n1 � 1.444 is the microsphere
refractive index, and n2 � 1.0 is that of the surroundings.
If the refractive index of the adsorbed material is assumed
constant, Eq. (1) can be used to relate the wavelength
shift δλ∕λ0 � −δk∕k0, to the surface coverage, θ. The trans-
verse component of the polarizability of the adsorbed mol-
ecule, αt , and the radial component of the polarizability,
αr , depend on the components of the polarizability tensor
and on the orientation of the adsorbed molecule on the
surface [42]. Using calculated values for the diagonal tensor
components for gas phase EDA, it can be shown that αt
varies by, at most, 6% from the isotropic polarizability value
of EDA (αiso � 6.7 × 10−24 cm3) [43]. Hence, orientation
effects can be ignored in this case. Also, given the low concen-
tration of EDA, the thermal conductivity of the vapor sur-
rounding the microsphere differs insignificantly from that of
pure nitrogen present before the dosing. Therefore, frequency
shifts due to a change in thermal conductivity are expected
to be negligible.

5. RESULTS AND ANALYSIS

Figures 2(a) and 2(b) give the surface coverage values obtained
from the QCM and those calculated from the WGM reso-
nance wavelength shift using Eq. (1). The maximum dosage
level indicated by the QCM is a factor of 4 greater than that
based on the WGM wavelength shift. This difference is not
surprising, since the microsphere surface is atomically smooth
silica, whereas the sensitive region of the QCM is principally a
comparably rough evaporated gold surface.

It has been shown that gold reversibly adsorbs amines [44]
in a manner highly dependent on surface roughness. We there-
fore use the more reliable coverages obtained from Eq. (1) in-
stead of the values given by the QCM. It is also known that
EDA adsorbs strongly to silica through interaction with surface
silanol groups [32]. Given the response from the QCM
[Fig. 2(a)], we can assume that in our case the observed per-
turbations of the WGM cavity resonance are due to adsorbed
EDA, rather than vapor. In addition, we have to consider that
water adsorbs to silica and the silica surface may originally be
covered with a few monolayers of water that are partially
displaced by EDA.

As can be seen in Fig. 2(a), the QCM response is discretized
due to its 1 Hz frequency resolution, whereas the microsphere
frequency shift is continuous. Figure 2(b) also shows that upon
exposing the sphere to EDA, the WGM resonance frequency
shifts to longer wavelengths as expected.

EDA adsorbs onto silica through interactions with surface
silanol groups, which are the major surface species, even in the
presence of water vapor [32]. The average surface density of
silanol groups on silica is estimated at 4.9 nm−2 [45], which
suggests that, based on the resonance shift data, about four
monolayers of EDA are deposited on the microsphere over
the course of this experiment. By comparison, the “footprint”
of an EDA molecule in the bulk liquid phase can be estimated
from the density (0.9 g∕mL) and the molar mass
(60.1 g∕mol) as 0.23 nm2∕molecule, which is somewhat
larger than expected from the ab initio “diameter” of the
isolated molecule (∼0.13 nm2∕molecule). The density of
the bulk EDA layers (4–7 molecules∕nm2) is therefore com-
parable to the surface density of the silanol groups
(about 4.9 nm−2).

Figure 2(b) shows a pronounced change in deposition rate
after about two monolayers were deposited. We speculate that
the fast formation of the first two monolayers is driven by the
strong hydrogen bonds between the silanol groups and the
amine moiety of the EDA, whereas the slower formation of
the next two monolayers is governed by weaker EDA/EDA
interactions. It has been shown that EDA strongly binds
through chemisorption on silica via a proton transfer reaction
with the surface silanol groups [32]. Additional physisorbed
layers will bond through amine hydrogen bonding inter-
actions, which have a lower energy on the order of 13 kJ∕
mole [46]. The oscillations in Figs. 2(c) and 2(d) were found
to occur in almost all dosing experiments and are not yet
understood. While we expect that the frequency shift
(coverage), as well as absorption and coupling coefficients, will
approach an asymptotic value given by the vapor pressure of
the gas, the free energy of adsorption, and the temperature of
the gas and the substrate, it is not required that this limit is
reached monotonously. The oscillations may then be a reflec-
tion of reorientation and spatial redistribution processes.

In our experiment, optical absorption of EDA through its
N–H stretch overtone band at 1549 nm is measured with the
PS-CRD technique. In a previous application of the phase-
shift technique to microspheres, the ring-cavity model of Rezac
[47] was used to calculate the phase shift observed in the light
transmitted through the delivery fiber [30]. This transmitted
light represents the superposition of a portion of the incident
field and the forward scattered field of the microsphere. The
phase shift observed in the transmitted light is given by [30]

ΔΦtrans � 2 tan−1
�
ΩneffL
2c

2 ln Γ
�ln Γ�2 − �αmL∕2�2

�
; (3)

where Ω is the angular laser intensity modulation frequency,
neff is the effective refractive index of the WGM, L is the cir-
cumference of the microsphere, κ �

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − Γ2

p
is the coupling

constant between the taper and microsphere, and αm is the
attenuation coefficient.
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In addition, we also recorded the phase shift of the back-
scattered field. It has been shown recently that the phase shift
for the backscattered light is [35,36]

ΔΦbs � 2 tan−1

"
2Ω∕τ

Ω2 −
�
1∕τ2 � 1∕γ2

�
#
; (4)

where τ is the ringdown time of the microsphere, given as

τ � Lneff
c0�αmL − 2 ln Γ� ; (5)

and γ is the coupling constant between near-degenerate clock-
wise and counterclockwise WGMs [35,36].

The coupling constant, γ, was assumed to remain un-
changed throughout the adsorption process. This was verified
experimentally by measuring the frequency-dependent phase
shift of a microsphere WGMwith first a clean surface and then
a surface covered by approximately two monolayers of EDA. It
was found that the ringdown time decreased with dosing, as
expected, while the coupling constant, γ, remained unchanged
(Fig. 3). It appears that the clockwise/counterclockwise modal
coupling is dominated by intrinsic scattering centers within the
microsphere and not by adsorbed species on the microsphere
surface.

From Eq. (4) one expects that the phase shift of the
intensity-modulated backscattered light varies approximately
linearly with the AM frequency for low modulation frequen-
cies, Ω. For high modulation frequencies deviations from
linearity are expected, as described in Ref. [35]. A fit of the
phase-shift values obtained at different AM frequencies to
Eq. (4) yields the ringdown time τ and the coupling constant

γ. The quality factor is given by Q � 2πντ (Fig. 3), where ν is
the optical frequency of the light.

Based on the ringdown time at zero coverage, the Q-factor
is ∼1.5 × 107 for the particular TE mode used. Calculating
Q-factors based on ringdown time eliminates complications
due to thermal effects, which are known to influence Q-factor
determinations based on linewidth measurements [48].

By recording the phase shift in transmission mode, ΔΦtrans,
and backscatter mode, ΔΦbs, simultaneously at a fixed Ω, one
can use Eqs. (3)–(5) to calculate the ringdown time (τ), the
absorption coefficient (αm), and the coupling coefficient (κ)
throughout the dosing process [Figs. 2(c) and 2(d)]. These
measurements can then be correlated to the coverage of the
microsphere with EDA, which is obtained from the
frequency shift [Fig. 2(b)] to obtain Fig. 4.

6. PHOTOTHERMAL EFFECTS

Photothermal effects, such as desorption of EDA upon heating
of the sphere on resonance, have to be considered. When the

Fig. 3. Observed phase delay of the amplitude-modulated light of a
WGM of a clean microresonator (solid black circles) and after dosing
(open blue circles). From a fit to Eq. (4) (lines), ringdown times of τ �
12.3� 0.2 and 11.4� 0.2 ns were obtained, respectively. At a vacuum
wavelength of 1.549 μm (ν � 1.93 × 1014 Hz), this corresponds to a
Q-factor of about 1.5 × 107. The coupling constants of γ � 31� 3 and
30� 4 ns were unchanged.

Fig. 4. Data shown in Fig. 2 were processed using Eqs. (3)–(5) to ob-
tain (a) the coupling coefficient, κ, (b) the attenuation coefficient, αm,
and (c) the molecular absorption cross section, σ, as a function of the
surface coverage, which was calculated from the frequency shift of
the WGM [Fig. 2(b)] and Eq. (4). The vertical dashed line indicates
the approximate coverage corresponding to one monolayer, and the
horizontal line in (c) indicates the absorption cross section of bulk liquid
EDA, σbulk .
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laser is locked on a WGM resonance, imperfections in the
microsphere absorb part of the circulating light, leading to
heating of the microsphere. We found that with increasing in-
put power, the resonance shifts to longer wavelengths, and
attribute that shift to an increase in the microsphere’s temper-
ature [49]. Using published values for the thermo-optic coef-
ficient and linear expansion coefficient of silica [50], it is
estimated that the temperature of the microsphere is ∼10 K
higher than the QCM when the laser is locked to the WGM
resonance. Given the relatively high binding energies involved,
the 10 K temperature increase of the microsphere is expected
to have a negligible effect on the degree of adsorption of the
first two monolayers but may affect the physisorbed EDA
layers at higher coverage.

7. DISCUSSION

In Fig. 4(a) the coupling coefficient, κ, governing the interac-
tion between the taper and the microsphere resonator is seen to
increase linearly until a coverage of about 10 molecules∕nm2,
i.e., roughly two monolayers, is reached. This may appear sur-
prising, since, to the best of our knowledge, in all previous
studies the coupling parameter is assumed to be independent
of the surface coverage. It appears that this premise is not nec-
essarily true. The change of κ with the surface coverage may be
explained by the adsorbed layer of EDA on the sphere and fiber
that will, especially in the narrow fiber taper, influence the in-
dex of the propagated mode and thereby the phase-matching
condition.

As expected, the overtone absorption, αm, increases approx-
imately linearly but is then found to decrease gradually as more
than about one or two monolayers are deposited [Fig. 4(b)].
Oscillations of the absorption were observed beyond about two
monolayers of coverage and presently lack a definitive explan-
ation. These oscillations may be due to restructuring and
reorientation of the adsorbate layers as a function of surface
coverage. Oscillations were observed in all experiments but
were sometimes found at lower coverages.

The overtone absorption cross section of one monolayer is
estimated from

σ � �αm − α0�lEDA

f thinθ
; (6)

where α0 � 0.0020 cm−1 is the optical loss of the WGM be-
fore dosing, lEDA � 360 pm is the estimated length of an
EDA molecule and our estimate for the thickness of one
monolayer, and f thin � 1.05 × 10−5 is the fraction of the
TE-WGM interacting with a film of 360 pm thickness (see
Appendix B).

Using the value for the absorption coefficient at one
monolayer of coverage (θ � 4.9 × 1014 molecules∕cm2), the
experimental absorption cross section is calculated as σ �
2.7 × 10−21 cm2. By comparison, the bulk absorption cross
section of EDA liquid at 1550 nm is σbulk � 2.9 ×
10−21 cm2 [51]. For molecules as small as EDA, light attenu-
ation by scattering is negligible [52].

The small difference between the measured cross section
and the bulk value is readily explained. We emphasize that
many of the values used in this estimate of the absorption
cross section, such as lEDA, f , θ, and αmL, have errors esti-
mated to be in the 10%–20% range, and even the bulk ab-
sorption cross section of liquid EDA, σbulk, [51], may be
slightly inaccurate.

Using Eq. (6) one can readily calculate the molecular ab-
sorption cross section at other coverages [Fig. 4(c)]. We find a
gradual decrease in the absorption cross section after a cover-
age of one or two monolayers has been reached. This effect
can again be explained using reorientation effects, or possibly
using clustering and island formation. The TE-WGM used in
this experiment has its electric field parallel to the micro-
sphere surface. As a consequence, N–H bonds oriented par-
allel to the surface will be preferentially excited. Deviation
from this optimal orientation will cause a reduced interaction
with the mode field and reduced absorption. While it may
appear that oscillations at submonolayer coverages are then
attributable to a reorientation of the surface-bound amine
group, one has to consider that the unbound amine group
remains free to rotate. Similarly, the decrease in the apparent
absorption cross section at higher coverage is likely not due to
orientation effects, which cannot explain an absorption cross
section that is so much lower than the bulk value. Other geo-
metric effects such as a reduced density of the topmost layer
appear to be a more likely cause for the decreased effective
absorption cross section. Since we are dealing with only a
few layers of molecules, it is possible that subsequent depo-
sition may affect already deposited layers, causing a
reconstruction of layers that interact more or less favorably
with the microresonator field, and thereby lead to a variable
absorption cross section.

By analogy to the adsorption isotherms of ammonia on
silica [53], we expect that the interaction of EDA with surface
silanol groups on the thermally annealed silica sphere results in
an initial chemisorbed layer, which is strongly bound by
hydrogen bonds or by electrostatic interactions after proton
transfer (Fig. 5). Subsequent layers are physisorbed. It is there-
fore likely that EDA follows a Brunauer–Emmett–Teller-type
adsorption isotherm. This hypothesis is consistent with the
reduced effective absorption cross section after about two
monolayers are formed [Fig. 4(c)].

When benchmarking the sensitivity of the PS-CRD mea-
surements against those reported before, we calculate from
Fig. 2(c) or Fig. 4(b) that the minimal detectable absorption
loss is about αmin � 5 × 10−5 cm−1, or αminL � 4.2 × 10−6.
From Eq. (4) one can determine that the smallest quantifiable
absorption cross section is σmin � 2.7 × 10−12 cm2. Assuming
a coverage of θ � 1∕1500 μm−2 (i.e., one particle in the
evanescent mode volume), it is then apparent that one should
be able to perform an absolute measurement of the absorp-
tion cross section of a single particle with this method as long
as the optical loss per particle exceeds σmin � 2.7 × 10−12 cm2

(270 nm2). This absorption cross section and the molecular
dimensions are comparable to those of, e.g., single gold nano-
particles, or the scattering cross sections of aerosol particles.
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We therefore propose that the present method is a viable
route to absolute absorption or scattering measurements of
single particles.

The above method requires some prior knowledge about
the adsorbed molecule. To determine the absorption cross
section as was done here, one needs a reliable value for the
transverse polarizability (TE mode) or both transverse and
radial polarizabilities (TM mode). For most molecules with
a flexible carbon frame, the value for the isotropic polarizability
is expected to be quite similar to both values and is readily
accessible through the refractive index and, e.g., the
Clausius–Mosotti relation. Of course, one may invert the
problem and calculate the polarizability from a known absorp-
tion cross section.

APPENDIX A: DERIVATION OF EQ. (1)

Teraoka et al. have derived an expression describing the wave-
length shift of a WGM due to molecules adsorbed on a micro-
sphere surface [10,19,41]. Their calculation is based on the
polarization induced in an adsorbed molecule by the evanes-
cent tail of the WGM. The interaction energy between the
induced dipole and the evanescent field provides a first-order
correction to the WGM energy. Using a perturbation ap-
proach for calculating the wavelength shift induced by a
change, δεr , in the dielectric medium external to the micro-
sphere, they derived the following expression for the fractional
change in the wave vector:

�
δk
k0

�
� −

R
V p

δεrE�
0 · Epdr

2
R
V εrE�

0 · E0dr
; (A1)

where E0 is the unperturbed field of the microsphere and Ep is
the perturbed field. The integral in the numerator is over the
volume of the external perturbing medium, and that in the
denominator is over all space. This expression applies to both
TE and TM modes. For the adsorption of a thin layer
(ΔR ≪ λ0) of molecules onto a microsphere of radius R, this
expression reduces to

�
δk
k0

�
TE

� −
1

R�n21 − n22�
Z

R�ΔR

R
�np�r�2 − n22�dr; (A2)

where n1 � 1.444 is the microsphere’s refractive index,
n2 � 1.0 is that of the surrounding air, and np�r� is that
of the adsorbed material, here EDA. If the refractive index
of the adsorbed material is assumed constant, Eq. (A2)
can be related to the surface coverage, σ, through the
equation

�
δk
k0

�
TE

� −
αtσ

ε0R
1

�n21 − n22�
; (A3)

where αt is the transverse polarizability of the adsorbed mol-
ecule. The transverse component of the polarizability depends
on the components of the polarizability tensor and on the
orientation of the adsorbed molecule on the surface [42].
Equations (1) and (A3) depend on the value of the transverse
polarizability of the adsorbed molecule for TE modes and on
both radial and transverse polarizabilities for TM modes. In
our case of EDA, theoretical values are available for the dia-
gonalized polarizability tensor components [43]. From these
values we determined the transverse and radial polarizability
components as 6.7 × 10−24 cm3 < αt < 7.1 × 10−24 cm3 and
5.7 × 10−24 cm3 < αr < 6.6 × 10−24 cm3, respectively. Our
estimate for the isotropic polarizability of 6.7 × 10−24 cm3 is
therefore close to the value for αt and also agrees well with
the isotropic polarizability calculated from the refractive index
using the Clausius–Mosotti relation, 7.0 × 10−24 cm3. Note
that in all calculations the small correction to the real part
of the complex polarizability due to the absorption band at
1550 nm was neglected.

APPENDIX B: ESTIMATE OF THE VOLUME
FRACTION, f , OF THE EVANESCENT WAVE
IN EQ. (6)

To estimate the fraction of the WGM volume that interacts
with the adsorbed molecular layer, we require the fraction
of the WGM propagating in the evanescent wave. Assuming
first that the layer is homogeneous and thick compared to the
penetration depth of the evanescent wave, we can, for a TE
mode, write the ratio of the evanescent field to the field inside
the sphere as [19]

Fig. 5. Schematic depiction of EDA molecules adsorbed to silica
through either hydrogen bonding to a surface silanol group (left mol-
ecule), electrostatic interactions following proton transfer (right), or weak
dispersion forces (top). (Image inspired by Fig. 3 of Ref. [32]).

Research Article Vol. 1, No. 2 / August 2014 / Optica 81



f thick �
εm

R∞
r�R j

2
l �k0nsR�exp�−2�r −R�∕rev�r2dr

R
2π
ϕ�0

R
π
θ�0 �Y m

l �ϕ;θ��2 sin θdθdϕ
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R
R
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2
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π
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R

n2m
n2s −n2m

≈
λ0
2πR

n2m
�n2s −n2m�3∕2

; (B1)

where we integrated the spherical Bessel function jl according
to Lam et al. [54] and made use of the evanescent field decay
length rev ≈ �λ0∕2π��n2s − n2m�−1∕2 ≪ R.

The refractive index of the microresonator sphere material
at λ � 1.55 μm was calculated from the Sellmeier coefficients
for silica as ns � 1.444. Assuming that a sphere with a 300 μm
diameter is suspended in vacuum (nm � 1), only 0.14% of the
TE-WGM field is in the evanescent wave. This number in-
creases to 1.3% if the surrounding medium is water
(nm � 1.31) and 7.3% if nm � 1.40.

The present case is slightly more complicated, since the
WGM interacts only with the thin EDA layer of subwavelength
thickness with a refractive index nEDA � 1.4413 that is close to
that of the silicamicrosphere, ns. Given that only a small fraction
of the WGM power resides in air, we can approximate the frac-
tion of the TE mode field in the overlayer as the ratio between
the field in the EDA layer and that inside the sphere, i.e., as

f thin ≈
εEDA

R R�ΔR
r�R j2l �k0nsR�r2dr

R
2π
ϕ�0

R
π
θ�0 �Y m

l �ϕ; θ��2 sin θdθdϕ

εs
R R�ΔR
r�0 j2l �k0nsr�r2dr

R
2π
ϕ�0

R
π
θ�0 �Y m

l �ϕ; θ��2 sin θdθdϕ

≈
ε0n2EDA j

2
l �k0nsR�

�
�R�ΔR�3

3
− R3

3

	

ε0n2s j2l �k0ns�R � ΔR�� �R�ΔR�3
2

n2s −n2m
n2s

≈
2

3

�R � ΔR�3 − R3

�R � ΔR�3
n2EDA

n2s − n2m
: (B2)

Here, we assumed that the field (value of the squared spherical
Bessel function) is constant over the thickness of the EDA layer
and that ns≈nEDA. Using ns � 1.4439, nEDA � 1.4413,
nm � 1.0; R � 136 μm, and, for one monolayer, ΔR �
0.36 nm, one obtains f thin � 1.05 × 10−5 independent of the
wavelength of the light. The actual fraction of the total WGM
residing in the overlayer is slightly less, since we neglected the
fraction of the light traveling outside the overlayer in the
denominator of Eq. (B2). For a TM-polarized WGM the frac-
tion, f , depends on the value assumed for l , and the expression
is more complicated.
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The generation of nonclassical photon pairs with a long
coherence time is key for applications that range from
fundamental to quantum communication and metrol-
ogy. Spontaneous four-wave mixing with electromag-
netically induced transparency has been demonstrated
as one of the most efficient methods; however, narrow-
ing the bandwidth and producing photon pairs with a
temporal length beyond 1 μs remains a technical chal-
lenge due to noise considerations and the need for cold
atoms with a high optical depth (OD). In this work, we
demonstrate the generation of narrowband photon pairs
with a controllable coherence time up to 1.72 μs in a
laser-cooled atomic ensemble with an OD as high as
130. At such a high OD, we find that the pump laser
field spatial profile has a significant effect on the
time–frequency entangled two-photon waveform. We
also confirm the quantum particle nature of heralded
narrowband single photons generated from this
source. © 2014 Optical Society of America

OCIS codes: (270.0270) Quantum optics; (190.4380) Nonlinear optics,

four-wave mixing.
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Nonclassical photon pairs are standard tools to probe and ex-
ploit the quantum realm beyond the classical limits. For a
quantum network whose atomic matter nodes are linked by
flying single photons, its quantum connectivity and scalability
strongly depend on the interaction between atoms and pho-
tons [1,2]. An efficient photon–atom quantum interface re-
quires that the photons have a bandwidth sufficiently
narrower than the natural linewidth of related atomic transi-
tions. Among many efforts to produce narrowband photon
pairs [3–9], spontaneous four-wave mixing (SFWM) using

electromagnetically induced transparency (EIT) [10] in cold
atoms has been demonstrated as one of the most efficient
methods [11,12]. Using laser-cooled atoms with an optical
depth (OD) of 53 and working at the EIT group delay regime,
Du et al. at Stanford University generated time–frequency en-
tangled photon pairs with a temporal length of about 0.9 μs,
corresponding to a bandwidth of about 0.75 MHz [13]. These
narrowband biphotons are ideal for producing heralded single
photons with arbitrary waveforms using electro-optical modu-
lation [14]. Their capability to interact with atoms resonantly
has been applied to observing single-photon optical precursors
[15], efficiently storing a single photon in an atomic quantum
memory [16], and coherently controlling single-photon ab-
sorption and re-emission [17]. Besides the fundamental inter-
est of the time–space nonlocality of their extended wave
packets [18], narrowband single photons with a long coher-
ence time also have applications in quantum metrology [19]
and quantum state teleportation [20] based on single-photon
or multiphoton interference. The recently demonstrated
highly efficient EIT optical memory [21] for quantum state
operation requires single photons with microsecond coherence
time. However, further narrowing the biphoton bandwidth
and having a temporal length longer than 1 μs remains a tech-
nical challenge, because a longer single-photon time window
significantly increases the probability of receiving accidental
noise counts and thus reduces its immunity to a noisy envi-
ronment. Meanwhile, producing photon pairs with a longer
temporal length requires cold atoms with a much higher OD.

In this Letter, we report the generation of narrowband pho-
ton pairs with a coherence time up to 1.72 μs, using 85Rb cold
atoms in our recently developed dark-line two-dimensional
(2D) magneto-optical trap (MOT) [22] with an OD as high
as 130. We find that at such a high OD the pump laser spatial
profile has a significant effect on the biphoton waveform. The
estimated bandwidth of about 0.43 MHz is the narrowest bi-
photon bandwidth reported to date to the best of our knowl-
edge. We also demonstrate that this source can be used to
produce narrowband heralded single photons with high purity.

The experiment setup and relevant 85Rb atomic energy
level diagram are illustrated in Fig. 1. The 2D MOT has a
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longitudinal length L � 1.5 cm and a temperature of 100 μK.
The experiment is run periodically with 4.5 ms MOT time
followed by 0.5 ms biphoton generation time in each cycle.
At end of the MOT time, the trapping and repumping lasers
(not shown in Fig. 1) are switched off and all the atoms are
optically pumped to the ground level j1i. During the biphoton
generation time, phase-matched Stokes (ωs) and anti-Stokes
(ωas) paired photons are produced in opposing directions along
the MOT longitudinal z axis in the presence of the counter-
propagating coupling (ωc) and pumping (ωp) laser beams,
which are aligned at an angle of 2.8° with respect to the longi-
tudinal z axis. The pump laser (780 nm), σ− circularly polar-
ized, is blue detuned by 60 MHz from the transition
j1i → j4i. The coupling laser (795 nm), σ� circularly polar-
ized, is on resonance to the transition j2i → j3i. Both pump
and couping beams are collimated with the same 1∕e2 diam-
eter of 1.40 mm. The spontaneously generated Stokes and
anti-Stokes photons have σ− and σ� polarizations, respec-
tively. After passing through the polarization filters [composed
of a λ∕4 waveplate and polarization beam splitter (PBS)], the
paired photons are coupled into two opposing single-mode fi-
bers (SMFs), followed by Fabry–Perot etalon filters (500 MHz
bandwidth), and detected by two single-photon counting
modules (SPCMs and SPCMas, Excelitas/PerkinElmer SPCM-
AQRH-16-FC). The fiber–fiber coupling efficiency, etalon
filter transmission, and SPCM detection efficiency are 70%,
65%, and 50%, respectively. The coincidence counts are re-
corded by a time-to-digit converter (Fast Comtec P7888) with
a bin width of 2 ns. The MOT magnetic field remains on all
the time.

The dark-line 2D MOT configuration allows us to obtain
cold atoms with OD > 100 on the anti-Stokes transition.
At such a high OD, we find that the pump laser intensity dis-
tribution along the longitudinal z axis of the photon pair gen-
eration has a significant effect on the two-photon waveform.
Because of the 2.8° angle between the pump beam propagation
direction and the photon pair longitudinal z axis, the pump
beam transverse Gaussian profile is projected to the z axis.
Following the perturbation treatment [23], and taking into ac-
count the pump field profile, we have the Stokes–anti-Stokes
two-photon state

jΨi �
Z

dωκ�ω�F�Δk�â†as�ωas0 �ω�â†s �ωs0 −ω�j00i; (1)

where κ�ω� is the nonlinear parametric coupling coefficient
and F�Δk� is the Fourier transform of the pump field profile
f �z� � 1∕�2π� R dkF �k�eikz along the z axis. ωs0 and ωas0 are
the central frequencies of Stokes and anti-Stokes photons, re-

spectively. Δk�ω� � �⃗kas � k⃗s − k⃗c − k⃗p� · ẑ is the complex
phase mismatching of the four waves inside the atomic
medium. j00i represents the vacuum state in the Stokes
and anti-Stokes modes. As seen from Eq. (1), the frequencies
of the Stokes and anti-Stokes photons are entangled due to
the energy conservation. The corresponding two-photon
wave packet can be described as e−iωs0t s e−iωas0tasψ�τ�, with
τ � tas − t s. The relative wave amplitude is

ψ�τ� � 1

2π

Z
dωκ�ω�F�Δk�ei�kas�ks�L∕2e−iωτ; (2)

which displays the entanglement in the time domain. We work
in the group delay regime, where the anti-Stokes photons travel
with a slow group velocity V g and the Stokes photons travel
nearly at the speed of light in vacuum. In this regime, the spa-
tial phase propagation in Eq. (2) can approximated as

�kas � ks�L∕2 ≃ ϕ0 � ωτg∕2; (3)

where ϕ0 is a constant phase factor. The EIT group delay,
τg � L∕V g � �2γ13∕jΩcj2�OD, can be controlled by chang-
ing the coupling Rabi frequency Ωc and OD [23], where
γ13 � 2π × 3 MHz is the electric dipole relaxation rate be-
tween j1i and j3i. The two-photon spectrum is mainly deter-
mined by the phase-matching longitudinal function F �Δk�ω��.
The full width at half-maximum (FWHM) bandwidth of the
photons can be estimated as Δω � 2π × 0.88∕τg . Under these
conditions, κ�ω� ≃ κ0 varies slowly in frequency, and we can
reduce Eq. (2) to

ψ�τ� ≃ κ0V gf �L∕2 − V gτ�eiϕ0 : (4)

It is clear that the pump field spatial variation is mapped onto
the two-photon quantum temporal waveform, with its origin
delayed by L∕�2V g� � τg∕2. The two-photon temporal cor-
relation time is determined by the group delay τg of the slow
anti-Stokes photon.

Fig. 1. (a) Schematic of the experiment setup for producing narrowband photon pairs and (b) the relevant 85Rb atomic energy level diagram for
spontaneous four-wave mixing. The 85Rb energy levels are chosen as j1i � j5S1∕2; F � 2i, j2i � j5S1∕2; F � 3i, j3i � j5P1∕2; F � 3i, and
j4i � j5P3∕2; F � 3i.
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The Glauber correlation function can be obtained as
G�2��τ� � jψ�τ�j2. With a joint detection efficiency (includ-
ing all loss and detection quantum efficiency) η, time bin
width Δtbin, collection time T , and duty cycle ζ, the two-
photon coincidence counts can be calculated from
ηζG�2��τ�ΔtbinT .

Figure 2 shows our experimental results at OD � 130 and
the coupling Rabi frequency Ωc � 2π × 11.34 MHz, which is
determined from the measured coupling laser power and beam
size. The EIT spectrum in Fig. 2(a) shows that the on-
resonance transmission exceeds 0.8. The finite EIT loss is
caused by the ground-state dephasing rate between j1i and j2i,
which is γ12 � 2π × 30 kHz in our setup. The two-photon
coincidence counts collected over T � 2000 s are shown in
Fig. 2(b). The solid theoretical curve calculated from Eq. (2)
agrees well with the experimental data. There are two features
of the two-photon correlation function. The fast oscillating
spike at the leading edge is the biphoton optical precursor,
which travels at the speed of light in vacuum [15,24]. The fol-
lowing slowly varying long waveform is generated from the
narrow EIT window and has a 1∕e correlation time of 854 ns.
The Gaussian shape reveals the pump laser intensity profile, as
we expected from Eq. (4). As we reduce the OD below 60, the
Gaussian shape is not apparent; this may be the reason why
this effect has not been observed experimentally or discussed
theoretically before.

To characterize the nonclassical property of the photon pair
source, we confirm its violation of the Cauchy–Schwartz

inequality [25]. Normalizing the coincidence counts to the ac-
cidental background floor in Fig. 2(b), we get the normalized
cross-correlation function g �2�s;as�τ�, which has a peak value of
60. With the autocorrelations g �2�s;s �0� � g �2�as;as�0� � 2, we
obtain the violation of the Cauchy–Schwartz inequality
�g �2�s;as�τ��2∕�g �2�s;s �0�g �2�as;as�0�� ≤ 1 by a factor of 900.

Another measure of the quantum nature of the photon pairs
is the conditional autocorrelation function of the heralded sin-
gle anti-Stokes photons trigged by detection of their paired
Stokes photons. We pass the anti-Stokes photons through a
fiber-coupled beam splitter whose outputs are connected to
two SPCMs (SPCM1 and SPCM2). The conditional autocor-
relation is obtained from g�2�c � �N sN s12∕N s1N s2�, where N s
is the Stokes counts, N s1 and N s2 are the twofold coincidence
counts, and N s12 is the threefold coincidence counts [26]. The
measured conditional autocorrelation function g �2�c of the her-
alded anti-Stokes photons as a function of coincidence window
width is displayed in Fig. 2(c). The coherent state, two-photon
Fock state, and single-photon state give g�2�c � 1, 0.5, and 0,
respectively. Our measured g �2�c is far below the threshold value
of 0.5.

We then reduce the coupling laser power to narrow the EIT
window. Figure 3 shows the result at Ωc � 2π × 7.77 MHz.
From the EIT spectrum in Fig. 3(a), the on-resonance
transmission drops down to 0.3. In Fig. 3(b), the two-photon
waveform has a longer temporal duration of 1720 ns. The nor-
malized cross-correlation function has a maximum value of 47,

(a)

(b)
(c)

Fig. 2. (a) Anti-Stokes EIT transmission spectrum, (b) two-photon
coincidence counts with 2 ns bin width collected over 2000 s as a func-
tion of relative time delay. Operating parameters are OD � 130,
Ωc � 2π × 11.34 MHz, and Ωp � 2π × 0.60 MHz. (c) The measured
conditional autocorrelation g�2�c of heralded anti-Stokes photons as a
function of coincidence window width Δt.

(a)

(b)
(c)

Fig. 3. (a) Anti-Stokes EIT transmission spectrum, (b) two-photon
coincidence counts with 2 ns bin width collected over 2000 s as a func-
tion of relative time delay. Operating parameters are OD � 130,
Ωc � 2π × 7.77 MHz, and Ωp � 2π × 0.60 MHz. (c) The measured
conditional autocorrelation g �2�c of heralded anti-Stokes photons as a
function of coincidence window width Δt.
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which violates the Cauchy–Schwartz inequality by a factor of
552. The conditional autocorrelation g �2�c as a function of
coincidence time window width is shown in Fig. 3(c), which
confirms the quantum nature of the heralded single anti-Stokes
photons.

In both cases, the pump laser has a power of 1.25 μW. Tak-
ing into account the SMF fiber–fiber coupling efficiency, filter
transmission, SPCM detecting efficiency, and duty cycle, we
estimate biphoton generation rates from cold atoms to be
3200 pairs∕s and 2000 pairs∕s for the conditions of Fig. 2 and
Fig. 3, respectively. Higher photon pair generation rates can be
achieved by increasing the pump laser power, but the uncor-
related accidental counts increase quadratically. Because our
theory agrees well with experiment in the entire parameter
space (see Figs. 2 and 3 for examples), we calculate the FWHM
bandwidth of the generated photons from the power spectrum
jκ�ω�F �Δk�ei�kas�ks�L∕2j2. we obtain bandwidths of 0.92 and
0.43 MHz for the cases in Fig. 2 and Fig. 3, respectively.

We further reduce the coupling laser power and find no
significant increase in the temporal correlation time, while the
EIT transmission and biphoton counts drop. As the EIT loss is
significant, the coherence time approaches τg∕β, where β > 1
is the absorption depth (the EIT transmission is characterized
as e−β) [23]. The ultimate correlation time is limited by the
ground-state coherence time, i.e., 1∕�2γ12� ≈ 2.65 μs, which
is consistent with our experimental observation.

To verify the control effect of the pump field profile on the
biphoton waveform, we shift the pump-coupling beams
toward the anti-Stokes photon side so that the pump laser in-
tensity profile on the atomic medium is not symmetric along
the z axis. The measured two-photon correlations at different

coupling powers are displayed in Figs. 4(a) and 4(b). Consis-
tent with our prediction from Eq. (4), the peak of the Gaussian
profile on the main waveform moves toward the side of the
shorter time delay. The solid theoretical curves agree well with
the experimental data.

In summary, we produced photon pairs with a controllable
temporal length up to 1.72 μs, which corresponds to a band-
width of 0.43 MHz. This is achieved by making use of EIT-
assisted SFWM in cold atoms at a high OD of 130. We also
demonstrated the efficient generation of narrowband heralded
single photons with an autocorrelation value below 0.2 in a
2 μs coincidence window. We found that at such a high
OD the pump laser field profile has a significant effect on
the biphoton waveform. This technique can be used to engi-
neer the biphoton waveform by manipulating the spatial pro-
file of the pump beam. Our narrowband photon pairs with
such a long coherence time can have immediate improvement
for single-photon based differential-phase-shift quantum key
distribution [27].
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Transformation optics aims to identify artificial materials and structures with desired electromagnetic prop-
erties by means of pertinent coordinate transformations. In general, such schemes are meant to appropri-
ately tailor the constitutive parameters of metamaterials in order to control the trajectory of light in two and
three dimensions. Here, we introduce a new class of one-dimensional optical transformations that exploits
the mathematical framework of supersymmetry (SUSY). This systematic approach can be utilized to
synthesize photonic configurations with identical reflection and transmission characteristics, down to
the phase, for all incident angles, thus rendering them perfectly indistinguishable to an external observer.
Along these lines, low-contrast dielectric arrangements can be designed to fully mimic the behavior of a
given high-contrast structure that would have been otherwise beyond the reach of available materials and
existing fabrication techniques. Similar strategies can also be adopted to replace negative-permittivity
domains, thus averting unwanted optical losses. © 2014 Optical Society of America

OCIS codes: (290.0290) Scattering; (290.5839) Scattering, invisibility; (260.2710) Inhomogeneous optical media.
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1. INTRODUCTION

The problem of reconstructing the shape of a potential
distribution solely from information carried by its scattering
pattern has a long-standing history in a number of diverse
disciplines of science and technology [1–5]. Naturally, in
such inverse problems, the question of uniqueness is of crucial
importance: are the properties of an object fully determined by
its corresponding far-field scattering data? In general, the
answer is no. In quantum mechanical settings, for example,
one can always identify an N -parameter family of different
potentials that support the same discrete set of N bound-
state eigenvalues and exhibit similar scattering characteristics
[4]. Closely related to this subject is the idea of super-
symmetry (SUSY) [6–10]. This mathematical framework
emerged in quantum field theory as a means to treat fermions
and bosons on equal footing [9]. Subsequently, notions of
SUSY were utilized to obtain isospectral and phase-equivalent
potentials within the context of nonrelativistic quantum
mechanics [10].

On the other hand, recent developments in transformation
optics and optical conformal mapping have brought about
novel methodologies to address inverse problems [11–16].
By virtue of coordinate transformations, such schemes can
in principle provide the spatial distribution of electric permit-
tivities and magnetic permeabilities that would perform a de-
sired task such as cloaking [17–22]. As one would expect, the
material properties required to implement such configurations
might not always be available in practice. Clearly of interest
would be to develop alternative strategies that allow one to
judiciously control the scattering properties of an object, while
at the same time reducing the complexity of the structures
involved.

As we will see, SUSY can provide a new avenue for 1D
transformation optics that would have been otherwise impos-
sible using other multidimensional approaches (see Fig. 1).
Along these lines, we introduce appropriate optical transforma-
tions in 1D refractive index landscapes and explore their
implications in terms of their far-field response. In addition

2334-2536/14/020089-07$15/0$15.00 © 2014 Optical Society of America
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to finding superpartners with similar scattering behavior, sys-
tematic SUSY deformations allow us to design systems that
exhibit identical complex reflection and transmission coeffi-
cients for all incident angles. As a result, two such dielectric
objects, however dissimilar, become virtually indistinguish-
able. Remarkably, the proposed formalism can be employed
to synthesize photonic configurations that behave in exactly
the same way as high-refractive-index-contrast devices, by
only utilizing low-contrast dielectric media. Similar method-
ologies can be employed to substitute negative-permittivity
inclusions with purely dielectric media as a means to obtain
the intended functionality without introducing any addi-
tional loss.

2. SUPERSYMMETRIC OPTICAL
TRANSFORMATIONS

In 1D inhomogeneous settings, the propagation of TE-
polarized waves is known to obey the Helmholtz equation
[23], �∂xx � ∂yy � k20ϵ�x��Ez�x; y� � 0, where k0 is the vac-
uum wavenumber and ϵ�x� is the relative permittivity of a
given (fundamental) structure to be emulated via SUSY trans-
formations (see Fig. 1). The analysis of TM waves can be car-
ried out in a similar manner (see Supplement 1). In the TE
case, the spatial dependence of the electric field Ez can be
described via Ez�x; y� � ψ�x�eiβy. Here, β � k0n0 sin θ rep-
resents the y component of the wave vector for an incidence
angle θ, and n0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ�X → �∞�

p
is the background refrac-

tive index. By employing the normalized quantities X � k0x,
Y � k0y, and Ω � β2∕k20, the Helmholtz equation then
reduces to a 1D Schrödinger-like equation:

Hψ�X � � Ωψ�X �: (1)

The resulting Hamiltonian H � ∂XX � ϵ�X � can be factor-
ized asH � BA� α, where the operators A and B are defined
as A � ∂X �W �X �, B � ∂X −W �X �, and α is an auxiliary
constant of the problem. Here B � −A†, where “†” represents

the Hermitian conjugate. The superpotential W can then be
obtained as a solution of the Riccati equation [7],

ϵ�X � � �W 0 −W 2 � α; (2)

in terms of the fundamental permittivity profile ϵ�X �.
Once W has been determined, one can establish a partner
Hamiltonian Hp � AB � α, which corresponds to a new
distribution in the electric permittivity:

ϵp�X � � −W 0 −W 2 � α: (3)

As a direct consequence of this construction, the modes ψp

of the partner potential ϵp are related [24] to the ones of
the fundamental through the expressions ψp ∝ �∂X �W �ψ
and ψ ∝ �∂X −W �ψp. These latter relations hold for guided
waves as well as for radiation modes, and each such pair of
states is characterized by a common eigenvalue. We note that
two options for choosing α exist: (a) Assuming that the struc-
ture supports at least one bound state, one may opt to set α
equal to the fundamental mode’s eigenvalue, i.e., α � Ω0.
(b) The other possibility is to choose α > Ω0, irrespective
of whether the system supports bound states or not. The first
case corresponds to an unbroken SUSY: the two potentials
share the guided wave eigenvalue spectra except for that of
the fundamental mode, which does not have a corresponding
state in the partner. In the second case, however, SUSY is bro-
ken, and the two arrangements share an identical eigenvalue
spectrum, including that of the fundamental mode. As an ex-
ample, Fig. 2(a) depicts the relative permittivity distribution
ϵ�X � � 1� exp�−�X ∕5�8�, corresponding to a step-index-like
waveguide; its unbroken and broken SUSY partners are shown
in Figs. 2(b) and 2(c), respectively. W can also be found
analytically [7] via

W � −∂X ln�ψ0� (4)

Fig. 1. Schematic overview of the different SUSY optical transformations. Starting from a given fundamental structure ϵ, supersymmetric partners
ϵp can be constructed. Whereas the broken SUSY system ϵ�br�p preserves all bound modes, unbroken SUSY (ϵ�ub�p ) removes the fundamental mode.
Regardless, in both cases, the intensity reflection and transmission coefficients of the superpartners are identical to those of the fundamental system.
In order to maintain the full complex scattering characteristics, a family ϵf of isophase structures can be synthesized. Finally, a hierarchical sequence of
higher-order superpartners ϵ�ub�p;2…N may be utilized to obtain a scattering-equivalent structure, which requires a substantially lower refractive index contrast
than that involved in the original system ϵ.
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in the unbroken SUSY case, i.e., for α � Ω0, when ϵ supports
at least one bound state ψ0. In either regime, Eq. (2) can
always be solved numerically to obtain the superpotential
W . An alternative approach is to start with an arbitrary super-
potential and construct the two superpartner structures ϵ and
ϵp according to Eqs. (2) and (3). In this scenario, it still remains
to be determined whether SUSY is unbroken or broken. This
question can be resolved by the so-called Witten index [6]. In
general, if W �X � approaches W � at X → �∞, unbroken
SUSY requires W � � −W −, while a broken SUSY demands
that W � � W −.

3. ISOPHASE FAMILIES OF OPTICAL
POTENTIALS

It is important to note that more than one superpotential can
exist for any given distribution ϵ�X �. In fact, as we show here,
one can systematically generate an entire parametric family
W f of viable superpotentials that satisfy Eq. (3). To show this,
let us start from Eq. (3), which relates the superpartner ϵp
to the superpotential W . Starting from a particular W , this

solution can be generalized by adopting the form
W f � W � 1∕v, in which case the unknown function v
satisfies �∂X − 2W �v � 1. Direct integration readily leads

to v � e�2
R

X

−∞
W dX 0�

C � R
X
−∞ e−2

R
X 0
−∞

W dX 0 0
dX 0

�
, where C is

an arbitrary real-valued constant, giving rise to a para-
metric family W f of superpotentials W f �X ;C� � W�
∂X ln

�
C � R

X
−∞ e−2

R
X 0
−∞

W dX 0 0
dX 0

�
. If the superpotential W

has been specifically obtained from the bound state ψ0 [from
Eq. (4)], then this parametric family can be obtained via

W f �X ;C� � W � ∂X ln

�
C �

Z
X

−∞
ψ2
0�X 0�dX 0

�
: (5)

Whereas all members of this family lead to the same super-
partner ϵp, each of them describes a different permittivity
distribution ϵ according to Eq. (2). The resulting parametric
family [10] of structures ϵf �X ;C� is associated with the fun-
damental distribution ϵ and its ground state ψ0 as follows:

Fig. 2. Relative permittivity distributions of the original and the transformed potentials. (a) The fundamental system has a step-like profile
ϵ�X � � 1� exp�−�X ∕5�8�. (b) Superpartner in the unbroken SUSY regime. (c) Superpartner in the broken SUSY case. (d) Phase-equivalent structures.
(e) Scattering geometry. (f–h) Superpotentials W corresponding to panels (b–d). (j) Identical reflectivity R (solid line) and transmittivity T (dashed line)
corresponding to Figs. 1(a)–1(d). (k–m) Relative phases of the reflection (ΔΦr , solid line) and transmission (ΔΦt , dashed) coefficients of the structures in
(b–d) compared to the fundamental system (a) as a function of the incident angle θ. The scattering characteristics were evaluated by means of the
differential transfer matrix method [23].
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ϵf �X ;C� � ϵ�X � � 2∂XX ln

�
C �

Z
X

−∞
ψ2
0�X 0�dX 0

�
; (6)

where C represents a free parameter. Note that here the trans-
formation between the original structure and its superpartner
was only used to prove Eq. (6), which itself is completely in-
dependent from the superpartner. According to this equation,
simply by starting from a given potential and its ground state
eigenfunction, a whole family of isospectral potentials can be
established. Figure 2(d) depicts such family members for the
fundamental structure ϵ shown in Fig. 2(a) when C � 0.1,
0.5, or 2.0, respectively. Note that the original permittivity

distribution ϵ is in itself a member of this family, since
ϵf → ϵ for C → �∞. All the modes ψ f of any other member
are related to its states ψ , according to ψ f ∝ �∂X −W f �
�∂X �W �ψ . As a result, all family members share the same
guided wave characteristics, e.g., they have identical sets of ei-
genvalues as in the case of broken SUSY. This in turn means
that an unbroken SUSY partner cannot be a part of the iso-
spectral family associated with its fundamental structure, since
the superpartner per definition lacks one guided mode. Never-
theless, SUSY optical transformations can be employed to
synthesize dedicated isospectral families for any initial index
landscape. Figures 2(f)–2(h) provide an overview of the

Table 1. Reflection and Transmission Coefficients for the Different SUSY Transformationsa

Coefficient Unbroken SUSY Broken SUSY Isophase

Reflection rp � r · exp
h
−2i tan−1

�n0 cos θ
W −

�i
rp � r · exp

h
−2i tan−1

�n0 cos θ
W −

�i rf � r

Transmission tp � t · exp
h
−2i tan−1

�n0 cos θ
W −

�i tp � t tf � t

aW − � W �−∞� designates the asymptotic value of the superpotential on the left side of the structure, and r; t are the coefficients of the original structure.

Fig. 3. Reflection/transmission characteristics of structures obtained by SUSY transformations depicted in Fig. 2 as functions of wavelength λ and angle
of incidence θ. (a–c) Intensity difference in transmission. (d–f) Relative phases in reflection and (g–j) relative phases in transmission. The dashed lines
follow the phase jumps of π, which originate from the interaction with guided modes in the fundamental structure and unbroken-SUSY partner. Top row,
unbroken SUSY; middle row, broken SUSY; bottom row, isophase case (C � 0.5).
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different superpotential functions in the regimes of unbroken
and broken SUSY [Figs. 2(b), 2(c)], as well as for the family
members shown in Fig. 2(d).

4. SCATTERING CHARACTERISTICS

Let us now turn our attention to the scattering characteristics
of structures connected by SUSY transformations. Consider a
plane wave exp�iX n0 cos θ� iY n0 sin θ� incident from the
left, i.e., X → −∞, as shown schematically in Fig. 2(e). For
reasons of simplicity, we assume a uniform background
medium n� � n− � n0 at X → �∞; the general case of n� ≠
n− is discussed in Supplement 1. Here, the reflected and trans-
mitted waves in the far field are given as r exp�−iX n0 cos θ�
iY n0 sin θ� and t exp�iX n0 cos θ� iY n0 sin θ� in terms of
the complex reflection and transmission coefficients r and t
[24]. By adopting similar solutions for the partner scatterer
ϵp, its respective reflection and transmission coefficients rp
and tp can readily be found. This is done by using the
intervening relation ψp ∝ �∂X �W �ψ , which connects the
scattering states of the original structure to those of the super-
partners. A similar approach can be followed for the isospectral
configuration by utilizing ψ f ∝ �∂X −W f ��∂X �W �ψ .
Further details concerning this procedure can be found in
Supplement 1. Table 1 summarizes the relations between the
complex reflection/transmission coefficients of the original and
the unbroken and broken superpartners, as well as the
isophase families.

Interestingly, the SUSY transformation yields a partner
structure with exactly the same absolute values in reflection
and transmission, as illustrated in Fig. 2(j). Evidently, all
the permittivity distributions from Figs. 2(a)–2(d) display
identical reflectivities R � jrj2 � jrpj2 and transmittivities
T � 1 − R for all angles of incidence. In contrast, the scatter-
ing phases depend on whether SUSY is broken or not (see
Table 1). In the case of unbroken SUSY, both reflection
and transmission coefficients acquire additional phases with
respect to the fundamental scattering potential. If on the
other hand SUSY is broken, the transmission coefficient is
the same in both amplitude and phase. Finally, each member
of the parametric family ϵf directly inherits all scattering
properties of the original structure (in both intensity and
phase), i.e., they are phase equivalent to ϵ. Figures 2(k)–2(m)
illustrate these relations.

So far, the performance of these systems has been exam-
ined at a given operating wavelength λ0. Of importance
would be to investigate to what extent their supersymmetric
properties persist when the wavelength λ varies around λ0. As
one would expect, even if two dissimilar profiles exhibit the
same phases at a given wavelength, their internal light dynam-
ics may gradually undergo different changes with λ. To elu-
cidate this structural dispersion, we provide the spectral
dependence of the difference in transmittivities ΔT (or reflec-
tivities ΔR) between the fundamental structure [Fig. 2(a)]
and its superpartners [Figs. 2(b)–2(d)] as a function of the
incidence angle θ, as shown in Figs. 3(a)–3(c). As these
figures indicate, this difference only becomes notable in the
unbroken SUSY regime [Fig. 3(a)], while it is almost absent

under broken SUSY and isophase conditions [Figs. 3(b),
3(c)]. The difference in the corresponding reflection phases
is similarly presented in Figs. 3(d)–3(f). The dashed lines
trace the abrupt phase jumps of π, which mark the interaction
with guided modes in the two partners and intersect at the
design wavelength λ0. Evidently, the isophase design displays
the greatest resilience with respect to spectral deviations. Note
that such phase jumps do not occur in the transmission
phases, as can be seen in Figs. 3(g)–3(j). In this latter case,
the isophase system again proves to be the least susceptible to
spectral deviations. These results demonstrate that SUSY
transformations can be robust over a broad spectral range
around the design wavelength.

5. REFRACTIVE INDEX ENGINEERING USING
SUSY TRANSFORMATIONS

One of the main challenges in designing optical systems is the
limited dynamic range of refractive indices associated with
available materials. This issue becomes particularly acute when
high-contrast arrangements are desirable. For example, the
number of grating unit cells required to achieve a certain
diffraction efficiency grows with the inverse logarithm of
the index contrast n2∕n1 between the individual layers [23].
As it turns out, SUSY optical transformations can be utilized
to reduce the index contrast needed for a given structure. This
can be done through a hierarchical ladder of superpartners, i.e.,
sequentially removing the bound states of the original high-
contrast setting [Fig. 4(a)]. In this example, the relative per-
mittivity in the original structure is supposed to vary between
2 and 9, leading to a considerable contrast. Evidently, this
range may be difficult to implement in practice in such a wave-
length-scale arrangement. On the other hand, each successive
step demands less contrast in the corresponding index land-
scape than the previous one [Fig. 4(b)]. We would like to point
out that since reflection and transmission are only relevant for
propagating waves, the removal of guided modes is in no way
detrimental to scattering-based functionalities. The ultimate
result is a low-contrast equivalent structure that fully inherits
the intensity reflectivity R and transmittivity T of the original
configuration under all incident angles [Figs. 4(c)–4(d)]. For
this particular example, we see an approximately four-fold
decrease in the required permittivity contrast.

Finally, SUSY transformations can provide a possible
avenue in replacing negative-permittivity inclusions (typically
accompanied by losses) by purely dielectric materials. In this
respect, inverse SUSY transformations, which now add modes
with certain propagation constants to a given structure,
can instead be used to locally elevate the permittivity (see
Supplement 1). Along similar lines, it is possible to find super-
potentials that relate a structure with metallic or negative-
permittivity regions to an equivalent arrangement with entirely
positive ε, as depicted in Fig. 5. Here, we make use of the fact
that in a broken-SUSY transformation, the spatial average of ϵ
happens to be a conserved quantity. Therefore, changes in the
broader vicinity of the original metal–dielectric structure can
be used to achieve this goal.
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6. CONCLUSION

We have introduced a new type of supersymmetric optical
transformation for arbitrary 1D refractive index landscapes.
Compared to conventional transformation optics, our ap-
proach poses significantly less stringent requirements on the
constituent parameters, and does not involve any modifica-
tions to the magnetic response of the materials involved. This
method can be utilized to construct photonic arrangements
that faithfully mimic the scattering characteristics of high-
index-contrast or even metal–dielectric structures. We would
like to emphasize that this approach is readily capable of
emulating the behavior of arrangements whose permittivity
distributions are far beyond the reach of naturally occurring
materials. As such, SUSY transformation optics can likewise
be employed to narrow the necessary range of effective param-
eters, and thereby complement the design process of metama-
terial devices. SUSY transformation optics may have potential
applications in a wide range of scenarios that rely on engi-
neered scattering and transmission properties such as, for ex-
ample, optical metasurfaces, antireflection coatings, and
diffraction gratings. Of interest will be to explore how the
aforementioned strategies could be paired up with recently de-
veloped transformation schemes for guided-wave photonics
based on dielectric materials [25,26]. Finally, the unique char-
acteristics of supersymmetric optical structures may open new
opportunities for tailoring the response of non-Hermitian
systems beyond PT symmetry [27], and could be employed
for a new class of integrated optical mode converters [28].

Fig. 5. (a) Metal–dielectric grating arrangement comprising five layers
of negative electrical permittivity (red sections). (b) An entirely dielectric
superpartner grating constructed in the broken SUSY regime, using
the respective superpotential (c). (d) Despite the absence of any metallic
regions, the equivalent structure exhibits identical reflectivities/
transmittivities.

Fig. 4. (a) Hypothetical high-contrast dielectric layer arrangement that supports N � 9 guided modes. (b) Hierarchical sequence of partner structures
obtained through iterative SUSY transformations. (c) Despite the general trend toward lower-contrast configurations, each intermediate step inherits the
reflectivity and transmittivity of the fundamental system (a). (d) The resulting low-contrast structure is free of bound states and faithfully mimics the
intensity-scattering characteristics of the original high-contrast configuration for all angles of incidence. Note that the transverse coordinate x scales in
units of λ0∕2π.
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The integration of nanoscale electronics with conventional optical devices is restricted by the diffraction
limit of light. Metals can confine light at the subwavelength scales needed, but they are lossy, while dielec-
tric materials do not confine evanescent waves outside a waveguide or resonator, leading to cross talk
between components. We introduce a paradigm shift in light confinement strategy and show that light
can be confined below the diffraction limit using completely transparent artificial media (metamaterials
with εij > 1; μij � 1). Our approach relies on controlling the optical momentum of evanescent waves—an
important electromagnetic property overlooked in photonic devices. For practical applications, we propose
a class of waveguides using this approach that outperforms the cross-talk performance by 1 order of mag-
nitude as compared to any existing photonic structure. Our work overcomes a critical stumbling block for
nanophotonics by completely averting the use of metals and can impact electromagnetic devices from the
visible to microwave frequency ranges. © 2014 Optical Society of America

OCIS codes: (250.5403) Plasmonics; (160.3918) Metamaterials.
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1. INTRODUCTION

Modern computation and communication systems rely on the
ability to route and transfer information using electronic and
electromagnetic signals. Massive efforts over the last decade
have been driven by miniaturization and integration of elec-
tronics and photonics on the same platform [1]. However,
the diffraction limit of light is a fundamental barrier to inter-
facing micrometer-scale waveguides to nanoscale electronic
circuitry. Furthermore, dense photonic integration is ham-
pered because cross talk between waveguides increases as the
separation between them is reduced.

At low frequencies, metals, due to their high reflectivity, can
be used for confining light at the subwavelength scale [2]. At
optical frequencies, metals can achieve the same task by cou-
pling light to free electrons. This leads to a surface plasmon
polariton (SPP) that shows properties of nanoscale waveguid-
ing [3,4]. However, due to absorption in metals, this approach
cannot guide light more than a few micrometers [3,5,6]. Fur-
thermore, the dissipated energy leads to thermal issues, which
are especially significant in miniaturized circuits, hindering
dense photonic integration. Hence, low-loss approaches to

light confinement at the nanoscale are a fundamental necessity
for photonics.

Prevalent all-dielectric nanophotonic approaches can be
classified according to two fundamental principles gov-
erning them, one that utilizes the large index contrast be-
tween media to confine light within nanoscale slots [7–9]
and another that uses Bragg reflection of waves in the
bandgap of photonic crystals [10–12]. However, neither of
these approaches functions on the evanescent fields outside
the core of the resonator or waveguide. These unchecked
evanescent waves are the fundamental origin of cross talk in
nanophotonics and this significantly limits the ability of
these classes of dielectric waveguides for photonic integra-
tion [13,14].

In this paper, we surpass the diffraction limit of light by a
new class of all-dielectric artificial materials that are lossless.
This overcomes one of the fundamental challenges of light
confinement in metamaterials and plasmonics: metallic loss.
Our approach relies on controlling the optical momentum
of evanescent waves as opposed to conventional photonic
devices, which manipulate propagating waves. This leads to

2334-2536/14/020096-05$15/0$15.00 © 2014 Optical Society of America
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a counterintuitive confinement strategy for electromagnetic
waves across the entire spectrum. Finally, based on these mo-
mentum transformations, we propose a class of practically
achievable waveguides that exhibit dramatically reduced cross
talk compared to any dielectric waveguide (slot, photonic
crystal, or conventional).

2. PARADIGM SHIFT IN LIGHT CONFINEMENT
STRATEGY

We introduce two distinct photonic design principles that can
ideally lead to subdiffraction light confinement without metal.

A. Relaxed Total Internal Reflection

First, we revisit the conventional light confinement mecha-
nism of total internal reflection (TIR), which is widely utilized
for waveguides and resonators. We consider a simple 2D case
with an interface along the z axis between medium 1 and
medium 2 and TM-polarized incident light. A habitual preju-
dice immediately leads us to conclude that n1 > n2 is the con-
dition for total internal reflection of light moving from
medium 1 to medium 2 [Fig. 1(a)]. Here, we argue that the
above is a sufficient but not necessary condition and the re-
quirement can be relaxed to

n1 >
ffiffiffiffi
εx

p
; (1)

where the z axis is parallel to the interface and the x axis is
normal to it. Note that εx is defined as the dielectric constant
of medium 2 perpendicular to the interface. We call this con-
dition relaxed-TIR. We provide a simple proof of this using
momentum conservation of light parallel to the interface in
uniaxial anisotropic media. The tangential momentum of
light, k‖z � n1k0 sin θ, is conserved along the interface. Here,
k0 � ω∕c � 2π∕λ is the free-space wave vector of light and θ
is the angle of incidence. Once the light enters medium 2, even
though the parallel momentum is conserved, the dispersion
relation of TM polarized waves changes to

�
k‖z
�
2

εx
� �k⊥x �2

εz
� �k0�2: (2)

We see that the perpendicular component of the wave vector in
the second medium k⊥x can be zero or imaginary (evanescent
wave) if k‖z >

ffiffiffiffi
εx

p
k0, i.e., n1 >

ffiffiffiffi
εx

p
. Note that, as expected,

for angles of incidence greater than the critical angle of relaxed-
TIR (θc � sin−1 � ffiffiffiffi

εx
p ∕n1�), we have an evanescent wave

decaying into medium 2.

B. Transforming Optical Momentum

In conventional TIR, the evanescent wave penetrates consider-
ably into medium 2. Here, we show how to transform the
optical momentum of evanescent waves, leading to a reduced
penetration depth in medium 2 after TIR. The argument in
the previous subsection about relaxed-TIR opens up a funda-
mentally new degree of freedom for confining evanescent waves
penetrating into medium 2: the component of the dielectric
tensor parallel to the interface. The evanescent wave decay
constant for TM-polarized waves in medium 2 is given by

k⊥x �
ffiffiffiffi
εz
εx

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εx�k0�2 − �k‖z �2

q
: (3)

The penetration depth (skin depth) of evanescent fields into
the second medium is thus governed by the ratio of permitti-
vity components

ffiffiffiffiffiffiffiffiffiffiffi
εz∕εx

p
. We thus arrive at the condition

εz ≫ 1 to increase the momentum of evanescent waves, i.e.,
make them decay faster, which confines them very close to
the interface. Note that since we have decoupled the TIR cri-
terion (n1 >

ffiffiffiffi
εx

p
) from the momentum confinement condi-

tion (εz ≫ 1), both can be simultaneously achieved, leading
to a fundamentally new approach to light confinement in trans-
parent media [Fig. 1(b)].

C. Controlling Optical Momentum with Dielectric
Anisotropy

In essence, our nonresonant transparent medium alters the
momentum of light entering it. The upper limit to the mo-
mentum tangential to the interface is set by the dielectric con-
stant perpendicular to the interface, while the perpendicular
momentum is increased by the dielectric constant parallel
to the interface. This nonintuitive concept of controlling wave
momentum in a given direction by the dielectric constant
perpendicular to the phase propagation is depicted in Fig. 1(c).
It is seen that, for plane wave propagation along the symmetry

Fig. 1. (a) Conventional TIR: if n1 > n2 and the incident angle is
larger than the critical angle, the light is totally reflected to medium
1 and decays in medium 2. (b) Relaxed-TIR: if n1 >

ffiffiffiffi
εx

p
and the in-

cident angle is larger than the critical angle, the light is totally reflected.
However, the penetration depth can be decreased considerably if εz ≫ 1.
(c) Wave propagation along the optical axis of a uniaxial medium. As the
electric field is perpendicular to the momentum direction, permittivity in
a specific direction controls the momentum in the perpendicular direc-
tion. (d) Conventional waveguide based on TIR: as the core size is
decreased, most of the power lies outside and decays slowly in the clad-
ding. (e) TCW: relaxed-TIR (n1 >

ffiffiffiffi
εx

p
) preserves the conventional

waveguiding mechanism. Furthermore, the light decays fast in the clad-
ding as the optical momentum in the cladding is transformed using
anisotropy (εz ≫ 1). Thus, the wave can be confined inside the core,
giving rise to subdiffraction optics with completely transparent media.
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axes of anisotropic media, the field direction and the relevant
dielectric tensor component are perpendicular to the wave
vector (kx governed by εz and kz governed by εx).

3. SUBDIFFRACTION LIGHT CONFINEMENT
WITHOUT METAL

We now show how the previous momentum transformations
can be used for subdiffraction confinement of light without
metallic plasmons. Note that our approach can be applied
to multiple devices across the visible, terahertz, and microwave
regimes; however, for the sake of elucidation, we consider a
waveguide geometry.

As the core size of a conventional slab waveguide is de-
creased, all modes are cut off, except the lowest order TE and
TMmodes. Even though these modes exist, most of the power
actually lies outside the core and decays very slowly in air (clad-
ding). We propose to use metamaterial claddings that trans-
form the momentum of evanescent waves and confine the
light within the core of the waveguide [Figs. 1(d) and 1(e)].
We call such waveguides as extreme skin depth (e-skid) wave-
guides. We emphasize the counterintuitive nature of the wave-
guiding since the index of the cladding averaged over all
directions is greater than that of the core. The relaxed-TIR
condition still allows the lowest order mode to propagate,
similar in principle to the conventional case. Note that the
confinement is achieved for the TM0 mode since the
dispersion relation is anisotropic only for TM waves.

In Fig. 2, we show the field plots for the fundamental mode
in a conventional waveguide and a 1D e-skid waveguide. This
engineered anisotropy allows us to control the evanescent field
outside the core. For the same input energy, we note the

increased power in the core and a striking difference between
the evanescent decay in the cladding for the two waveguides.

We follow the conventional definition of mode length
adopted from the concept of mode volume in quantum optics
and widely used in nanoscale waveguide theory [5,15]. For
the lowest order TM0 waveguide mode, it is given by
Lm � R∞

−∞W �x�dx∕maxfW �x�g, where W �x� is the energy
density of the mode [5,15]. It is clear from the inset of Fig. 2
that the mode length is diffraction limited (above λ∕2ncore) for
conventional waveguides. However, once the cladding is made
anisotropic, the mode length achieves subdiffraction values.
We plot the role of the component of the dielectric tensor
(εz ) that is responsible for confining the evanescent waves.
The increase of this constant helps compress the evanescent
waves in the cladding, decreasing the mode length below
the diffraction limit when the index crosses nz � ffiffiffiffi

εz
p ≈ 3.

We emphasize that this is within reach at optical communica-
tion wavelengths. The anisotropic metamaterial cladding also
achieves a significantly better power confinement in the core as
compared to the conventional waveguide (Fig. 3). This in-
crease in power confinement is accompanied by a proportion-
ate decrease in mode length as compared to the conventional
waveguide (Fig. 3, inset). For any given core, irrespective of its
subwavelength size, we can achieve subdiffraction confinement
of light and extreme power concentration in the core if the
cladding anisotropy is increased. Note the diffraction limit is
defined as per convention with respect to the core index where
most of the power is confined. This shows that optical mode
volumes can also be governed by the index felt by the evan-
escent fields outside of the core.

The optimum performance occurs when εx → 1� and
εz ≫ 1. In Supplement 1 we show a detailed study that the
cladding anisotropy and cladding size are degrees of freedom
that can be exploited to confine the mode, irrespective of core
index and core size.

Fig. 2. Normalized tangential electric field of the TM mode for a glass
slab waveguide with a size of 0.1λ surrounded with all-dielectric meta-
material cladding. The metamaterial has dielectric constants of εx � 1.1
and εz � 15. On comparison with a conventional mode that has air as
the surrounding medium, a rapid decay of the evanescent fields is ob-
served. The plots are normalized to the same input electric energy. Inset:
as the anisotropy of the cladding is increased, the mode length decreases
significantly below the diffraction limit with completely transparent me-
dia. This can be achieved with a cladding size (width b) three times that
of the core size (width a).

Fig. 3. Mode length comparison of slab waveguides with core size.
It shows that the anisotropic cladding (εx � 1.1 and εz � 15) can
confine the TM mode to subdiffraction values. Inset: we emphasize that
the net power in the core is also higher for the TCW as compared to
conventional waveguides.
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We have decoupled the momentum of the propagating
mode in the core (related to effective mode index) from the
momentum of the evanescent wave in the cladding (related
to confinement). This implies that the enhanced confinement
does not require a high effective mode index, in contrast to
conventional approaches. We expect this fundamental
difference to be a major design advantage for mode matching
in various devices and couplers.

4. 1D PRACTICAL REALIZATION

We discuss how to practically achieve these momentum trans-
formations. First, we argue that no naturally occurring
medium has a strong anisotropy, and the maximum contrast
between permittivity tensor components is low for natural
dielectrics (e.g., TiO2) and artificial polymers [16]. Thus,
we cannot use natural dielectrics to preserve TIR with a glass
or silicon waveguide core interface while simultaneously in-
creasing the momentum of evanescent waves. However, we
can realize this extreme anisotropy by artificially structured
media using available lossless dielectrics.

One practical approach consists of a multilayer structure
consisting of two materials with high index contrast and layer
thicknesses far below the wavelength of light [17]. Effective
medium theory [18] for this superlattice predicts a homo-
genized medium with an anisotropic dielectric tensor given
by ε‖ � εhighρ� εlow�1 − ρ�, where ε‖ is the dielectric con-
stant parallel to the layers and 1∕ε⊥ � ρ∕εhigh � �1 − ρ�∕εlow
is the dielectric constant perpendicular to the layers. ρ is the fill
fraction of the high-index material εhigh.

A. Application to Photonic Integration

The major advantage of our approach for practical applications
is the reduction in cross talk once themetamaterial is introduced
in the region between any conventional dielectric waveguides.
This is because our approach relies on altering the evanescent
field outside the core for confinement, the fundamental origin
of cross talk. This is a key figure of merit for photonic integra-
tion [19] and we outperform state-of-the-art structures by 1
order of magnitude taking nonidealities into account.

Figure 4(a) shows the schematic for two coupled slab wave-
guides where the cladding has been transformed to allow TIR
and cause fast decay of evanescent waves in the cladding to
reduce the cross talk. We consider two silicon slab waveguides
(nSi � 3.47) with a center-to-center separation of s � 0.5λ. A
periodic multilayer combination of high-index and low-index
dielectrics shows the extreme effective anisotropy that is
needed for the optical momentum transformation. The meta-
material claddings are made of high-index (n1 � 4.3) and low-
index thin films (n2 � 1.5) at the operating wavelength of
1550 nm. Two representative materials with such indices are
germanium and silica. We emphasize that the band-edge loss at
1.55 μm in germanium is not a fundamental impediment. For
a medium 1 filling fraction of ρ � 0.6, multilayer effective
medium theory predicts anisotropic dielectric constants of
εx � 4.8 and εz � 11.9. Figure 4(b) shows the coupling
length of the fundamental mode in the waveguide with increas-
ing core size. For comparison, we also show the coupling

length when the surrounding medium is simply silica. A dra-
matic impact of the anisotropy is clearly evident in the
coupling length, which shows 1 order of magnitude increase
for various core sizes for the transformed cladding structure.
For completeness, we have also compared the cross-talk
performance of our waveguide with another state of the art
structure—slot waveguides [7,13]. Higher index cores in slot
waveguides and photonic crystals can lead to enhanced power
confinement; however, the cross talk of our TCWs always
outperforms them by 1 order of magnitude.

The anisotropic cladding can be exploited for designing
bends and splitters, as well. The dielectric constant of the
cladding perpendicular to the core governs TIR and can be
minimized or altered to decrease power loss. A detailed analysis
of quasi-2D waveguides, splitters and bends with extreme skin
depth claddings and their performance will be presented else-
where, but we now focus on showing how our approach can be
generalized to 2D waveguides.

5. 2D EXTREME SKIN DEPTH WAVEGUIDES

The momentum transformation can be used to strongly con-
fine light in an infinitely long glass rod with an arbitrarily
shaped cross section (A ≪ λ2). The cladding has to be aniso-
tropic to allow for the lowest order mode (HE11) to travel
inside the glass core and bounce off by TIR but simultaneously
decay away rapidly, causing subdiffraction confinement
of the mode (Fig. 5). The set of nonmagnetic media that
can cause the momentum transformation are anisotropic

Fig. 4. Dense photonic integration at optical telecommunication
wavelength (λ � 1550 nm). (a) Extreme skin depth cladding with
low cross talk between closely spaced waveguides. This can be achieved
by surrounding the waveguide cores (thick blue layers) with multilayer
all-dielectric metamaterials. The multilayer metamaterial consists of alter-
nating subwavelength layers of germanium (26 nm) and silica (14 nm).
This all-dielectric structure achieves anisotropy of εx � 4.8 and
εz � 11.9. (b) Comparison of coupling length (cross talk) for conven-
tional slab waveguides, slot waveguides, and TCWs. It is seen that the
TCW improves the cross talk by 1 order of magnitude and the practical
multilayer structure result is in excellent agreement with the effectively
anisotropic cladding. The core is silicon with a center-to-center separa-
tion of 0.5λ between waveguides. Each slot waveguide has the same net
size as the core of the other waveguides; the slot size is 0.01λ and is filled
with glass. If the slot size is larger or the slot index is lower, the cross-talk
performance is worse than that shown. Also note that the slot waveguide
cross talk is, in fact, always more than that in the conventional waveguide.
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homogenous dielectric materials with 1 < εx � εy < εglass
and εz ≫ 1.

The simulated electric energy density of the arbitrarily
shaped waveguide with an all-dielectric anisotropic cladding
(εx � εy � 1.2 and εz � 15) is shown in Fig. 5(b). The shape
of the cladding is chosen to be the same shape as the arbitrary
core, but with twice the local radius. The numerical calculation
shows that about 36% of the total power is inside the low-
refractive-index core and the mode area for this waveguide
is about 0.7A0 (A0 � �λ∕2ncore�2). Note that, without the
momentum transformed cladding, the fundamental mode of
the subwavelength core is weakly guided and most of the
power lies outside the core [Fig. 5(a)]. The calculated mode
area for the bare waveguide is about 80A0 and only 1% of
the total power lies inside the core. Availability of high-index
building blocks for metamaterials at lower frequencies can lead
to better performance specifically for the 2D designs [20].
Nanowire metamaterials in the cladding can achieve the de-
sired anisotropy (see Supplement 1).

6. CONCLUSION

In conclusion, we have introduced a paradigm shift in light
confinement strategy that rests on transforming the momen-
tum of evanescent waves. Our transformations can be achieved
by all-dielectric media fundamentally overcoming the foremost
challenge in the field of plasmonics and metamaterials: optical
absorption. We showed that, for practical device applications,
the introduction of our engineered anisotropy in the space be-
tween conventional waveguides confines evanescent waves and
always decreases the cross talk, irrespective of core index or size.
The approach of altering the momentum of evanescent waves
can be utilized all across the spectrum for electromagnetic
waves, leading to a new class of devices that work on control-
ling evanescent field momentum.
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Spatiotemporal solitons (STSs) are waves that are local-
ized in all three dimensions of space as well as in time.
They are of interest intrinsically as well as for ultrafast
optical information processing, but their experimental
observation remains a major challenge in nonlinear
science. Two decades of investigation of STSs in optics
has yielded only a few experimental demonstrations in
conservative media. We present the realistic design and
modeling of a solid-state laser that depends on the for-
mation of dissipative STSs, which balance nonlinear
gain and loss as well as linear and nonlinear phases.
Numerical calculations show that stable, three-
dimensional solitons can form in lasers containing
self-focusing nonlinear materials with large normal
dispersion. Experimental realization will be challenging
but appears to be technologically achievable. © 2014

Optical Society of America
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Solitons are localized waves that propagate without decaying.
They occur in a variety of physical systems, including liquids
[1,2], optical fibers [3], plasmas [4], and condensed matter
[5,6]. They generate significant interest fundamentally as well
as for applications such as telecommunications. Initial research
focused on the nonlinear localization of wave packets in one
dimension, such as temporal solitons in optical fibers or spatial
solitons in planar waveguides. One of the major goals in the
field of nonlinear science is the generation of waves that are
localized in all three dimensions of space as well as time [7].
Spatiotemporal solitons (STSs) have been investigated since
the early days of nonlinear optics [8,9]. Aside from their in-
trinsic scientific interest, STSs have potential utility in ultrafast
optical information processing [10].

Although soliton solutions of nonlinear wave equations may
exist in higher dimensions, they are often unstable. There are
only isolated reports of optical STSs: two-dimensional (2D)
STSs have been observed in quadratic nonlinear media [11],
and three-dimensional (3D) STSs were generated in an array of
waveguides [12]. In each case the solitons were only stable for a
few characteristic lengths, and there is still no report of 3D
solitons in a homogeneous medium.

An alternative approach to STSs relies on dissipative proc-
esses. Systems that incorporate dissipation (in addition to
diffractive, dispersive, and nonlinear phase modulations) have
been shown theoretically to support stable solitons that are
referred to as “dissipative optical bullets” [13–16]. While STSs
in conservative systems require anomalous group-velocity
dispersion, in dissipative systems stable STSs can also exist with
normal dispersion. 2D spatial dissipative solitons in a cavity
have been the subject of major interest recently [17]. One po-
tential route to the experimental observation of a dissipative
optical bullet would be an extension of this work to include
localization in the time domain [17–19].

Lasers based on dielectric media doped with active ions may
also be able to stabilize STSs. Temporal dissipative solitons
have already been observed in both solid-state [20,21] and
fiber [22] lasers. STSs would extend dissipative solitons to the
two transverse dimensions. Theoretical work on models that
are generally relevant to 3D dissipative systems strongly
suggests that stable STSs are possible [13–16,18,19] and
motivates further research to identify realistic experiments.

Here, we show through numerical modeling that stable
STSs form in a solid-state laser with large self-focusing non-
linearity, significant normal group-velocity dispersion, and an
unstable resonator (Fig. 1). To ensure that spatial localization
is achieved primarily by optical nonlinearity, linear focusing
elements must be removed from the cavity. In order to com-
pensate for the diffraction in a realistic laser resonator, the total
nonlinear phase shift must be significant, and this is accumu-
lated in normal-dispersion material. Operation of the laser
yields STSs that are stable over numerous propagation lengths.
In addition to nearly static solutions, we observe qualitatively
new phenomena, such as spontaneous spatiotemporal sym-
metry breaking and breathing limit cycles. As a secondary
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point, in the future this type of laser may offer performance
advances over current designs [23].

A mode-locked laser must include a gain medium and a
saturable absorber. The gain medium also provides refractive
nonlinearity, group-velocity dispersion, diffraction, and filter-
ing by the gain spectrum.We assume flat cavity mirrors. In any
real system with discrete optical elements, the majority of
diffraction will occur from propagation in air. Intensity-
dependent loss from a saturable absorber is needed to start
a pulsed laser from noise and to stabilize the steady-state sol-
utions. Initial simulations show that ordinary gain media could
provide adequate nonlinear refraction with microjoule pulses,
in which case chirped mirrors could provide the needed normal
dispersion. The simplicity of this approach is attractive, but it
will require a kilowatt-class pump laser. To achieve a practical
design based on 100 W pump lasers, we must add a material
with high refractive nonlinearity and normal group-velocity
dispersion to the cavity. The STS laser therefore consists of
a gain medium, air, a nonlinear material, a saturable absorber,
and a spectral filter. The filter helps compensate the nonlinear
phase in time, as is done in temporal dissipative-soliton lasers
[22]. A ring cavity is assumed.

Numerical simulations are employed to find stable solutions
to this system. The gain is modeled by a simple transfer
function,

Aout�x; y;ω�
Ain�x; y;ω�

� exp

�
g0

1� E
E sat

− 2
x4 � y4

w4
p

−
ω2

Δω2

�
; (1)

where g0 is the small signal gain, E sat is the saturation energy,
wp corresponds to the pump beam size (a super-Gaussian pro-
file is chosen here to represent a multimode pump beam), and
Δω corresponds to the gain bandwidth. Pulse evolution in air
and the nonlinear section are modeled with the standard non-
linear Schrodinger equation:

∂A
∂z

� i
2k0

�
∂2A
∂x2

� ∂2A
∂y2

�
− i

β2
2

∂2A
∂t2

� iγjAj2A; (2)

where A is the slowly varying envelope at center frequency ω0,
t is time in a reference frame moving at the group velocity of
the pulse, β2 corresponds to the group velocity dispersion,
γ � ω0n2∕c is the nonlinear coefficient, and k0 � ω0n∕c.
The saturable absorber is modeled with a transfer function

T � 1 − l o∕�1� P�τ�∕Psat�, where l o is the unsaturated loss,
P�τ� is the instantaneous pulse power, and Psat is the satura-
tion power. Finally, the filter is Gaussian in the frequency do-
main. Simulations utilize a standard split-step Fourier
transform technique. The initial condition is a low-intensity
Gaussian pulse in three dimensions. Identification of con-
verged (i.e., stable) solutions requires propagation through
thousands of cavity round trips, until there is no noticeable
change in the evolution of the solution. To dramatically reduce
the computation time, simulations were initially run with only
one transverse spatial dimension. These simulations identified
the relevant parameter ranges, and 3D simulations were then
performed over limited ranges of the parameters.

The search for stable solutions begins with the choice of
roughly equal diffraction, dispersion, and nonlinear lengths,
and we have confined our search to physically realizable param-
eter values. For example, stable solutions are found with a stan-
dard Yb:KGW crystal as the gain medium, SF11 glass as the
nonlinear material, and a semiconductor saturable absorber
mirror (the parameters are listed in the caption of Fig. 2).
It is important to emphasize that the laser only reaches thresh-
old if STSs form. The intracavity pulse energy smoothly con-
verges to 1.5 μJ [Fig. 2(a)]. This corresponds to a 3 W∕μm2

peak intensity, 4 ps pulse duration, 9 nm bandwidth, and
250 μm beam waist (Fig. 2). The pulse is symmetric in space
and time and exhibits spatial narrowing at the center of the
pulse, which illustrates the strong role of nonlinearity in the
spatial domain [Fig. 2(b)]. At the center of the beam, the tem-
poral frequency spectrum has steep sides [Fig. 2(c)] and the
pulse is highly chirped [Fig. 2(d)], as is the case for dissipative
solitons in normal-dispersion fiber lasers [22]. At the center of
the pulse, the spatial frequency spectrum has multiple
sidebands [Fig. 2(e)] and >90% of the beam is well fitted
by a hyperbolic-secant profile [Fig. 2(f)], as is the case for sol-
itons in a cavity. Nonlinear focusing is primarily responsible

Fig. 1. Illustration of an STS laser.

Fig. 2. Typical 2D simulation result: (a) energy convergence, (b) spa-
tiotemporal color map of the pulse, (c) spectrum at the center of the
beam, (d) temporal profile along with sech2 fit (dashed line), (e) spa-
tial-frequency spectrum at the center of the pulse, and (f) spatial profile
along with sech2 fit (dashed line). Parameters: the nonlinear material is
40 cm of SF11 glass (n � 1.76, β2 � 1520 fs2∕cm [Schott glass],
and n2 � 41 × 10−8 μm2∕W [24]). The gain bandwidth is 40 nm,
E sat � 600 nJ, wp � 308 μm (assuming 400 μm multimode pump
fiber), there is 10 cm of air, the filter bandwidth is 12 nm, 2% power
is coupled out, l o � 0.03, and Psat � 51 kW∕μm (saturable absorber
and output coupling parameters from Ref. [25]).
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for compensating diffraction, with a small (∼1%) contribution
from gain guiding. To summarize, diffraction and nonlinear
phase balance as in solitons of the 1D nonlinear Schrodinger
equation, while dispersion, spectral filtering, saturable absorp-
tion, and nonlinear phase balance as in 1D dissipative solitons.
The pulse (beam) actually breathes by 20% (50%) as the pulse
traverses the laser; the solution shown in Fig. 2 is the pulse after
the saturable absorber.

With a slightly higher saturation energy of 650 nJ and all
other parameters as above, a distinct change occurs in the sol-
ution. The pulse converges to a symmetric solution (middle
panel of Fig. 3) similar to that in Fig. 2, but after several hun-
dred round trips, this symmetry breaks and the solution finally
converges to one which is asymmetric in space at every point in
time. Seeding the simulation with the asymmetric pulse or its
spatial mirror image shows that the asymmetric pulses are
stable nodes of the system.

A further increase in the saturation energy, to 740 nJ,
reveals a final solution, which is a long-period oscillation
(Fig. 4 and Media 1. The symmetry, peak intensity, and spa-
tiotemporal widths oscillate with a period of ∼14 round trips
(Fig. 4, left panel). This solution is a spatiotemporal limit cycle
of the governing equation. Previously, oscillatory solutions
were identified in a homogeneous model [18] and in the con-
text of double bullet complexes [13,15].

To verify and refine the results quantitatively, 3D simula-
tions were performed. With the same parameters as above and
with a saturation energy of 450 nJ, a stable optical bullet con-
verges (Fig. 5). Similar to the behavior in two dimensions
(Fig. 3), symmetry breaking occurs after several hundred round
trips [Fig. 5(a)], and the solution converges to a spatiotempor-
ally asymmetric optical bullet [Fig. 5(b)]. The profiles in the
x and y dimensions are nearly identical [Fig. 5(c)] and corre-
spond to the symmetry of the spatial effects. The resulting
three-dimensionally localized wave packet resembles a bean
in an isointensity plot [Fig. 5(d)].

As the nonlinear processes must create dissipative-soliton
solutions that are stable against perturbations, a primary con-
sideration in the design of an STS laser is the choice of non-
linear material. The refractive nonlinearity must balance the
effects of diffraction. However, because the nonlinear and dif-
fractive segments are in separate locations in the cavity, there is
an upper limit to the nonlinear phase that can be fully com-
pensated. Guided by the numerical results, we assume that the
ideal accumulated nonlinear phase shift (and thus the diffrac-
tive phase) will be π. The nonlinear phase is determined by the
intensity, nonlinear index, and material length. The intensity
is determined by the pump power, the loss of the material
(including effective loss in the cavity due to wavefront distor-
tions), the nonlinear loss of the material, the loss of the cavity,
the gain medium, and the length of the cavity. Many of these
variables are coupled. The relevant equations can be readily
solved. While it is difficult to achieve the needed combination
of length and loss with ordinary glasses such as fused silica, the
requirements become more reasonable as the nonlinear index
increases.

The beam size and the length of the air section also have
significant influence on the design. The nonlinear material de-
termines the size of the beam in the cavity (that is, total dif-
fraction is related to the length of propagation through the
material and the amount of nonlinear phase available to com-
pensate for this diffraction, as well as the size of the beam). To
study STS formation, it will be advantageous to minimize the
effect of any aperture in the cavity by reducing the beam size.
Therefore, it will be preferable to use the shorter, high-index
materials for the smaller beam sizes that result. The air section
should be as short as practically possible to minimize diffrac-
tion and therefore reduce the requirements on the nonlinear
material. With care this could probably be reduced, which in
turn would reduce the length of the nonlinear material.

A final practical issue will be the stringent requirements on
the homogeneity of materials that are placed inside a low-loss
laser cavity. We constructed a femtosecond Yb:KGW laser
[25] as a test bed for candidate nonlinear materials. The inter-
nal transmittance of 10 cm of SF11 glass is >99% at the op-
erating wavelength. However, we find that insertion of 50 cm
of SF11 in the cavity introduces an effective loss of ∼25%,

Fig. 3. Evolution of the pulse energy as a function of round trip
around the oscillator and spatiotemporal profiles of the output at the
indicated numbers of round trips.

Fig. 4. Evolution of the energy as a function of round trip for the spa-
tiotemporal limit cycle, with representative spatiotemporal profiles of the
output field at the half-periods of the oscillation (Media 1).

Fig. 5. Results of 3D simulations. (a) Evolution of the energy as a
function of round trip, (b) spatiotemporal profile at x � 0 or y � 0,
(c) beam at the center of the pulse, and (d) isointensity surface of the
bullet at 5% of the peak intensity.
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which arises from wavefront distortion. It will be important to
find the appropriate lengths of laser-quality nonlinear materi-
als. It may be more practical, however, to compensate for im-
perfect materials by instead relying on higher pump powers. As
an example, a short segment of chalcogenide glass with high
pump power is both theoretically suitable and seems to be
within current capabilities, albeit with the possible challenges
of larger material absorption and photodarkening.

Alternative embodiments of the STS laser are worth noting.
For example, the narrow gain bandwidth of Yb:YAG will
eliminate the need for a filter, and the larger pump beam in
a thin-disk geometry will avoid aperture effects. In such a sys-
tem STSs could be stable with a dense flint material and several
hundred watts of pump power. Ultimately, it should be pos-
sible to generate femtosecond pulses with microjoule energies,
which will be attractive for some applications.

In conclusion, we have demonstrated the existence and sta-
bility of STSs in a realistic model of a solid-state laser. Key to
the design is recognition of the role of normal dispersion in
stabilizing the localized wave packet. Numerical simulations
reveal unique features at high pulse energies, such as sponta-
neous spatiotemporal symmetry breaking and breathing limit
cycles. Experimental realization of an STS laser will be chal-
lenging but seems to be technologically feasible.
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Scattering limits the penetration depth of most optical imaging techniques. Efforts to overcome this
limitation often require complex optical or computational schemes. We have developed a new method
of assessing tissue properties based on spectroscopic analysis of multiply scattered light. The technique,
multispectral multiple-scattering low-coherence interferometry (ms2/LCI), uses coherence and spatial
gating to produce images of tissue optical properties up to 9 mm deep, with millimeter-scale resolution.
The capabilities of ms2/LCI are demonstrated using tissue phantoms composed of chicken breast.
Discrimination of diseased and healthy tissues is shown through imaging and analysis of burns in ex vivo
human skin samples. Our technique may provide a powerful way to assess burn depth and progression in
sensitive, burned tissues where physical contact is undesirable. © 2014 Optical Society of America
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1. INTRODUCTION

Scattering is the dominant mechanism of light transport in tis-
sue. It limits the penetration depth of most optical imaging
techniques by attenuating the incident light while simultane-
ously burying it beneath a diffuse background signal. Tech-
niques that image with photons that have only interacted a
single time with tissue such as confocal microscopy and optical
coherence tomography must have a way to separate these pho-
tons from the diffuse background. Confocal microscopy uses
an aperture as a spatial filter to selectively detect light arising
from a localized region and reject out-of-focus light. This
approach is effective but is limited to roughly three scattering
mean free paths (MFPs), defined as the average distance
needed for light to experience one scattering event, typically
about 150–200 μm in tissue depending on the tissue type
and wavelength of illumination, in this case 800 nm [1].
Optical coherence tomography (OCT) and other low-
coherence interferometry (LCI) methods use coherence gating
to selectively detect photons by optical path length. OCT uses
near-IR light and is effective in selecting singly scattered

photons up to about 27 scattering MFPs or about 1–2 mm
in tissue [2].

There have been several recent efforts to extend optical
imaging beyond this few-millimeter depth. These include
photoacoustic tomography, which detects ultrasonic signatures
of absorptive features up to a few centimeters deep [3] but does
not provide scattering contrast. Further, the need for acoustic
impedance matching requires contact with the tissue, which
may not be feasible in some clinical applications. Another ap-
proach is to shape the wavefront of light to focus deep within
tissue using ultrasound [4] or speckle variance [5] encoding.
These approaches offer great potential for deep tissue imaging
but may be limited by the need for complex optical and
computational schemes.

Recently, we have developed an alternative method for deep
tissue optical imaging based on exploiting forward-scattered
light. Multiple-scattering low-coherence interferometry
(ms/LCI) uses coherence gating to restrict photon path length
with spatial gating to localize photon paths to achieve imaging
up to 90 scattering MFPs with millimeter resolution in tissue
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phantoms [6]. Further development of the method shifted de-
tection from the time domain to the frequency domain [7],
which greatly reduced data acquisition times while incorporat-
ing multispectral capabilities, covering a bandwidth of 60 nm
centered at 633 nm. The multispectral multiple-scattering LCI
(ms2/LCI) system was able to detect an absorptive feature at
90 MFPs (9.5 mm) within a tissue-like phantom.

In this article, we now present the first application of ms2/
LCI to deep tissue imaging and analysis. Imaging is demon-
strated by detecting a reflective target through 8.8 mm of
chicken breast. Absorptive contrast is shown by detecting
the spectroscopic signature of a dye-filled capillary through
6 mm of chicken breast using a purely biological feature to
generate scattering contrast. Finally, the potential clinical
utility of ms2/LCI is established by imaging scattering
changes due to thermal damage in ex vivo human tissues
at depths of several millimeters. Spectroscopic analysis of
these images shows a potentially powerful way to assess burn
progression.

2. EXPERIMENTAL SETUP

The tissue imaging experiments presented here use the Fourier
domain scheme for ms2/LCI described previously [7]. Briefly,
light from a supercontinuum source (Fianium SC-450) is fil-
tered and split into two components, an input to the sample
and a reference. The input to the sample was a 6 mm diameter
beam focused using a 100 mm lens but offset from the optical
axis. The result is light incident at an angle of approximately 4°
relative to normal with an approximately 14 μm diameter spot
at the focus. This corresponds to an effective input NA of 0.03
and a Rayleigh range of 0.9 mm. The schematic in Fig. 1 shows
this arrangement along with a projected detection path also

offset from the optical axis by the same distance that intersects
the illumination beam within a focal zone several millimeters
beneath the sample surface. The arrangement of separate
illumination and detection apertures allows selective detection
of light that has passed through the focal zone. Light that has
been forward scattered en route to the focal zone or on the
return path retains useful information about the sample.
Diffusely scattered light is not efficiently collected by this
geometry, and thus it is suppressed in the detected signal.

The ms2/LCI scheme uses a custom-built spectrometer
with a spectral resolution of 0.014 nm, corresponding to a
maximum detection range of zmax � 5.6 mm. An enhanced
depth imaging approach was used [8] where the zero path delay
point (z � 0), which offers the highest response for spectral
detection, was set at the deepest sample feature. The coherence
length that can be achieved with this scheme is 2.4 μm, but the
effective axial resolution achieved with the ms/LCI geometry is
typically 100 μm.

In the previous time-domain implementation of ms/LCI,
long integration times were used to enable a high dynamic
range. With the Fourier domain implementation, short sensor
integration times must be used to avoid phase washout. The
maximum A-scan rate allowed by the sensor in this scheme is
40 kHz. However, to enable a high enough SNR to obtain
deep tissue imaging, multiple A-scans are averaged at a slightly
lower rate. For each 3 s acquisition, approximately 75,000
A-scans are averaged to produce a 144 dB SNR. A digital
lock-in scheme was also employed to correct for any baseline
drift during this acquisition time [7].

Spectroscopic data were obtained from the A-scans using
short-time Fourier transforms (STFTs), which can degrade
depth resolution. By using the dual-window method [9],
where spectra are processed individually using two windows

Fig. 1. Diagram of ms2/LCI scheme, including detail of focal zone and example photon path.
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of 1.25 and 40 nm, this effect is mitigated. The corresponding
depth resolution is defined by the wide window to be 5 μm,
and the effective spectral resolution is defined by the narrow
window. The STFTs are implemented in real time using GPU
processing, significantly reducing the amount of time needed
for signal analysis.

3. TISSUE IMAGING

To demonstrate the penetration depth of the technique, im-
ages of a technical target, in this case a mirrored surface, were
acquired through various thicknesses of chicken breast by
mechanically scanning the sample between A-scans. Figure 2
shows the geometry of the imaging sample. Chicken breast has
a mean free scattering path of 43 μm [10]. Thus, the imaging
data, acquired through tissue up to 8.8 mm thick, illustrate a
penetration depth of greater than 200 MFPs (Fig. 3). Because
light scattering in chicken breast is highly anisotropic, the
transport MFP of the tissue (i.e., the length over which the
direction of photon propagation is randomized) is one to
two orders of magnitude larger than the scattering MFP
and varies between approximately 1.25 and 2.5 mm [10,11].

Given that the total depth range of a single ms2/LCI acquis-
ition is 6.8 mm, two frames were acquired at different depths
to create the image in Fig. 3. Each frame required approxi-
mately 5 min to acquire. The first image at the top half of Fig. 3
shows the chicken breast surface and extends up to 5 mm deep
across a range of 13 mm in the lateral direction. The second
image at the bottom half was obtained by adjusting the selected
depth range using the delay stage shown in Fig. 1 to access a
deeper penetration depth of up to 8.8 mm. As the chicken
breast section gets thicker from left to right, the signal from
the mirror (top panel in Fig. 3) is seen to broaden in depth
profile. The bottom panel shows the depth profiles at 0, 6,
and 13 mm, illustrating how the depth profile broadens from
0.125 to 0.6 to >1 mm. A couple of interesting features war-
rant discussion. First, the spectral domain method exhibits ar-
tifacts due to aliasing, often termed the “complex conjugate.”
That is, because each depth is encoded by a spectral oscillation
frequency, the approach cannot distinguish between positive
and negative frequencies. Since the reflection from the mirror
is a strong signal, the complex conjugate artifact is apparent in
the top half of Fig. 3 but is not a significant confounding in-
fluence in subsequent tissue images below. We point out that
several methods have been developed for eliminating this
artifact that could be employed if this were found to limit
imaging utility. Second, since the chicken breast has a higher

refractive index than the surrounding medium (air), the appar-
ent depth of the surface appears to increase as the thickness of
the chicken breast increases. Thus on the left (0 mm lateral
position), the mirror appears at a depth position of 7 mm,
yet on the right (13 mm lateral position), the mirror appears
at a depth of 9 mm, even though the mirror is oriented
perpendicular to the optical axis. The total optical depth is
equal to the physical thickness times the refractive index such
that for the largest physical thickness of 8.8 mm, the optical
thickness appears to be >13 mm. This effect could be cor-
rected using knowledge of the thickness and refractive index
of tissue layers. However, when imaging tissue properties of
substantially planar layers, it may not be strictly necessary
to identify the physical depth of a particular feature for
diagnostic utility.

The inclusion of spectroscopic information greatly increases
the utility of the ms2/LCI technique for tissue diagnostics.
Figure 4 shows an image of a tissue phantom as an example
of the ability to distinguish tissue types using spectral

Fig. 3. Top: ms2/LCI imaging of a mirror sample through up to
8.8 mm thick chicken breast. The depth range of the technique is
5.6 mm, so two data acquisitions at different depths are shown here.
The red arrow shows the surface of chicken breast, and the white arrow
shows the complex conjugate artifact of a strong signal from the mirror
that is seen below. Bottom: Depth profiles from the lower image showing
depth profiles at 0, 6, and 13 mm lateral positions.

Fig. 2. Imaging geometry for chicken breast experiments.
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information. A schematic of the phantom, consisting of a piece
of chicken breast atop a segment of tendon with a dye-filled
capillary inserted in between is shown beneath in the bottom
left panel. The dye used here is undiluted green food coloring
(Kroger Private Label Product) contained within a glass capil-
lary (200 μm i.d., 500 μm o.d.). In order to easily present the
spectroscopic information, we created a false color image based
on spectral subband coding of the spectral information, as used
previously in spectroscopic OCT [12]. The intensity at each
wavelength contributed to the weight of the RGB channels as
shown by the spectral windows in the lower right panel of
Fig. 4, with the bandwidth from 620 to 660 nm shown as
blue (dashed line), 640–680 nm as green (solid line), and
660–700 nm as red (dotted line). The underlying coloring
in this figure shows the expected coloring for a given spectral
composition. As in Fig. 3, this image consists of two panels, the
topmost panel, which shows the surface of the chicken breast,
and the bottom panel, which shows the tendon and the dye
capillary. The horizontal line at 4 mm depth indicates the
point where the two panels were joined. A second horizontal
line, visible at 2.2 mm depth, is due to incomplete subtraction
of a common path artifact, i.e., fixed pattern noise from cor-
relations in the spectral data. The signal from the chicken
breast decreases with increasing depth until a sharp contrast
is seen where the tendon is visible from the increased scattering
contrast. The presence of the dye capillary can be detected by
the spectroscopic features. The spectroscopic shadow of the
capillary is colored red, since the shorter wavelengths have been
absorbed.

Figure 5 shows the recovered spectrum for the light returned
from beneath the dye-filled capillary as compared to that from
the tendon alone. By normalizing to the source spectrum, the
absorption of the dye can be obtained [Fig. 5(a)]. Compared to
a referencemeasurement of the dye absorption, good agreement
is seen (R2 � 0.8219). Another interesting feature in Fig. 4 is
the presence of red spots, which are visible near the tissue sur-
face. The spectrum for the region of interest (ROI) shows a loss
of low wavelengths (620–660 nm) compared to light returned
from points at similar depths in the tissue. The absorption spec-
trum for this region was computed [Fig. 5(b)] but does not
show good agreement with oxyhemoglobin, producing a neg-
ative R2 value, indicating that the data would be fit better by a
horizontal line than the oxyhemoglobin spectrum. Instead, the
spectrum shows better agreement with that of methemoglobin
(R2 � 0.6839), the variant of hemoglobin usually found in
blood stains and consistent with the red-brown spots sometimes
observed on the surface of chicken breast samples.

To illustrate the applicability of ms2/LCI imaging for
assessing tissue health status, several samples of ex vivo burned
human skin were examined. In the first example (Fig. 6), the
amplitude of the ms2/LCI signal is presented in a false color
scale, with red representing the most intense and deep blue the
least intense. This simulated burn was created by heating a
brass rod and then applying it to the ex vivo skin sample
for a fixed duration [13,14]. Figure 6(a) simulates a deep,
second-degree burn where the rod was heated to 100°C and

Fig. 4. Top: ms2/LCI imaging of chicken breast phantom with
spectroscopic contrast. False coloring provided by mapping the spectral
content to the provided color scheme appears in the bottom right panel.
The chicken breast surface is evident at the top, while the tendon is vis-
ible at the bottom. The schematic on the bottom left shows the physical
arrangement of the phantom components. Spectroscopic contrast reveals
the presence of a dye-filled capillary by the apparent color shift. Detailed
examination of the spectra (see Fig. 5) shows the dye absorption and that
of the region of interest (ROI).

Fig. 5. Spectral detail for image in Fig. 4. (a) Recovered absoprtion
spectrum of dye as compared to a reference measurement, (b) absorption
spectrum of ROI compared to those of oxyhemoglobin and
methemoglobin.
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applied for 30 s. The ms2/LCI image shows differences in the
signal from the epidermis at the topmost 1 mm of the tissue,
with a greater signal seen for the unburned tissue. The altered
collagen architecture associated with the burn is also visible in
this image. It appears as a decrease in signal in the dermis for
deeper portions of the burned tissue. The decreased signal seen
for the collagen is consistent with previous examples of in vitro
collagen samples also exposed to a heated metal rod (data
unpublished). Figure 6(b) shows an example of less severely
burned sample. In this case, the rod was heated to 80°C
and applied for only 20 s. The result was a shallow dermal
second-degree burn. Here the signal from the epidermis again
shows differences between unburned and burned, but the
contrast is not as distinct as in the deep second-degree burn.
Likewise, the collagen signal shows some difference between
burned and unburned, yet it is not as apparent as in the case
of the deep second-degree burn. Further clinical study is
needed to assess if this amplitude-only image can be used
as a clinical diagnostic method. However, the ability to visually
discern the effects of thermal damage that correlate with burn
stage is a promising indication of the utility of ms2/LCI.

Figure 7 shows another example of ms2/LCI imaging of ex
vivo burned human skin at a higher resolution. While Fig. 6
presented B-scan images composed by sampling three A-scans
per millimeter in the lateral direction, Fig. 7(a) uses the highest
resolution of the ms2/LCI system to sample eight A-scans per
millimeter. As with the previous example, the ex vivo human
tissue samples were prepared by applying a brass rod heated to
80°C for 30 s. This protocol produced a deep second-degree
burn, with the corresponding histology shown in Fig. 7(c).
Evidence of the burn is apparent by the vacuolization in the

epidermis, pyknosis of the cell nuclei, and alteration of the col-
lagen structure. The image in Fig. 7(c) is at 10× magnification
and thus only represents a small portion of the tissue region
presented in Fig. 7(a), which extends for over 20 mm in the
lateral direction. The intensity-only image in black and white
shows some distinction between the unburned (left) and
burned (right) tissue segments based on only the signal inten-
sity, similar to the results in Fig. 6. In this representation, the
largest difference is the lack of a distinct high-intensity layer in
the epidermal surface of the burned region (right). Addition-
ally, a decrease in the signal from collagen in the dermis can also
be seen, similar to the other burned tissue images.

Upon incorporating spectroscopic information, the distinc-
tions in tissue health become more apparent. Figure 7(b)
shows a false colored ms2/LCI image created by the same
coloring scheme as shown in Fig. 4 where the spectral content

Fig. 6. Intensity-only ms2/LCI imaging of burned ex vivo human skin.
(a) Deep second- degree burn created by applying a brass rod heated to
100°C for 30 s, (b) shallow second-degree burn created by applying a
brass rod heated to 80°C for 20 s. Both examples show decreased scatter-
ing associated with the burned section compared to the unburned section
in both the epidermis, the topmost 1 mm of the tissue, and the dermis,
at deeper layers. The contrast is less apparent in the shallow second-
degree burn.

Fig. 7. False coloring of ms2/LCI images of burned ex vivo human
tissues. (a) Intensity-only image of a deep second-degree burn (right)
compared to unburned tissue (left). The epidermal layer shows changes
in the signal at the surface, with a more organized structure at the surface
of the unburned than the burned tissue. (b) False colored ms2/LCI image
based on spectral content between 620 and 700 nm (same color scheme
as in Fig. 4), (c) histological image of the same burned tissue at 10× mag-
nification; (d) raw spectral data taken at the base of the dermis [dotted
lines in (b)] show clear changes between the burned and unburned
tissue. The increased signal intensity at lower wavelengths agrees with
physiological changes due to burn.
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is segmented into three bands and a red–green–blue (RGB)
color scheme is used to indicate the spectral content between
620 and 700 nm. Figure 7(d) shows the detailed spectra for the
burned and unburned sections for a depth of 3–4 mm at the
base of the dermal layer. At this depth, there is significantly
more short-wavelength spectral content for the burned tissue
than the unburned tissue, which appears as regions of blue col-
oring, alternating with the reddish pink seen mostly for the
unburned tissue. We investigated the spectral differences by
dividing the spectral data by the source spectrum and then
fit the result to a power law of the form A λ−b, where λ is
the wavelength. The exponent b is seen to provide distinction
between the burned and unburned tissue, with the exponent
increasing from b � 14.7� 2.5 (unburned) to b �
30.7� 2.4 (burned), a significant change. We note that the
power law exponents are significantly larger than those found
in the literature [15]. This departure suggests that the changes
may not be entirely due to scattering and that absorption may
also play a role here. While further investigation is needed to
separate the interplay of these two factors in the ms2/LCI
signal, the sharp difference may provide a simple, empirical
method of discrimination.

For comparison, Fig. 8(a) shows a false colored ms2/LCI
scan of a superficial first-degree burn, achieved by applying
a brass rod heated to 80°C for 3 s. In this image both the
left and right sides show similar spectral content. As expected
for this shallow burn, the false coloring at the transition from
the dermis to the adipose tissue beneath does not show the
blue coloring. The spectra for burned and unburned regions
show little to no difference [Fig. 8(c)]. There is no apparent
change in the signal intensity of the bright epidermis between
regions. Histology also shows little change in the tissue with

only a small amount of inflammation and minor alterations to
collagen architecture seen at the dermal–epidermal junction.
However, the superficial dermis is not damaged.

4. DISCUSSION

The data presented here demonstrate that ms2/LCI offers truly
unique capabilities in tissue imaging. While existing optical
imaging techniques cannot penetrate more than a millimeter
or two with high resolution, the ms2/LCI technique shows a
several-millimeter penetration depth. Approaches such as lam-
inar optical tomography (LOT) have sought to image dermal
lesions with a penetration of 1–2 mm [16], and like ms2/LCI,
LOT can obtain multispectral measurements with a single
acquisition [17]. Newer optical techniques that are in develop-
ment [3–5] offer potential for even deeper tissue imaging, but
they have their own limitations. In particular, none of these
can image scattering-based contrast and instead must rely
on fluorescence or absorption. For scenarios where there is
a large scattering homogeneity to provide strong contrast, such
as the chicken breast examples shown here, the potential exists
to image as far as 9 mm deep with ms2/LCI. Many potential
applications can be envisioned where scattering contrast in tis-
sue is useful to this depth. The demonstration that endogenous
sources such as bone or tendon can likewise provide the
scattering contrast needed for achieving such depths points
to further targeted applications.

Inclusion of spectroscopic information further extends the
utility of ms2/LCI for tissue diagnostics. The ability to spectro-
scopically assess changes in scattering and absorption is an
essential component of optical diagnostics. While spectro-
scopic contrast in OCT is not necessarily a new development,
with the first experiments presented years ago [18,19], most
spectroscopic OCT studies have focused on absorption signa-
tures [20–24] often generated by exogenous contrast agents
such as gold nanoparticles [25–27] and near-IR dyes [28,29].
Our group has used scattering contrast previously but sought
to obtain single particle signatures [30,31] in an effort to assess
early cancerous changes in superficial epithelium [32]. Thus,
the work here is among the first to detect spectroscopic scat-
tering changes to discriminate tissue types.

The data for detecting burns here are preliminary but dem-
onstrate that the ms2/LCI technique has the potential to be
used to distinguish between burned and unburned human tis-
sues. The spectroscopic information, obtained from up to
several millimeters deep, provides unique characterization of
tissues and could address an unmet clinical need. In the United
States, there are over 2 million burns reported each year, and in
the military ∼5%–20% of injuries are thermal related [33].
Burn injuries are estimated to cost ∼$7.5 billion/year [34].
Currently, clinical judgment of burn depth is only ∼70%
accurate [35]. The ms2/LCI imaging technique has the
potential to overcome existing hurdles in burn assessment,
since it can image skin properties up to several millimeters deep
in a noncontact modality. In contrast, photoacoustic imaging
typically requires acoustic impedance matching through
physical contact, an arrangement that may not lend itself to
imaging of sensitive, burned tissues.

Fig. 8. ms/LCI imaging of burned ex vivo human tissues. (a) False
colored ms2/LCI image of a superficial first-degree burn (right) com-
pared to unburned tissue (left), with the same color scheme as in Fig. 4.
Little change is seen in signal intensity or spectral content. (b) Histologi-
cal image of the same burned tissue at 10× magnification; (c) the raw
spectra from the base of the dermis [dotted lines in (a)] show no changes
between burned and unburned tissue.
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5. CONCLUSION

We have presented a new application of ms2/LCI for deep tis-
sue imaging. Imaging depths up to nearly 1 cm were demon-
strated in technical tissue samples. Significantly, the approach
can incorporate spectroscopic contrast of absorptive and
scattering features, although further work is needed to separate
the influences of these two mechanisms. Potential application
in assessing burn depth has been demonstrated with spectro-
scopic contrast from deep tissues (3–4 mm), offering a
potential solution to an unmet clinical need.
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Of all oxides, lithium niobate (LiNbO3) is the gold standard electro-optical material in fiber-optic trans-
mission systems. Modulators based on diffused waveguides in bulk LiNbO3 substrates are, however,
relatively large. In contrast, ring modulators based on silicon-on-insulator are of interest for chip-scale
electro-optical modulation, but unstrained crystalline silicon does not exhibit a linear electro-optic effect,
so modulation is based on alternative mechanisms such as the plasma dispersion effect. Here, we present a
hybrid silicon and LiNbO3 electro-optical ring modulator operating at gigahertz frequencies. The modu-
lator consists of a 15 μm radius silicon microring and an ion-sliced LiNbO3 thin film bonded together via
benzocyclobutene. Fabricated devices operating in the TE optical mode exhibit an optical loaded quality
factor of 14,000 and a resonance tuning of 3.3 pm∕V. The small-signal electrical-to-optical 3 dB bandwidth
is measured to be 5 GHz. Digital modulation with an extinction ratio greater than 3 dB is demonstrated up
to 9 Gb∕s. High-speed and low-tuning-power chip-scale modulators that exploit the high-index contrast of
silicon with the second-order susceptibility of LiNbO3 are envisioned. © 2014 Optical Society of America

OCIS codes: (130.3120) Integrated optics devices; (130.3730) Lithium niobate; (130.4110) Modulators; (230.2090) Electro-optical

devices; (230.5750) Resonators; (250.7360) Waveguide modulators.
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1. INTRODUCTION

Modulators are fundamental components for optical links.
Lithium niobate (LiNbO3) guided-wave electro-optic modu-
lators satisfy bandwidth, linearity, and chirp requirements in
fiber-optic transmission systems [1]. The physical dimensions
of diffused waveguide modulators in bulk LiNbO3 substrates
are, however, on the scale of centimeters. The potential for
dense integration is limited.

Silicon-on-insulator (SOI) modulators are of interest for
chip-scale modulation [2]. Applications include short-reach
optical interconnects [3], long-haul optical communications
[4], analog optical links [5], and reconfigurable optical filters
[6]. While the large refractive index and low optical absorption
of silicon make it an attractive medium in the telecommuni-
cations wavelength range, unstrained crystalline silicon does
not exhibit a linear electro-optic effect. Consequently, silicon
optical modulators rely on alternative mechanisms such
as the plasma dispersion effect to achieve electro-optical

modulation [7,8]. While effective, plasma dispersion relies
on carrier transport. Consequently, refractive index modula-
tion is accompanied by absorption, and steady-state electrical
tuning of optical resonances can consume significant power.
Alternatively, electro-optic effects from second-order suscep-
tibility can be induced by straining silicon waveguides [9].
Reported values of V πL in the 100 V · cm range indicate, how-
ever, that the effect is relatively weak [10,11].

Recently, a hybrid silicon and LiNbO3 material system
consisting of silicon waveguide ring resonators bonded to
ion-sliced LiNbO3 thin films has been introduced to combine
the dense integration of silicon photonics with the second-
order susceptibility of LiNbO3 [12–14]. In the hybrid system,
a thin film of LiNbO3 is bonded to the top of a silicon wave-
guide to serve as a portion of the top cladding of an optical
waveguide mode. The advantages are threefold. First, the sil-
icon waveguide can serve as an optically transparent electrode
to enhance voltage-induced electric fields in the LiNbO3 [14].

2334-2536/14/020112-07$15/0$15.00 © 2014 Optical Society of America
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Second, large shifts of optical resonance with applied voltage
are enabled in the absence of significant absorption. Third,
steady-state DC power consumption for the tuning of optical
resonance frequencies can potentially be very low due to the
capacitive geometry. Tunable filters and radio-frequency
electric field sensors have been demonstrated; however, a
high-speed electro-optical ring modulator has not been
reported in the literature to date.

In this paper, we present the experimental demonstration of
a hybrid silicon and LiNbO3 electro-optical microring resona-
tor modulator operating at gigahertz frequencies. The device
consists of a 15 μm radius silicon ring resonator and a
1 μm thick z-cut LiNbO3 ion-sliced thin film bonded together
by benzocyclobutene (BCB). Fabricated devices operating in
the transverse-electric (TE) optical mode exhibit an optical
loaded quality factor of 14,000 and a resonance tuning of
3.3 pm∕V. High-frequency scattering parameters are used
to extract an RC circuit model for the modulator. The
small-signal electrical-to-optical 3 dB bandwidth is measured
to be 5 GHz. Digital modulation with an extinction ratio (ER)
greater than 3 dB is demonstrated up to 9 Gb∕s.

This paper is organized as follows. Design and fabrication
details of the modulator are first described. Next, DC and
small-signal high-frequency measurements are presented.
High-speed data modulation results are then conveyed,
followed by concluding remarks.

2. METHODS

A. Design

A schematic of the hybrid silicon and LiNbO3 modulator is
shown in Fig. 1. The cross section is through the center of
the ring resonator. The device consists of a 15 μm radius sil-
icon rib waveguide ring and a 1 μm thick z-cut ion-sliced
LiNbO3 thin film bonded via BCB [13]. The rib waveguides
are 500 nm wide, with a 45 nm slab thickness and 205 nm rib
height. The silicon slab is patterned so that it exists only
around and exterior to the ring. The silicon core and surround-
ing silicon slab layer are doped to function as a transparent
conductor with reduced series resistance [14]. A voltage ap-
plied between the top electrode and the bottom electrode pro-
duces an electric field confined between the top electrode and
the silicon waveguide core. The electric field interacts with the
portion of the optical mode in the LiNbO3 cladding, modi-
fying the mode effective index by the linear electro-optic effect.

As a result, the optical transmission response of the ring res-
onator is modulated.

The 1550 nm wavelength TE optical mode distribution
is shown in Fig. 2 calculated by the beam propagation
method. The refractive indices of silicon, SiO2, LiNbO3,
and BCB are set to 3.48, 1.44, 2.21, and 1.54, respectively,
in the simulation. The effective index of the optical mode
is 2.66. Also shown is the voltage-induced electric field
(yellow vectors) from a DC voltage applied between the
top electrode and the silicon transparent conductor,
using material permittivities in finite element method calcu-
lations [15–17].

The optical mode and the electric field vectors overlap
in the LiNbO3. The fraction of the optical mode power
in the LiNbO3 is 11%. The TE mode accesses the r13
electro-optic coefficient in LiNbO3 (r13 � 8 pmV−1 in bulk
LiNbO3) [15] and takes advantage of the nearly vertical
voltage-induced electric field in the LiNbO3.

The device speed is limited by the RC time constant and
the photon lifetime in the ring resonator [2]. The electrical
resistance originates primarily from the silicon transparent
conductor and the contact resistance. To reduce the resistance,
the silicon waveguide is blanket implanted with P-type dopants
at a light dose, followed by a P-type heavy dose on the slab.
The heavily doped region is 300 nm away from the silicon core
to avoid excessive optical loss.

B. Fabrication

The fabrication process begins with a SOI wafer with a
silicon device layer thickness of 250 nm and a buried SiO2

layer thickness of 1 μm. The silicon waveguides are patterned
with hydrogen silsesquioxane (HSQ) resist using electron
beam lithography and inductively coupled plasma reactive
ion etching (ICP-RIE) to obtain a rib waveguide geometry
with a slab thickness of 45 nm [18]. The coupling gap between
the bus waveguides and the ring waveguides is 200 nm. The
slab is patterned with a second HSQ resist layer and ICP-RIE.
After patterning, the slab only exists around and exterior to the
ring waveguides and on one side of the bus waveguides. After
patterning the slab regions, the HSQ mask over the waveguide
and the slab is removed, and 20 nm of plasma-enhanced
chemical vapor deposition (PECVD) SiO2 is deposited.
The sample is then blanket implanted with 45 keV BF�2 ions
at a fluence of 1.8 × 1013 ions cm−2 to lightly dope the silicon

Fig. 1. Schematic of the hybrid silicon and LiNbO3 ring modulator.
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core. After implantation, the sample is annealed using
rapid thermal annealing (RTA) to activate and drive in the
dopants.

The slab is then heavily doped with 45 keV BF�2 ions at a
fluence of 3 × 1015 cm−2. Figure 3(a) shows the top-view scan-
ning electron micrograph of the device after this step. Nickel
silicide is formed in the heavily doped region before 100 nm of
aluminum is deposited as the bottom electrode. A 350 nm
thick BCB layer is then spin-coated and etched back to a
250 nm thickness to allow for planarization of the waveguide
topology.

To obtain LiNbO3 thin films, a z-cut LiNbO3 wafer is im-
planted with He� ions with an implantation energy of
342 keV and a fluence of 4 × 1016 ions cm−2. After implanta-
tion, the wafer is flip bonded to an unpolished silicon wafer
and baked on a hotplate at 300°C for 5 min. The heating
causes blistering of the implanted LiNbO3 wafer surface
due to the aggregation of helium bubbles [19]. One microm-
eter thick LiNbO3 thin films are exfoliated from the bulk and
transferred to the silicon wafer. The exfoliated thin films on the
silicon wafer are then annealed by RTA at 1000°C for 30 s to
repair the crystal lattice and restore the electro-optic properties.
The surface roughness of the exfoliated side of the LiNbO3

thin film is 6 nm. LiNbO3 thin films are transferred and
bonded to the Si microring resonators using a micro-vacuum
tip on a probe station. After transfer, the sample is annealed to
cure the BCB. Residual BCB not covered by the LiNbO3 thin
film is etched via ICP-RIE with CF4∕O2 chemistry. One
micrometer thick PECVD SiO2 film is deposited as a capping
layer. The SiO2 film over the ring resonator is removed to form
a 40 μm diameter via hole. A 300 nm thick top aluminum
electrode, connected to a ground-signal-ground radio-
frequency (RF) pad, is patterned on top of the LiNbO3 thin
film. Finally, cantilever couplers are patterned for fiber-to-chip
optical coupling [20,21]. A top-view optical micrograph of the
fabricated device is shown in Fig. 3(b).

3. RESULTS AND DISCUSSION

A. DC and Small-Signal High-Frequency
Measurements

Optical transmission measurements are performed to charac-
terize the electrical tuning of optical resonances. TE-mode
light from a tunable infrared continuous-wave laser source
is coupled through the input and output fiber-to-chip canti-
lever couplers of the modulator. DC voltage is applied to the
top electrode of the modulator while the bottom electrode is
grounded. Figure 4 shows the measured TE-mode spectrum as
a function of the applied DC voltage. The resonance wave-
length redshifts with increasingly positive voltage. The total
optical insertion loss is 4.3 dB. The insertion loss is from

Fig. 2. Calculated optical TE mode distribution at 1550 nm wave-
length (Ex component) and DC voltage-induced electric field vectors.

Fig. 3. (a) Scanning electron micrograph of the silicon microring res-
onator after slab patterning and doping; (b) top-view optical micrograph
of the fabricated device.

Fig. 4. Measured optical transmission of a single resonance as a func-
tion of applied voltage.
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3 dB of fiber-to-waveguide coupling loss and 1.3 dB of wave-
guide transmission loss [18,20,21]. The decrease of the optical
transmission minimum with voltage is attributed to Fabry–
Perot fringes that are present due to fiber-to-chip coupling.
The resonance shift is 66 pm for a change in DC bias from
−10 to 10 V, indicating 3.3 pm∕V tuning, which is equivalent
to a V πL of 9.1 V · cm. The measured quality factor is 14,000,
the FWHM is 13.7 GHz, and the group index is 4.0. At
1551.856 nm, the optical transmission intensity varies by
5.2 dB with a −5 to 5 V voltage swing, as indicated by the
dashed arrow in Fig. 4.

The RF scattering parameter, S11, is measured with a
20 GHz vector network analyzer operating in a 50 Ω system.
Figure 5(a) shows the measured S11 magnitude and phase data.
The magnitude of S11 drops sharply to −2 dB from 40MHz to
2 GHz and then gradually rolls off to −4.5 dB at 20 GHz. An
RC circuit model extracted from the measured S11 is shown in
Fig. 5(b) [8]. Parameter RC denotes the resistance of the metal
electrodes. Parameter CP represents the parasitic capacitance
between the metal electrodes through the top dielectric mate-
rials and the air. Parameters CJ and RS model the electrical
path through the silicon transparent electrode and the
LiNbO3 layer. Parameters COX and RSi model the electrical
path through the buried oxide and the silicon substrate.
The value of CJ is in good agreement with finite element
method simulations. The relatively high value of RS indicates
a lower than expected doping concentration in the waveguide
and a higher than expected contact resistance [22]. The
relatively large Cp value is mainly attributed to the parasitic
capacitance of the electric pads. The sharp drop at the lower
frequency band is attributed to the RF coupling through the
substrate.

The small-signal electrical-to-optical modulation response is
shown in Fig. 6. The modulated optical signal is detected with
a photodetector with a 3 dB bandwidth of 12 GHz. Also
shown in Fig. 6 is the frequency response of the voltage across
CJ in the circuit model shown in Fig. 5(b) [8]. The measured
3 dB optical response bandwidth of the modulator is approx-
imately 5 GHz. While the general trend of the optical re-
sponses matches the circuit model, the optical response
contains additional dips and peaks across the entire frequency
band.

The dips and peaks on the optical modulation response are
a result of acousto-optic resonances [23–25]. The electric fields
between the electrodes excite acoustic waves in the 1 μm thick
LiNbO3, producing resonances in the gigahertz frequency
range. Multiple resonance peaks apparent in the S11 measure-
ments at 1.7 GHz and corresponding harmonics indicate the
conversion of the electrical energy to acoustic energy at the
acoustic resonances. Consequently, refractive index changes
occur in the LiNbO3 through the elasto-optic effect. The
acoustic resonances can be suppressed by roughening the sur-
face of the piezoelectric material to increase the scattering loss
of the acoustic wave [26,27]. The surface roughness can be
produced by dry or wet etching [28]. Sufficiently thick
LiNbO3 avoids optical mode interaction with the rough
surface.

B. High-Speed Digital Modulation

A schematic for the high-speed digital modulation characteri-
zation is shown in Fig. 7 [8]. A pulse pattern generator (PPG)
outputs a 231 − 1 pseudorandom-bit-stream data stream
(PRBS31) with a voltage swing from −1 to 1 V. The peak-
to-peak amplitude of the signal is amplified to 5 V (−2.5 to
2.5 V) with a modulator driver amplifier. Due to the micro-
wave reflection from the capacitive device, the voltage swing
across the modulator electrode is doubled to 10 V at DC
[8]. The output light from the modulator is passed through
a fiber amplifier and an optical passband filter with 0.5 nm
bandwidth to amplify the signal and suppress the amplified
spontaneous emission noise. The amplified optical signal is
attenuated and connected to a 30 GHz optical module on

Fig. 5. (a) RF S11 scattering parameter; (b) RC circuit model of the
modulator.

Fig. 6. Electrical-to-optical modulation response.
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a digital communication analyzer (DCA) synchronized to the
clock of the PPG for generating optical eye diagrams. The
optical bias wavelength is tuned to maximize the ER.

The left column of Fig. 8 shows measured optical eye
diagrams at 1, 4.5, 5, and 9 Gb∕s, with ERs of 4.7, 4.5, 4,
and 3 dB, respectively. The right column of Fig. 8 shows
simulated eye diagrams at the corresponding bit rates with

ideal PRBS driving signals. The modeling incorporates the
measured frequency response in Fig. 6 and the optical reso-
nance spectrum of the modulator in Fig. 4. The ER and shape
of the simulated optical eyes agree well with the measurement
results. In particular, the amplitude ringing for the 1 Gb∕s eye
and the partial eye closing on the left part of the 5 Gb∕s eye
closely match the simulation.

The total energy consumption of the modulator is esti-
mated to be 4.4 pJ∕bit at 9 Gb∕s with a 10 V swing. The
energy per bit encompasses 0.4 pJ∕bit from CJ , 1.8 pJ∕bit
from CP , and 2.2 pJ∕bit from COX . The energy consumption
on CJ is only 9% of the total energy consumption. The ma-
jority of the energy consumption is attributed to charging and
discharging of the large area electrical pads for test and mea-
surement. Energy consumption can be reduced by optimizing
device capacitances. Operating in the optical TM mode also
reduces the energy per bit due to the increase in tunability
from a larger electro-optic coefficient (r33 � 31 pmV−1

[15]) and greater overlap between RF and optical fields.

Fig. 7. Measurement setup for digital characterization. EDFA,
erbium-doped fiber amplifier.

Fig. 8. Measured (left column) and simulated (right column) optical eye: (a), (b) 1 Gb∕s; (c), (d) 4.5 Gb∕s; (e), (f) 5 Gb∕s; (g), (h) 9 Gb∕s. The red
dashed line in the measurement indicates the reference level for zero optical input. The vertical scale is 500 μW per division.
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Steady-state DC power consumption for the tuning of
optical resonance frequencies is ideally zero in the capacitive
device.

4. CONCLUSION

A hybrid silicon and LiNbO3 microring resonator modulator
operating at gigahertz frequencies is designed, fabricated, and
characterized. The hybrid modulator consists of an ion-sliced
LiNbO3 thin film bonded to a silicon waveguide ring resona-
tor via BCB. Fabricated devices operating in the TE optical
mode exhibit an optical loaded quality factor of 14,000 and
a resonance tuning of 3.3 pm∕V. High-frequency scattering
parameters are used to extract an RC circuit model for the
modulator. The small-signal electrical-to-optical 3 dB band-
width is measured to be 5 GHz. Digital modulation with
an ER greater than 3 dB is demonstrated up to 9 Gb∕s. Future
work involves optimizing the RC time constant, suppressing
the acousto-optic resonances, and reducing the driving voltage
in TE- and TM-mode designs to achieve higher data rates and
lower energy consumption. High-speed and low-tuning-power
chip-scale optical modulators that exploit the high-index
contrast of silicon with the second-order susceptibility of
LiNbO3 are envisioned.

More broadly, new horizons become apparent when ex-
ploiting the capability of silicon to provide submicrometer spa-
tial confinement of light and the ability of lithium niobate to
mediate second-order nonlinear optical effects. Empowering
silicon with second-order susceptibility opens a suite of non-
linear optics to the chip scale, including second-harmonic gen-
eration, difference frequency generation, optical rectification,
and sum frequency generation for applications in classical and
quantum information processing [29–31].
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When a narrowband laser pulse evolves into a broadband pulse, for example, via transmission through a
photonic crystal fiber, the resulting continuum usually exhibits massive shot-to-shot pulse-shape fluctua-
tions. The continuum’s extreme complexity prevents its single-shot measurement, with the best estimates so
far resulting from an average over many pulses. Here we solve this problem using cross-correlation
frequency-resolved optical gating, achieving the necessary large spectral range using a polarization-gating
geometry and the necessary large temporal range by significantly tilting the reference pulse. Furthermore,
we have also discovered that we can simultaneously cancel the previously unavoidable longitudinal
geometrical smearing by using a carefully chosen combination of pulse tilt and beam-crossing angle, thus
simultaneously achieving the required temporal resolution. We hence make a complete measurement of an
individual complex continuum pulse generated in photonic crystal fiber. By enabling measurement of single
optical rogue waves, this technique could provide insight and perhaps even lead to the prediction of when
mathematically similar, destructive oceanic rogue waves may occur. © 2014 Optical Society of America

OCIS codes: (320.0320) Ultrafast optics; (320.7100) Ultrafast measurements.
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1. INTRODUCTION

Supercontinuum (SC) generation is the remarkable nonlinear-
optical process by which a narrowband laser pulse efficiently
evolves into an extremely broadband pulse [1]. Photonic
crystal fiber (PCF) is an especially advantageous medium,
conveniently yielding a spatially coherent SC beam [2] and
allowing a wide range of applications, including stimulated
emission depletion microscopy, optical coherence tomogra-
phy, optical frequency metrology, and carrier-envelope phase
stabilization [3–6].

Interestingly, SC pulses are extremely temporally complex,
and trains of them are inherently highly unstable [7–14]. As a
result, it has never been possible to measure the temporal inten-
sity and phase of a single SC pulse. Such measurements have
been possible if averaged overmany pulses, but at best they yield
only an estimate of a typical SC pulse [15–21]. At worst, multi-
shot measurements of such unstable pulse trains are susceptible

to “coherent artifacts” that can mislead the unwary into believ-
ing that their pulses are erroneously simple [22,23].

SC measurement recently acquired increased urgency when
it was noted (and confirmed) that SC can give rise to optical
rogue waves, mathematically equivalent to the oceanic rogue
waves that sink dozens of ships every year [24]. Numerical
simulations and experimental observations of collections of
single-shot spectra have confirmed that SC generation in PCF
follows the same L-shaped statistics as oceanic waves, where
statistically rare rogue events occur much more often than
would be implied by simple Gaussian statistics [25,26]. While
the measurement of an oceanic rogue wave is straightforward
(if one happens upon such a rare event), its intentional gen-
eration is difficult and perhaps also ill-advised (unless on a very
small scale). On the other hand, while the generation of an
optical rogue wave is simple, routine, and safe, its single-shot
complete measurement has remained impossible. Complete

2334-2536/14/020119-06$15/0$15.00 © 2014 Optical Society of America
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measurements of optical rogue waves could lead to insight into,
and eventually to the prediction of, their destructive and
difficult-to-simulate oceanic counterparts [26–28].

Unfortunately, the challenges facing single-shot measure-
ment of SC are many. A typical SC generated from PCF is
several picoseconds long and has well over 100 nm of spectral
bandwidth, easily achieving a time–bandwidth product (TBP)
of ∼100 or more. Such SC pulses are extremely complex, with
fine structure in both the temporal and spectral domains. To
further complicate the task, due to the small cores of PCFs, a
SC pulse is quite weak, having at most ∼20 nJ of energy. Since
this energy is spread over a few picoseconds, the intensity of
these pulses is also quite low. While addressing one (or occa-
sionally two) of these requirements at a time is now routine,
achieving nanojoule sensitivity, large temporal and spectral
ranges, and fine temporal and spectral resolution simultane-
ously on a single shot has not yet been accomplished, despite
an ever-increasing need to do so.

Here, we report a general technique that solves this
problem. In order to deal with the low energy of the SC pulse,
we use a cross-correlation frequency-resolved optical gating
(XFROG) setup with a high-energy (regeneratively amplified)
referencepulse.This setupprovidesmuchmore signal andhence
sensitivity than a self-referenced nonlinear measurement. Even
better, XFROG has been demonstrated to retrieve extremely
complicated pulse shapes very reliably [29]. We also chose a
polarization-gating (PG)geometry,whichhas essentially infinite
bandwidth and so nicely solves the spectral-width problem
immediately. Unfortunately, PG has a drawback: it is a third-
ordernonlinearprocess, andtherefore, evenwithahigh-intensity
reference pulse, it still requires a relatively long (>1 mm) non-
linear medium for adequate signal strength, which will prove
problematic for other reasons that we will discuss shortly.

Achieving sufficient temporal range to measure SC is also
nontrivial. A typical FROG or XFROG device achieves single-
shot measurement by crossing the reference and unknown
pulses inside the nonlinear medium at an angle, θ, as depicted
in Fig. 1(a). This maps the delay onto the transverse spatial
position in the nonlinear medium and also at the camera onto
which the nonlinear medium is imaged. The temporal range of
the device scales with the crossing angle, and delay ranges up to
a few picoseconds are possible with this approach. However,
since a delay range of several times the pulse length is necessary,
this is not sufficient to measure SC pulses, which are typically
longer. An old and well-known innovation that increased the
temporal range of autocorrelators to tens of picoseconds was
the use of pulse-front tilt (PFT) in the two pulses in the device
[30]. We adapt this approach here for XFROG and add PFT,
but only to the reference pulse (to avoid potentially distorting
the SC). The temporal ranges with and without PFT, ΔT PFT

and ΔT , are given by (see Fig. 1)

ΔT � d
c
tan θ; (1)

ΔT PFT � d
c
tan�α − θ�; (2)

where d is the beam diameter, θ is the internal crossing angle,
α is the PFT angle, and c is the speed of light. This can easily
increase the temporal range by more than an order of magni-
tude, and hence solves the temporal range problem [31].

The last and most difficult requirement for measuring SC is
achieving the required very fine temporal resolution. In a PG
geometry (and most other beam geometries as well), this is
severely limited by a fundamental effect called longitudinal
geometrical smearing (LGS). As the pulses cross in the
nonlinear medium, the line of constant delay drifts away from
the direction of signal-beam propagation, causing a given cam-
era pixel to see signal light generated from a range of delays,
rather than just one delay [32]. The LGS increases with cross-
ing angle at an even faster rate than the temporal range does,
significantly limiting the temporal resolution in experiments
requiring a large temporal range. In addition, LGS increases
with the length of the nonlinear medium, limiting signal
strength.

Interestingly, introducing PFT into the gate pulse has a sig-
nificant impact on LGS, which has not yet been considered in
the literature. As shown in the schematic of LGS in a PFT
setup [Fig. 2(a)], the zero time delay between the reference
and the unknown pulse is located at the centers of both beams
at the entrance of the nonlinear medium. Because the signal in
a PG geometry follows the same path as the unknown pulse,
the spatial center of the signal beam corresponds to different
time delays between the pulses as the two beams propagate in
different directions. When the signal beam exits the nonlinear
medium, the delay between the beams in the center is nonzero.
The range of delays contained in the same transverse spatial
location, δtPFT, is the longitudinal smearing:

δtPFT � L
c

�
1 −

cos α

cos�α − θ�

�
; (3)

where L is the thickness of the nonlinear medium, α is the PFT
angle, θ is the internal crossing angle, and c is the speed
of light.

Fig. 1. Illustration of the temporal range calculation for single-shot
XFROG [see Eqs. (1) and (2)]. (a) Typical device with an untilted refer-
ence pulse. The unknown and reference pulses are shown in blue and red,
respectively, with arrows showing their propagation directions. The rel-
ative delay between the pulses varies transversely, and imaging the beam-
crossing region onto a camera achieves single-shot operation. (b) Proposed
approach using a reference pulse with pulse-front tilt to increase the
temporal range. The tilt angle is α.

Research Article Vol. 1, No. 2 / August 2014 / Optica 120



Quite fortuitously, from Eq. (3), we find that for a given
amount of PFT, a specific internal crossing angle can be chosen
that actually perfectly eliminates the LGS. Indeed, Eq. (3) pro-
vides two such conditions: θ � 0 and θ � 2α. The solution
θ � 0 is not practical in our setup, as it provides for copro-
pagating reference and unknown pulses, which cannot be
separated after their interaction inside the nonlinear medium.
The second condition, θ � 2α, however, is ideal, and we
implement it in our apparatus, thus solving the temporal res-
olution problem [see Fig. 2(b)]. This condition does not limit
flexibility in the temporal range for the device, because the
beam size is also a strong factor in determining the overall tem-
poral range. In any case, removing LGS allows the use of a
much thicker nonlinear medium (the next limitation on the
medium thickness is group-velocity dispersion, which is sig-
nificantly less restrictive, even for the SC’s large spectral width,
and can be included in the XFROG retrieval algorithm if de-
sired). And as mentioned above, this also significantly increases
the nonlinear interaction length and thus the sensitivity of the
device, because the signal pulse energy scales as the square of
the nonlinear medium thickness.

Finally, we use a regeneratively amplified reference pulse
with 440 μJ of pulse energy, attenuated to just below the
threshold for continuum generation in the nonlinear medium
in order to maximize the nonlinear–optical interaction without
distorting the reference pulse or SC pulse to be measured. This
allows our device to measure even extremely weak SC on a
single shot. An additional increase in device sensitivity could
be achieved by time stretching (chirping) the reference pulse,
whose phase is irrelevant in the measurement, so that it

overlaps with a larger fraction of the unknown SC pulse. This
proved unnecessary in our experiments, but we mention it here
in case a weaker SC must be measured.

2. METHODS

To create the reference pulse, 80% of the energy from a
regenerative amplifier was sent to a 45° polarizer and then
to a 600 line/mm diffraction grating. To properly image
the diffracted beam, we prefer that the first order diffracts
along the normal of the grating surface, setting an incidence
angle of 28.7° for 800 nm light. As is shown in Fig. 3,
the diffracted beam has PFT because the right side of the pulse
hits the grating before the left side of the pulse. This pulse was
imaged with 1∶1 imaging (using a 200 mm lens with 400 mm
of propagation before and after) onto the nonlinear medium,
5 mm of BK7. Figure 3 also shows that the beam size is
expanded by both the grating and the large incidence angle
into the nonlinear medium. The beam expansion combined
with the slower phase velocity in the glass causes the PFT angle
in the nonlinear medium to be significantly less than the PFT
angle in air just after the grating. The tilt angle α in the glass is
given by (see Fig. 3)

tan α � �b∕n�∕�dM �cos θ2∕ cos θ1��
� sin γ cos θ1∕nM cos θ2; (4)

where b is the spatial delay caused by impinging on the grating
at incidence angle γ, n of BK7 is ∼1.5, d is the beam diameter
at the grating,M � 1 is the magnification of the imaging lens,
and θ1 and θ2 are the incidence and refracted angles, respec-
tively, at the glass surface. We find that the reference pulse had
a tilt of ∼15° inside the nonlinear medium. It crossed with the
SC pulse at an external angle of 43° to satisfy the condition to
eliminate LGS. Fine adjustment of the crossing angle of the
beams was accomplished by tweaking the angle of the BK7.
The beam from the amplifier has a diameter d of about
1 cm. Using Eq. (2), we find that this yields a theoretical tem-
poral range of about 14 ps. The effective temporal range is
often less due to the drop-off in intensity in the wings of
the beam, but this geometry is sufficient to measure SC pulses
2–3 ps long.

The other 20% of the amplifier pulse was made into a SC
seed by spatially and spectrally filtering it (with a filter centered
at 785 nm with FWHM 6.5 nm) and then stretching it with

Fig. 2. Illustration of longitudinal geometrical smearing in single-shot
XFROG. (a) General case with arbitrary internal crossing angle, θ, and
PFT angle, α. The rectangle with thickness L represents the nonlinear
medium. The reference and unknown pulses are shown in red and rain-
bow colors, respectively, with an arrow indicating their propagation di-
rection. The signal pulse propagates along the same direction as the
unknown pulse (the gray dashed line). In this direction, the reference
pulse gates the green part (the center) of the unknown pulse at the front
of the medium and the red part (the left) of the unknown pulse at the
back of the medium. Thus, each transverse position contains signal light
created by a range of delays, rather than a single delay. This range is the
longitudinal smearing, δtPFT. (b) The ideal choice of internal crossing
angle, θ � 2α, removes the longitudinal smearing completely while
maintaining a large delay range. The reference pulse overlaps with the
same part of the unknown pulse at each transverse position throughout
the medium. The PFT angle, α, here remains the same as in part (a).

Fig. 3. Illustration of how to create PFT and calculate the resulting
PFT angle in the nonlinear medium. The PFT angle in glass is smaller
than the angle in air after the grating due to the larger size of the refracted
beam and the slower phase velocity. The drawing is not to scale, and the
angles are slightly exaggerated for clarity.
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several centimeters of glass to reduce the peak intensity. It
was focused into 23.1 mm of PCF fiber (NL-2.8-850-02,
Thorlabs) with a microscope objective and collimated after
the fiber with another microscope objective. The spatial profile
of the SC was measured by a camera to confirm that it had a
single spatial mode. A fiber-coupled spectrometer confirmed
the absence of spatial chirp in the SC.

The remainder of our device was a standard single-shot PG
XFROG. The experimental setup is shown in Fig. 4. The non-
linear medium was imaged into a simple homemade imaging
spectrometer, and the SC pulse gated by the tilted reference
pulse was spectrally resolved as a function of delay, yielding
an XFROG trace (spectrogram) of the SC. The experimental
apparatus had a temporal range (at the camera) of ∼8 ps and a
spectral range of ∼360 nm. Fourier filtering and standard
background subtraction were performed before retrieving
the intensity and phase with the standard XFROG algorithm.

3. RESULTS

The generated SC had 15.5 nJ of energy, and 7.3 nJ was de-
livered to the nonlinear medium. The measured and retrieved
XFROG traces (2048 × 2048 arrays), with a FROG error (rms
difference between the measured and retrieved XFROG traces)
of 0.85% (indicating good agreement), are shown in Figs. 5(a)
and 5(b). The retrieved temporal and spectral intensity and
phase are shown in Figs. 5(c) and 5(d). The majority of the
measured features are reproduced in the retrieved trace, while
the noisy background is appropriately ignored by the XFROG
retrieval algorithm. The retrieved spectrum (green solid line)
ranged from 715 to 850 nm, showing excellent agreement with
an independently measured spectrum (black solid line) from
the same SC as was measured by our apparatus. The retrieved
spectral peak locations also match well with the measured ones.
The duration of the pulse is ∼2 ps, and the TBP is ∼65. This
is, to the best of our knowledge, the first single-shot intensity
and phase measurement of SC generated from PCF.

It is important to confirm that our retrieved pulse is correct,
but there is no alternative technique available to confirm it.
The best that can be done is to compare the spectrum
measured by our device with that measured using a standard
spectrometer. However, SC generation is an inherently unsta-
ble process and suffers from severe shot-to-shot fluctuations,
especially in its spectrum. As a result, the only spectrum that
can be used to confirm the measurement has to come from the
same SC pulse that was measured by the XFROG. Since
the SC pulse is extremely weak, sending a sufficient amount
of the SC pulse to a spectrometer before the nonlinear medium
would greatly reduce the signal strength. Fortunately, in the
PG geometry, the signal pulse is generated when the gate pulse

Fig. 4. 3D schematic of the experimental apparatus of PG XFROG with PFT in the reference pulse. The red and orange represent the reference pulse
and the SC, respectively. The reference pulse gates the SC in the nonlinear medium, which is imaged onto the camera in the vertical direction, mapping
time delay to spatial position. The spectrometer consists of a transmission grating and cylindrical lens that generate the spectrum of the gated SC pulse in
the horizontal direction.

Fig. 5. Single-shot PG XFROG measurement of SC generated from a
23.1 mm long NL-2.8-850 photonic crystal fiber. (a) Measured XFROG
trace (2048 × 2048 array) after background subtraction, (b) retrieved
XFROG trace with rms error of 0.85%, (c) temporal intensity (red)
and phase (blue) of the retrieved SC, and (d) spectral intensity (green)
and phase (violet) of the retrieved SC with the same-shot spectrum
(black).
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slightly rotates the polarization of the SC pulse and a polari-
zation analyzer rejects the original, unrotated polarization.
Thus, the spectrum of the analyzer-rejected portion of
the SC can be independently measured and hence used to
confirm the XFROG-measured spectrum on the same shot.
So we directed this rejected pulse to pass through the same
grating-lens spectrometer as that used for the PG
XFROG setup.

When comparing the retrieved spectrum with the same-
shot spectrum measured in this manner, we see that the spec-
tral peaks match well at the edges of the spectrum, but there
are some small discrepancies in the central region. During the
experiment, we found that a small prepulse was ejected from
our regenerative amplifier tens of picoseconds before the main
pulse. Due to its much lower energy, the prepulse experienced
only slight spectral broadening in the PCF and contributed to
the spectrum from 760 to 800 nm, with a FWHM of 15 nm.
As FROG is a time-gating device, and the prepulse precedes
the gating reference pulse by many picoseconds, the prepulse
does not affect the recorded FROG trace. A spectrometer,
however, integrates over all the energy that impinges onto
the sensor during its exposure time. Thus, the same-shot spec-
trum is affected by a prepulse, while the FROG measurement
is not. A correction to the spectrum was performed by first
capturing a FROG trace of the prepulse at the correct delay,
determining its spectrum, and then subtracting this spectrum
from the same-shot spectrum. This assumes incoherent addi-
tion of the prepulse spectrum and the SC spectrum, which is
not precisely the case, but it is not possible to do better. We
believe that this accounts for the discrepancies in the central
region of the spectrum.

With our device demonstrated to accurately measure pulses,
we measured a very different SC pulse generated using a seed
with less applied chirp and slightly larger energy, sent into a
longer piece of fiber 32.2 mm long. The resulting SC had

longer temporal duration, broader spectral bandwidth, and less
pulse energy. The measured and retrieved XFROG traces
(2048 × 2048 array), with a FROG error of 0.57%, are shown
in Figs. 6(a) and 6(b). The retrieved temporal and spectral
intensity and phase are shown in Figs. 6(c) and 6(d). The
retrieved pulse has a TBP of ∼96 with a duration of
∼2.5 ps and spectrum ranging from 590 to 800 nm. The
broader spectrum is not surprising, as the seed is less chirped
and hence has a higher peak intensity, which usually generates
a SC with a larger bandwidth. The temporal and spectral
phases from Figs. 6(c) and 6(d) show more quadratic phase
in the output, which is expected because the spectral band-
width is larger and the fiber is longer. The same-shot spectrum
was not measured, as the previous measurement demonstrated
the validity of this measurement technique.

4. CONCLUSIONS

To summarize, we have proposed and demonstrated the use of
PFT in the reference arm of PG XFROG to measure the in-
tensity and phase of SC generated from PCF on a single shot.
The unlimited phase-matching bandwidth of the PG geometry
achieves the required large bandwidth. Further, introducing
PFT into the reference pulse increases the temporal range
of the single-shot device. More importantly, controlling the
internal crossing angle between the tilted reference pulse
and the SC inside the nonlinear medium eliminates the longi-
tudinal geometrical smearing completely and allows the use of
a thick nonlinear medium to achieve nanojoule sensitivity in
our device. As regenerative amplifiers routinely achieve kilo-
hertz repetition rates, and camera frame rates and data storage
are more likely to limit the data collection rate, the apparatus
described here is more than sufficient for studies of optical
rogue waves involving many millions of pulses. Our method
is easily able to adapt to different bandwidth and temporal
range requirements imposed by optical rogue waves. For exam-
ple, the optical rogue waves identified by Solli et al. require a
temporal range of ∼6 ps and a spectral bandwidth of
∼300 nm centered at 1064 nm [25]. Our current apparatus
is capable of such a measurement once the mirrors, lenses,
and gratings are replaced with those appropriate for the shifted
center wavelength.
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Femtosecond laser pulses with sufficiently high peak
power leave tracks of dilute plasma in their wakes.
Potential use of this plasma for channeling electrical dis-
charges in the atmosphere has been discussed and dem-
onstrated in laboratory-scale experiments. However, the
electron density in femtosecond laser-generated plasma
decays rapidly on the nanosecond time scale, due to re-
combination and electron attachment to air molecules.
The finite plasma lifetime limits the maximum extent of
the guided electrical breakdown to a few meters. Here,
we experimentally demonstrate that the limitation asso-
ciated with the short plasma lifetime can be overcome
though optical heating of the plasma filaments by an
auxiliary energetic laser pulse with a duration in the
nanosecond range. We show that the breakdown electric
field can be reduced by up to a factor of 4 with a heater
fluence of about 1 kJ∕cm2. This approach could have
applications in channeling long-range electrical dis-
charges in the atmosphere and, potentially, in channel-
ing lightning strikes. © 2014 Optical Society of America
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Using powerful laser beams for the guidance of the electrical
breakdown of air and for channeling natural lightning has been
discussed for many years. During the 1970s, the use of ener-
getic Q-switched lasers with a nanosecond pulse duration has
been investigated in this context [1]. Those investigations con-
tinued into the 1990s [2,3] but have not resulted in the devel-
opment of a viable guiding technology. Nanosecond lasers can
easily produce free electrons in air through optically driven

avalanche ionization, but only under the condition of relatively
tight focusing of the laser beam. Plasma channels created in air
that way are dense but not very long; a large fraction of the laser
energy is lost to scattering on the plasma.

The development of femtosecond laser systems and the
demonstration of self-channeling of intense femtosecond laser
pulses in 1996 [4] gave new hope to the idea of guiding long-
range electrical discharges in air by laser beams. In the case of
an intense femtosecond laser pulse, the combined effect of self-
focusing, diffraction, and photoionization of air results in the
propagation regime termed “laser filamentation” [5,6]. Plasma
channels produced in air that way are dilute, and thus no
excessive loss of laser energy to scattering on the plasma takes
place. The guidance of electrical discharges with a length of up
to 3.8 m by femtosecond laser filaments has been experimen-
tally demonstrated [7].

The above-mentioned length of the guided breakdown is,
however, very close to the maximum that can be attained. The
key limitation of the approach is associated with the very short
lifetime of plasma in femtosecond laser filaments, which is in
the nanosecond range or even shorter [8,9]. Free electrons that
are produced through photoionization of air molecules by the
intense laser field disappear very rapidly due to recombination
and attachment to neutral oxygen molecules. The plasma
channel appears to be long, but in fact its instantaneous extent
is not more than few meters.

It has been established that dilute filament plasma is not
sufficiently conductive to channel an electrical discharge di-
rectly. Instead, the guidance involves three essential steps
[7,10]: first, a column of free electrons is generated through
photoionization of air by the laser field. Second, this weakly
conductive path is ohmically heated by the applied DC electric
field, resulting in the temperature elevation of the gas on the
beam axis by about 100 K above ambient temperature [10].
Third, the heated air column radially expands, creating a re-
duced-density cylindrical channel between the electrodes.
Only then does electrical discharge develop. It goes through
the laser-defined low-density path, since, according to the
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Paschen’s law [11], the strength of the threshold electric field
for DC breakdown is approximately proportional to the gas
density. This guidance mechanism relies on the existence of
a continuous conductive path bridging the entire gap between
the electrodes. If the conductive plasma channel is discontinu-
ous or not long enough to connect the electrodes, no ohmic
heating of the weakly ionized air takes place and thus no guid-
ance of electrical discharge happens. Thus, a nanosecond-scale
plasma lifetime in femtosecond laser filaments fundamentally
limits the maximum length of guided electrical breakdown to a
few meters.

In this Letter, we report an experimental demonstration of
an approach to overcome the above range limitation. Instead of
relying on ohmic heating of the conductive plasma channel by
the applied DC electric field, we directly heat the plasma by an
auxiliary laser pulse with multijoule pulse energy and with a
duration in the nanosecond range [12–14]. Following the ter-
minology used in the laser particle acceleration community, we
refer to the approach based on the joint application of femto-
second and nanosecond laser pulses as the igniter–heater exci-
tation scheme [15]. Free electrons in the femtosecond laser
filament absorb energy from the nanosecond heater pulse
through an inverse bremsstrahlung process. Then, just like
in the scenario of guidance by the femtosecond filament alone,
the heat is transferred from the electrons to the gas molecules,
and the gas radially expands, creating a preferred low-density
path for electrical discharge to go through. The existence of a
continuous conductive path bridging the entire gap between
the electrodes is no longer necessary. The lifetime of the low-
density guide thus produced is determined by thermal diffu-
sion and is in the millisecond range [16], which is much longer
that the lifetime of plasma in the channel.

We point out that our approach does not rely on the main-
tenance of conductivity in the plasma channel through detach-
ment of electrons from the negatively charged O−

2 complexes
by the heater pulse, which is the basis of the approach sug-
gested earlier [17]. In that case, the maximum extent of the
guided electrical breakdown is limited by the duration of the
heater pulse. The technique proposed here is free from such a
limitation. In our case, the nanosecond laser pulse simply acts
as a source of heat.

For experimental demonstration of our approach, on a lab-
oratory scale, we make use of a setup schematically shown in
Fig. 1. The demonstration utilizes all-solid-state, commercially

available laser sources. The DC voltage source available to us
has a maximum output of 35 kV. This source is connected to
two ball-shaped metal electrodes. A dilute femtosecond plasma
filament is produced by a 100 fs long laser pulse at an 800 nm
wavelength, with pulse energy of 15 mJ. The filament plasma
is heated by a copropagating pulse from a different laser oper-
ating at a wavelength of 1.064 μm and generating pulses of
6 ns duration, with up to 3.3 J of energy per pulse. Both lasers
produce 10 pulses∕s, and the pulse trains from the two lasers
are synchronized in time through a common electronic trigger-
ing. The delay between the femtosecond and nanosecond
pulses is adjusted to maximize the effect of heating of the fil-
ament plasma. The heater pulse slightly lags behind the igniter
in time. The time delay has to be shorter compared to the
characteristic decay of plasma density in the igniter filament.
The optimum igniter–heater delay is in the nanosecond range.
The two laser beams have input diameters of about 2 cm. The
beams are spatially overlapped using a dichroic mirror and
focused by a common conical lens (axicon) with an apex angle
of 175°. Thus the created linear focus zone for the beams has a
length of about 30 cm. The linear focus is positioned about
5 mm above the ball electrodes, so that the electrodes are
not directly exposed to the intense laser field. The estimated
peak intensity of the igniter pulse in the interaction zone,
assuming linear focusing by the axicon, is 75 TW∕cm2, which
is close to the typical value of clamped intensity inside femto-
second laser filaments in air [18].

In Fig. 2, we show experimental results for the threshold
breakdown voltage versus distance between the electrodes,
for the case of unguided electrical breakdown. The slope of
the data curve, at a particular interelectrode separation, approx-
imately equals the threshold breakdown electric field for that
separation. For millimeter-scale separations between the elec-
trodes, the breakdown is dominated by the Townsend mecha-
nism, in which no significant local charge separation occurs
anywhere between the electrodes. Avalanche ionization is
seeded by a secondary emission from the cathode and is driven
by the externally applied electric field with a breakdown
threshold strength of about 30 kV∕cm. As the electrode
separation is increased into the several-centimeter range, the
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Fig. 1. Schematic of the experimental setup. Femtosecond and nano-
second laser beams are temporally and spatially overlapped and focused
by a conical lens. Two ball electrodes are placed close to the beam axis.
The electrical breakdown voltage is measured for different interelectrode
separations and under various illumination conditions.
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Fig. 2. Threshold breakdown voltage versus interelectrode separation
for the case of unguided breakdown. The threshold breakdown field
(which is the slope of this curve) decreases as the distance between
the electrodes is increased, as a result of the transition from the Townsend
to the streamer breakdown mechanism. Data points are shown with
circles; the line is a polynomial fit.
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streamer mechanism of breakdown starts to dominate, and the
average breakdown field reduces to several kilovolts per centi-
meter. The formation of streamers relies on the local enhance-
ment of the electric field due to charge separation in the
streamer head [11]. For the case of very long breakdown
sparks, including natural lightning, the average breakdown
threshold field can be as low as several hundred volts per
centimeter. In that case, the discharge is preceded by the for-
mation of a breakdown leader that involves the development
and merging of multiple streamers.

In Fig. 3, we show experimental data for the threshold
breakdown voltage, as a function of interelectrode separation,
for the cases of breakdown guided by the femtosecond laser
filament alone and guidance by the filament heated by a nano-
second heater pulse, with two different heater-pulse energies.
The apparent vertical offset of these curves by about 10 kV is
because the 5 mm wide gaps between the electrodes and the
plasma channel have to be jumped by unguided short stream-
ers, without any help from channeling either by the laser
plasma or by the reduced-density air channel. The intensity
of the Bessel heater beam along its 30 cm long linear focus
zone is higher in the center of the zone and declines toward
its ends. Therefore, plasma heating is more intense in the
middle of the channel. For the case of intermediate heater flu-
ence of 1.0 kJ∕cm2, that results in the apparent increase of the
slope of the breakdown voltage for interelectrode separations
above 15 cm.

In the top part of Fig. 4, we show results for the breakdown
threshold electric field versus peak fluence of the nanosecond
heater pulse in the interaction zone. The energy of the femto-
second igniter pulse is fixed at 15 mJ. It is evident that the
breakdown threshold field drops continuously as the fluence
of the heater pulse is increased. In the bottom part of Fig. 4,
we show the plasma density in the middle of the channel, on an
arbitrary unit scale, versus fluence of the heater pulse. The
plasma density is measured using a capacitive plasma probe
described in detail elsewhere [19]. The curve shows the onset
of an optically driven avalanche ionization of air at a heater
fluence of about 1 kJ∕cm2. Below that level of fluence, only

dilute plasma produced by the femtosecond igniter pulse is
present. Its density is too low to show on the same scale with
the density of dense plasma produced by an optically driven
avalanche. Above the threshold for an optical avalanche, the
heated channel continues to effectively channel electrical
breakdown. However, the densified plasma in that case is frag-
mented into discrete bubbles [13,14]. Although channel frag-
mentation appears to be not much of a problem in our
laboratory demonstration, in which both igniter and heater
beams are focused by a common axicon lens, it may be unde-
sirable in long-range applications of our approach. Producing
an extended linear focus with a length above ∼10 m is very
difficult, as that imposes very stringent requirements on the
phase flatness of the laser beam front. Thus, in long-range
implementations, the use of collimated igniter and heater
beams will be more appropriate. The fragmentation of the
plasma channel into discrete bubbles will cause excessive
scattering losses for the heater beam. Therefore, the practically
useful range of heater fluence will be that below the threshold
for an optically driven avalanche, which is the region to the
left of the vertical dashed line in Fig. 4. Remarkably, even
below the threshold for optical avalanche ionization, the
breakdown electric field can be reduced by up to a factor of
4 relative to the case of guidance by the femtosecond filament
alone, with no range limitation related to the short plasma
lifetime.

In order to estimate how the proposed channeling approach
scales to realistic long-range situations, consider the case with
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Fig. 3. Threshold breakdown voltage versus interelectrode separation,
for the cases of electrical breakdown channeled by the femtosecond laser
filament alone and by the filament heated by an auxiliary nanosecond
laser pulse, with two different values of peak laser fluence. Optical heating
of the filament plasma causes significant reduction of the breakdown
threshold electric field.
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Fig. 4. Top: breakdown threshold electric field versus peak fluence of
the nanosecond heater pulse in the interaction zone. The energy of the
femtosecond igniter pulse is fixed at 15 mJ. The line is a polynomial fit to
the data points. Bottom: corresponding plasma density in the channel on
an arbitrary unit scale. The onset of optically driven avalanche ionization
at the peak heater fluence of about 1 kJ∕cm2 is evident. Even below the
threshold for an optical avalanche (the area to the left of the vertical
dashed line), heating of the plasma channel by the nanosecond laser pulse
results in significant reduction of the breakdown threshold electric field
relative to the unguided case.

Letter Vol. 1, No. 2 / August 2014 / Optica 127



an interelectrode separation of 20 m. Such a range could be
practically relevant, e.g., for the remote detonation of land
mines. In our laboratory-scale demonstration, a noticeable re-
duction of the breakdown threshold electric field relative to
that for an unguided breakdown was achieved with a nanosec-
ond pulse with a fluence in the range of 1 kJ∕cm2. A colli-
mated Gaussian beam with a wavelength of 1 μm and
Rayleigh length of 20 m will have a diameter of 5 mm. At
the above-mentioned level of fluence, that beam size will cor-
respond to a total heater pulse energy of about 200 J. Such laser
energies are certainly achievable with modern solid-state laser
technology.

We point out that if the 200 J heater pulse discussed above
had a pulse duration of 6 ns, as in our laboratory-scale dem-
onstration, the peak pulse power would be above the critical
power for self-focusing in air, potentially causing problems
associated with self-focusing of the heater beam. Thus a
longer heater pulse with a duration in tens of nanoseconds
would be preferred, as the optical heating effect scales not
with the peak laser intensity but with the fluence [13].
For heater pulses that are longer than the lifetime of free elec-
trons in the femtosecond igniter filament, a heater beam of
sufficient intensity will cause detachment of electrons from
O−

2 complexes and will continue to deposit heat into the
gas [20]. Thus the maximum pulse duration of the heater
pulse will not be limited by the lifetime of the igniter plasma.
Alternative heater sources including powerful microwave
beams may be also considered.

To summarize, we have demonstrated that the application
of optical heating of dilute plasma in femtosecond laser fila-
ments in air creates an extended low-density guide capable
of channeling the electrical breakdown of air and thus leads
to a significant reduction in the electrical breakdown thresh-
old. This approach to laser guidance of electrical discharges in
air alleviates the limitation on the maximum range of guidance
associated with the nanosecond-scale lifetime of free electrons
in femtosecond laser filaments.
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