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Semiconductor disk lasers have been shown to be ideal as wavelength-agile, high-brightness sources for
producing high average power under various pulsed mode-locking scenarios. Systematic microscopic mod-
eling reveals that ultrafast nonequilibrium kinetic hole burning in electron/hole carrier distributions dic-
tates the outcome of femtosecond duration mode-locked pulse formation. The existence of a large reservoir
of unsaturated carriers within the inverted distributions leads to the emergence of multiple pulse waveforms
(not necessarily harmonically mode-locked pulse trains) that inefficiently draw on these carrier reservoirs.
The concept of gain is no longer meaningful in this limit, and the dynamical inversion of electrons and holes
primarily in the active medium establishes the final dynamical state of the system. The simulation results
explain much of the generic behavior observed in key recent experiments and point to the difficulty of
pushing semiconductor mode-locked lasers to pulse durations below 100 fs. © 2014 Optical Society of America
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1. INTRODUCTION

Optically pumped vertical external cavity surface emitting
lasers (VECSELs) or disk lasers have been shown to be ideal
as wavelength-agile, high-brightness sources for numerous ap-
plications including CW raw power [1,2], multi-watt single
frequency [3], and high average power under various pulsed
mode-locking scenarios. Specifically, mode locking has been
observed with external semiconductor saturable absorber mir-
rors (SESAMs) [4–6], integrated quantum well and quantum
dot SESAMs [7], and graphene [7,8] and carbon nanotube [9]
saturable absorbers. To our knowledge, the shortest funda-
mental mode-locked pulse duration to date has been 107 fs,
albeit at very low average power [10]. While shorter 60 fs
pulses have been reported in [11] within longer few picosecond
“pulse molecules,” we will see that these might also be inter-
preted as simple interferences between time-shifted, mode-
locked picosecond pulses. Rate equation level models using
parameters extracted from experiments have proved successful

in capturing the mode-locking behavior for longer-duration
pulses [12]. As typical intraband carrier scattering times are
on the order of 100 fs, it is expected that dynamically changing
nonequilibrium distributions will not have a chance to relax
to quasi-equilibrium Fermi–Dirac distributions during the
pulse itself. The complexity of the nonequilibrium many-body
dynamics has limited studies to date to relatively simple ones or
multiple quantum-well (QW) single-pass geometries.

In this work, we present a simulation of microscopic many-
body effects in the VECSEL gain medium and in the saturable
QW absorber by solving the two-band Maxwell Semiconduc-
tor Bloch equations (MSBE) in the Hartree–Fock limit using
microscopically motivated carrier relaxation and dephasing
times. Our simulations show that 100 fs or sub-100 fs pulse
mode locking is likely to not be possible in the resonant peri-
odic gain (RPG) active structures under study in this work.
Indeed, in Ref. [10], a nonuniform spacing of QWs was used
in the low gain limit to broaden the linear net gain to achieve
107 fs pulses. In higher-gain situations, unused carriers can
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destabilize the pulse by seeding amplification in spectral win-
dows that exist outside the direct interacting nonequilibrium
system. The implications of this are profound and show that it
will be extremely difficult to avoid dynamical pulse breakup
under strong pump conditions. In particular, we show that
the apparent 60 fs pulses observed in [11] are likely due to
a pulse splitting into two relatively clean, longer-duration
pulses that feed off independent carrier reservoirs in the in-
verted system. We also identify a clear pulse separation in time
at higher pump levels that is consistent with predictions from a
very recent record average power mode-locking experiment
with a graphene mode-locking element.

2. MICROSCOPIC THEORY AND SIMULATION OF
SHORT-CAVITY MODE LOCKING

The theoretical analysis of the VECSEL mode-locking dynam-
ics requires the simulation of the light field E�z; t� propagation
inside the laser cavity as well as the nonlinear interaction of this
cavity field with the material polarizations P�z; t� of the opti-
cally active QW gain region and the QW saturable absorber
(SESAM). Assuming that the cavity light field circulates in the
z direction, perpendicular to the QW planes, Maxwell’s wave
equation can be written in the simple form

h
∂2
∂z2 −

n2
c20

∂2
∂t2

i
E�z; t� � μ0

∂2
∂t2 P�z; t� ; (1)

where the constants n and c0 are the background refractive in-
dex and the vacuum velocity of light, respectively, and μ0 de-
notes the vacuum permeability. The macroscopic polarization
P�z; t� is obtained by the summation of the microscopic polar-
izations pλ;ν;k over the crystal momentum k in the plane of the
QWs. The dynamics of the microscopic polarization pλ;ν;k
follow from the multiband semiconductor Bloch equations
(SBEs) [13]
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∂
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λ�ν�;scatt: (2)

These equations couple the dynamics of the microscopic
polarization pλ;ν;k and the occupation function ne�h�λ�ν�;k, deter-
mining the probability that a state k in the conduction band
λ (valence band ν) is occupied by an electron (hole). The re-
normalized single-particle energies in the Hartree–Fock
approximation are

eeλ;λ1;k � εeλ;kδλ;λ1 −
X
λ2;q

V λ;λ2;λ1;λ2
∣k−q∣ neλ2;q;

ehν;ν1;k � εhν;kδν;ν1 −
X
ν2;q

V ν;ν2;ν1;ν2
∣k−q∣ nhν2;q; (3)

and the renormalized Rabi frequency is

Ωλ;ν;k � ωR �
1

ℏ

X
λ1;ν1;q≠k

V λ;ν1;ν;λ1
∣k−q∣ pλ1;ν1;q: (4)

Here, V �∣k − q∣� is the Coulomb potential and
ωR � d λ;ν

k E�z; t�∕ℏ, where d λ;ν
k is the dipole-matrix element.

Contributions to the SBE that go beyond the Hartree–Fock
approximation describe correlation effects such as dephasing
of the polarization (Γdeph), carrier scattering (Γscatt), and
Coulomb screening. In the equation of motion for the carrier
distributions [Eq. (2)], the correlation effects in the second
Born–Markov approximation lead to Boltzmann-type scatter-
ing terms. Inclusion of these terms at this level would make
simulation impossible, although we can use the full model with
these correlation effects included to assess how quickly a ki-
netic hole can refill by taking nonequilibrium carrier distribu-
tions from the present simulation as initial data.

Together with the wave equation, the SBEs establish the
MSBEs. Since the numerical evaluation of the microscopic
scattering terms in each time step of a numerical laser dynamics
simulation is excessively CPU time demanding, it is often nec-
essary to include the correlation effects on the level of effective
rates expressing the net effect of the underlying microscopic
processes. In this limit, the dephasing of the polarization is
described by a simple decay contribution with the character-
istic dephasing time τdep; Γλ;ν;deph � −pλ;ν;k∕τdeph and,
similarly, the carrier-scattering contribution modeling the
equilibration of the carrier system follows from Γλ�ν�;scatt �
−�ne�h�λ�ν�;k − f

e�h�
λ�ν�;k�∕τscatt, where f e�h�

λ�υ�;k is the background
quasi-equilibrium distribution of the optically pumped QW
and τscatt governs the characteristic time scales of scattering
events. To test our model [14,15] and to study the relevance
of nonequilibrium effects, we restrict ourselves to a two-band
model, postulating strong confinement of electrons and holes
such that only the lowest sub-bands need to be taken into ac-
count. In addition, we limit consideration to a parabolic band
structure where the transition energy, i.e., the difference be-
tween the conduction and valence band energy ℏωk �
�ℏ2k2∕2me� � �ℏ2k2∕2mh� � Eg is expressible in terms of
the effective masses of the electrons me , holes mh, and the
bandgap energy Eg . As a sanity check, we employed a full mul-
tiband microscopic simulation in a single-pass setting that goes
beyond the Hartree–Fock limit to assess the role of ultrafast
correlations in the hot carriers (electron/hole) and carrier cap-
ture from the pumped barrier to inverted well states. While
these can include further pulse-reshaping effects due to kinetic
hole filling, we anticipate that the generic features observed in
the simple two-band model will be preserved. This will be de-
tailed in a future publication. In the low-gain limit, due to the
presence of shallow kinetic holes, these correlations should not
significantly affect the results.

We use this model to simulate mode locking in a linear one-
dimensional cavity consisting of an AR-coated VECSEL chip
consisting of a 10 quantum well RPG active medium and a
SESAM at the other end of the cavity. A schematic of the mod-
eled cavity is shown in Fig. 1. We effectively represent tighter
focusing on the SESAM by appropriately adjusting the on-axis
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intensity to represent a ten-fold intensity increase on the
SESAM relative to that on the VECSEL chip.

The 10 QW RPG structure modeled here is identical to
that employed in Refs. [1,2] to achieve greater than 100 W
CW from a VECSEL structure. Details are given therein.
We assume a single-layer AR coating on both the VECSEL
chip and the SESAM. The VECSEL chip consists of 10
InGaAs QWs grown on an AlGaAs distributed Bragg reflector
(DBR), and the SESAM consists of a single InGaAs QW at-
tached to a 1% output coupling mirror. These two compo-
nents are on opposite sides of a 3.2 cm linear cavity as
shown in Fig. 1, with a roundtrip time of approximately
21 ps. We assume a 30 ps (0.5 ps) relaxation time for the
QW populations in the VECSEL (SESAM) back to a reference
300 K quasi-equilibrium distribution and the same InGaAs/
AlGaAs band structure parameters as for the RPG. The
reference distribution density for the SESAM is kept at
5.0e14 [1∕m2], while the density of the QWs in the
VECSEL are incremented for the different situations. We
stress that the behavior discussed below is expected to be
generic in RPG-grown VECSELs.

3. LOW-INVERSION MODE LOCKING

The concept of gain and gain bandwidth is heavily used in
discussing and analyzing most mode-locking experiments.
For example, a very useful picture that goes back to the seminal
early work of Haus [16] utilizes the idea of net gain to estimate
the expected characteristic pulse width in a mode-locked set-
ting. This idea works rather well for a host of solid state ma-
terials such as fiber lasers, Ti:sapphire, etc. It has also been
extensively used to model semiconductor laser mode locking,
more recently in a rate equation model of a mode-locked
VECSEL [12]. These parameterized models, which may work
well for longer pulses, have the built-in assumption that the
polarization dynamics is slaved to the driving field and can
be adiabatically eliminated. Strictly, this assumption is untrue
even for longer picosecond duration pulses, although it appears
to work well. However, it is clear from Eq. (2) that the field is
driven by the carrier inversion with the latter mediated by the
polarization. Because of this, we will focus on the carrier (elec-
tron and hole) dynamics in interpreting the results of recent
experiments and will only use the term “gain” as a historical
reference. Rather than encountering “spectral hole burning,”

a concept associated with inhomogeneously broadened gain
media, we will talk instead about “kinetic hole burning” in
the respective carrier distributions.

The situation depicted in Fig. 2 represents a well-behaved
dynamical system where the final low average and peak power
mode-locked pulse train is stable. The mode-locked pulse has a
FWHM of 204 fs and a time–bandwidth product of 0.5. Note
the linear chirp across the main pulse and small leading edge
subpulse. The pulse substructure is sensitive to the type and
degree of dispersion of the single-layer AR coating. In the car-
rier inversion plots shown in Fig. 2(b), the inversion never
bleaches out and simply cycles in a well-controlled fashion be-
tween the blue and red curves on each cavity roundtrip. The
concept of gain is useful in this limit, as the pulse spectrum
shows that the final pulse avails itself of the available linear
net gain bandwidth [compare the intersection points of the
blue (gain) and black (absorption) curves in Fig. 1(a)]. This
low-power, pulsed, mode-locked behavior is akin to that
observed in [10].

4. INTERMEDIATE INVERSION PULSE SPLITTING

As the carrier system is driven more strongly by the pump, we
observe a fundamental change in the dynamics which cannot
be interpreted successfully via a gain model. The key physical
quantity of interest is now the inversion �neλ;k � nhν;k − 1� term
driving the polarization in Eq. (2), and the dynamics are now
unavoidably nonequilibrium. Under strong driving condi-
tions, the initially weak circulating pulse grows and burns a
single kinetic hole that recovers after the pulse has left the gain
medium. As the pulse becomes stronger and stronger, this
transient kinetic hole gets deeper until the inversion is driven

Fig. 1. Schematic of linear cavity with the 10 QWRPG VECSEL chip
shown on the left (DBR to the left of this not shown) and a single QW
SESAM with spacer and an output coupler. The empty cavity part of the
simulation domain in the center is not shown.

Fig. 2. (a) Plot of the equilibrium gain at a carrier density n � 1.75 ×
1016 m−2 and at room temperature (blue). Included in this graph is the
single QW absorption of the SESAM. The net roundtrip gain is inter-
preted as the difference of these two curves. (b) Instantaneous snapshots
of the inversion in the active VECSEL structure immediately before
(blue), at the peak (black), and immediately after the transit of the
mode-locked pulse. (c) Plot of the final stable low-power, mode-locked
pulse together with the phase across the pulse. (d) Spectrum of the
mode-locked pulse. The shaded area shows that this pulse utilizes the
full available linear net gain bandwidth.
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down to zero at pulse center, meaning that there are no carriers
available to provide further amplification (gain) in this spectral
window. Now, unsaturated carriers in regions spanning both
sides of the central spectral window (in the k space) are avail-
able to provide amplification, and we observe the emergence of
a double-pulse waveform that more effectively utilizes carriers
in the inverted medium. In this case, we observe an unusual
pulse waveform consisting of two slightly time-shifted, mode-
locked pulses whose individual spectra beat to produce an in-
terference or beating that might be misinterpreted as a pulse
“molecule” of longer duration (350 fs here), containing a train
of shorter (50 fs here) mode-locked pulses. Figure 3 summa-
rizes this behavior in detail.

Figure 3(a) depicts the unsaturated (linear) gain and satu-
rable absorber (SESAM) loss; the net linear gain of the system
can be read off from this figure. In comparison to the single-
pulse mode-locking scenario of Fig. 2, the dynamical behavior
of the inversion now shows two kinetic holes, i.e., two minima
in the carrier inversion. This results from the fact that the cir-
culating pulse has evolved to a self-reproducing dynamical state
that efficiently extracts carriers from two spectrally separate res-
ervoirs. The interference between these two temporally split
pulses could be misinterpreted as individual 50 fs mode-locked
pulses within a ps duration “pulse molecule.” We observe that
this interference effect is rather robust at intermediate pump
levels. Finally, inspection of the two separate spectral peaks in
Fig. 3(b) shows that, while the full spectral gain bandwidth is
spanned when compared to Fig. 3(a), now a large chunk in the
middle is not utilized.

Instead, two well-separated spectral peaks emerge, with each
associated with independent time-separated pulses. We note

here that we can indeed verify (not shown) that this modulated
pulse waveform can be spectrally filtered and identified with
individual approximate duration 235 fs pulses.

The inversion depicted in Fig. 3 captures an asymptotic,
long-time dynamical state of the mode-locked cavity where
the pulse has stabilized. However, the dynamical evolution
to this final state is somewhat involved and the usual net gain
interpretation has to be supplanted by a fully nonequilibrium,
kinetic hole-burning one. Prior to the development of the dual
split kinetic holes depicted in Fig. 3, we observe a dynamical
transient growth of the pulse waveform to the point where the
inversion in the vicinity of the central frequency is fully
bleached and the subsequent evolution avails itself of unsatu-
rated carrier reservoirs to the high- and low-frequency side of
this central frequency. This picture is shown in Fig. 4.

5. HIGH-INVERSION PULSE SPLITTING

At even higher pump levels, there can be too much unsaturated
gain for the absorber to clean up. This will drive the generation
of new pulses in the cavity that can result in pulse trains, har-
monically mode-locked pulses, etc. A special case is when one
has the correct amount of absorption (and/or the faster recov-
ery time); it is then possible to obtain a situation in which the
time-separated pulses from Section 4 split into two time-
shifted pulses. This splitting is simply a further manifestation
of the interference observed in Section 4, but now the individ-
ual pulses become trapped in their own local potentials and
essentially behave as independent mode-locked entities.

This behavior bears a close resemblance to a very recent ex-
perimental result that demonstrated up to 10 W of average
power in a graphene mode-locked VECSEL. In this work it
is argued, based on an observed two-peaked pulse spectrum
for average powers exceeding 6 W, that pulse splitting into
two temporally separated stable pulses with locally flat phases
is the likely interpretation of the experimental data. This would
mean that the 10 W average power would be shared between
both pulses, say approximately 5 W in each pulse.

Figure 5 summarizes the mode-locked behavior at these
higher carrier densities (pump levels). The main difference here

Fig. 3. (a) Similar plot to Fig. 1(a) except that the carriers are now
driven more strongly by the pump with density n � 2.4 × 1016 m−2

and at room temperature. The net gain is again the difference between
the blue (gain) and black (SESAM QW absorption). (b) The electron
momentum resolved (k) inversion now shows a double depression
and again cycles back and forth between the blue and black curve every
roundtrip. (c) Mode-locked pulse waveform showing a beating between
two slightly shifted sub-ps-duration pulses. (d) Split spectral peaks, each
associated with slighted time-shifted single pulses.

Fig. 4. Development of dual kinetic holes in the inversion starting
from an initial Fermi distribution at t � 0. The inversion goes negative
transiently prior to splitting into two kinetic holes.
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is that both pulses no longer overlap but are well separated in
time and spectrally. The nonequilibrium inversion has again
bleached out in the center, causing two independent pulses
to draw from separate carrier reservoirs. In our model, these
behaviors are robust over a range of initial carrier densities.
Again, by spectral filtering, we can show that each individual
pulse is identified with a single peak in the above spectrum.

6. ROLE OF SATURABLE ABSORBER
RELAXATION IN CLEANING UP PULSES

We now discuss the influence of the SESAM fast saturable de-
cay rate on the mode-locked pulse behavior observed in the last
two sections. If the absorber relaxes sufficiently fast (∼500 fs),
it can act to damp out any residual amplification resulting from

unsaturated carriers in the active structure and consequently
clean up the mode-locked pulse train. We illustrate this behav-
ior for the case of the emergence of multiple pulses for a slow
saturable absorber in Fig. 6. The triple-pulse waveform (two
interfering as in Fig. 3) shown in Fig. 6 and its associated triple
peak spectrum can be cleaned up if the saturable absorber relaxes
fast enough to prevent the growth of the secondary pulses. We
observe a clean mode-locked double pulse with a double spectral
peak if we employ the faster saturable absorber in the cavity.

7. RESULTS AND CONCLUSIONS

Our microscopic simulations show that nonequilibrium carrier
distributions within inverted QWs in a RPG VECSEL struc-
ture are so strongly modified under strong pumping conditions
that the nonequilibrium gain saturation picture becomes irrel-
evant. Our results show that it will be challenging to generate
high peak and average power mode-locked pulses from these
semiconductor disk lasers. The underlying physics here is fun-
damentally different from that encountered in other solid state
gain media (Ti:sapphire, Er-doped fiber, etc.) or in QD
mode-locked VECSELs, as the carriers are free to move in the
in-plane dimension. Here, when the carriers contributing to
direct amplification are bleached out, the system self-adapts
to form uncoupled carrier reservoirs that sustain independent
multiple pulses in the cavity.

Our results show that, when bleached out at high pump
levels, nonequilibrium carrier distributions dynamically adjust
so as to promote independent carrier reservoirs that feed sep-
arate pulses within the cavity. These can, for example, create
the illusion that a “pulse molecule” is formed, containing even
shorter mode-locked pulse trains at certain pump levels. While
this work isolates uniquely nonlinear nonequilibrium features
that profoundly modify the nature of ultrafast mode locking in
semiconductor disk lasers, we expect that these observations
will apply to edge emitting structures. However, the latter will
be further complicated by long gain paths in contrast to the
very thin gain regime in the disk geometry.

Finally, we need to point out that there are many other
players involved in influencing the final pulse waveforms.
In this work, we have restricted our study to a two-band model
and a fixed single-layer AR coating with its own intrinsic
dispersion. It is clear that coatings designed for narrow-band
CW lasers will exhibit strong dispersion away from the de-
signed wavelength. The net dispersion in the cavity will involve
contributions from the transient nonlinear field-induced re-
fractive index in addition to from linear dispersive elements
such as DBRs, AR coatings, and mirrors. It is anticipated that
these contributions can likewise be optimized to reduce non-
linear chirp and produce ultrashort bandwidth-limited pulses.
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Plasmonic memristors are electrically activated optical
switches with a memory effect. This effect is important
for a new generation of latching optical switches that
maintain their state without power consumption. It is
also of interest for new optical memories that can be
activated by a single electrical write/erase impulse. The
operation principle is based on the reversible formation
of a conductive path in the dielectric layer of a plas-
monic metal–insulator–metal waveguide. Extinction ra-
tios of 12 dB (6 dB) are demonstrated in 10 μm (5 μm)
long devices for operating voltages of �2 V. With this,
the devices feature the characteristics of electronic
resistive random access memory, but for the field of
plasmonics. Such plasmonic memristors are interesting
in view of new applications in information storage and
for low power circuit switching. © 2014 Optical Society of

America
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Integrated optically readable memories are key elements in the
toolbox of next-generation information storage, as they permit
one to replace electrical data buffers in optical communication
systems [1]. Moreover, latching optical switches are needed for
low power circuit switching [2].

Memory switching effects have been studied in electronics
for many years [3–5]. One important example is the so-called

resistive random access memory (RRAM or ReRAM) or mem-
ristor (memory resistor). RRAMs have attracted attention as
possible candidates for future nonvolatile memories as an al-
ternative for today’s flash memories. Typical devices consist
of a capacitor-like metal–insulator–metal (MIM) structure.
The two states of RRAMs are accessed by applying a voltage
between the two metals. Depending on the voltage, either a
high-resistance or low-resistance nanometer-scale conductive
path is formed in the insulator between the two metals.

In plasmonics, the signal is encoded as a surface plasmon
polariton (SPP) that propagates along a metal–dielectric inter-
face. The confinement of such SPP modes may be below the
diffraction limit, which is why the field of plasmonics has
triggered a number of suggestions for small-scale switch imple-
mentations [6–12]. Most interestingly, the typical structure of
a RRAM device with its MIM layers also could serve as a plas-
monic MIM waveguide and, thus, might pave the way for a
new resistive switch in the field of plasmonics. Combining
RRAMs with plasmonics allows one to relate the electrical and
the optical world with new applications in circuit switching
and memory concepts and ultimately could lead to the reali-
zation of a compact latching switch with electrical write/erase
and optical readout functionality. Recently, optical switching
with a 0.09 dB extinction for the first time indicated the fea-
sibility of a plasmonic RRAM device [13]. The device con-
sisted of a silver/amorphous silicon/p-silicon layer structure
with the resistive switching being caused by the formation
and annihilation of a metallic filament in the amorphous
silicon layer. In another demonstration, a thermally induced
insulator–metal phase transition based on vanadium dioxide
was used to demonstrate plasmonic switching with a memory
effect [14]. With this scheme, the authors showed a rather
high extinction ratio of 10.3 dB with a device of 5 μm length.
The device, however, requires relatively high electrical
powers of about 28 mW for the thermally induced phase
change.
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In this work, we present a plasmonic memristor with a high
extinction ratio. More precisely, we demonstrate a latching
optical switch based on the electrically induced creation and
elimination of a conductive path in a gold/silicon dioxide/
indium-tin oxide layer structure. The device is integrated with
a silicon photonic waveguide and performs switching with an
extinction ratio of 12 dB (6 dB) for a 10 μm (5 μm) long de-
vice. The operation power is consumed only when the state of
the switch is changed and is below 200 nW.

The resistive switch consists of a hybrid waveguide with a
plasmonic section on top of a silicon photonic strip waveguide
(800 nm × 340 nm), as suggested in [9,11]. This hybrid
approach allows for a simple fabrication process and can be
easily integrated with a silicon photonic platform designed
for TM polarization. Figure 1(a) shows the cross section of
the device. The plasmonic waveguide itself is formed by a
30 nm thick silicon dioxide (SiO2) layer sandwiched between
a 10 nm thick indium-tin oxide (ITO) layer and a 300 nm
thick gold (Au) layer. The ITO layer has a nominal carrier
concentration of 1019 cm−3. It is thin to enable coupling be-
tween the photonic and plasmonic sections. Figure 1(b) shows
the corresponding electric field distribution of the quasi-TM
fundamental mode at 1550 nm wavelength obtained with
numerical simulations using the commercial software CST
Microwave Studio. In this structure, a significant part of the
electrical field is confined to the thin SiO2 layer (39%). This is
crucial for memristor performance, since the optical field has to
interact with tiny nanofilaments in the insulator. Simulated
propagation losses and coupling losses between the silicon pho-
tonic and the hybrid waveguide section are 0.2 dB/μm and

1.2 dB per interface, respectively. The ITO layer and the
top metal further serve as bottom and top electrodes, respec-
tively. They are connected to metal pads for contact with
electrical probes. The ITO bottom electrode is contacted via
a 300 nm thick Au layer at the side of the photonic waveguide;
see Fig. 1(a). Light is coupled to the memristor by means
of silicon strip waveguides with TM grating couplers at
both ends.

The silicon photonic structures are fabricated on a silicon-
on-insulator (SOI) substrate with a 340 nm thick silicon layer
and 2 μm thick buried oxide layer using a single step e-beam
lithography and an inductively couple plasma reactive-ion
etching (ICP-RIE) process. The chip is then covered by a
plasma-enhanced chemical vapor deposition (PECVD)-grown
500 nm thick SiO2 layer acting as cladding for the photonic
waveguide. Local openings in the SiO2 on top of the photonic
waveguides (1.6 μm wide) define the plasmonic sections of the
devices. They are fabricated via photolithography and an RIE
process. The 300 nm Au bottom contact is produced using
photolithography, e-beam evaporation and a lift-off process.
This contact is laterally offset with respect to the photonic
waveguide. Next, the 10 nm ITO layer is RF-sputtered and
structured using photolithography and lift-off. A 30 nm
SiO2 layer is RF-sputtered on top. A second 300 nm Au con-
tact is deposited and structured similarly to the bottom one.
Finally, the 30 nm oxide is opened locally using an RIE process
to access the bottom contact pad. Figure 2 shows an optical
microscope image of a fabricated device.

The device was characterized in two steps. First, we studied
the quasi-static behavior. We measured the hysteresis of the
current and the optical transmission while slowly sweeping
the applied voltage. In a second step, we investigated the
time-resolved switching process.

We measured the current and the optical transmission as
a function of the applied voltage. As indicated in Fig. 1, the
voltage was applied between the top and bottom electrodes. A
compliance current of 100 nA was set to protect the device
from permanent breakdown. Continuous-wave laser light at
a wavelength of 1550 nm was coupled to the chip through
grating couplers. The transmitted optical signal was measured
with a powermeter.

The electrical behavior of a 5 μm long device with the laser
being turned off is displayed in Fig. 3. The applied voltage
was swept from −3 to 3 V and back in steps of 60 mV with

Fig. 1. (a) Cross-sectional view of the plasmonic memristor. The de-
vice comprises the typical memristor MIM layers that further serve as a
plasmonic waveguide (gold/silicon dioxide/ITO) on top of a silicon pho-
tonic waveguide. (b) Electric field distribution of the quasi-TM funda-
mental mode in the hybrid plasmonic and SOI waveguide. The mode is
highly confined in the 30 nm thin SiO2 layer. When applying a voltage, a
conductive path is formed in the insulating layer that strongly perturbs
the plasmonic mode.

Fig. 2. Optical microscope image of the 5 μm long plasmonic switch.
Light is coupled by means of a silicon waveguide (Si-WG) to the plas-
monic memristor. The golden squares are the electrical contact pads.
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a duration of 2 s per step. We observed a sudden increase of the
current at a threshold of ∼2.9 V. Here, the current reached its
compliance limit. When scanning back, the current decreased
while showing a hysteresis. This hysteresis is typical for RRAM
devices [5].

Figure 4(a) shows the normalized optical transmission for
50 consecutive measurement cycles below threshold (�2 V,
20 mV per step, 2 s per step, total duration of 13.3 min
per cycle). We started at −2 V in the ON state. While gradu-
ally increasing the voltage, the optical signal decreased. When
decreasing the voltage, the optical transmission increased
again, while being lower than for the forward sweep direction.
This hysteresis indicates the memory effect of the switch.
The device returned to its initial state after completion of each
measurement cycle. This shows excellent repeatability of the
switching effect. The difference between the ON and OFF
states (extinction ratio) was 6 dB. The latching extinction ratio
between the latched states was 3.5 dB. Since the device was
operated below threshold, no significant current was measured
and no hysteresis was observed in the I–V curve. Therefore,
peak operating power during switching is below 200 nW.

The dependence of the extinction ratio on the device length
was investigated, as well. From Fig. 4(b) one can see that
increasing the length from 5 to 10 μm increases the extinction
ratio from 6 to 12 dB. Thus, the extinction ratio increases with
increasing device length. While two devices with different
lengths do not yet provide sufficient statistics, the result at least
indicates a trend.

Propagation losses in the hybrid waveguide section of
1 dB∕μm and coupling losses between the silicon photonic
and the hybrid waveguide of 6.5 dB per interface were deter-
mined through cut-back measurements. The experimentally
determined losses are higher than the simulated ones due to
fabrication imperfections. When opening the silicon dioxide
cladding to define the plasmonic section, the structure was
overetched. This resulted in a step between the silicon pho-
tonic and the hybrid waveguide sections, explaining the
high coupling losses. The same process step led to surface
roughness at the top of the silicon waveguide that contributed
to the propagation losses. Furthermore, layer imperfection,
in particular in the sputter-deposited silicon dioxide layer,

influenced the propagation losses. Better control of the fabri-
cation process will avoid this problem for future devices.

The results of Figs. 3 and 4 can be explained as follows.
When a positive voltage is applied, a conductive path is formed
in the oxide layer. As this conductive path is bridging the two
electrodes, the current increases. For the reverse scanning
direction, the conductive path is eliminated, so that the current
decreases. Since the plasmonic signal is highly confined in the
insulating layer, it is quite sensitive to the alteration of the
insulating layer. This is why the switch may be operated below
threshold. Even before electrical switching, the plasmonic
mode is strongly perturbed by the conductive path, thus reduc-
ing the optical transmission.

A change of the ITO refractive index due to carrier
accumulation/depletion was also said to influence the optical
transmission [9,11]. However, theoretical calculations predict
low extinction ratios (∼1 dB) [9], so this effect is considered to
be small compared to the resistive switching.

The physical nature of the resistive switching mechanism
was reviewed in literature and is still not fully understood
[3,5]. Yet, it is known that defects in insulating layers, such
as metals and oxygen vacancies, play an important role in
resistive switching devices, as they enable the formation and
elimination of the conductive path. In the present device,
the sputter-deposited SiO2 that is used as an insulating layer
is expected to contain a large number of defects [15]. For
comparison, a sample with PEVCD SiO2 was fabricated
showing much lower extinction ratios and no hysteresis in
the voltage-transmission curve. The switching mechanism

Fig. 3. Electrical current–voltage characteristic of the plasmonic mem-
ristor. The response indicates a hysteresis as it is typical for resistive
switching memory cells. An abrupt increase of the current is found with
a threshold around 2.9 V. Note that the set voltage differs from the actual
(measured) voltage in the compliance limit.

Fig. 4. Quasi-static performance of the plasmonic memristor.
(a) Latching optical switch behavior for a 5 μm long device: 50 measure-
ment cycles of the normalized optical transmission as a function of the set
voltage showing hysteresis and an extinction ratio of 6 dB. (b) Latching
optical switch behavior of a 10 μm long device showing an extinction
ratio of 12 dB. During these measurements below threshold, no hyste-
resis was observed in the I–V curve.
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might be explained by positively charged ions being injected
from the top electrode. The ions thereby form narrow conduc-
tive filaments. This metal filament type of resistive switching
was even observed with in situ transmission electron micros-
copy studies [15]. The layer thicknesses of the present plas-
monic memristor are too small to resolve nanofilaments in
a scanning electron microscopy study. However, needle-like
gold filaments were reported in a very similar structure with
a 100 nm thin sputter-deposited silicon dioxide layer in the
supplement file of reference [16]. Another switching mecha-
nism suggested in the literature is based on a conductive path
of oxygen vacancies that is formed in the oxide layer. In that
sense, silicon dioxide might be utilized by locally enriching
silicon inside the silicon oxide matrix [15,17–20].

To further assess the device, we studied the dynamic behav-
ior of the switch. Here, we determined the step response of the
device at both minute and millisecond time scales. Moreover, a
megahertz modulation was applied to the device.

The slow switching process is depicted in Fig. 5. A voltage
of 2 V was applied to a 5 μm long device for 5 min, before
switching the voltage off again. The optical signal measured
with a power meter showed a latching extinction ratio of
3 dB. After that, the device was reset to its initial state by a
negative voltage of −2 V.

Furthermore, a 5 ms long electrical impulse of 2 V was
applied to the optical memristor (see Fig. 6). Here, the optical
response of a 20 μm long device was measured with a photo-
diode and a real-time oscilloscope. Despite the short duration,
a latching switching behavior was found as well. The latching
extinction ratio was ∼0.6 dB, however. Thus, the extinction
ratio increases with the duration of the pulse that is applied.
The energy required for a transition is as little as 60 μJ or 1 nJ,
depending on the switching duration.

To further investigate the switching speed, a sinusoidal
modulation in the megahertz regime was applied to the device
and detected with a photodiode and a lock-in amplifier. This
revealed a relatively flat frequency response between 40 kHz
and 10 MHz. The 3 dB bandwidth at an operation with
�2 V with respect the amplitude at 40 kHz is 30 MHz
(see Fig. 7, blue triangles). However, subnanosecond switching
times have been reported for electronic memristors [21].

Higher speeds thus should be doable for plasmonic memristors
with optimized dimensions and material compositions.

In conclusion, we demonstrated a latching optical switch
that combines the memristor concept with plasmonics. The
switch exploits the formation and elimination of a conductive
path in the insulating layer of a metal–insulator–metal layer
stack. The conductive path leads to an attenuation of the op-
tical mode in the OFF state and is ruptured when switching to
the ON state. The plasmonic switch is integrated with a silicon
photonic waveguide. Optical extinction ratios of 12 dB at
1550 nm wavelength are shown for 10 μm long devices.
The operation power is consumed only when the state of the
switch is changed and is below 200 nWwith operating voltages
in the range of �2 V and currents below 100 nA. Tests with
50 write cycles and sinusoidal modulation in the megahertz
regime demonstrate excellent repeatability of the switching
mechanism.
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Fig. 5. Dynamic behavior for a 5 min switching process. A voltage of
2 V was applied for 5 min, before switching the voltage off again (green).
A latching extinction ratio of 3 dB was observed. By applying a voltage of
−2 V. The device was reset to its initial state.

Fig. 6. Dynamic behavior for a 5 ms switching process. (a) Measure-
ment setup: an electrical impulse was sent to the device under test (DUT)
while measuring the optical response with a photodiode on a real-time
oscilloscope. (b) Screenshot of the real-time oscilloscope showing the
switching process (yellow) for a 5 ms long electrical impulse of 2 V
(green). The blue line is the measured signal after a low-pass filter.
A latching extinction ratio of ∼0.6 dB was observed.

Fig. 7. Megahertz frequency response of the plasmonic memristor.
A sinusoidal signal was applied to a 5 μm long device using an arbitrary
waveform generator. The optical signal was detected with a photodiode
and a lock-in amplifier.
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A light source that emits single photons at well-defined times and into a well-defined mode would be a
decisive asset for quantum information processing, quantum metrology, and sub-shot-noise detection of
absorption. One of the central challenges in the realization of such a deterministic device based on a single
quantum emitter concerns the collection of the photons, which are radiated into a 4π solid angle. Here, we
present the fabrication and characterization of an optical antenna designed to convert the dipolar radiation
of an arbitrarily oriented quantum emitter to a directional beam with more than 99% efficiency. Our
approach is extremely versatile and can be used for more efficient detection of nanoscopic emitters ranging
from semiconductor quantum dots to dye molecules, color centers, or rare-earth ions in various environ-
ments. Having addressed the issue of collection efficiency, we also discuss the photophysical limitations of
the existing quantum emitters for the realization of a deterministic single-photon source. © 2014 Optical

Society of America

OCIS codes: (270.0270) Quantum optics; (030.5260) Photon counting; (310.0310) Thin films; (350.4238) Nanophotonics and photonic

crystals.

http://dx.doi.org/10.1364/OPTICA.1.000203

There is a great deal of interest in the optics community in ef-
ficient collection of light from atoms,molecules, quantum dots,
or other nanoscopic emitters [1–3]. One of the motivations
concerns the detection of weak traces of fluorescence in biopho-
tonics, where studies of chromophores with low quantum yield
[4] or imaging of fast dynamical phenomena [5,6] are desirable.
Similarly, spectroscopy of weakly emitting quantum systems
such as rare-earth ions [7] and color centers can benefit
from higher count rates. Another fascinating prospect is in the
realization of a new primary intensity standard based on a
known flux of single photons obtained from an isolated

quantum emitter through pulsed excitation [8]. A very different
area of interest is in quantum optics with prominent applica-
tions in sub-shot-noise detection [9], quantum communication
[10], and quantum computation [1]. In these applications losses
quickly compromise the performance. For example, it is often
stated that efficiencies on the order of 99%are required for prac-
tical linear optics quantum computing [3]. In quantum key dis-
tribution, low losses are desirable both for increased data
transmission rates and for higher security of the connection.

Many different approaches have been explored for achieving
high collection efficiency from single emitters. For example, a

2334-2536/14/040203-06$15/0$15.00 © 2014 Optical Society of America
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deep parabolic mirror has been used to extract light from an
atom in a trap [11]; however, this solution is incompatible with
most applications in the condensed phase. Another strategy has
been to manipulate the density of states in microcavities
[12,13], but the need for operation under resonance condi-
tions and the difficulty of fabrication have hampered collection
efficiencies close to unity. Novel geometries using nanowires
and their combination with cavity arrangements also hold
promise for high collection efficiency [14–16], but practical
combination of these solutions with generic emitters is non-
trivial and yet to be demonstrated. Recently, plasmonic nano-
structures have also been combined with concepts from
antenna theory and near-field optics to introduce directionality
to the radiation pattern of emitters [17,18]. Unfortunately,
however, near-field coupling to metals is intrinsically accom-
panied by substantial losses.

Three years ago, we devised a new antenna concept based
on planar dielectric structures [19]. In that work, we experi-
mentally demonstrated 96% collection efficiency from a single
molecule that was oriented normal to the antenna plane. The
noise on the light generated by a perfect emitter in such an
antenna is reduced to 20% of the shot-noise value. This can
be deduced from

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xN �1 − x�

p
, which describes the fluctuation

in the number of detected photons with an average value N
and loss factor x [9]. Improvements beyond a certain noise
level become increasingly more difficult to achieve. For
example, a collection efficiency of 99% would reduce the noise
to only about 10% of the shot-noise value, corresponding to
10 dB intensity squeezing.

Motivated by the need for low-noise light sources and the
desire to generalize our planar dielectric antenna to arbitrarily
oriented emitters, we proposed a metallo-dielectric antenna
design for reaching collection efficiencies exceeding 99% for
any orientation of the emitter dipole moment [20]. In this ar-
ticle we report on the first fabrication and characterization, to
the best of our knowledge, of such an antenna and elaborate on
the subtleties involved in the realization of a single-photon
source with 99% efficiency.

Figure 1(a) sketches the main ingredients of a planar
metallo-dielectric antenna. The general requirement of n1 >
n2 > n3 remains the same as the previously discussed dielectric
antenna [19]. However, to capture and redirect any leakage in
the direction normal to the antenna plane, we add a mirror on
the far side of the n3 medium. The simplest experimental reali-
zation of this structure is to use a metallic mirror at a large
enough distance from the n2 − n3 interface to avoid coupling
to surface plasmons.

In this work, we have chosen to perform our experiments
with semiconductor nanocrystals. In particular, we have used
“giant” CdSe/CdS core/thick-shell quantum dots [21] featur-
ing nearly complete suppression of blinking and fluorescence
intermittency [22]. Figure 1(b) displays the schematics of our
experimental arrangement. The first component of the an-
tenna consists of a sapphire cover glass (refractive index n1 �
1.78). We then coat this substrate with 200 nm of PMMA
(refractive index 1.49) and spin cast quantum dots on this
layer at a very small surface coverage. Next, a 150 nm
thick layer of PVA (refractive index 1.5) is coated on top.

Considering the similarity of the refractive indices of PVA
and PMMA, we can treat these combined layers as the second
antenna medium with n2 � 1.5. The thickness of this
medium is measured using atomic force microscopy. The third
medium consists of air with n3 � 1. In this proof-of-principle
demonstration, we have decided to place the metallic mirror at
the cleaved end of a thinned optical fiber so that we could vary
its position at will. Quantum dots are excited by a laser at λ �
532 nm (CW or pulsed), and their fluorescence is collected
using the same microscope objective (Olympus Apo 100×,
NA 1.65). The resulting emission centered at the wavelength

Fig. 1. (a) Layer arrangement of the metallo-dielectric antenna.
(b) Schematic diagram of the experimental setup. CdSe/CdS giant quan-
tum dots are embedded in between two polymer layers (PMMA and
PVA) of the same index of refraction, and a gold-coated end of a fiber
is placed at variable separations from the top. A laser beam (wavelength
532 nm) illuminates the sample through a 100x microscope objective.
The emitted fluorescence is collected by the same objective and guided
to two avalanche photodiodes (APDs) to measure the second-order cor-
relation function g2�τ� or to a CCD camera for back-focal-plane imaging.
BS, beam splitter; DC, dichromatic mirror.
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of 637 nm is detected on a CCD camera or analyzed using a
Hanbury Brown and Twiss coincidence setup. The overall
detection efficiency of the setup amounts to 35%.

The key function of the antenna is to redistribute the radi-
ated power by an emitter into a solid angle that can be collected
by a commercial microscope objective. To investigate the an-
gular emission pattern of a single quantum dot, we imaged its
intensity distribution at the back focal plane of the objective.
Figures 2(a) and 2(b) display the experimental outcome and its
theoretical fit, respectively, for the dielectric part of the an-
tenna without the gold mirror. To arrive at Fig. 2(b), we first
determined the ratio between the axial and in-plane dipole
contributions by fitting the data in Fig. 2(c), which plots
the detected power integrated over the azimuthal angle ϕ as
a function of the polar emission angle θ [see Fig. 2(a)].
The agreement between the experimental (red) and theoretical
(blue) traces is excellent. The slight deviation at angles beyond
62° is caused by the unfortunate position of a small scattering
impurity on the detection optics [see, for example, Fig. 2(f)].
Once the in-plane dipole contribution was extracted, it was
further separated into x and y components by fitting the image
in Fig. 2(a). We remark that the semiconductor nanocrystals
used in our experiments are known to exhibit a two-
dimensional dipole moment [23]. Due to its arbitrary orien-
tation with respect to the optical axis it has to be described by
three independent orthogonal components, where the z axis is
aligned with the optical axis. In the case presented in Fig. 2, the
axial, x, and y components amounted to 44%, 21%, and 35%,
respectively.

Figures 2(d)–2(o) present the polarization dependence of
the emission pattern obtained by placing a polarizer in the

detection path. In Figs. 2(d), 2(f), 2(h), 2(j), 2(l), and 2(n)
we incremented the orientation of the polarizer in steps of
30°. Figures 2(e), 2(g), 2(i), 2(k), 2(m), and 2(o) plot the
corresponding theoretical predictions based on the dipole ori-
entations deduced from the fit in Fig. 2(b). The excellent
agreement between the measured and calculated angular
intensity distributions for all polarization projections without
additional fitting confirms the robustness of our analysis and
the assignment of the quantum dot emission dipoles.

The insets in Fig. 3(a) display the experimental (top) back-
focal-plane images of another quantum dot without the gold
mirror [i.e., similar to the case in Fig. 2(a)] as well as the theo-
retical fit to it (bottom), while the main graph in the figure
shows the integration over ϕ. We now introduce the gold-
coated end of an optical fiber with a diameter of about
15 μm. By using a piezoelectric scanner, we could place the
mirror at different separations from the dielectric part of
the antenna. The top insets in Figs. 3(b)–3(e) display the mea-
sured back-focal-plane fluorescence distribution for separations
of 225, 284, 355, and 680 nm. The lower insets present the
theoretical predictions. We emphasize that once the data in
Fig. 3(a) were fitted, the following calculated images were ob-
tained by merely considering a gold mirror at the correspond-
ing measured separation. The main parts of the figures show
the detected power integrated over ϕ as a function of θ. These
data reveal that for a large mirror-slab distance, the part of the
quantum dot emission reflected from the mirror interferes with
the downward emission to yield the observed modulations.
The remarkably good agreement between the experiment
(red) and theory (blue) verifies the predicted contribution
of the metallic mirror.

To quantify the effect of the gold mirror further, we com-
pared the photon flux with and without it. The leakage out of
the far side of the dielectric part of the antenna amounts to 4%
for an axially oriented dipole and 12% for dipole moments in
the antenna plane. We found that the detected fluorescence
signal was consistently 10% larger in the presence of the mir-
ror. This is in very good agreement with the expected effect of
9.5% for this quantum dot, which had 31% and 69% of its
emission dipole in the axial and planar components, respec-
tively. We note that the quantum dot was excited via total
internal reflection through the microscope objective to avoid
fluorescence from the gold mirror.

The studies presented above let us conclude that the an-
tenna fully meets its design specification, chosen to yield more
than 99% collection efficiency within a half angle of 68° acces-
sible to a microscope objective with a numerical aperture of
1.65. This addresses an outstanding bottleneck in the realiza-
tion of deterministic single-photon sources. What is now re-
quired is to excite a quantum emitter using short pulses at a
well-defined repetition rate. However, a successful execution of
this scheme also requires an emitter that has a fluorescence sta-
bility better than 99%. An ideal two-level atom would satisfy
this condition because it emits as many photons per unit time
as excitation pulses if these were spaced sufficiently far apart
with respect to the spontaneous emission lifetime. Unfortu-
nately, a thorough examination of the existing quantum
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Fig. 2. Characterization of the angular emission from a single quantum
dot in a dielectric antenna before the gold mirror was added. (a) Power
distribution of the emission in the back focal plane of the microscope
objective. (b) Theoretical fit to the image in (a), yielding information
about the emission dipole moments (see text for more information).
(c) Signal in (a) integrated over the angle ϕ plotted as a function of
the polar angle θ as indicated in (a). (d), (f), (h), (j), (l), (n) Experimental
measurements as in (a) but for six different settings of a polarizer angle in
the detection path at 30° increments. (e), (g), (i), (k), (m), (o) Corre-
sponding theoretical predictions (not fits). The white arrows indicate
the orientation of the polarizer in each case.

Research Article Vol. 1, No. 4 / October 2014 / Optica 205



emitters led us to the conclusion that this task is currently
beyond reach due to limited photophysical properties.

Over the past two decades, molecules, quantum dots, and
color centers have been explored as single-photon sources [9],
whereby the term single-photon source has become unani-
mous with a system that never emits two photons at a time.
However, scientists are yet to demonstrate a source that would
deliver a photon at an expected time. Several issues have to be
considered, and in each system one or more of these pose
problems. First, a nonunity quantum yield would introduce
randomly missing photons. This issue is exacerbated by the
difficulty of determining quantum efficiencies with 1% accu-
racy. Second, limited photostability is prohibitive for practical
applications and long-term usage. Third, at high excitation
intensities the supporting medium often fluoresces at the level
of a few percent. Fourth, intermittent transitions such as
intersystem crossing or blinking introduce randomness. Fifth,
multiphoton absorption or multi-excitonic behavior might
compromise the two-level character of the emitter at high ex-
citation rates. Each and every one of these effects compromise
and directly affect the quality of the single-photon source and
its properties, such as intensity squeezing.

Conventional dye molecules fall short of these requirements
because of bleaching and blinking, although selected systems
have been shown to be unusually photostable [24,25]. Atoms
and ions in the gas phase are not favorable because of the dif-
ficulty in trapping and integration into compact devices. Color
centers in bulk diamond can be extremely photostable [26],
but they also suffer from intersystem crossing and blinking.
In addition, color centers in nanocrystals have a large inhomo-
geneity in terms of quantum yield and fluorescence lifetime.
Another alternative has been discussed in the context of semi-
conductor quantum dots. Here one usually distinguishes
between epitaxially grown nanostructures and chemically
produced nanocrystals such as CdSe/CdS core-shell dots.
The former offer excellent suppression of two-photon emis-
sion, but they might confront various undesired states involv-
ing dark or charged excitons [27,28]. Furthermore, good
optical properties of these dots only emerge at cryogenic
temperatures. Standard core-shell nanocrystals suffer from
severe blinking, which makes precise power calibration impos-
sible. Giant core-shell nanocrystals solve the blinking problem
by suppressing Auger recombination, but at high pump

intensities they can undergo transitions to biexciton and
higher-order multi-exciton states, resulting in deviations from
a strong two-photon emission suppression. Recent progress
in the detection of a single rare-earth ion promises a viable
alternative; however, much work still remains to be done to
characterize the photophysics of these species at the single
emitter level [7,29].

In this work, we have chosen giant quantum dots for their
strong photostability and access to several dipole moment
components. Although these dots do not blink in the common
sense of experiencing on–off-states, Figs. 4(a) and 4(c) show
that the fluorescence can fluctuate about a mean value at weak
excitation and flicker among different on-levels [30] under
strong illumination. Furthermore, it has been previously
shown that significant suppression of Auger recombination
in giant quantum dots leads to efficient room-temperature
biexciton [31] and multiple-exciton emission [32]. Figure 5
displays the second-order autocorrelation function determined
from Hanbury Brown and Twiss measurements at low
[Fig. 5(a)] and high [Fig. 5(b)] excitation powers. While

Fig. 3. Theoretical and measured angular fluorescence signal of a single quantum dot in the antenna structure. Insets: measured (top) back-focal-plane
image and theoretical (bottom) simulations. (a) No metallic mirror. (b)–(e) In the presence of a gold mirror placed at distances of d � 225, 284, 355, and
680 nm, respectively, from the top surface of the dielectric antenna.
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Fig. 4. (a), (c) Time traces of a single quantum dot with 1 ms reso-
lution and 10 s acquisition time under an excitation power of (a) 40 nW
and (c) 1 μW. (b), (d) Distribution of the fluorescence signal correspond-
ing to (a) and (c), respectively.
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antibunching is clearly observed in the former case, g �2��τ� 0�
grows above 0.5 at high powers. We note that we have verified
that the reduction of the antibunching is not due to residual
background. We emphasize that the relatively low photon
count rates are the result of a weak excitation of the quantum
dot in order to avoid multi-excitonic emission.

In conclusion, we have demonstrated a planar metallo-
dielectric antenna that redistributes the photons from an emit-
ter in excellent agreement with its theoretical design, which
predicts a collection efficiency larger than 99%. Such an
antenna provides a crucial building block of an ultrabright
single-photon source that can deliver up to several tens of
millions of photons per second at deterministic times. Here,
it will be crucial to reduce losses in the emission and detection
processes also to the percent level. Although the photophysics
of quantum emitters and the quantum yield of detectors cur-
rently do not meet this standard, the enormous recent progress
in the development of efficient single-photon counters [33]
and the synthesis of novel emitters [34,35] promises to address
these issues.
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Traditional approaches to imaging require that an increase in depth of field is associated with a reduction in
numerical aperture, and hence with a reduction in resolution and optical throughput. In their seminal
work, Dowski and Cathey reported how the asymmetric point-spread function generated by a cubic-phase
aberration encodes the detected image such that digital recovery can yield images with an extended depth of
field without sacrificing resolution [Appl. Opt. 34, 1859 (1995)]. Unfortunately recovered images are
generally visibly degraded by artifacts arising from subtle variations in point-spread functions with defocus.
We report a technique that involves determination of the spatially variant translation of image components
that accompanies defocus to enable determination of spatially variant defocus. This in turn enables recovery
of artifact-free, extended depth-of-field images together with a two-dimensional defocus and range map
of the imaged scene. We demonstrate the technique for high-quality macroscopic and microscopic imaging
of scenes presenting an extended defocus of up to two waves, and for generation of defocus maps with an
uncertainty of 0.036 waves. © 2014 Optical Society of America

OCIS codes: (110.0110) Imaging systems; (110.6880) Three-dimensional image acquisition; (110.1758) Computational imaging;

(110.7348) Wavefront encoding.

http://dx.doi.org/10.1364/OPTICA.1.000209

1. INTRODUCTION

We report here a new modality of hybrid imaging that provides
three-dimensional image ranging with an extended depth-of-
field (DOF) and with enhanced image quality. Perhaps the
earliest demonstration of the benefit of hybrid imaging was
the report by Häusler in 1972 [1] of combining time-sequen-
tial, swept-focus imaging of a deep object with post-detection
image recovery to yield a sharp image with extended DOF.
The average modulation-transfer function (MTF) of swept-
focus imaging exhibits no nulls and the absence of phase effects
enabled simple recovery using coherent optical processing
based on a photographic transparency, which provided more
convenient recovery than digital computation at that time. The
seminal 1995 paper by Dowski and Cathey [2] showed that a
cubic optical phase function introduced into the exit pupil of
an imaging system yields a point-spread function (PSF) that is
approximately invariant to defocus, exhibits no nulls in the
MTF, and therefore enables digital recovery of a high-quality

image for an extended DOF [3]. Control of focus-related aber-
rations is a major challenge in lens design, and so hybrid imaging
using cubic or other antisymmetric phase functions such as
trefoil [4] has been exploited for simplification of lens design
and manufacture in miniaturization of zoom lenses [5] and ther-
mal imaging [6], particularly for infinite-conjugate imaging.

Although the MTF for a cubic phase function is approxi-
mately invariant with defocus, there is translation of the PSF
and strong phase modulation on the optical-transfer function
(OTF) [7,8]. Image recovery with a single kernel therefore in-
troduces phase mismatches between the coding optical phase-
transfer function (PTF) and the PTF of the digital filter used
for image recovery, leading to range-dependent translation and
image-replication artifacts [9]. It is perhaps for these reasons
that practical exploitation of this so-called wavefront coding
(WC) technique appears to have slowed in recent years.

Attempts have been made to reduce the impact of these
phase-induced artifacts: algorithms based on wavelet transforms

2334-2536/14/040209-08$15/0$15.00 © 2014 Optical Society of America
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have been used to estimate the magnitude of the image-
replication artifacts for a single image and to parametrically
estimate the optimal kernel for artifact-free image recovery
[10]. For practical three-dimensional scenes, however, this
requires accurate segmentation of scene components corre-
sponding to objects at different ranges. Mo et al. proposed
to use a deconvolution kernel based on the average optical
PTF over the selected DOF together with a PTF-based optimi-
zation technique [11]; however, artifacts remain in simulated
recovered images. Similarly, nonlinear filtering instead of the
conventional Wiener filter has also succeeded in suppressing
artifacts, but not eradicating them [12].

Radially symmetric phase functions have also been pro-
posed for increase of DOF, including quartic and logarithmic
phase functions [13] and the logarithmic asphere [14], and
these enable recovery of images without phase-induced arti-
facts but with higher levels of noise amplification than for
the antisymmetric functions [15] for reasons that appear to
be fundamentally associated with the antisymmetry [7].

We report here theory and experimental results for a gen-
eralized technique we call Complementary Kernel Matching
(CKM), which exploits the range-dependent translation of
two images recorded with dissimilar imaging PSFs obtained
from cubic phase functions, followed by inference of defocus
and recovery of an image with the correct kernel and hence
without translation or image-replication artifacts. By measur-
ing translation, rather than artifact magnitude as used in [10],
more robust determination of range is accomplished and fur-
thermore this is achieved on a per-pixel basis, without the need
for segmentation of image components. It is, however, neces-
sary to record two images with dissimilar optical modulations
and we present methods to achieve this in both time-sequential
and snapshot modes.

The CKM technique involves both recovery of an
extended-DOF image and simultaneously determination of
a depth map. Estimation of a depth map from variations
in image quality associated with a range-variant PSF has pre-
viously been demonstrated using shape from defocus of a
conventional PSF using a sequence of defocused images
[16]; Quirin and Piestun proposed a technique to estimate
depth from two snapshots taken with two different engi-
neered PSFs [17], where one PSF yields depth information
and the other yields an extended-DOF image; Blanchard
and Greenaway extracted depth information using a diffrac-
tive optical element to generate multiple defocused images on
a single camera array and solved the intensity-transport equa-
tion to determine depth [18]. When the scene consists of
point sources, the form of the PSF is directly measurable
and this enables range measurement in particle image veloc-
imetry [19,20] and three-dimensional stochastic optical
reconstruction microscopy (STORM) [21,22]. The principle
of the CKM technique we describe differs in that it exploits
range-dependent translation of image pixels rather than blur-
ring, offers the unique advantages of combining extended
DOF with snapshot operation, is inherently achromatic,
and is relatively simple to implement.

In the following sections, the theory of CKM is developed,
simulation results are presented, and finally, an experimental

evaluation of the technique and the obtained results are pre-
sented and analyzed. Although we consider here only the cubic
function for generation of the encoding function, the principle
is expected to be applicable to various other masks. CKM is
based on the use of phase masks that produce images exhibit-
ing detectable changes with defocus. The robustness of the
technique benefits from the image-domain translation associ-
ated with some asymmetric phase functions, such as cubic
functions, which is not present for radially symmetric or trefoil
phase functions.

2. THEORY AND SIMULATION

Complementary Kernel matching imaging is based on record-
ing two independent images with two phase masks providing
complementary PSFs, that is, imaging kernels. We restrict
our analysis initially to complex-conjugate pairs of the cubic
phase function, ψ and ψ�, where ψ � exp�2πiϕ� and ϕ �
α�x3 � y3� which, when combined with defocus W 20, pro-
vides the two pupil functions

P� � exp�2πi�W 20�x2 � y2� � ϕ�	; (1)

where α determines the strengths of the phase mask and �x; y�
are the normalized pupil coordinates. This choice is motivated
solely by the fact that the complex conjugate is easily generated
by simply rotating the CPM half a revolution in the pupil
plane. However, CKM requires only two PSFs which respond
differently to defocus, and we present initially only a specific
and idealized example of a more general principle. As will be
seen, the technique is robust even when P� and P− are not
simply related by complex conjugation.

Simple image recovery, using a Wiener filter for example, of
the intensity distribution recorded using the phase functions
P� and P−, yields images exhibiting both artifacts and trans-
lation when the optical defocus W 20 is dissimilar to the defo-
cus, W̃ 20, used for the recovery kernel. Translation, ρ, is
parallel to the ξ � η direction in the image plane and is pro-
portional to �W̃ 2

20 −W 2
20�∕α for the phase function ψ and

proportionate to −�W̃ 2
20 −W 2

20�∕α for ψ� [2,7,9,23]. The
value of optical defocus, W 20, used to record an image can
thus be determined by identifying the matching W̃ 20 that pro-
duces no displacement between the recovered images corre-
sponding to ψ and ψ�. In these circumstances, recovered
images will also be free of phase-error artifacts.

More generally we write W 20�ξ; η� to indicate that image
defocus varies according to the range of scene components, and
this leads to a spatially varying shift ρ�ξ; η�. Estimation of
ρ�ξ; η�, based on a map of the disparity (as used to characterize
stereopsis for example) between the images recorded with the
phase masks ψ and ψ� enables determination of a spatially
varying W̃ 20�ξ; η� that enables recovery of an artifact-free im-
age. Furthermore, W̃ 20�ξ; η� yields an estimate of the depth
map of the scene.

If rW̃ 20 ;W 20� and rW̃ 20;W 20
− are the images restored using the

deconvolving PSF corresponding to P� and P−, with uniform
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defocus W̃ 20 and image defocusW 20�ξ; η�, the spatial-shifting
properties lead to a disparity between them such that

rW̃ 20;W 20�

�
ξ −

ρ�ξ; η�ffiffiffi
2

p ; η −
ρ�ξ; η�ffiffiffi

2
p

�

� rW̃ 20 ;W 20
−

�
ξ� ρ�ξ; η�ffiffiffi

2
p ; η� ρ�ξ; η�ffiffiffi

2
p

�
; (2)

where ρ�ξ; η� is the scalar value describing a spatially variant
displacement of scene components in the ξ � η direction
according to the mismatch between W̃ 20 and W 20�ξ; η�.
The effect of a spatially variant displacement of the recovered
scene is illustrated for a simulated image of a spoke target in
Fig. 1, for which W 20�ξ; η� spatially varies with segment from
zero to three waves as the orientations of the segment spokes
varies from zero through 2π clockwise. Red arrows indicating

disparities in rW̃ 20�0;W 20� and rW̃ 20�0;W 20
− are superimposed on

the recovered images.
Additional to the shifts, phase-mismatch artifacts are appar-

ent from mismatches betweenW 20 and W̃ 20. In consequence,
Eq. (2) does not strictly hold. Nevertheless, calculation of the
disparity map 2ρ�ξ; η� is possible since the shift is by far
the dominant effect. Conversely, and more interesting, for
spatially variant deconvolution with W̃ 20�ξ; η� � W 20�ξ; η�,
ρ�ξ; η� vanishes and therefore phase artifacts are not present
in Eq. (2). The recovered image is then, in the absence of
noise, free of phase-induced artifacts.

Rather than calculating the disparity map which results from
the recovery using uniform W̃ 20, it is more convenient to seek
the spatially variant W̃ 20�ξ; η� that produces a null disparity
map, since the artifacts will be suppressed as the solution is
approached, that is, we calculate W̃ 20�ξ; η� that minimizes the

difference between rW̃ 20;W 20�ξ;η�� �ξ; η� and rW̃ 20;W 20�ξ;η�
− �ξ; η�.

Calculation of W̃ 20 may be performed on a per-pixel basis,
but to improve robustness, evaluation in a small neighborhood
of each pixel is desirable to reduce sensitivity to noise. We
perform this neighborhood evaluation using a smoothed repre-
sentation of the difference image

W̃ σ
20�ξ;η�� argmin

W̃ 20

�
Gσ

h
�rW̃ 20;W 20� �ξ;η�− rW̃ 20;W 20

− �ξ;η��2
i�

;

(3)

where Gσ is a Gaussian low-pass filter. The standard deviation σ
is a compromise between noise robustness and the size of
the response function that tends to segment the image accord-
ing to W 20�ξ; η�. When W̃ σ

20�ξ; η� � W 20�ξ; η� ∀ ξ; η,
rW̃ 20;W 20� � rW̃ 20;W 20

− and each recovered image will be artifact-
free. If σ is large, evaluation of Eq. (3) becomes less sensitive to
noise and to scene features, but at the expense of lower lateral
resolution for detection of spatial changes in defocus; for
example, for discriminating between one object in front of
another.

We reconstruct the deconvolved image by Wiener filtering
based on the spatially varying PSF corresponding to the values
of W̃ 20�ξ; η� that minimize the metric in Eq. (3). We denote

this image obtained by rW̃
σ
20�ξ;η�;W 20�ξ;η�

� to indicate that a neigh-
borhood of size σ is used and to highlight the field dependence
on both the imaging and recovery kernels, W 20�ξ; η� and
W̃ σ

20�ξ; η�, respectively. In practice, this reconstruction strat-
egy can result in local changes in contrast which manifest as
slightly brighter or darker patches in the recovered image. This
effect is removed by averaging the images obtained for a range
of values of σ. These changes in contrast are quite abrupt and
hence introduce nonphysical frequency components beyond
the optical cutoff frequency, and these we attenuate using a
low-pass filter with negligible effect on the image quality.
The final reconstructed image can thus be written as

r�ξ;η��F
�Xn

i�1

rW̃
σi
20�ξ;η�;W 20�ξ;η�

� � rW̃
σi
20�ξ;η�;W 20�ξ;η�

−

2n
;νc

�
; (4)

where for clarity the ξ; η dependence of r� and r− has been
suppressed but is implicit, F �·; νc� is an ideal low-pass filter,
and νc is the optical cutoff frequency. Note that reconstruction

in Eq. (4) follows from the set of images rW̃
σi
20�ξ;η�;W 20�ξ;η�

� and

rW̃
σi
20�ξ;η�;W 20�ξ;η�

− calculated using Eq. (3) for a range of n differ-
ent σi values.

Simulation results obtained from the application of this
algorithm for the recovery of simulated images are shown
in Fig. 2. A reference diffraction-limited image is shown in
Fig. 2(a) and blurring by uniform defocus W 20 � 4 is shown
in Fig. 2(b). The image in Fig. 2(c) is obtained by conventional
image recovery with W̃ 20 � 0 as typically employed for WC,
while the image in Fig. 2(d) was recovered using the CKM
method. Detected images included zero-mean, white Gaussian
noise with 46 dB signal-to-noise ratio. The variation with W̃ 20

of the argument of the argmin function in Eq. (3) is depicted
in Fig. 2(e), where the minimum indicates the correct detected
defocus at W̃ 20 � W 20 � 4. By comparing Figs. 2(c) and
2(d), it is apparent that through CKM, the phase-modulation
artifacts that are generally observed in WC image recovery [9]
have been eliminated, thus enabling a higher quality, artifact-
free recovery to be obtained. Similar results were robustly ob-
tained for a range of scene types and noise levels.

We illustrate the ability to recover images with varying
defocus across the field of view in Fig. 3. Conventional
in-focus images of a spoke target and fishing boat are shown

Fig. 1. Disparity maps. (a) rW̃ 20�0;W 20� with negative disparity (arrows
pointing from upper-right to lower-left corner). (b) rW̃ 20�0;W 20

− with pos-
itive disparity (arrows pointing from lower-left to upper-right corner).
(c) Resultant disparity, 2ρ�ξ; η� (i.e., difference in the previous two)
superimposed on the conventional image.
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in column (a); simulations of the effects of spatially varying
defocus W 20�ξ; η� for conventional imaging are shown in
column (b), where W 20�ξ; η� varies with orientation of the
spokes for the spoke target (as for Fig. 1) and varies linearly
with elevation from positive to negative defocus for the fish-
ing boat; conventional image recovery of images recorded
with a cubic phase mask and W̃ 20 � 0 is shown in column
(c) and with CKM recovery in column (d). The presence of
artifacts for conventional WC image recovery and their
absence in CKM is clearly evident. Furthermore, the CKM
algorithm also yields a defocus map and hence also a range
map. Although the raw defocus map W̃ σ

20�ξ; η� can be noisy
where regions without texture give rise to ambiguity, restored
image are nevertheless free of phase-induced artifacts.

The two images corresponding to ψ and ψ� can be recorded
time-sequentially, for example, by rotating a phase mask
through an angle of π, or in a snapshot by using one of the
configurations shown in Fig. 4. In Fig. 4(a), the pupil and
its conjugate are implemented in two distinct optical paths
and using one detector for each image, while in (b) a minor
modification enables a single detector array to be used. It is
important to note that CKM image recovery involves individ-
ual calibration of the PSFs for P� and P−, and hence is un-

affected if practical implementations, such as those depicted in
Fig. 4, yield two PSFs that do not correspond to the ideal phase
conjugation between the two phase functions. This will arise,
for example, for small dissimilarities in the aberrations between

0 2 4 6
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0.06
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Fig. 2. Uniform four waves of defocus. (a) Diffraction-limited refer-
ence. (b) Conventional optics imaging. (c) WC with α � 5. (d) CKM
with α � 5. (e) Calculated metric for defocus detection.

Fig. 3. Images with varying amounts of defocus up to three waves;
spoke target shows angular step change in defocus and boat image shows
continuous vertical defocus change. (a) Diffraction-limited reference.
(b) Conventional optics imaging. (c) WC with α � 4. (d) CKM with
α � 4.
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the imaging systems. Figure 4(c) depicts a scheme similar to
that reported by Blanchard and Greenaway for producing
conjugate wavefronts [18]: a dislocated grating located in
the pupil of an imaging system yields three diffraction orders
that are captured by a single imaging detector (the light from
higher orders is lost). Encoding of ψ into the grating spatial
modulation yields replicated images at the detector encoded
with PSFs due to ψ and ψ� in the �1 and −1 diffraction or-
ders. The zero-order image corresponds to a nonmodulated
pupil and is not used. The �1 diffraction orders thus yield
equivalent images to those provided by Figs. 4(a) and 4(b)
but with the advantage of a common lens for both images re-
corded for ψ and ψ�, thus simplifying the calibration process.
This method offers a convenient simultaneous recording of im-
ages for ψ and ψ� phase masks with a single detector array, but
is inefficient in its use of light and of detector pixels (the zero
order is not used), and in its simplest form requires imaging
with narrow-band light, although some achromatization is
possible [24].

For our proof-of-concept demonstration, we report here a
time-sequential implementation of ψ and ψ� using a Spatial
Light Modulator (SLM) [25], which proves convenient for
calibration.

3. EXPERIMENTAL DEMONSTRATION

A. Experimental Setup

We demonstrate the CKM technique using a conventional
finite-conjugate imaging configuration employing an SLM to
time-sequentially implement the phase functions ψ and ψ�

and indeed the more general phase functions P� and P− that
include defocus, W 20. This is intended as a proof of principle,
and we will report a snapshot implementation in the near future.
Amechanical time-sequential implementation is also possible: for
example, by rotation of a refractive cubic-phase mask through π
radians about the optic axis to switchbetweenψ andψ�; however,

practical implementation introduces significant error into the
measurement of ρ associated with uncertainties in the deviation
of the images by the phase mask. Furthermore, accurate calibra-
tion of the variation of ρ and PSF withW 20 based on defocus of
the systemPSFcanbemore readily achievedwith anSLMthanby
mechanical defocus of, for example, a pinhole.

The experimental setup is shown in Fig. 5. Using object and
image distances of 350 and 1650 mm, an f/15 singlet lens of
focal length 300 mm forms an in-focus image with a nominal
magnification of approximately 5 on a Hamamatsu Orca CCD
detector. A polarizer, quarter-wave plate, and analyzer are used
with the SLM [25,26], yielding a maximum phase modulation
of 3π∕2 with total amplitude modulation of <4% using illu-
mination at a wavelength of 543 nm. An iris placed adjacent to
the SLM ensures that the SLM is in the aperture stop of the
system, so that phase coding is independent of field angle.

As described below, the CKM method is demonstrated for
imaging of three-dimensional test targets involving significant
defocus. Calibration of the variation of PSF intensity distribu-
tion and displacements ρ with W 20, as required for accurate
image recovery and estimation of W 20�ξ; η�, was achieved by
recording the image of a 1 μm pinhole located in the object
plane of the imaging system. Two hundred PSFs were recorded
for pupil functions P� and P− implemented with the SLM,
that is, for encoding functions for ψ and ψ�, and for defocus
varying equidistantly in the range −3 ≤ W 20 ≤ 3. The varia-
tions of ρ withW 20, as determined by correlation of each PSF
with the reference (in-focus) PSF for P� and P− together with
least-square fits of quadratic functions, are shown in Fig. 6.

Fig. 4. Possible layouts for a single-snapshot acquisition. (a) Dual-
detector system. (b), (c) Single detector systems. O, object; CL, collimat-
ing lens; BS, beam splitter; PM, phase mask; L, lens; IP, image plane; M,
Mirror; G, Grating.

TS

SLM L

I
LS

Fig. 5. Experimental setup. L, imaging lens; LS, light source; TS, tilted
slide; SLM, spatial light modulator; I, detector.
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Fig. 6. Calibration process. Measured translation, ρ, against W 20 for
ψ (negative curve) and for ψ� (positive curve). Fitted quadratic curves
shown as blue solid lines and data as black dots.
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The quadratic fits were used to improve the estimate of the
noise-free PSF position that was subsequently used in image
recovery.

The best-fit quadratic functions correspond to an α that is
approximately 21% greater for P� than for P−. Measurement
with a Shack–Hartman sensor of the phase fronts produced by
the SLM yields best-fit cubic wavefronts for P� and P− that
correspond to values of α comparable to this measured
asymmetry. Although this asymmetry could be removed by
a pixel-wise calibration of the SLM phase function, it is more
interesting to demonstrate that the technique is robust to such
aberrations.

B. Results—Artifact Removal

As a pertinent demonstration of this technique, we present the
application of CKM to imaging of microscope slides. Shown in
Fig. 7 is an image of a section of the petiole of a leaf and in
Fig. 8, a sample of seeds and a pine-leaf section. To provide
appreciable range of defocus, the object in Fig. 7(a) was tilted
to provide a linear variation in defocus in the vertical direction,
and the two samples in Fig. 8(a) were separated by a glass slide
of constant thickness. In each case, the defocus is W 20 ≈ 1.6.

Figures 7(b) and 8(b) show the corresponding images
captured by means of a WC system with W̃ 20 � 0 in the
recovery, where the out-of-focus regions of the scene exhibit
clear phase-error artifacts. For the images captured and recon-
structed with a CKM system shown in Figs. 7(c) and 8(c),
however, the artifacts are effectively eliminated, which in turn
enables image details to be more readily discerned. In addition,
Fig. 8(d) shows the image recovered using a commercial focus-
stack algorithm (Helicon focus V5.3) generated using 201 im-
ages taken over a defocus range of −3 ≤ W 20 ≤ 3 at steps of
0.03 waves. Comparing Figs. 8(c) and 8(d) one can observe
that, using just two recorded images, the CKM technique
demonstrates comparable image quality to that obtained with
the 201-image focus-stack algorithm. In the near future, we
will demonstrate this using a single snapshot.

The line plots shown in Fig. 8(e) correspond to a mid-height
intensity horizontal profile taken along the dashed lines shown
in Figs. 8(b), 8(c), and 8(d). While strong artifactual oscillations
are evident on the traditional WC profile, these are absent in the
CKM images. The commercial focus-stack reconstruction algo-
rithm employs some form of smoothing which we do not use in
the CKM recovery, as can be observed by comparing Figs. 8(d)
to 8(c). This explains why some peaks are shallower than the
corresponding peaks in the CKM recovery.

C. Results—Depth Estimation

As stated previously, the CKM technique involves evaluation
of defocus in a small region of an image so that it is possible to
reconstruct a scene in 3D provided sufficient texture is present.
We assessed the use of CKM image reconstruction for three-
dimensional ranging by imaging a calibration target consisting
of a regularly spaced array of disks tilted at an angle of approx-
imately 65° with respect to the nominal image plane, introduc-
ing defocus of 0.3 ≤ W 20 ≤ 2.0. Images of the calibration
target captured with a conventional imaging system, WC sys-
tem, and CKM system are shown in Figs. 9(a), 9(b), and 9(c),
respectively.

To reconstruct the scene in three dimensions, the defocus
map was averaged over the region of each disk, and textureless

Fig. 7. Tilted petiole section captured with (a) conventional imaging
system, (b) WC system, and (c) CKM system.
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Fig. 8. Step-defocus pine-leaf section and seeds. (a) Conventional im-
aging system, (b) WC system, (c) CKM system, and (d) focus stack.
(e) Line profile taken along the lines with the corresponding color in
(b)–(d). Red is for the WC system, blue is for the CKM system, and
green is for the focus stack.
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areas which do not provide defocus information were masked.
The calibration target was aligned such that there is effectively
uniform defocus along each row of disks and a linear variation
in defocus along each column. A ground truth slope was
calculated by centroiding several disks and taking the ratio be-
tween their average horizontal to vertical separation. This was
found to be 1.976� 0.002, that is, approximately tan�65°� as
expected.

Measurements of the range of each disk using the snapshot
CKMmeasurement of defocus and based on a time-sequentially
recorded focus stack were performed. For the focus-stack
measurement, an image-sharpness criterion was used to select
the plane of best focus, as the SLM was used to vary the focus
of the image in steps of 0.03 waves. The range of each disk as
computed by both the CKM and the focus stack are shown
plotted in Fig. 10(b). Additionally, for illustration purposes,
a three-dimensional reconstruction of the calibration target as
computed by the CKM method is shown in Fig. 10(a).

The gradients of the least-square linear fits are 2.00� 0.01
for the CKM technique and 1.95� 0.02 for the focus-stack
measurement. That is, the CKMmeasurement is 1.2% greater
than the ground truth while the focus-stack measurement is
1.3% smaller. These results suggest that the ranging accuracy
of CKM is comparable to the accuracy for focus stacking. For
this specific target, the uncertainty in range for the CKM tech-
nique is 40 μm, which corresponds to an uncertainty in W 20

of 0.036 waves of defocus (slightly larger than the quantization
step) and to 1.84% of the depth range. The corresponding
uncertainty for the focus stack was found to be approximately
twice as much. If implemented on a typical microscope with
a numerical aperture of 0.65 and a typical DOF of 1 μm,
this would correspond to a depth resolution of approximately
5% of the conventional DOF for the CKM and 10% for the
focus stack. This implies that the performance of CKM is
comparable to that of a focus stack. We therefore conclude
that the CKM technique can be employed to capture three-
dimensional range-resolved images with extended DOF using

just two data acquisitions and, in principle, using one of the
techniques shown in Fig. 4 in a single snapshot. This is perti-
nent to a wide range of time-resolved imaging applications,
including extended DOF microscopy or particle image veloc-
imetry [19].

4. CONCLUSIONS

We report to our knowledge the first demonstration of artifact-
free, extended-DOF imaging with simultaneous ranging using
hybrid-imaging techniques. In previously reported approaches
to hybrid imaging, a range of phase functions have been
reported that tend to fall into two classes: either the antisym-
metric cubic and trefoil masks (or qualitatively similar shapes)
or symmetric masks [14,13], and these provide complemen-
tary advantages. While the former offers a superior trade-off
between enhanced DOF and noise amplification [15], the
spatial-phase effects introduced by the asymmetry introduce
highly problematic artifacts and also range-dependent image
shifts [9] that are absent for symmetric phase functions. Here
we demonstrate that, by recording images with complemen-
tary OTF characteristics, it is possible to benefit from the
enhanced DOF of an antisymmetric mask but without intro-
ducing image artifacts, and combined with the enhancement
of three-dimensional ranging. This so-called complementary

Fig. 9. Tilted distortion target captured with (a) conventional imaging
system, (b) WC system, and (c) CKM system.
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Fig. 10. Tilted distortion target. (a) 3D reconstruction. (b) Slope
estimate by CKM (blue curve), slope estimate by focus stacking (black
curve), and ground truth slope (red broken line).
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kernel imaging constitutes a new paradigm for hybrid imaging
that builds on the early use of multiple kernels by Hausler [1].
As reported here, CKM exploits translation of the PSF with
defocus, and this translation provides robust image recovery.
Translation does not occur with the radially symmetric phase
masks [14,13] or the trefoil mask [4]; however, the presence
of defocus-related phase-induced image artifacts for the trefoil
and other masks does suggest CKM is applicable provided the
image recovery is sensitive to defocus. In this case, CKM
would not rely on translation but on a distortion and blurring
combination. Indeed, two different phase mask types might be
implemented, benefiting from complementary advantages.

The CKM method has been verified both by simulation
and by experiment. Simulation results show suppression of re-
storation artifacts even at relatively low signal-to-noise ratios.
Experimental results show that high-quality, artifact-free im-
ages can be obtained even for large defocus. In addition,
CKM provides a means of 3D image reconstruction and, fol-
lowing proper calibration, range measurement. Future work
will transfer this technique to high-numerical-aperture imag-
ing, use of broadband refractive phase masks, and snapshot
operation.
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Optical resolution photoacoustic microscopy (OR-PAM), while providing high lateral resolution, has been
limited by its relatively poor acoustically determined axial resolution. Although this limitation has been
tackled in recent works by using either broadband acoustic detection or nonlinear photoacoustic effects, a
flexible solution with three-dimensional optical resolution in reflection mode remains desired. Herein we
present a multiview OR-PAM technique. By imaging the sample frommultiple view angles and reconstruct-
ing the data using a multiview deconvolution method, we have experimentally demonstrated an isotropic
optical resolution in three dimensions. © 2014 Optical Society of America
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(100.1830) Deconvolution.
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1. INTRODUCTION

Small and quasi-transparent model organisms, such as zebra-
fish and Drosophila embryos, are widely used in develop-
mental biology [1] and neurophysiology [2]. Due to their
significance, many efforts have recently been made in imag-
ing these small model animals with photoacoustic micros-
copy [3,4]. Optical resolution photoacoustic microscopy
(OR-PAM) provides high-resolution images of biological
samples with various endogenous or exogenous contrasts
[5–7]. Although the high lateral resolution and label-free
imaging capability makes OR-PAM an appealing choice,
its relatively poor axial resolution has limited its applications.

Conventional OR-PAM systems achieve optical resolution
by focusing light within the acoustic focal zone, providing
down to submicrometer level lateral resolution [8]. However,
optical focusing cannot provide adequate axial resolution in
most practical cases [9]. OR-PAM relies on time-of-flight
detection of acoustic signals to provide axial resolution. The
acoustically determined axial resolution is limited by the
bandwidth of the acoustic detection, and the typical value
is usually around tens of micrometers [10], an order of
magnitude worse than the lateral resolution. Many works have

focused on enhancing the axial resolution of OR-PAM.
Improved acoustic temporal resolution has been reported
through the use of broadband detectors, such as high-
frequency transducers [10] and optical ultrasound detectors
[11]. However, these methods require custom designed hard-
ware, and suffer from the severe attenuation of high-frequency
ultrasonic waves in biological tissue and coupling media, limit-
ing the imaging depth and the working distance. Meanwhile,
optical sectioning has been achieved in OR-PAM through
photoacoustic nonlinearity [12,13]. However, in these opti-
cally sectioned PAM techniques, because depth scanning is re-
quired to acquire A-line signals, the imaging speed is reduced.

In this article, we propose to improve resolution isotropy
and to provide optical resolution in three dimensions (3D)
by imaging the sample from multiple view angles and numeri-
cally integrating the information acquired from each angle.
Multiview deconvolution has been proven effective in other
optical imaging modalities, particularly in light-sheet fluores-
cence microscopy (LSFM) [14,15]. By introducing the
multiview imaging approach into OR-PAM, we developed
multiview optical resolution photoacoustic microscopy
(MV-OR-PAM) and have achieved optical-diffraction-limited
resolution in 3D.

2334-2536/14/040217-06$15/0$15.00 © 2014 Optical Society of America
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2. THEORY AND SIMULATION

In a conventional OR-PAM system, a 3D image of an object is
blurred by the effects of both diffraction-limited optical focus-
ing and bandwidth-limited acoustic detection. Here the effect
of acoustic focusing in the lateral direction is negligible due to
the fact that the dimension of the acoustic focal spot of a typ-
ical focused transducer is usually much larger than that of the
optical focal spot. Additionally, along the axial direction within
the acoustic focal zone, the acoustic detection in OR-PAM is
linear and shift-invariant [10]. Mathematically, denoting
f �r; z� as the object function we want to image, go�r; z� as
the optical fluence distribution, ga�r; z� as the impulse re-
sponse of the transducer, and I�r; z� as the final 3D image
in acoustic pressure before taking the envelopes of the received
photoacoustic signals, the image formation can be described as

I�r; z� � �f �r; z� �r go�r; z�� �z ga�z�: (1)

Here, r is a vector representing two-dimensional (2D) coordi-
nates �x; y�, z is the coordinate along the axial direction,
�r denotes the 2D convolution in the lateral directions, and
�z denotes convolution along the z direction. Assuming the
optical fluence along the axial direction within the optical
depth of focus is uniform, the concatenating convolutions
in the lateral and axial directions become a 3D convolution,

I�r; z� � f �r; z� � g�r; z�; (2)

where g�r; z� is the overall 3D point spread function (PSF) of
the system and g�r; z� � go�r; z � zf � · ga�z�. Here zf is the
depth of the focal plane. In a conventional OR-PAM system,
the lab coordinate system is identical to the local-coordinate
system attached to the sample. In MV-OR-PAM, a sequence
of low-axial-resolution 3D images is acquired at different
view angles by rotating the sample as illustrated in Figs. 1(a)
and 1(b). In the local-coordinate system attached to the sam-
ple, the acoustically defined, low-resolution axis varies with the
view angle. Therefore, the 3D image in each view is blurred
by a local-coordinate PSF transformed from the original
global-coordinate PSF, g�r; z�. Hereafter, we denote �r; z�
as the coordinates in the local system and �r0; z0� as the co-
ordinates in the lab system. Provided that the transforms from
the lab coordinate system at each view v to the local-coordinate
system, T v, and the original untransformed PSF, g�r; z�,
are known a priori, a multiview imaging problem can be
formulated as

I v�r; z� � f �r; z� � T vfg�r0; z0�g�r; z�: (3)

Here, I v�r; z� is the measurement at view v. The underlying
object function f �r; z� can be recovered with multiview
deconvolution methods. The multiview extension of the
Lucy–Richardson algorithm is chosen for its simplicity
and performance demonstrated in other optical imaging
modalities [16,17].

We simulated the principle of MV-OR-PAM, with the
results shown in Fig. 1. Two point targets were placed
2 μm apart along the z axis and imaged at angle 0° [Fig. 1(a)].

The entire object was then rotated 90° around the x axis and
imaged again [Fig. 1(b)]. At each view angle, the object was
first convolved in the x, y directions with a 3D Gaussian illu-
mination function that has full widths at half-maximum
(FWHMs) of 2.0 μm × 2.0 μm × 57.0 μm. The resultant
3D volume was then convolved with a typical ultrasound
transducer’s impulse response, which is a Gaussian derivative
function in the z direction, with a FWHM of 50.0 μm. We
then took the envelope on each A-line to form single-view
images at angle 0° [Fig. 1(c)] and angle 90° [Fig. 1(d)]. The
final reconstructed image [Fig. 1(e)] was calculated by applying
the independent multiview Lucy–Richardson algorithm [15]
on these two volumes over 15 iterations. Compared to the
ground truth image [Fig. 1(f)], the signals from the two point
sources originally mixed together in the upright view become
resolvable in the reconstructed image. This indicates that
MV-OR-PAM is able to recover the information missing in
one view by integrating information from another view.
Although envelope extraction, strictly speaking, violates the
linearity of deconvolution, our analysis revealed that it is still
a good approximation when measurements from multiple
view angles are used and the PSF is much wider along the
depth direction than the lateral directions (see Appendix A).

We also studied the effect of the number of views on the
improvement of axial resolution and resolution isotropy
through simulation. Different numbers of views were equally
spaced within a 180° range. A point target located on the focal

Fig. 1. Principle and simulation of MV-OR-PAM. (a) Imaging two
closely located (2 μm apart) point absorbers at angle 0° when the lab
coordinate system is identical to the sample’s local-coordinate system.
(b) Rotate the sample by 90° and image it again. Notice the orientations
of the absorbers and the local system are changed. (c), (d) Acquired im-
ages from (a) and (b) under the global-coordinate system. (e) Recon-
structed image using MV-OR-PAM under the local-coordinate
system. (f) Ground truth image (blurred for display) of the two absorbers.
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plane was imaged. The reconstructed B-scans were fitted
to a 2D elliptical Gaussian function. The FWHMs of the
major and minor axes were measured as resolution values.
The resolution isotropy was quantified as the ratio between
the resolution values along the minor axis and the major axis.
The results are shown in Fig. 2. Both axial resolution and
resolution isotropy are significantly improved when the first
additional view is added, but further increases in the number
of views result in a diminished advantage. In a practical situa-
tion, however, the inclusion of more views will increase
the overall signal-to-noise ratio (SNR) at the expense of data
acquisition speed.

3. EXPERIMENTAL SETUP AND METHODS

In order to experimentally validate MV-OR-PAM, we con-
structed an OR-PAM system with a subsystem that can rotate
the sample during imaging. The original OR-PAM system has
been detailed in [18]. Briefly, the system (Fig. 3) employs a
532 nm pulsed laser (SPOT-10-200-532, Elforlight). After at-
tenuation by a variable neutral density filter, the laser beam was
focused by a lens with a focal length of 200.0 mm. The focused
light is spatially filtered by a 50-μm-diameter pinhole (P50C,
Thorlabs) and coupled into a single-mode optical fiber through
a fiber coupler. The fiber output is collimated by a doublet
(F:L: � 25.0 mm, AC127-025-A, Thorlabs) and then focused
by another identical doublet. A compensation lens
(F:L: � 100.0 mm, LA1207-A, Thorlabs) corrects for water
immersion, and a ring transducer (35 MHz center frequency,
25 MHz bandwidth) detects PA signals. The lateral resolution
of the system is limited by the effective numerical aperture of
the optical system and has been experimentally quantified as
2.6 μm [18].

Prior to imaging, the object to be imaged was immobilized
in 3% agar gel and mounted in a sample holding tube. As
shown in Fig. 3, the tube is connected to a rotating shaft driven
by a stepper motor. The shaft passes through a spring-loaded
PTFE seal (13125K68, McMaster-Carr) to ensure water tight-
ness and is supported by several bearings. A 2D raster scan
along the x and y directions was performed at each view angle.
Then, the sample was rotated by a preset angle around the x

axis and scanned again. Each 2D scan generated a 3D dataset
with an optical-diffraction-limited lateral resolution and an
acoustic-bandwidth-determined axial resolution.

Before reconstruction, we coregistered the 3D datasets ac-
quired from different view angles to the local-coordinate sys-
tem of the sample. Subresolution absorbing beads (silanized
iron oxide beads, 2 μm average diameter, Thermo Scientific)
were uniformly mixed in agar as registration markers. The
beads were segmented and localized using an algorithm modi-
fied from that described in [19], and the parameters were op-
timized empirically by matching the number of segmented
beads per unit volume with the expected number concentra-
tion of the suspension. To ensure reliable segmentation, high-
frequency noises in the images were suppressed with a 2D
Gaussian filter with an isotropic standard deviation of
2.55 μm along the lateral directions. The beads were then seg-
mented using a difference-of-Gaussians filter with standard de-
viations of 6.25 and 7.38 μm. Local minima in the
3.75 μm × 3.75 μm × 3.75 μm neighborhood were consid-
ered as beads, and their positions were extracted by fitting a
3D quadratic function to this neighborhood in the original
3D image. The bead locations were then processed to generate
a 3D affine transform from each view to the first view. After
successful coregistration, the reconstruction was performed us-
ing an independent multiview Lucy–Richardson algorithm
[15]. Bead images with a lateral FWHM close to 2.6 μm
(the experimentally quantified resolution value) were consid-
ered as good estimations of the 3D PSF of the system and were
normalized and averaged to be the PSF used in the
reconstruction algorithm. Furthermore, we applied Tikhonov

Fig. 2. Simulating the effect of the number of views on axial resolution
and resolution isotropy. Views were spaced evenly within a 180° angle.
Notice the left y axis is log scaled.

Fig. 3. Schematic of the MV-OR-PAM system. L1, condenser lens;
L2, fiber collimator lens; L3, objective lens; L4, compensation lens;
UST, ultrasound transducer. Both optical and acoustic axes are along
the z direction under the lab coordinate system, and the rotation axis
is along the x direction of the lab coordinate system.
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regularization (regularization parameter � 0.006) to account
for noises in the images [20].

4. RESULTS AND DISCUSSION

We imaged the subresolution beads to quantify the improve-
ment of resolution isotropy in MV-OR-PAM. 3D images were
acquired at two views 50° apart, and then coregistered and re-
constructed with 15 iterations. The B-scan images of a single
bead from conventional, single-view OR-PAM and MV-OR-
PAM are shown in Figs. 4(a) and 4(b). Figure 4(c) shows the
overlap of the two views. In Figs. 4(d) and 4(e), the data points
extracted from Figs. 4(a) and 4(b) were fitted with normalized
Gaussian functions. We then quantified resolutions based on
the FWHM of these Gaussian functions. The lateral resolu-
tions of the single-view image and reconstructed image were
estimated as 2.6 and 2.0 μm, respectively. This slight improve-
ment in lateral resolution is due to the deconvolution of
the reconstruction algorithm. The axial resolutions, defined
along the worst-resolution axis, were 42.2 and 4.7 μm for

the single-view image and the reconstructed image, respectively.
Thus we achieved a nine-fold improvement in axial resolution.
Resolution isotropy, quantified as the ratio between the best-axis
resolution and worst-axis resolution, was improved by a factor of
7 (from 0.060 to 0.41). Figures 4(f) and 4(g) and Media 1 show
volumetric renderings of both the single-view OR-PAM image
and the image acquired by MV-OR-PAM.

To further validate MV-OR-PAM in biological imaging
applications, we imaged a wild-type zebrafish embryo six
days postfertilization (dpf) ex vivo. Zebrafish husbandry was
described in our previous work [21]. All animal work was per-
formed in compliance with Washington University’s institu-
tional animal protocols. Before imaging, the embryo was
anaesthetized with tricaine and fixed with 4% paraformalde-
hyde (PFA) and 1X phosphate buffered saline (PBS). Two im-
ages were acquired with angles approximately 90° apart, with a
field of view (FOV) of 0.5 mm by 3.0 mm and a step size of
2.5 μm for both the x and y directions. The sample was rotated
with respect to the x axis in the local-coordinate system.

Figures 5(a) and 5(b) show the maximum amplitude pro-
jections along the y axis of the single-view image at angle 0° and

Fig. 4. Quantification of improvement of axial resolution and resolu-
tion isotropy. Image slices perpendicular to rotation axis (original B-scan
plane) from (a) single-view and (b) reconstructed 3D volume data.
(c) Arithmetic fusion of the two views at the same area as in (a) and
(b), showing overlap between the two views. (d) Lateral line profiles from
single-view and reconstructed volume, indicated by the horizontal arrows
marked as “L” in panels (a) and (b). (e) Axial line profiles extracted along
the depth direction from single-view image (a) and along the worst-res-
olution direction from the reconstructed image (b), both marked as “A”.
(f), (g) Volumetric rendering of single-view dataset and reconstructed
dataset. See Media 1 for a full view angle rendering of these two
datasets.

Fig. 5. Single-view and reconstructed images of zebrafish ex vivo. (a),
(b) MAP images along the y axis of the single-view image at 0° and the
reconstructed image of MV-OR-PAM, respectively. (c), (d) Close-up of
the region marked by the white, dashed boxes from panels (a) and (b),
respectively. (e) Signal profiles along the white, dashed lines in panels (c)
and (d). (f), (g) Volumetric rendering of the two single-view images at 0°
and 90°, respectively. (h) Volumetric rendering of the reconstructed
image from the same angle as in (f) and (g). See Media 2 for a full view
angle rendering of these three datasets.
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the reconstructed image, respectively. Figures 5(c) and 5(d)
show the corresponding close-up features within the white
dashed boxes. Figure 5(e) shows the signal amplitudes along
the white dashed lines in Figs. 5(c) and 5(d). Because the z
axis is the depth direction, features along this direction are se-
verely blurred in both single-view images, Figs. 5(a) and 5(c).
However, they can be easily discriminated in the reconstructed
images, Figs. 5(b) and 5(d). In addition, the PA signals are
weak at the bottom of the embryo in the single-view image
[Fig. 5(a)] because upper structures absorb most of the laser
energy. In contrast, these signals are recovered in the recon-
structed image [Fig. 5(b)]. Figures 5(f)–5(h) andMedia 2 show
volumetric renderings of two single-view 3D images and
the reconstructed 3D image, respectively. Compared with
either single-view image, the reconstructed image shows sig-
nificant improvement in spatial resolution and information
completeness.

A previous study demonstrated that one-dimensional de-
convolution along the depth direction can also improve axial
resolution and resolution isotropy by a factor of two in OR-
PAM [10]. Compared with this approach, MV-OR-PAM has
achieved greater improvements in axial resolution (nine-fold)
and resolution isotropy (seven-fold). This is because the com-
plementary information provided by additional views facili-
tates solving the ill-posed deconvolution problem [15,22].
Furthermore, previous studies also show that the introduction
of additional views can significantly reduce the computational
cost [14,15].

Making use of the flexibility of fiber delivery, instead of
rotating the sample, rotating the imaging head would be a
straightforward next step, which will make MV-OR-PAM
available for more biological applications, such as high-
resolution functional brain imaging and tumor model study
in mouse brains and ears. Since we have demonstrated that
two views are enough to achieve adequate resolution improve-
ment, another option is to employ a dual-axis design, as in
Ref. [13], with two near-orthogonal optical and acoustic paths.
In both cases, the spatial transforms between images acquired
at each view angle can be calibrated beforehand, and the
reconstruction procedure is directly applicable.

5. CONCLUSION

To summarize, we have developed MV-OR-PAM with im-
proved axial resolution and resolution isotropy, and we have
demonstrated this technique by imaging a subresolution
microsphere phantom and a 6 dpf zebrafish embryo ex vivo.
An optical resolution of 4.7 μm was experimentally quantified
in 3D. Compared with the acoustically determined value in
conventional OR-PAM, a nine-fold improvement in axial
resolution and a seven-fold improvement in resolution isotropy
have been achieved. In addition, our simulation and experi-
mental results indicate that two nearly orthogonal views are
sufficient to accomplish quasi-isotropic resolution in 3D;
therefore, the high imaging speed of OR-PAM can be retained.
MV-OR-PAM is expected to open up new areas of investiga-
tion in imaging translucent animals such as zebrafish and Dro-
sophila embryos with high 3D resolution.

APPENDIX A

The original Lucy–Richardson deconvolution algorithm and
the multiview extended version of it assume that the image,
the PSF, and the underlying object function are probability
distributions, and therefore should be nonnegative. This
assumption imposes a unique problem in applying the multi-
view Lucy–Richardson deconvolution algorithm to photo-
acoustic images, as the PA signals are bipolar. By taking the
envelope of each A-line before reconstruction, bipolar signals
become unipolar, but the strict linearity of the algorithm is
breached. This breach could induce error in deconvolution
along the depth direction, if only one view is used. However,
since the PSF of OR-PAM is highly anisotropic, even small
errors along the A-line direction in one view cause a huge
penalty in the near-orthogonal view or views. Therefore, the
iterative algorithm will be driven toward a more accurate
estimation.

For two orthogonal views acquired at 0° and 90°, the update
equations at each iteration r are as follows:

u0 �
I0

ˆf �r� � g0
� g 00; (A1)

u90 �
I90

ˆf �r� � g90
� g 090; (A2)

ˆf �r�1� � ˆf �r� · u0 · u90; (A3)

where u0 and u90 denote the updated terms from 0° and 90°, I
is the measurement, g is the PSF, g 0 is the flipped PSF, and ˆf is
the estimation of the object function. The entire iteration pro-
cedure will converge toward an estimation that results in both
u0 and u90 close to 1. The nonlinearity caused by envelope
extraction, however, makes u0 alone favor an inaccurate ˆf
along the depth direction of I0. But in OR-PAM the 3D
PSF is much wider along the depth direction than along
the lateral directions, so g0 is much wider than g90 along this
particular direction. Thus an inaccurate ˆf , favorable for u0,
will generate a large u90, driving the final result to a more ac-
curate estimation. On the contrary, an accurate ˆf , favorable
for u90, will produce a small u0.

The above analysis, along with our simulation and exper-
imental results, shows that our method is viable for OR-PAM.
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The combination of optical manipulation and three-
dimensional imaging is a central technique in fields
ranging from medicine to physics. Using the objective
lens simultaneously for optical trapping and imaging,
however, inherently confines the trapping and imaging
planes to the same focal plane. Here, we combine remote
refocusing microscopy and optical trapping to optically
decouple the imaging and trapping planes, achieving
aberration-free three-dimensional imaging and simulta-
neous, decoupled optical trapping without the need for
feedback or aberration corrections. We demonstrate our
approach by directly imaging the flow field around op-
tically trapped spheres in three dimensions. Due to its
compatibility with other imaging and optical manipula-
tion techniques, our approach is relevant to the wide
range of fields that combine imaging and optical
manipulation, such as physical chemistry, cell biology,
and soft matter. © 2014 Optical Society of America

OCIS codes: (350.4855) Optical tweezers or optical manipulation;

(180.0180) Microscopy; (180.1790) Confocal microscopy.

http://dx.doi.org/10.1364/OPTICA.1.000223

The combination of optical manipulation and microscopy is of
paramount importance in medicine, biology, chemistry, and
physics [1–8]. Optical manipulation experiments generally
require simultaneous imaging for data acquisition, and

usually the same objective lens is used for optical trapping
and imaging. This leaves space around the sample free for
techniques such as microfluidics, holographic microscopy,
rheology, or atomic force microscopy [4,9–12]. However, it
does pose a fundamental restriction on which part of the
sample may be imaged while trapping, since the imaging
and trapping planes are inherently coupled to the same focal
plane.

To overcome this restriction, two objectives have been
positioned nose-to-nose, on opposite sides of the sample, with
one providing the optical trapping, and the other the imaging
[13–15]. In this way the trapping and imaging planes are
mechanically decoupled, which allows for independent imag-
ing of optically trapped particles in three dimensions. How-
ever, this configuration requires thin samples and limits
access to the sample. Another approach to decouple the imag-
ing and trapping planes is to use wavefront engineering and
computational feedback. Mechanical or digital wavefront
engineering of either the imaging or trapping wavefront can
offset its relative axial position [16–18], though aberrations
in the refocused plane are inevitable. In the case of mechanical
refocusing the axial depth is limited ∼10 μm [19]. In digital
refocusing, aberration corrections can increase this depth to
∼30 μm for optical trapping [20,21], though the low optical
efficiency [22] limits its applicability in simultaneous three-
dimensional (3D) imaging. Digital holographic microscopy
has become an increasingly popular technique for 3D tracking
and is easily combined with optical trapping [10,23]. Never-
theless, the imaging and trapping planes are not decoupled and
the sample still needs to be accessible from both sides. In
addition, it is prohibitively difficult to apply holographic
microscopy to dense and turbid samples due to the complexity
of the resulting holograms.
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In this Letter, we present a unique approach that facilitates
3D holographic optical trapping and simultaneous, decoupled
imaging using a single microscope objective at the sample. By
remotely refocusing the imaging plane [19] it is optically
decoupled from the trapping plane, and we are able to image
in 3D while simultaneously optically manipulating the system,
without the need for any digital feedback or aberration correc-
tion. Figure 1(a) shows the schematic of our setup, which is
composed of the remote refocusing component, the CMOS
camera or confocal scan head, holographic optical trapping,
and a single objective inverted microscope (see Supplement 1).
Importantly, a wide variety of other imaging and trapping
techniques can be easily incorporated in our setup, which
underlines the general applicability of our approach. Our setup
is designed to optically manipulate the sample while simulta-
neously imaging the volume around the manipulated region
using a single objective at the sample.

The key to optically decoupling the imaging and trapping
planes is the aberration-free remote refocusing component
[19], which is highlighted in Fig. 1(b) for brightfield and con-
focal modes. In brightfield mode, the light from the sample,
collected by O1, is relayed to O2, which produces a low
magnification 3D image of the sample. This 3D image is then
reimaged with a high magnification onto the CMOS camera
by O3. In this way we remotely image our sample, where the
axial displacement of objective O3 controls the position of the
imaging plane within the sample. Importantly, the remote
refocusing component fully retains the properties of the chosen
imaging mode. When used in confocal mode, the translation

of O3 dynamically changes the axial position of the confocal
illumination and imaging planes, thereby retaining the optical
sectioning of the sample, as shown in Fig. 1(b). The maximum
axial depth in our system is 66 μm and is limited by the
travel of O3 (see Supplement 1). We characterize the
remote refocusing by measuring the point spread functions
generated at the sample for different axial positions of objective
O3 (see Supplement 1). Figure 1(c) shows the intensity
distributions at O1 when O3 is positioned at an axial
position of z � −50, 0, and �50 μm, respectively. In each
case the intensity distribution is that of a diffraction limited
spot, which demonstrates the aberration-free remote refocus-
ing in our system [19].

Figure 2 shows the remote refocusing microscope operating
in brightfield and confocal mode, respectively. Figure 2(a)
presents brightfield images of a 10 μm, grid while
Fig. 2(b) shows confocal images of a colloidal monolayer
(see Supplement 1). In each image O3 is positioned at
z � −50, 0, and �50 μm, from left to right, respectively,
which refocuses the imaging plane in the sample to an axial
depth of �33, 0, and −33 μm relative to the nominal focal
plane of O1. At each position of O3, the sample stage is then
adjusted to bring the grid or colloidal monolayer back into
focus. Both imaging modes show excellent contrast and
resolution for the full range of remote refocusing. A minor
reduction in the collected fluorescence can be seen at z �
�33 μm due to the reduced collection of the objectives when
operating away from their focal planes. This has little effect in
the brightfield images.
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Fig. 1. Experimental setup combining 3D remote refocusing microscopy and optical manipulation. (a) Schematic diagram of the experimental setup,
which consists of four main units: a single objective inverted microscope, remote refocusing, holographic optical trapping, and a CMOS camera or a
confocal scan head containing the resonant scanner, the excitation laser, and the photo-multiplier tube (PMT). The flip mirror in front of the CMOS
camera and the confocal scan head determines which imaging mode is used. (b) Simplified schematic of the optical remote refocusing technique in
brightfield and confocal modes. In brightfield, a low magnification 3D image of the sample is created by O2, which is subsequently reimaged by O3 onto
the CMOS camera. In confocal mode, the translation of O3 changes the axial position of the illumination and imaging focal planes, resulting in optical
sectioning of the sample. (c) xz profiles of the intensity distribution of a focused laser beam formed by O1 at the sample plane. The three panels
correspond to O3 being positioned at z � −50 (top), 0 (middle), and �50 μm (bottom), respectively. Each intensity profile is normalized to the
maximum pixel value.
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To illustrate the simultaneous and decoupled 3D imaging
and optical trapping capabilities, we image four particles that
are trapped at the vertices of a tetrahedron. Three vertices of

the tetrahedron are placed in the same xy plane, separated by
20 μm. The fourth vertex is positioned 17 μm above this plane.
Figure 3(a) shows a sequence of five brightfield images with
axial increments of 5 μm and starting 5 μm below the base
of the tetrahedron. Figure 3(b) presents confocal images at
the same resolution, field of view, and axial position as the
brightfield images in Fig. 3(a). The tetrahedral geometry is
obvious from both the brightfield and confocal images, where
the optical sectioning of the confocal imaging is reflected
by the absence of the out-of-focus contributions that are
present in the brightfield images. Figure 3(c) presents a 3D
view of the tetrahedron as observed in confocal mode, which
shows the capability of our system to image around a static
optically trapped network using only a single objective at
the sample.

More challenging, we directly image the 3D flow field
around optically trapped particles using our remote refocusing
microscope in confocal mode. As the flow profile around a
sphere is well known [24,25] and relevant for active systems
such as swimming bacteria [26], it forms an ideal proof-of-
principle case study for our setup. First, we trap a single
10 μm diameter sphere in a dilute dispersion of small
∼500 nm diameter fluorescent tracer particles and sub-
sequently flow the tracer suspension past the trapped sphere

Fig. 2. Remote refocusing microscopy. (a) Brightfield images of a
10 μm grid positioned at axial depth of z � �33, 0, and −33 μm relative
to the nominal focal plane of O1. The images are then brought into focus
by positioning O3 at z � −50, 0, and �50 μm, respectively. (b) Con-
focal images of a colloidal monolayer for the same axial positions as in (a).

Fig. 3. Decoupled and simultaneous 3D imaging and optical manipulation. Colloids optically trapped at the vertices of the tetrahedron. (a) Brightfield
images with axial increments of 5 μm and starting 5 μm below the base of the tetrahedron. (b) Corresponding confocal images at the same resolution, field
of view, and axial position. (c) 3D image of the tetrahedron as observed by the confocal scan head. (d) Confocal image showing the flow profile of
∼500 nm diameter particles around a single 10 μm diameter optically trapped sphere. The image is averaged over 5000 frames (the inset shows a region of
19 μm × 19 μm of a single frame) with the measured velocity field overlaid. For clarity we normalize the velocity component in x by the bulk flow
velocity. (e) and (f) Flow fields around three optically trapped spheres, which are trapped either (e) in the same plane (z � 0 μm) or (f) in three different
planes (z � −10, 0, and 10 μm), as detailed in the illustrations.
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(see Supplement 1). With the confocal scan head we then
image the flow profile around the large sphere as is shown in
Fig. 3(d). Here, we present an image averaged over 5000
frames captured while the flowing tracer particles move
around the larger trapped sphere. The inset shows a small
region of a single confocal frame in which the tracer particles
are readily observed. Using standard particle tracking algo-
rithms [27] the particle trajectories are used to compute
the velocity field, which is overlaid on the data in Fig. 3(d).
For clarity, we normalize the velocity component in the x
direction by the bulk flow velocity, i.e., far away from
the trapped sphere. In Figs. 3(e) and 3(f) we show the flow
profiles around three optically trapped spheres, where they
are trapped either at the same height (e) or at three different
heights (f). These flow profiles corroborate the capability of
our system to simultaneously and independently perform
quantitative imaging and optical manipulation in 3D while
also exhibiting how our system may be used to address fun-
damental hydrodynamic problems. While the Stokes flow
around a single sphere is well established, the flow profile
around a network of particles in the limit of small particle–
particle separation is less obvious as it may not be described
by the superposition of the Stokes flow around single spheres
[28]. In addition, the complex 3D flow profiles in active
systems could be elucidated directly, for example, by trap-
ping motile bacteria such as Chlamydomonas and simulta-
neously imaging the flow field [26].

In summary, we have developed a unique method to opti-
cally decouple 3D imaging from optical trapping. By remotely
refocusing the sample, only a single objective at the sample is
required, which allows access for further experimental tech-
niques such as rheology or microfluidics. Our system is capable
of aberration-free 3D imaging with an axial range of 66 μm,
while simultaneously manipulating the sample with optical
tweezers. Because our simple yet powerful technique is com-
patible with other optical manipulation and imaging tech-
niques, we believe it is directly relevant to the wide range
of experiments that use optical manipulation and simultaneous
imaging.
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Focusing light through scattering media has been a longstanding goal of biomedical optics. While wavefront
shaping and optical time-reversal techniques can in principle be used to focus light across scattering media,
achieving this within a scattering medium with a noninvasive and efficient reference beacon, or guide star,
remains an important challenge. Here, we show optical time-reversal focusing using a new technique termed
Time Reversal by Analysis of Changing wavefronts from Kinetic targets (TRACK). By taking the difference
between time-varying scattering fields caused by a moving object and applying optical time reversal, light
can be focused back to the location previously occupied by the object. We demonstrate this approach with
discretely moved objects as well as with particles in an aqueous flow, and obtain a focal peak-to-background
strength of 204 in our demonstration experiments. We further demonstrate that the generated focus can be
used to noninvasively count particles in a flow-cytometry configuration—even when the particles are
hidden behind a strong diffuser. By achieving optical time reversal and focusing noninvasively without
any external guide stars, using just the intrinsic characteristics of the sample, this work paves the way
to a range of scattering media imaging applications, including underwater and atmospheric focusing as
well as noninvasive in vivo flow cytometry. © 2014 Optical Society of America

OCIS codes: (110.0113) Imaging through turbid media; (070.5040) Phase conjugation; (110.0180) Microscopy.

http://dx.doi.org/10.1364/OPTICA.1.000227

1. INTRODUCTION

Focusing light through highly scattering media is an
important challenge in biomedical imaging, colloidal optics,
and astronomy. When light propagates through strongly scat-
tering samples, refractive index inhomogeneities scatter the
light field in many directions. This was long thought of as
a randomizing process, which precludes the formation of a
sharp focus. However, by taking advantage of the deterministic
nature of scattering, researchers in the field of complex wave-
front shaping have demonstrated that light can be focused at an
arbitrary location within and across scattering media—by
shaping the input wavefront reaching the sample [1,2].
Because appropriate input wavefronts are complex and because

they depend on sample structure as well as target location,
determining them remains a key challenge.

With direct optical access to the input plane and the focus-
ing plane, wavefronts can be found with one of three strategies:
iterative optimization [1,3–5], optical time reversal [6], or
measuring and inverting the sample transmission matrix
[7,8]. When there is no direct access to the target plane,
e.g., when the target plane is hidden within the sample, physi-
cal guide stars such as beads can be placed within the sample
and used as reference beacons [9–11]. Because this requires
invasive insertion, recent research has focused on virtual, ultra-
sound-based guide stars relying on the acousto-optic [12–16]
or the photo-acoustic effect [17–20]. However, all of these

2334-2536/14/040227-06$15/0$15.00 © 2014 Optical Society of America
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strategies are either limited by the acoustic resolution (tens of
micrometers at best) or require many measurements, thereby
increasing the recording time by orders of magnitude. Thus
far, near-instantaneous time reversal at optical resolutions
remains elusive.

Here we introduce a new all-optical method, termed Time
Reversal by Analysis of Changing wavefronts from Kinetic
targets (TRACK), which achieves precise optical time reversal
to a target hidden behind a scattering sample—without the
need for acoustic guide stars. Unlike previous techniques, this
method uses the motion of the target itself to serve as a
guide star.

2. RESULTS

A. Principle

To test whether we can noninvasively focus light through a
scattering sample without using any extrinsic guide star, we
constructed the setup diagrammed in Fig. 1. We interpret
optical scattering through our diffuser as a linear process de-
scribed by a complex spatial transmission matrix, T �xa; xb�
[1]. This matrix defines the transformation of the optical field
at an input plane with coordinates xa directly before the dif-
fuser to an output plane with coordinates xb behind the dif-
fuser, where we have a moving target with a reflectivity
function R�xb�. We assume that our digital phase-conjugation
system is set up such that we can discretely measure and con-
trol the optical field along the input plane coordinates xa.

Our detect-and-refocus process is composed of four primary
steps. First, we illuminate the scatterer with an input wave,
U �xa�, to reflect light off our target. U �xa� transforms into
a speckle field at the output plane as defined by the transmis-
sion matrix: S�xb� � T �xa; xb�U �xa�. A portion of the speckle
field S�xb� will hit our target object with reflectivity function
R�xb�. The target object’s backreflected optical field is thus the
product E1�xb� � R�xb�S�xb�. Note that R�xb� � 0 and
hence E1�xb� � 0 everywhere except along the target’s finite
spatial extent. We also assume S�xb� ≠ 0 somewhere along our
target to ensure a nonzero reflected signal.

Second, we measure the entire backscattered optical field at
the input plane, M 1�xa�, as depicted in Fig. 2(a). Following
linear optics, we split the backscattered field M 1�xa� into a
sum of two components: one reflected from our target object
at the output plane, E 0

1�xa�, and one originating from all
other locations within the sample volume, B�xa�. The target-
dependent component E 0

1�xa� is defined as the target-reflected
optical field at the output plane, E1�xb�, after it has backscat-
tered to the input plane. Following the common assumption
of a lossless scattering process, we may use our transmission
matrix to express E 0

1�xa� as

E 0
1�xa� � T t�xa; xb�E1�xb�; (1)

where T t , the transpose of T , represents the reverse process of
scattering from the output to the input plane. The total mea-
sured field at the input plane is thus the sum

M 1�xa� � T t�xa; xb�E1�xb� � B�xa�; (2)

where again B�xa� is the background optical field arising from
all other locations within the sample.

Third, we measure a second backscattered field at the input
plane,M 2�xa�, after the reflective target object physically shifts
a finite distance Δ across the output plane. This measurement
is depicted in Fig. 2(b). A spatially shifted target will generate a
new reflected field, E2�xb� � R�xb − Δ�S�xb�, which will
again transform to the input plane via our transmission matrix
and combine with a background field contribution to yield

M 2�xa� � T t�xa; xb�E2�xb� � B�xa�: (3)

Equation (3) implicitly assumes that T and B�xa� remain
the same as for the first measurement, requiring the scattering
sample to be stationary (apart from target motion) at the time
scale of the measurement interval.

Fourth, we digitally subtract our two measurements to
effectively remove any background contribution and isolate
the target-reflected signal:

M 2�xa� −M 1�xa� � T t�xa; xb��E2�xb� − E1�xb��: (4)

We compute the phase conjugate of this subtraction and
display it on our digital optical phase-conjugation (DOPC)
setup’s spatial light modulator (SLM) to create the following
field at the input plane: T †�xa; xb��E2�xb� − E1�xb���, where †
denotes a conjugate transpose and * a complex conjugate. This
field scatters from the sample’s input to output plane to form
our final target-focused field, Ef �xb�, as shown in Fig. 2(c):

Ef �xb� � T �xa; xb�T †�xa; xb��E2�xb� − E1�xb���
≈ �E2�xb� − E1�xb���: (5)

Here, we assume a complete scattering process to form the
approximation T �xa; xb�T †�xa; xb� ≈ I , the identity matrix.
Conjugated light thus forms the field E2 − E1 at the sample
plane, implying light is focused to both shifted target positions.
If the target was originally off the laser speckle field (i.e., E1 is

Fig. 1. Concise setup including sample and digital phase conjugation:
varying backscattered wavefronts due to a target’s movement are captured
by off-axis holography. The phase of the wavefront difference is
time reversed by the digital optical phase-conjugation (DOPC) system.
Diffuse light is focused back to the previous position of the target.
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zero everywhere), a focus will appear only at its second loca-
tion, which corresponds to our ability to refocus onto a moving
object.

B. Direct Observation of Optical Focusing in Reflection
Mode

Our reflection-mode TRACK setup is diagramed in Fig. 1. To
record backscattered light at the SLM plane, a camera was
pixel-to-pixel aligned to image the SLM surface, and wave-
fronts were measured by off-axis holography [21,22]. For dem-
onstration, we created a sample consisting of 10 μm diameter
polystyrene beads behind a highly diffusing tape. The beads
were placed on a glass slide 7 mm behind the diffuser, whose
movement was two-dimensionally controlled by a piezo stage.
To confirm the formation of a focus through scattering media,
an observing microscope (OM) was set up to image the target
plane from the back. Importantly, this microscope was only
used for validation of successful focusing, but not to derive
wavefronts or create the foci.

We started by recording a backscattered wavefront without
any targets behind the diffuser [Fig. 2(g)] and compared it to
the wavefront measured when a target was inside the illumi-
nated field of view [Fig. 2(h)]. As expected, both wavefronts
were dominated by backscattering from the entire diffuser,
while the relative difference of the wavefronts was 15% (rel-
ative average amplitude) [Fig. 2(i)]. When we time reversed
the difference wavefront by digital phase conjugation, the
OM recorded a high-contrast focus at the location of the
target. Figure 2(f) includes a plot of the intensity profile

(horizontal section across the peak), which shows a peak-to-
background ratio (PBR) of 204.

C. Moving Target Tracking behind Scattering Media

If we keep repeating this experiment with a continuously mov-
ing target, light will be focused dynamically on the target. In
other words, we can track the moving target through the scat-
tering medium. To confirm this experimentally, we recorded a
background wavefront at the SLM plane (with no target bead
in the illuminated area), and subsequently moved a target bead
to multiple locations within the illuminated area. At each po-
sition of the target [as shown in Figs. 3(a)–3(c)], after recording
the wavefront, we subtracted the background wavefront from
the current wavefront and time reversed the result such that it
focused on the current location of the target [as shown in
Figs. 3(d)–3(f)]. A detailed timing diagram of the system is
included in Fig. S7 in (Supplement 1). In this experiment,
a 50 μm diameter retro-reflective target bead was 14 mm be-
hind the diffuser.

D. Optical Flow Cytometry in Scattering Media

To mimic an in vivo flow-cytometry scenario, we placed a mi-
crofluidic channel behind the diffuser. Two kinds of beads
were used in this experiment: nonfluorescent polystyrene beads
as guide stars and fluorescent beads to be counted in a flow-
cytometry-type setup. Repeating the first experiment (“direct
observation of optical focusing,” above) in a microfluidic
channel, we recorded two scattering fields with a guide star
bead outside and inside the illuminated area [Fig. 4(a) and

Fig. 2. Focusing on a moving target through a scattering sample: (a) target at position 1 (far off the illuminated field of view); (b) target at position 2
(within the illuminated field of view); (c) light is focused behind the diffuser; (d)–(f) corresponding images recorded with the observing microscope; (g)
and (h) phase maps recorded at the camera imaging the SLM surface; (i) difference of field in (g) and field in (h). The cross-section intensity distribution in
(f) indicates a PBR of 204. Scale bars in (d)–(f) are 100 μm. Scale bars in (g)–(i) all stand for 1 mm.
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Media 1]. We then phase conjugated the difference wavefront
and observed a focus at the exact position of the guide bead [as
shown in Fig. 4(c) and Media 1]. From the cross-section in-
tensity distribution, we measured a PBR of 134 and a full
width half-maximum (FWHM) of 8.9 μm. After formation of
the focus, fluorescence beads were flown at a speed of 5 cm/s,
and the time-varying fluorescence signal was recorded by a sin-
gle-channel photomultiplier tube (PMT). The PMT trace

contained clearly detectable signals that corresponded to fluo-
rescent beads passing the focus. Illumination, phase conjuga-
tion, and fluorescence detection by the PMT all occurred on
the same side of the scattering sample in a reflection geometry.

3. DISCUSSION

In this work we provided, to the best of our knowledge, the
first demonstration of time-reversed optical focusing through

Fig. 3. Target tracking: images taken with the observing microscope. (a)–(c) Images of targets at positions 1–3 in the laser speckle; (d)–(f) phase-
conjugate foci at corresponding positions.

Fig. 4. Optical flow cytometry in scattering media: (a) schematic of the recording step, in which a focus is established as above; (b) laser speckle shining
on the microfluidic channel as imaged by the observing camera; (c) time-reversed focus established with the help of the first bead; (d) schematic of the
particle counting setup; (e) signal captured on the PMT with clear signals caused by fluorescent beads passing the focus. Both scale bars stand for 100 μm
(Media 1).
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scattering media by using the motion of a target object as a
guide star—a technique we call TRACK. We would like to
use this section to note some points of consideration associated
with this work.

First, TRACK will focus on all backscattering targets that
moved between the two wavefront recordings. If the goal is to
focus on a single target or bead, only one moving backscatter-
ing bead should be within the illuminated area.

Second, we would like to point out that our experimental
setup associated with the experimental findings shown in
Figs. 2–4 contains a microscope objective and camera (out-
lined in green in Fig. 1) that allowed us to directly observe
the space after the diffuser. We used that imaging system to
directly observe and verify that the TRACK focus was
achieved. In practical applications, it is unlikely that such
an observation perspective would be available. In most of
the application scenarios, our only access to the target of
interest would be on one side of the diffusing medium, in
a reflection geometry. A good case in point would be the task
of reflection-mode focusing of light through skin and into a
blood vessel. The reflection-mode focusing results presented
here show that focusing light in this geometry is feasible.
For example, upon creating the time-reversed optical focus
(Fig. 4), we can observe the passage of fluorescent beads
through the microfluidic channel by simply observing the
upticks in fluorescence scattered back through the diffuser.

Another important trade-off space this method introduces is
an intrinsic relationship between focus spot size and achievable
PBR. Mathematically, these two quantities are related to each
other through the number of optical modes that the DOPC
can capture and control during playback [23]:

PBRphase−only ≈
π

4
:
N SLM

N target

; (6)

where N SLM indicates modes on the SLM from the scattering
of the target and N target represents the number of modes
modulated by the target in the speckle plane. The above for-
mula contains a π∕4 factor because the DOPC in this set of
experiments is a phase-only modulator system. For the exper-
imental setup used for Fig. 2, the above formula predicts a
focus PBR of 390—a quantity that is consistent with our
experimental result of 204, indicating a time-reversal efficiency
of >50%. The above formula leads to an interesting conse-
quence. By using smaller target objects, we can effectively cre-
ate a tighter optical focus and simultaneously boost the PBR.
However, we caution that the use of ever smaller target objects
will lead to a weaker initial scattering signal arriving at the
DOPC and in turn degrade the time-reversed wavefront in
the presence of noise. This will then reduce the focus PBR.

As the different sets of experimental results reported in
Figs. 3 and 4 show, this method can be used to create a
time-reversed focus that tracks with the target object or to cre-
ate a fixed and static focus at a specific location along the tra-
jectory of the object. Each of these focusing types is useful for
different applications: dynamic tracking can potentially be use-
ful for following moving targets in deep ocean or convective

atmosphere environments, while the static focus would be
most useful for flow-cytometry-type applications.

4. METHODS

A. Setup

All data were collected by a self-built optical system schemati-
cally described in Fig. S1 in Supplement 1. In the setup, we
used a 532 nm fiber-coupled semiconductor laser. The polari-
zation of the beam was made horizontal (by a half-wave plate
and polarizing beam splitter), which is in accordance with
SLM modulation polarization. Beam splitter 1 split the
incoming light into two beams, the sample beam and the
reference beam.

The sample beam was expanded by a laser expander for a
suitable size of laser spot at the sample. Reflected by mirrors
and beam splitter 2, the sample beam passed through lens 2
and was eventually reflected to the sample by a dichroic mirror,
which was at a 45° angle to the horizontal plane. The sample
was placed close to the focal plane of lens 2. Light backscat-
tered by the sample was collimated to the SLM by lens 2.

The reference beam passed through a neutral density filter
and was coupled into a single-mode fiber for spatial filtering.
After exiting the fiber, the beam was collimated by lens 1. Scat-
tered light and reference light were combined by beam splitter
3 before reaching the DOPC system.

Polystyrene beads were obtained from Life Technology.
Retro-reflective beads, which consisted of aluminum coated
50 μm glass spheres, were obtained from Cospheric.

To create samples we used adhesive backed, highly diffusing
films (3M Scotch model no. 810, ∼60 μm thick), which did
not transmit a detectable ballistic component (measured with a
detection threshold of 10−8 of the illumination power). We
used it as a random phase plate diffuser whose angle scattering
distribution is plotted in Fig. S3 in Supplement 1. To show
that our results can be extended to biological samples, we per-
formed TRACK experiments through a 0.5 mm thick section
of ex vivo chicken muscle tissue (scattering coefficient μs:
30 mm−1 and anisotropy parameter g: 0.965 [14]). The results
of this experiment are shown in Fig. S2 in Supplement 1.

B. Backscattered Field Capture and Phase Retrieval

The backscattered field was recorded in a single-shot measure-
ment by digital off-axis holography. In the DOPC system, the
SLM surface was imaged on a CCD camera with a precision of
single pixel-to-pixel alignment. The camera captured the inter-
ference pattern between the backscattered field and the refer-
ence field at the SLM surface. Then 2D fast Fourier transform
(FFT) was applied to the captured images. In accordance with
off-axis holography, an angle was set between the reference
beam and the sample beam to separate the zero order, �1 or-
der, and −1 order of the interference pattern in the Fourier
spectrum. By filtering out the DC term and −1 term and back
transforming the spectrum, the scattered field from the sample
was retrieved. For time reversal, this field was conjugated, and
(since we used a phase-only SLM) the phase of the result was
displayed on the SLM.
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C. Fluorescence Signal Capture

In the flow-cytometry experiment, we used orange fluorescent
(540/560) polystyrene microspheres obtained from Life Tech-
nology. As shown in Fig. 4(c), orange fluorescence from the
beads propagated through the diffuser along with diffuse back-
scattered light at 532 nm. Colors were separated by the dichroic
mirror (a 532 edge pass filter, modelDi02-R532-25 × 36 from
Semrock). Underneath the dichroic mirror, a lens images the
surface of the diffuser to a compact PMT. The fluorescence
spectrum of the sample and the transmission spectrum of edge
pass filter are shown in Fig. S6 in Supplement 1. Amedian filter
was used to filter the signal shown in Fig. 4(e).

D. Reference Phase Correction

In digital phase conjugation, reference beam and SLM curva-
ture will affect the conjugate phase map and thus the time-
reversal PBR. By digitally modulating the SLM curvature to
iteratively maximize the reflection from the SLM back into
the single-mode fiber in the reference beam arm, we can com-
pensate for SLM curvature as well as reference beam phase
errors [14]. A threefold enhancement is observed.

E. Quality Assurance Setup

To assure the pixel-to-pixel alignment between the camera and
SLM and the performance of the DOPC system, a quality
assurance arm was configured in the sample arm including
two flipping mirrors, beam splitter 2, mirror 2, and camera
2 (Fig. S1 in Supplement 1 ). When flip mirror 1 and flip
mirror 2 were flipped up, the system was changed from the
reflective mode to the transmission mode. When applying time
reversal, we expected to observe a focus on camera 2. By tuning
the position and tilting of the SLM, we optimized the intensity
of the focus. In this way, a day-to-day precise alignment of the
DOPC system was guaranteed.
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Fiber lasers are a highly regarded solid-state laser concept due to their high efficiency, beam quality, and
easy thermal management. Unfortunately, the performance of high-power fiber-laser systems is challenged
by the onset of detrimental nonlinear effects. Their impact can be reduced dramatically by employing fibers
with larger mode-field areas. Even though this is an efficient way to mitigate nonlinear effects, maintaining
effective single-mode operation, and with it high beam quality, becomes increasingly difficult as the core is
enlarged. In this paper the demands and challenges for the design of a very-large-mode-area (VLMA) fiber
are discussed. The benefits of using higher-order mode delocalization as the working principle of active
double-clad VLMA fibers are described. Finally, a new low-symmetry large-pitch fiber, which is expected to
improve the performance of state-of-the-art fiber-laser systems by increasing higher-order mode delocal-
ization, is proposed and thoroughly analyzed. © 2014 Optical Society of America
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structured fibers; (060.5295) Photonic crystal fibers.
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1. INTRODUCTION

The characteristics of a rare-earth-doped fiber are directly
responsible for the performance of a fiber-laser system at high
average powers and for its ability to maintain diffraction-
limited beam quality and high efficiency [1]. One of the main
challenges for high-power fiber-laser systems—especially for
pulsed ones—is the onset of detrimental nonlinear effects such
as stimulated Brillouin scattering, stimulated Raman scatter-
ing, and self-phase modulation [2]. Crucially, the impact of
all these nonlinear effects scales inversely with the effective
mode-field area. Consequently, scaling the mode-field area
is the most effective mitigation strategy for nonlinear effects
in optical fibers. Additionally, the impact of nonlinear effects
can be further mitigated by using shorter fiber lengths. For
MW-level-peak-power fiber-laser systems this has led to the
development of rod-type fibers with mode-field diameters

(MFDs) of more than 50 μm and typical fiber lengths of about
1 m [2,3], most commonly employing a double-cladding
structure for the guidance of a high-power low-brightness
pump radiation. In practice, these active fibers support the
propagation of a few modes, but they can be adjusted to
effectively operate with a single mode to enable high beam
quality and beam-pointing stability. Unfortunately, operating
few-mode fibers in an effective single mode becomes increas-
ingly difficult as the core size is enlarged. Therefore, fiber
designs that aim at scaling the MFD of the fundamental mode
(FM) to sizes beyond 50 times the signal wavelength [known as
very-large-mode-area (VLMA) fibers], while still maintaining
nearly diffraction-limited beam quality, have to incorporate
mechanisms that enforce effective single-mode operation.
Over the last decade many mechanisms have been proposed
and incorporated into advanced VLMA fiber designs with
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the sole purpose of preferentially amplifying one single mode
in a fiber. This can be done by introducing losses to the propa-
gation of the higher-order modes (HOMs), by having
structures that provide a higher amplification factor to the
FM than to the HOM, or by propagating in a single
HOM that ensures reduced mode coupling.

The main two exponents of the first strategy (i.e., HOM
attenuation) are the so-called chirally coupled core (CCC) fi-
bers [4] and the leakage-channel fibers (LCFs) [5]. The CCC
fibers are characterized by having one or more satellite cores
wrapped around the main signal core. This arrangement allows
for a resonant coupling of the HOMs of the main core into the
satellite core, where the radiation is lost due to very high
bending losses. On the other hand, the LCFs rely on an open
core structure that provides much higher leakage losses for the
HOM than for the FM. This way, after the light has propa-
gated a certain length through this fiber, only the FM will
survive. In order to generate the leakage losses, the LCFs have
to either dispose of a double-clad structure or exploit bending
losses [6].

As mentioned above, the second strategy of enforcing
effective single-mode operation is by preferentially amplifying
the FM of a fiber. One implementation of this idea is imple-
menting doped areas that are smaller than the fiber core so that
the overlap of the HOMs with this doped region (and with it
the gain) is significantly reduced with respect to the overlap/
gain of the FM [7–9]. However, the most recent and successful
implementation of the preferential amplification of the FM in
double-clad VLMA fiber is based on a concept known as
HOM delocalization [10]. In this approach the fibers are
explicitly designed to deform HOMs from the core region.
This results in a double benefit: on the one hand the HOMs
are more difficult to excite with a Gaussian beam (which are
the typical beams found in fiber-laser systems), and, on the
other hand, the amplification factor of the HOMs is substan-
tially reduced. Even though, as mentioned above, there are
other approaches that can be successfully exploited to achieve
single-mode operation in VLMA fibers, the concept of HOM
delocalization is one of the newest and most promising ones,
and, therefore, it will be thoroughly discussed in this paper.
There are currently two main representatives of this approach:
the distributed mode filtering (DMF) rod [11], which achieves
delocalization by resonantly coupling the HOMs outside of
the core, and the large-pitch fibers (LPFs) [10], in which
the delocalization of the HOMs is assisted by avoided crossing
[12]. Recently a new fiber design that also exploits HOM delo-
calization assisted by avoided crossings has been proposed:
multitrench fiber (MTF) [13]. However, to the best of our
knowledge, no experimental demonstration of VLMA MTFs
has been published so far.

The underlying idea of the last strategy (i.e., HOM propa-
gation) employs the fact that nearest-neighbor mode coupling
in multimode fibers is reduced when propagating in a single
HOM, typically a LP0m mode of high order, instead of the
FM. At the same time, bend resistance is greatly increased.
Thus, in HOM fibers long-period gratings are used to couple
light from the FM to the HOM and, after amplification, vice
versa [14,15].

Among all the different VLMA fiber designs proposed so
far, the LPF concept [10] is the one that currently holds most
of the performance records for pulsed VLMA-fiber-laser
systems with nearly diffraction-limited beam quality. For
example, several hundred watts average power [16], up to
26 mJ pulse energy [17], and 3.8 GW peak power [18] have
been demonstrated with these fibers. Moreover, recently a Tm-
doped LPF design has been presented that possesses the largest
MFD (∼65 μm) published so far for effectively single-mode
fibers around 2 μm emission wavelength [19]. These results
justify why LPFs have become in recent years a reference in
performance for pulsed fiber-laser systems, to the point that
they are used as a benchmark to evaluate novel fiber designs.

The short length of high-peak-power fiber amplifiers
combined with the high average power levels that are routinely
delivered by these fibers can easily result in peak thermal loads
of several 10 W/m. Such high thermal loads give rise to ther-
mal effects that lead to a significant shrinking of the MFD in
VLMA fibers [20]. More importantly, these high thermal loads
ultimately result in the onset of mode instabilities [1,21].
Mode instabilities refer to the threshold-like degradation of
the output beam of an active fiber observed once a certain aver-
age power threshold (in the range of some 100 W or even kW)
has been reached. Mode instabilities are firmly believed to be
induced by the interplay of thermal effects and modal
interference in the active fiber [22–24]. The strong impact
of thermal effects in the performance of VLMA fibers illus-
trated by the examples cited above implies that the influence
of the thermal load in high-power fiber amplifiers has to be
included as an integral part of the evaluation of any future
high-power fiber design.

In the first part of this paper the challenges for mode-area
scaling while maintaining single-mode operation are investi-
gated employing common step-index fibers (SIFs) as an
example. The next part focuses on maintaining effective
single-mode operation in few-mode fibers. Based on this
general discussion, the benefits of HOM delocalization are
analyzed. Finally, an improved LPF with reduced symmetry
is proposed that is expected to offer better performance than
the standard LPF design.

2. MODE-FIELD-AREA SCALING

In the following, some general laws of mode-field-area scaling
are pointed out. These considerations will be illustrated for a
SIF, but they can be easily transferred to other fiber designs
and are, therefore, general. Furthermore, the shape of the
FM (intensity profile) and its size relative to the core will
be used as parameters that have to be maintained during
scaling (in the following referred to as normalized mode
shape). By doing this, a similar confinement to the core, a sim-
ilar amplification characteristic, and a similar beam quality at
the output of the fiber are ensured independently of the core
size. However, when scaling the fiber this way, other mode
properties, such as the effective indices or the propagation
losses, will necessarily change with the core size.

As is widely known, the core of a SIF has a slightly higher
refractive index than the surrounding cladding, which allows
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for optical guidance based on total internal reflection. The
guiding properties of a SIF can be characterized by the V
parameter that is derived from the core diameter 2a, the
wavelength λ, and the numerical aperture NA, according to
the following equation:

V � 2πa
λ

·NA ≈
2πa
λ

·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ncore · Δn

p
: (1)

Fibers with a V parameter less than 2.405 and an infinitely
extended cladding are strictly single-mode, i.e., the core guides
exclusively a nearly Gaussian FM [25]. All SIFs that share a
specific V parameter possess modes with identical normalized
mode shape regardless of their wavelength, core size, or core–
cladding index step. Therefore, scaling should be performed
with a constant V parameter, which implies that the MFD
increases linearly with the core diameter. In order to increase
the mode area while leaving the V parameter constant, the NA
has to be decreased linearly; i.e., scaling the core size by a factor
of 2 requires the NA to be halved. Additionally, in the weakly
guiding approximation, the core–cladding index step Δn is
proportional to NA2. Thus, linearly scaling the core diameter
implies a quadratically decreasing index step Δn to maintain a
given V parameter.

The validity of this scaling law is not limited to the inten-
tionally designed index steps between the core and cladding of
a SIF, but it is also applicable to any other index change [25].
In any waveguide, an index change can be induced by various
effects, such as bending [6], the thermal load [26,27], the Kerr
nonlinearity, or the so-called resonantly induced refractive in-
dex changes [28]. All these effects have to be scaled accord-
ingly, as will be highlighted in the next paragraphs. Even
though all of these effects can alter the waveguide properties
during operation, the first two are the most common, and
therefore our following discussion will revolve around them.

The influence of bending was comprehensively studied in
[6], and it has already been shown that mode-area scaling re-
quires the bending radius to be scaled proportional to NA−3

[29]. This means that doubling the core diameter and increas-
ing the bending radius by a factor of 23 yields equivalent
normalized mode shapes, as this scales the applied index profile
quadratically. The cubic behavior of the bending radius
highlights the need for straight rod-type structures for MFDs
beyond 50 μm [2,10]. By keeping the fiber straight, the rod-
type design avoids any bending-induced mode deformations
and reduces mode mixing due to microbendings [30].

The thermally induced index changes that occur in active
fibers due to quantum-defect heating during amplification can
be approximated by a parabolic index gradient inside the
doped area and a logarithmic decay outside of this region
[26,28]. With constant material parameters and geometries,
the thermal load caused by optical amplification in an active
fiber is directly proportional to the thermally induced index
gradient. In terms of mode-area scaling, this index gradient
has to be treated identically to the index step of SIFs; i.e.,
the thermal load decreases quadratically when scaling the core
size. In other words, doubling the core diameter and reducing
the thermal load by a factor of 4, leads to identical normalized

mode shapes. This dependence has been experimentally
verified in [20].

In Fig. 1, these scaling laws are exemplarily illustrated for a
SIF with V � 7 under thermal load and bending. So, as
mentioned before, in order to scale the MFD by a factor of
2 (from 50 to 100 μm in the unbent case) while maintaining
the same normalized mode shapes, the core diameter has to be
doubled (from 67 to 134 μm in this case), and the index step
has to be reduced by a factor of 4 to yield the same V param-
eter. Additionally, the thermal load also has to be reduced by a
factor of 4, and, simultaneously, the bending radius has to be
increased by a factor of 8. Applying these scaling principles
leads to the same mode set, which is proportionally scaled.
In consequence, it can be deduced that larger cores become
increasingly more sensitive to perturbations.

The quadratically increasing influence of index changes
when scaling the MFD is also valid for photonic-crystal fibers
(PCFs). In particular, the tolerance to the index matching be-
tween the doped core material and the undoped surrounding
cladding material of an active PCF becomes quadratically
smaller for larger core diameters [31].

Finally, a general dependence of mode-area scaling on the
wavelength can also be deduced from Eq. (1). For a given NA,
the core diameter can be scaled linearly with the wavelength.
For instance, a wavelength of 2 μm as used in Tm-doped fibers
allows for a two times larger MFD compared to 1 μm while
maintaining the same NA and V parameter.

All scaling properties are summarized in Table 1. For any
mode-area-scalable fiber concept it is vital to study the absolute
parameters that most severely alter the mode properties. In the
case of active VLMA fibers these are the index-matching

Fig. 1. Modes of a SIF with V � 7 and core diameters of 67 and
134 μm, respectively, under the influence of thermal load and bending.

Table 1. Scaling Factors of Relevant Fiber Parameters in
Order to Maintain the Normalized Mode Shapes of a SIF
with Constant V Parameter

Parameter Scaling Factor (V � const)

Mode-field diameter ·x
Core diameter ·x
Mode-field area ·x2
Index contrast Δn ∕x2
Index-matching accuracy ∕x2
Bending radius ·x3
Thermal load ∕x2
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accuracy (especially for PCFs), bending, and the thermo-optic
effect. Furthermore, in general it is sufficient to calculate these
effects for one distinct MFD, e.g., 50 μm, and apply the scaling
properties for larger variants or different wavelengths.

3. EFFECTIVE SINGLE-MODE OPERATION

This section highlights different concepts for effective single-
mode operation.

Single-clad SIFs can be strictly single-mode for V < 2.405.
Theoretically, a SIF can be indefinitely scaled if the V param-
eter is kept constant, but this would require a linear reduction
of the NA or a quadratic reduction of the index contrast, which
has some technological limitations, in particular for doped
cores. In practice, an accuracy of �0.01 can be achieved in
the NA, which leads to few-mode guidance for MFDs of more
than 20 μm at 1 μm wavelength, i.e., in Yb-doped fibers.
A more accurate control of the NA can be achieved by in-
dex-guiding PCFs [32]. In these fibers averaging over the small
low-index inclusions in the cladding leads to an effective NA,
which allows for strictly single-mode (single-clad) fibers with
up to 33 μmMFD [33]. For larger cores the scaling requires an
even better control of the effective NA than what is achievable
today, and, consequently, these fibers become few-mode again.

Effective single-mode operation can be enforced in multi-
mode fibers by suppressing the HOMs as they propagate along
the waveguide. A very strong suppression mechanism can arise
from the differential modal propagation losses induced by an
infinite or absorbing cladding (i.e., single-clad fibers) [34], by
bending [6], or by resonances [4,35]. All these mechanisms are
based on higher propagation losses for the HOMs compared to
the FM. By choosing an appropriate fiber length the HOMs
can be suppressed by, e.g., 20 dB, and effective single-mode
operation is achieved. However, in general the propagation loss
difference between different modes collapses for larger core
sizes, which significantly reduces the efficiency of this discrimi-
nation mechanism as the core diameter is increased [6,31].
Additionally, since in these fibers the modal energy is typically
lost at the outer fiber boundary, the propagation losses are
strongly decreased if a thermally induced parabolic index
profile is created during active operation, since the modes
become progressively better confined around the fiber axis.
Moreover, the propagation losses of straight double-clad fibers
are negligible as the double-clad structure that strongly
confines the pump also confines the signal radiation [34].
However, it can be argued that some sort of propagation losses
for individual modes may be achieved by mode mixing [30],
but their exact value can hardly be calculated. In conclusion,
the HOM discrimination due to propagation losses is not scal-
able and cannot be applied to most high-power fiber designs.

Theoretically, effective single-mode operation can be real-
ized in few-mode fibers only by adjusting the excitation condi-
tions [30]. A fiber amplifier is typically seeded by an oscillator or
amplifier delivering a nearly Gaussian beam profile. Therefore,
the modal excitation with a Gaussian beam profile is of crucial
interest. This Gaussian beam can be size-, position-, and angle-
mismatched with respect to the ideal case, which leads to a
multidimensional parameter space for the evaluation of the

excitation. In a strictly single-mode fiber anymismatchwill only
decrease the power content in the FM, but in a multimode fiber
this power can be coupled to guided HOMs. To illustrate this
effect the excitation of themode set of a SIFwithV parameter of
7 is simulated for a size- and position-matched Gaussian beam,
which is tilted by an increasing angle (Fig. 2). It can be seen that
one distinct HOM, namely the LP11, is predominantly excited
for small angle mismatch. For larger angles LP02 and LP12 are
excited as well. Modes of higher orders have progressively finer
structured intensity profiles and phase patterns, which makes
the accidental excitation of thesemodes by an incidentGaussian
beam more and more unlikely. Pure excitation of the FM be-
comes increasingly difficult as the core size and, with it, the
number of modes are scaled [30].

4. HOM DELOCALIZATION

As briefly mentioned in Section 1, a promising novel approach
for effective single-mode operation is HOM delocalization.
This concept influences simultaneously the excitation and
amplification of modes inside a few-mode fiber. The LPF
was the first representative of a fiber design exploiting HOM
delocalization, and it showed a significant increase in the
mode-instability threshold [10,16]. In the meantime this op-
eration principle has been transferred to other fiber designs,
namely the DMF fiber [11] and MTF [13], both based on
resonant effects. These different approaches highlight the
fundamental nature of this operation principle.

The principle of operation of HOM delocalization will be
discussed in the following. Figure 3 illustrates the mode exci-
tation of a fiber employing HOM delocalization, in this exem-
plary case and without loss of generality, and a LPF, a structure
that is discussed in detail later. As the FM maintains a nearly
Gaussian profile, its excitation is very similar for LPF (Fig. 3)
and SIF (Fig. 2). However, the HOM excitation is fairly differ-
ent. While for a SIF the HOM power content (shaded area) is
distributed among only a few distinct modes, the strong HOM

Fig. 2. Excitation of the modes of a SIF with V � 7 and 50 μmMFD
as a function of the tilt of the incident mode-matched Gaussian beam.
The solid line represents the power fraction in the FM, whereas the
dashed lines represent the power fraction in each HOM. The shaded
area illustrates the total power fraction contained in all the HOMs.
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deformations distribute the same overall HOM power content
into many different HOMs. This difference seems to be neg-
ligible at first glance, but the combination of excitation and
amplification reveals a very strong suppression of HOMs in
a fiber amplifier.

The gain of an individual mode in an active fiber is mainly
determined by the overlap γ of the mode with the doped
region,

γ �
R
IdAdopedR
IdA

: (2)

This parameter can be used to evaluate the quality of HOM
suppression by analyzing the differential amplification of each
relevant HOM with respect to the FM. In the simplest
approximation the amplification of different modes can be
calculated by assuming a small-signal gain behavior:

G � exp�γg0l�: (3)

It has to be noted that most high-power VLMA fibers are
not operated in small-signal gain, but they operate near or
above the saturation intensity instead [36]. However, even
in saturated cases, the general conclusions extracted from
the small-signal gain case are valid. Typical rod-type fibers
possess a small-signal gain greater than 30 dB/m, but their ef-
fective gain is lowered to about 20 dB/m due to saturation
effects. Consequently, the amplification characteristics of these
fibers can be approximated, in the simplest case, by assuming
an effective small signal gain of 20 dB (g0l � 4.6). In order to
convey an idea of the impact of the different modal overlaps
with the doped region, some examples can be calculated. Thus,
while a mode with 100% overlap would experience an ampli-
fication factor of 100, modes with 85%, 40%, and 20% pos-
sess amplification factors of 50, 6, and just 3, respectively.
Clearly, modes with lower overlap values can be dramatically
suppressed at the output of the fiber (with respect to the power
content of the FM) by differential gain.

The combination of excitation and amplification is illus-
trated in Fig. 4. The basis for this graph is the power fraction
in each mode (taken from Figs. 2 and 3), which is amplified
according to their individual doping overlap [Eqs. (2) and (3)].
The differential amplification of each mode leads to a very
strong suppression of individual HOMs. Clearly, not only
the power content of each individual mode but also the
combined HOM content (shaded area) is dramatically reduced
for the LPF employing HOM delocalization compared to a
few-mode SIF. It should be noted that this evaluation is only
an example to show the general strength of this effect. With
higher gain values the suppression of HOMs is even stronger.
Furthermore, effects such as thermal load may alter the overlap
with the doped region of the modes during active operation, an
effect that will be discussed later on.

Considering the excitation and amplification in combina-
tion brings an interesting fork in the design process of an active
fiber. The question is which HOMs should be further consid-
ered in the design process. This is a crucial decision that
determines how to optimize a given design. Interestingly
the set of relevant HOMs is different if the fiber is going
to be used as an oscillator or as an amplifier. In the first case
the relevant HOMs are those exhibiting the higher overlap
with the doped region, since these will see the highest gain.
On the other hand, if the fiber is going to be used as an
amplifier, many modes can be excluded due to their negligible
“accidental” excitability. For instance, LP31-like HOMs can
have higher overlaps with the doped region than LP1m-like
HOMs [37], but these fine structured modes are difficult
to excite with a Gaussian-like beam, and, therefore, they have
no impact on the single-mode operation of a fiber amplifier.

Typically the LP1m-like HOMs are the most relevant modes
since they are the first to be strongly excited in a fiber with a
slight misalignment of the seed beam. Furthermore, these
modes usually appear during mode instabilities [1]. Therefore,
the suppression of LP1m-like HOMs is currently one of the
main goals of advanced high-power VLMA fibers designed
to be used primarily as amplifiers.

Fig. 3. Excitation of the modes of a LPF with 50 μm MFD as a
function of an increasing tilt of the incident Gaussian beam. The solid
line represents the power fraction in the FM, whereas the dashed lines
represent the power fraction in each HOM. The shaded area illustrates
the total power fraction contained in all the HOMs.

Fig. 4. Relative output power in the FM (solid lines) and the HOMs
(dotted lines) for a SIF (red) and a LPF (blue). The combined power of all
HOMs is shown as a shaded region.
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In conclusion, HOM delocalization can be a very strong
mechanism to enforce effective single-mode operation of a
fiber amplifier. A further refinement for HOM delocalizing
fibers can be thought of: introducing absorptive regions in
the pump core of these fibers. In such fibers the delocalized
HOMs possess a large overlap with the absorbing material,
whereas the FM will only have very limited contact with it.
Thus, with proper gain/loss management [38], the HOMs
can be suppressed further as they propagate along the fiber.

5. LARGE-PITCH FIBER

The LPF concept exploits the enormous design flexibility of
PCFs [32,39] to achieve and maximize HOM delocalization.
While the modal-sieve concept employing propagation losses
can be used for HOM suppression of a single-clad PCF [40],
this modal discrimination mechanism cannot be exploited any
longer for double-clad fibers. Nevertheless, the low-index
structure can still be arranged in such a way that an efficient
HOM delocalization can be achieved. The principle of HOM
deformation has already been discussed (Figs. 3 and 4), but the
LPF structure employs additional features worthwhile to
highlight.

The mode set of an exemplary LPF design for increasing
thermal load is illustrated in Fig. 5. While for a SIF the
LP11 typically possesses the highest overlap among the
LP1m-modes, a LP13-like HOM has the highest overlap for
the LPF structure. The exchange of mode orders has a very
beneficial effect, when applying thermal load to this structure
(i.e., in active operation). As all LP1m-like HOMs share the
same symmetry class they are involved in avoided crossings
[12,41]. Therefore, the LP13-like HOM is deformed and
the LP12-like HOM takes over its role as the most confined
HOM for an increasing thermal load. A further increase of

thermal load leads to the final LP11-like HOM taking over
the role as the HOMwith the highest overlap. In consequence,
avoided crossings can decrease the HOM overlap for a large
range of thermal loads, and, therefore, the effect of HOM delo-
calization becomes even stronger. The evaluation of HOM
delocalization as performed in Fig. 4 (i.e., a “cold” fiber) is
a worst-case scenario for a LPF.

Another outstanding property of the LPF design is its scal-
ability. The modal intensity profiles of a LPF behave, under
proportional scaling of the structure, like those of an ideal
SIF with a constant V parameter. This effect is well known
for endlessly single-mode PCFs [40], where the effective V
parameter of an approximately infinite PCF becomes indepen-
dent of the hole-to-hole spacing (pitch) Λ for relative hole
diameters d∕Λ > 0.1 and Λ > 10 · λ. Therefore, the LPF
structure can be scaled proportionally to larger cores while,
e.g., the normalized mode shapes are maintained. Additionally,
this also implies that the LPF design operates over a very large
wavelength region, since increasing the pitch is equivalent to
decreasing the wavelength. This scalability is not a general
feature of HOM delocalization but a special feature of the
nonresonant design approach of the LPF.

6. LOW-SYMMETRY LARGE-PITCH FIBER

Despite the strong effective single-mode operation of a LPF,
the thermal load will (for a high enough power) end up
strongly modifying the waveguide and with it its guiding
properties, in particular the amount of HOM delocalization.
In this section we propose a new LPF design with increased
HOM delocalization, which improves the performance at high
thermal loads compared to the standard LPF.

The symmetry of a waveguide structure influences the
symmetry of the guided modes [42]. Even though this is true
for all modes, the FM is the one being least influenced by
symmetry changes of the cladding; instead it will adapt itself
to the inner core geometry. In contrast, the LP1m-like HOMs
prefer mirror symmetries. Thus, by altering the fiber sym-
metry, these classes of modes can be further deformed to in-
crease the HOM delocalization [43].

On the way to less symmetric structures spirals are an in-
teresting idea, which has been proposed by our group [44] and
adopted by others [37,45]. In theory spiral structures can be
asymmetric without any mirror or rotational symmetries, but
the HOM delocalization is mainly affected by geometries with
a structure size comparable to the transverse wavelength of the
modes [39,43]. For some spiral structures it can be seen that
the HOMs are swirled out of the core region, which can en-
hance the HOM delocalization.

A design implementing such a swirling structure, but still
based on a hexagonal lattice for standard stack-and-draw tech-
nique, is proposed in Fig. 6. This low-symmetry LPF exploits
holes of different diameters to increase HOM delocalization.

7. METHODOLOGY AND COMPARABILITY

The evaluation of fiber designs is a very difficult task since it
involves sweeping a multidimensional parameter field. Fur-
thermore, the simulation of a fiber amplifier can become very

Fig. 5. Structure and modes of a LPF with 50 μm MFD at 1030 nm
wavelength for increasing thermal load. The FM and two LP1m-like
HOMs with the largest overlap with the doped region are illustrated.
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challenging and computationally intense as soon as effects such
as thermal waveguide changes, mode coupling, and mode
instabilities are included. In fact, the development of such
simulation tools is a topic of ongoing research in several groups
around the world. In many cases the inclusion of these effects
requires some assumptions, which have not been understood
in detail and/or have yet to be verified experimentally. Herein,
we propose a simple, yet powerful, method to estimate the per-
formance of new fiber designs, which can be deduced purely
from the fiber design (i.e., there is no need to simulate the laser
operation of the fiber). This method is based on the experi-
mental observation showing that a reduced overlap of the
HOMs with the doped region is beneficial in terms of the
mode-instability threshold and that thermal waveguide
changes have a strong impact on the guiding properties of a
high-power fiber design. There are many additional parameters
that can and should be considered for the design of a fiber
amplifier or laser—such as the signal and pump wavelength,
doping concentration, pump absorption, and fiber length—
but again, this complicates the evaluation process and distracts
from the fundamental operating principle of different fiber
designs. In fact, none of this is strictly necessary to carry
out an estimation of the performance level of a new fiber de-
sign. According to our simulations and experimental observa-
tions, the evolution of the modal overlap with the doped
region with an increasing thermal load seems to be a very im-
portant property that allows performing such first estimations
of the expected performance of a new high-power fiber design
based on HOM delocalization.

For this evaluation the refractive index profile of a given
fiber design is arranged and the doped area is defined. Based
on the analytic approximations from [26,28] the thermally

induced index change can be added and the corresponding
mode set is calculated. Finally, Eq. (2) is used to calculate
the overlap with the doped region for each mode.

Additionally to the methodology, the comparability of
different fiber designs is also a very error-prone task. A proper
choice of parameters is necessary to grant comparability among
different fiber designs. As has been shown in the first part, the
scaling laws require the MFD to be constant. Furthermore, for
the design of an amplifier, the evolution of the signal power
along the fiber (which ultimately determines the strength of
nonlinear effects) should be comparable, by maintaining the
doped area, pump-clad area, doping concentration, and FM
overlap with the doped region. On the other hand, geometrical
parameters such as the core diameter or the hole size do not
have to be matched as they bear no meaning for physical
effects.

For the following evaluation a MFD of 50 μm, a cladding
diameter of 200 μm, a doped region with 50 μm diameter, and
a FM overlap with a doped region of about 85% are fixed.
These parameters are achieved for a LPF with a pitch of
35 μm and d∕Λ � 0.3. For the low-symmetry LPF the
relative hole diameters can be chosen as 0.2 and 0.4 for the
smaller and larger holes, respectively. All simulations are per-
formed at a wavelength of 1030 nm, which implies a Yb-doped
fiber amplifier. Such systems have reached average output
powers of 300 W with fiber lengths of 1 m. In the counter-
pumped configuration an exponential evolution of the thermal
load from some W/m up to about 40 W/m can be expected,
which highlights the necessity to evaluate this thermal range.

With the scaling laws given above, this evaluation is equiv-
alent to a fiber with, e.g., a two times larger core diameter and a
four times smaller thermal load. More interestingly, this evalu-
ation can be directly transferred to a Tm-based fiber amplifier
with a signal around 2 μm and the same MFD but with four
times higher thermal load—these values suit the experimental
situation very well due to the increased quantum defect of
Tm-doped silica pumped around 790 nm.

8. PERFORMANCE EVALUATION

Figure 7 depicts the evolution of the modal overlaps with
increasing thermal load for the LPF fiber design (blue lines)
and the low-symmetry LPF (green lines). As already illustrated
in Fig. 3, the general trend of continually increased HOM
overlap with increasing thermal load (e.g., as would be seen
in a SIF) is interrupted by two avoided crossings. Over a large
thermal load range (0–20 W/m) the performance of the LPF is
even better than that of the “cold” fiber. Consequently the
HOM overlap with the doped region averaged over the whole
thermal load range considered herein is 45%. The proposed
low-symmetry LPF (Fig. 6, green lines) allows us to enhance
the HOM delocalization even further, leading to a mean
HOM overlap of just 32%. In combination with the exponen-
tial gain evolution and excitation, this design is expected to
show an even more robust effective single-mode operation
and higher mode-instability threshold.

For the experimental realization of a fiber design the impact
of manufacturing tolerances has to be studied as well. For a

Fig. 6. Structure and modes of a low-symmetry LPF with 50 μm
MFD (1030 nm wavelength) for increasing thermal load. The FM
and the LP1m-like HOMs with the highest overlap with the doped region
are illustrated.

Review Article Vol. 1, No. 4 / October 2014 / Optica 239



PCF the index matching between the doped region and the
host material is crucial [31]. An index mismatching accuracy
of −2e − 5 has been achieved experimentally [20]. Therefore,
this accuracy has been assumed in the following evaluation,
summarized in Fig. 8. A lower core index can deform the
FM of the waveguide. Due to the combination of smaller
and larger air holes the low-symmetry LPF is more sensitive
to an index depression of the doped region than the standard
LPF. This can affect the efficiency and beam quality of the
low-symmetry fiber design for very low average powers (even
though the relative air hole sizes can be fine-tuned to get rid of
this effect at low powers). However, in high-power operation
the thermal load necessary to overcome these deformations is
easily reached and the index depression will hardly affect the
performance. At the same time, the HOM suppression is
improved as the HOMs are pushed out of the core region.
Therefore, the index depression effectively shifts the region

with strong HOM suppression to higher thermal loads com-
pared to a perfectly matched fiber (Fig. 7). For the range of
thermal loads studied herein the mean HOM overlap is
37% and 26% for the LPF and low-symmetry LPF, respec-
tively. Therefore, the improved HOM delocalization especially
for high thermal loads of the low-symmetry LPF is expected to
outweigh any possible performance degradation at low powers.

Finally, and as mentioned above, the beam quality is a very
important parameter. One might expect a decrease in beam
quality for the asymmetric design, but due to the partly in-
creased hole sizes, the FM confinement and beam quality
are maintained with respect to the standard LPF. The calcu-
lated FM of both designs possesses a theoretical M2 < 1.2.

9. CONCLUSION

Fiber-laser systems have shown their benefits regarding high
efficiency, diffraction-limited beam quality, and easy thermal
management. However, the long interaction length of the
tightly confined light with the material of the fiber makes these
waveguides very sensitive to nonlinear effects. Thus, the per-
formance evolution of fiber-laser systems has been enabled by
the development of fibers that can mitigate nonlinear effects.
Over the years it has become clear that the most effective tech-
nique for the mitigation of nonlinear effects in an active fiber is
scaling of the MFD. However, as highlighted in the paper,
there are some physical laws that are obeyed when scaling
the size of a fiber, and they result in the fiber becoming more
and more sensitive to external perturbations. Additionally,
with the current technological limitations fibers with very large
MFDs (>50 μm) become few-mode. Therefore, in order to
avoid a penalization in the beam quality and/or pointing
stability of the radiation emitted by fiber-laser systems,
advanced techniques are required to preserve effective
single-mode operation even with VLMAs. From the tech-
niques proposed so far so-called HOM delocalization seems
to be the most robust and promising. In this technique, the
inner structure of the fiber is designed in such a way that
the HOMs are pushed away from the core and/or doped
region of the fiber. As thoroughly discussed above, this brings
a twofold benefit: on the one hand the HOMs have a lower
overlap with the doped region and, therefore, undergo a sig-
nificantly lower amplification factor than the FM; on the other
hand, the delocalized HOMs cannot be efficiently excited by
an incoming Gaussian beam, which results in the energy being
spread over many HOMs instead of being concentrated in just
one. The distribution of power in many HOMs, as has been
shown in the paper, is advantageous since it results in a strong
preferential amplification of the FM. Additionally, HOM
delocalization is strongly suspected to be able to increase
the mode-instability threshold in fiber-laser systems. HOM
delocalization was first exploited in LPF and later incorporated
in other designs such as the DMF rod or the MTF. Currently,
the LPF design has enabled most of the performance records in
ultrafast fiber-laser systems with several hundred watts average
power, up to 26 mJ pulse energy, and 3.8 GW peak power.
Another outstanding property of the LPF design is its

Fig. 7. Evolution of the modal overlap with the doped region for the
FM (solid lines) and for the most relevant HOM (usually a LP1m-like
HOM and represented by dotted lines) with increasing thermal load
for the LPF (blue) and for the low-symmetry LPF (green).

Fig. 8. Evolution of the modal overlap with the doped region for the
FM (solid lines) and for the most relevant HOM (usually a LP1m-like
HOMs and represented by dotted lines) assuming a core index mismatch
of −2e − 5 as a function of the thermal load for the LPF (blue) and for the
low-symmetry LPF (green).
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scalability: the LPF structure can be scaled proportionally to
larger cores while the normalized mode shapes are maintained.

A further refinement of the LPF design has been presented
in this paper, the so-called low-symmetry LPF. The inner
structure of this design has a considerably reduced number
of symmetries resulting in a stronger delocalization of the
HOMs. For the first time, to the best of our knowledge, a
comparative analysis of different fiber designs including index
depressions of the doped region and a variable thermal load has
been presented. From this study it can be expected that a low-
symmetry LPF can achieve an improved delocalization of the
HOMs over a broader thermal load range than the standard
LPF, which should enable more robust effective single-mode
operation.
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Temporal solitons propagating in the vicinity of a zero-dispersion wavelength in an optical fiber emit phase-
matched resonant radiations (RRs) as a result of perturbations due to higher-order dispersion effects. These
RRs propagate linearly and they usually rapidly spread out in time, thus having a very low peak power.
Here, we show that the use of an engineered dispersion-varying optical fiber allows us to induce a com-
pletely new dynamics, in which a new physical mechanism—cascade of RRs—is discovered. It is explained
by the fact that the RR is temporally recompressed thanks to the change of dispersion sign induced by the
varying geometry along the fiber. In addition, we report the experimental evidence of physical processes
that had remained unobserved experimentally so far, such as the emission of multiple RRs from a single
soliton and the generation of a 500 nm continuum exclusively composed of polychromatic RRs. © 2014

Optical Society of America

OCIS codes: (190.4370) Nonlinear optics, fibers; (190.5530) Pulse propagation and temporal solitons; (320.7140) Ultrafast processes in

fibers.
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1. INTRODUCTION

Temporal solitons are fascinating localized structures in which
dispersion is counterbalanced by nonlinearity [1]. In optical
fibers, higher-order dispersion and/or nonlinear effects desta-
bilize higher-order solitons, which leads to their fission into
fundamental ones [2], which are much more robust and are
only perturbed by these effects. An illustration of such a per-
turbation occurs when the soliton spectrum overlaps with the
zero dispersion wavelength (ZDW) of the optical fiber [3]. In
this situation, the soliton emits a resonant radiation (RR) (also
termed dispersive wave or Cherenkov radiation) across the
ZDW, mainly due to third-order dispersion [4]. The RR is
generated at a higher (respectively, lower) frequency than
the soliton if the third-order dispersion term is positive (respec-
tively, negative). This results in the spectral recoil of the soliton
toward lower (respectively, higher) frequencies as a conse-
quence of the momentum conservation of the process. The
generation of RRs is usually explained in terms of phase match-
ing between the soliton and the RR [4]: βRR�ω� � βS�ω�,

with βRR the propagation constant of the RR and βS the
one of the soliton at the frequency of the RR. After a Taylor
expansion of the propagation constants up to the third order,
this phase-matching relation becomes

β2
2
Ω2 � β3

6
Ω3 � γP

2
; (1)

where β2 and β3 are the second- and third-order dispersion
terms, Ω � ωS − ωRR is the frequency separation between
the soliton at ωS and the RR at ωRR , P is the soliton peak
power, and γ is the fiber nonlinear coefficient.

The emission of RRs from solitons has been largely inves-
tigated in uniform optical fibers, particularly in the context of
supercontinuum generation [5]. The generation of RRs may
also occur for a Raman shifting soliton when it reaches a sec-
ond ZDW at long wavelengths [6]. In this case, the soliton
self-frequency shift (SSFS) is cancelled, because it is perfectly
balanced by the spectral recoil due to the emission of a RR,
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which is redshifted due to negative third-order dispersion [7].
Solitons and RRs may also interact and generate additional
spectral components through nonlinear wave-mixing processes
dictated by a wavenumber matching condition, interpreted in
terms of four-wave mixing (FWM) [8,9]. Such interactions
have been observed experimentally with ultrashort pulses
[10,11] and within the context of cw supercontinuum gener-
ation [12]. Recently the concept of RR has been extended to
account for a new resonance with a negative frequency part of
the spectrum, which turns out to be extremely blueshifted
[13]. Moreover, it has been shown that the emission of RR
is not a prerogative of solitons, but it can be shed by other
sources such as shock waves [14,15].

In axially varying fibers, the generation of RRs may lead to
even much more complex scenarios due to the design flexibility
offered by these waveguides. The spectral recoil accompanying
the emission of a RR may, for instance, lead to a soliton blue-
shift [16–18] as a result of the nonuniform fiber dispersion
[17]. Recently, it has been shown with numerical simulations
that a single Raman shifting soliton can generate a polychro-
matic RR in a suitably engineered tapered fiber such that the
ZDW remains close enough to the soliton spectrum through-
out propagation [19]. Following the same idea, it has been
shown numerically that multiple RRs can be generated from
a single fundamental soliton in an axially segmented fiber by
sequentially hitting the ZDW, which progressively shifts
toward long wavelengths in order to follow the SSFS [20].

In this paper, we propose a detailed experimental and
numerical study of the dynamics of RR generation in a
dispersion-varying photonic crystal fiber (PCF) suitably tail-
ored so that a Raman shifting soliton hits the long-wavelength
second ZDW several times. This leads to a very rich and
unprecedented dynamics in which (i) multiple RRs are emitted
from a single fundamental soliton (each time the soliton hits
the ZDW), (ii) each generated RR, which remains temporally
localized as a result of varying dispersion, cascades its own new
RR, and (iii) a continuum exclusively composed of RRs span-
ning over 500 nm is generated.

2. GENERATION OF CASCADED RESONANT
RADIATIONS

We are interested here in a situation similar to the one de-
scribed in [6], namely a soliton experiencing a Raman-induced
SSFS until it reaches the second ZDW, where it stops and
generates a RR across the ZDW. However, the important
difference that is the key of our study is that the second
ZDW evolves longitudinally so that the soliton or the RR hits
it several times during propagation, which completely modifies
the soliton/RR dynamics.

A. Fiber Properties

Figure 1(a) (left axis) shows the evolution of the fiber diameter
recorded during the drawing process. The initial uniform sec-
tion is 7 m long and is such that the dispersion is anomalous
over the 1000–1450 nm spectral range, a second ZDW being
located at 1450 nm, as can be seen from Fig. 1(a) (solid line,
right axis). This is achieved for a hole-to-hole spacing Λ of

1.17 μm and a relative hole diameter d∕Λ of 0.64, with
two bigger holes (d∕Λ of 0.87) located apart from the core.
This ensures a polarization-maintaining behavior with an ex-
tinction ratio of about 20 dB over the spectral range of interest.
The varying section has a cosine shape (starting from 7 m) and
is obtained by varying the outer diameter during the fiber draw
[Fig. 1(a), left axis]. This results in varying the hole-to-hole
spacing while the relative hole diameter d∕Λ is kept constant.
The amplitude of the oscillating section has been designed
such that the ZDW decreases from 1450 nm (for the largest
diameter) to 1140 nm (for the smallest one), as shown in
Fig. 1(a) (solid line, right axis). The period of the oscillation
has been fixed to 5 m, but it is worth noting that the periodic
nature of the modulation does not play any role here (only the
fact that the second ZDW alternatively increases and decreases
is important). Full dispersion curves (simulated with a finite
element mode solver) corresponding to the maximum and
minimum diameters are plotted in Fig. 1(b) in blue and
red lines, respectively.

B. Experimental Setup

Figure 2 shows the experimental setup used for all experi-
ments. The femtosecond oscillator delivers pulses centered
at 1027.5 nm at a repetition rate of 54 MHz. After passing
through an optical isolator, half-wave plates, and a polarizer,
they are launched into a 90/10 polarization-maintaining cou-
pler. At the coupler output (i.e., at the PCF input), the pulses
have been fully characterized using a frequency-resolved optical
gating system. They have a Gaussian shape with a full width at
half-maximum (FWHM) duration of 340 fs, and the chirp
parameter (defined as in [21]) is �1.5. The first half-wave
plate HWF1 is used to adjust the input power, and the second
one, HWP2, allows us to align the polarization state to a neu-
tral axis of the coupler. The PCF is spliced to the 90% output
port of the coupler, with aligned neutral axes. The power was
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Fig. 1. (a) Left axis: evolution of the outer diameter of the dispersion-
varying PCF versus length measured during the draw process (markers).
Right axis: simulated evolution of the second ZDW versus fiber length
(solid line). (b) Simulated dispersion curves for the maximum (blue line)
and minimum (red line) fiber diameters.

Fig. 2. Experimental setup. fs, femtosecond; ISO, optical isolator; L,
lens; HWP, half-wave plates; P, polarizer; OSA, optical spectrum
analyzer.
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measured on the other output port, which allows a very
accurate and very reproducible control of the power launched
in the PCF during cutback experiments presented hereafter.

C. Spectral Domain Analysis

In a first round of experiments, we investigated the dynamics
of the spectrum with fiber length. This was done with a cut-
back procedure, in which the output spectrum is recorded after
cutting back the PCF every 50 cm. Figure 3(c) shows the result
of this experiment performed in the 20 m long PCF described
in Fig. 1 for a pump power of 75 W effectively launched into
the PCF (by taking into account the coupling rate of the cou-
pler and splice loss). In this section, we first focus on the 12 m
long initial segment of the PCF [from 0 to the horizontal white
dashed line in Fig. 3(c)]. It is thus made of a 7 m long uniform
section followed by a 5 m long section in which the diameter
decreases and then increases again [see Fig. 1(a)]. The processes
occurring in the remainder of the fiber will be analyzed in the
next section.

Figure 3(b) shows the output spectrum for a fiber length of
12 m. A soliton is ejected from the pump pulse and experiences
Raman-induced SSFS. From 7 m, the SSFS increases because

dispersion decreases [22], until it hits the decreasing ZDW
(represented by the white line) at around 9 m. This results
in the cancellation of the SSFS at 1120 nm and in the gen-
eration of a RR (labeled RR1 in Fig. 3) around 1230 nm,
as expected from [6]. This RR, initially located in normal
dispersion, crosses the increasing ZDW (at 10.4 m). Simulta-
neously, an a priori unexpected spectral feature appears at even
longer wavelengths around 1340 nm. Such features may origi-
nate from the nonlinear interaction of Raman-shifted solitons
with RRs [8–10,12] or with the residual pump radiation [23].
In the present case, however, this additional feature appears
1 m after the RR generation, which suggests that another
mechanism is involved in the generation process of the
1340 nm spectral feature.

In order to understand the physical origin of this feature, we
performed numerical simulations of the generalized nonlinear
Schrödinger equation (GNLSE) [21], taking into account the
full dispersion curve as well as Kerr and Raman nonlinearities.
The pump pulse used in the simulations is the same as in ex-
periments (340 fs Gaussian pulse, �1.5 chirp parameter,
75 W peak power). The fiber parameters are the same as de-
scribed above. Numerical simulations were thus performed
without any adjustable parameter. The dynamics of the process
obtained from numerical simulations displayed in Fig. 3(f)
shows excellent agreement with experiments. In particular,
the black dot located at 9 m in Fig. 3(c) represents the solution
of the phase-matching relation [Eq. (1)] for a soliton located at
1120 nm, in good agreement with simulations. Also, the ap-
pearance of the 1340 nm spectral feature is well reproduced,
which allows us to study its physical origin more in detail with
the help of numerical simulations in the time domain and
numerical spectrograms.

D. Time Domain Analysis

In order to get further insight into this process, we numerically
investigated the behavior of RR1 in the time domain. Figure 4
shows the simulated time domain evolution along the fiber
corresponding to the spectral one shown in Fig. 3(f). As above,
we focus our analysis here on the first 12 m of the fiber
(the remaining section will be commented on hereafter).
Figure 4(a) shows that, quite surprisingly, RR1 remains
localized in the time domain, contrary to the usual RR1 ob-
served in uniform fibers [6]. This is confirmed by the evolution
of its peak power with fiber length, plotted in Fig. 4(b), and by
the temporal profiles of RR1 shown in the right column of
Fig. 4 for various fiber lengths. When RR1 enters the anoma-
lous dispersion region at 10.4 m, its peak power is about 10W.
It then experiences a temporal compression, so that its peak
power increases from 6 W at 11 m [Fig. 4(ϵ)] to 36 W
at 12.1 m [Fig. 4(δ)], as a result of the change in the disper-
sion sign.

Having described spectral and temporal dynamics sepa-
rately, we will now study their connections with the help of
numerical spectrograms.

E. Spectro-Temporal Analysis

Figures 5(b) and 5(c) show the spectrograms corresponding to
the simulation of Fig. 3(f), for fiber lengths of 10.4 and

Fig. 3. (a), (d) Output spectrum after 20 m for a pump peak power of
75 W in (a) experiments and (d) simulations; (b), (e) output spectrum
after 12 m for a pump peak power of 75 W in (b) experiments and
(e) simulations. Red and blue dashed lines represent, respectively, the
minimum and maximum ZDW. (c), (f) Dynamics of the spectrum for-
mation versus fiber length in (c) experiments and (f) simulations. The
white solid line represents the second ZDW, and the horizontal dashed
line corresponds to a fiber length of 12 m. Black and red dots represent
phase-matched wavelengths of RR obtained with Eq. (1) from the soliton
when it reaches the second ZDW and from the first generated RR when
it crosses the ZDW, respectively.
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10.6 m, respectively, just around the point where the RR hits
the ZDW. At 10.4 m [Fig. 5(a)], the RR, which has previously
been generated, is located in the normal dispersion region, and
additional spectral components appear on both sides of the
soliton/RR pair. As we shall see hereafter, they originate from
FWM between the soliton and the RR, as previously demon-
strated in [8,9]. At 10.6 m [Fig. 5(c)], the RR (labeled RR1
above) crosses the increasing ZDW (depicted by the white
horizontal dashed line). This results in the generation of an
additional radiation (around 1340 nm) across the ZDW,
which can be seen as a new RR generation from the previous
RR1 located at 1230 nm. Indeed, the red dot located at 10.4 m
in Fig. 3(f) represents the solution of the phase-matching
relation [Eq. (1)] using RR1 as the solitonic pulse. Indeed,
we demonstrate in the next section that RR1 actually contains
a solitonic component. This whole process, which we call cas-
caded RR generation, is possible thanks to the high peak power

of RR1 [Fig. 4(b)] when it crosses the ZDW, which is due to
the dispersion-varying characteristics of the fiber. The spectral
feature observed at 1340 nm thus originates both from FWM
between the soliton and the RR and from the RR cascade
because of the varying ZDW.

In order to confirm this, we performed numerical simula-
tions in a fiber that has been designed so that the first generated
RR does not cross the increasing ZDW [Fig. 5(d)]. The ZDW
has the same evolution as in Fig. 1(a) over the first 10.4 m, and
it is then constant for the remainder of the fiber in order to
cancel out the change of the dispersion sign experienced by the
RR. In this case, the RR always remains in the normal
dispersion region. Corresponding spectrograms are displayed
in Figs. 5(e) and 5(f) for fiber lengths of 10.4 and 10.6 m,
respectively. The first one is identical to the top row for a fiber
length of 10.4 m, i.e., the first RR is generated and a FWM
process between the soliton and the RR appears. For a length
of 10.6 m [Fig. 5(f)], the RR does not cross the ZDW and the
cascaded RR is not observed. Figure 5(g) shows a comparison
between the output spectra corresponding to these two cases
[for the fiber profiles of Figs. 5(a) and 5(d)]. The spectra look
very similar except around the 1340 nm radiation, which is
much stronger in the fiber in Fig. 5(a) (real fiber). This is
due to the fact that this peak [depicted by white-dashed circles
in Figs. 5(c) and 5(f)] is to the result of two different mech-
anisms (FWM and cascaded RR), while only the FWM process
takes place in the fiber in Fig. 5(d). In order to quantify the
content of both processes to this spectral feature, it was nu-
merically filtered and its energy was deduced by integrating
the spectra in Fig. 5(g). It is found that the 1340 nm peak
of the red curve in Fig. 5(g) (corresponding to the FWM
process alone) represents only 0.6% of that of the black curve
(corresponding to cascaded RR and FWM). This demonstrates
that the cascaded RR process is largely predominant over the
FWM in our experiments.

These numerical results, supported by experiments, there-
fore provide evidence for a new process in which a soliton
emits a RR that remains temporally localized due to the change

Fig. 4. (a) Simulated time domain evolution (in linear scale) versus
fiber length corresponding to Fig. 3(f); (b) evolution of the peak power
of RR1 with fiber length. Horizontal dotted lines depict
locations where the RR1 experiences a change in dispersion sign
(N, normal dispersion; A, anomalous dispersion). (α)–(ϵ) Simulated
temporal profiles of RR1 at fiber lengths of 18, 16, 14.3, 12.1, and
11 m, respectively.

Fig. 5. Numerical spectrograms for fiber lengths of 10.4 and 10.6 m for the profiles displayed in (a) [(b) and (c)] (Media 1) and (d) [(e) and (f)].
Horizontal white-dashed lines depict the second ZDW. (g) Comparison between spectra obtained at 10.6 m in the profile of plots (a) (black line) and
(d) (red line).

Research Article Vol. 1, No. 4 / October 2014 / Optica 246

http://www.opticsinfobase.org/optica/viewmedia.cfm?URI=optica-1-4-243&seq=1


in the dispersion sign induced by the varying geometry along
the fiber. Thanks to this property, the RR has a high enough
peak power to generate its own cascaded RR when it crosses
the ZDW.

3. EMISSION OF MULTIPLE RESONANT
RADIATIONS

In this section, we investigate the soliton/RR dynamics in a
much more complex scenario when the Raman-shifted soliton
hits the ZDW a second time, i.e., for a longer propagation
distance. Therefore, we consider and analyze here the results
of Figs. 3(c) and 3(f) over the remaining part of the fiber
length, i.e., until 20 m.

A. Spectral Analysis

Following the generation of the cascaded RR (labeled CRR1)
around 1340 nm, and according to the process described in
Section 2.C, the soliton duration strongly increases because
of the varying dispersion map, which is why it becomes spec-
trally compressed. It does not experience any significant SSFS
at this point, because the peak power is too low. When the
ZDW decreases again from 12 m, the soliton temporally com-
presses, so that its spectrum broadens and hits the second
ZDW again around its minimum value at 14.5 m. This leads
to the generation of a new RR (labeled RR2) located at a
slightly different wavelength than RR1, because the soliton
wavelength is slightly different at the point where it hits the
ZDW. The black dot located at 14.5 m represents the solution
of the phase-matching relation [Eq. (1)] for the corresponding
soliton wavelength. It is in very good agreement with the sim-
ulations, which confirms its origin. At 15 m, RR2 crosses the
increasing ZDW which results in the generation of its own
cascaded RR [labeled CRR2 in Fig. 3(c)], following the same
mechanism as described above. The red dot located around
15 m in Fig. 3(f) shows the solution of Eq. (1) with RR2
as a solitonic pulse, in good agreement with the simulation
result. Finally, after 20 m of propagation, the single fundamen-
tal soliton has directly generated two RRs, both of which have
generated their own cascaded RR as observed in the output
spectra of Figs. 3(a) and 3(d) (in the experiments and
simulations, respectively).

B. Time Domain Analysis

The corresponding time domain map in Fig. 4(a) confirms
that both RR1 and RR2 remain localized temporally, contrary
to standard RRs generated in uniform fibers, which rapidly
spread out in time. In particular, Fig. 4(b) shows that the peak
power of RR1 increases when it is located in the anomalous
dispersion region. In these regions and near the local maxima,
RR1 is temporally compressed and its temporal profile resem-
bles that of a soliton [Figs. 4(δ) and 4(β)]. However, in normal
dispersion regions, RR1 tends to spread out in time and its
shape is much more structured [Figs. 4(γ) and 4(α)], but it
still has a peak power in the order of 10 W, which is enough
to initiate the cascaded RR process. Cascaded RRs are not seen
on Fig. 4(a) due to their reduced peak power as compared
to RRs.

It can be demonstrated that during the propagation in the
anomalous dispersion regime, RR1 and RR2 contain solitons,
showing unequivocally the nonlinear nature of these waves. To
prove this fact, we solve numerically the direct Zakharov–
Shabat (ZS) scattering problem [24] by means of the Fourier
collocation method [25] for some profiles of RR1 at different
fiber lengths. In doing this we neglect for the moment the
Raman and higher-order dispersive effects and we take a
constant value of the second-order dispersion, evaluated at
the corresponding fiber length. In this way, the GNLSE re-
duces to the integrable case, to which the inverse scattering
transform applies. The discrete spectrum of the ZS operator
is associated with solitons, whereas the continuous spectrum
gives linearly dispersing waves (radiation). The total energy
of a given pulse is proportional to the sum of two contribu-
tions: an integral over the continuous spectrum (radiation) and
the sum of the imaginary parts of the discrete eigenvalues (sol-
itons) of the ZS scattering problem [26]. We find that the field
envelope of RR1 at z � 12.1 m [Fig. 4(δ)] contains one sol-
iton that carries around 40% of the pulse energy, while at z �
16 m [Fig. 4(β)] the pulse still contains one soliton that carries
around 60% of the total energy. Similar results are found for
RR2. The solitonic part contained in the RR is ultimately the
source of the observed cascaded RR.

C. Spectro-Temporal Analysis

Media 1 shows the evolution of the simulated spectrogram
centered on RR1 with fiber length. The horizontal dashed line
represents the second ZDW. This confirms that RR1 remains
temporally localized and shows how its overall chirp changes
sign over successive dispersion regions. It also confirms the
solitonic nature of RR1 discussed above at various locations
along the fiber (around 12 and 16 m).

4. DYNAMICS OF POLYCHROMATIC RESONANT
RADIATIONS EMISSION

Increasing the pump power results in a higher peak power of
the first ejected soliton, and thus to a more efficient SSFS. As a
consequence, the soliton hits the ZDW before its minimum
value, i.e., when it is still decreasing. This situation is illus-
trated in Fig. 6 for a pump peak power of 110 W, where
Figs. 6(a) and 6(b) correspond to the experiments while
Figs. 6(c) and 6(d) correspond to simulations. The soliton
spectrum starts to overlap with the ZDW at about 9 m,
i.e., at a point where it is still decreasing, and emits a RR. Then
the soliton experiences a significant blueshift [16–18] as a
result of the spectral recoil accompanying the RR emission
combined with axially varying dispersion [17]. Figure 7 shows
a close-up on the RR emission observed around 9 m in
Fig. 6(d). The fiber ZDW (depicted by the white line) follows
the blueshifting soliton in such a way that its spectrum keeps
overlapping with the normal dispersion region throughout
propagation until about 10 m. This results in a continuous
emission of RRs (or polychromatic RR) following the
phase-matching relation [Fig. 1] (depicted by the black line),
similar to the numerical results reported in [19]. In the
simulation of Fig. 7, the soliton goes from 1145 nm at

Research Article Vol. 1, No. 4 / October 2014 / Optica 247

http://www.opticsinfobase.org/optica/viewmedia.cfm?URI=optica-1-4-243&seq=1


8.8 m to 1115 nm at 9.4 m, which corresponds to the RRs
located between 1325 and 1195 nm according to the phase-
matching relation (black line), in excellent agreement with the
simulated emission of RRs. This explains why the RR spec-
trum is polychromatic and finally spans more than 150 nm.
After the emission of the polychromatic RR during its blue-
shift, the soliton does not have enough peak power left to
experience SSFS again and hit the ZDW again. In our configu-
ration, the emission of polychromatic RR is due to the fact that
the soliton blueshift follows the decreasing ZDW, while in
[19] it is the SSFS that allows it to follow the increasing ZDW.

The results of this section show how rich the dynamics of
RR generation from a soliton in dispersion-varying optical
fibers can be. They also provide the first experimental
observation of the polychromatic RRs predicted in [19].

5. GENERATION OF A RESONANT RADIATION
CONTINUUM

In a last set of experiments, we studied the dynamics of RR
generation in the case in which two solitons hit the fiber
ZDW at different points. This is achieved by increasing the
pump peak power to 380 W. Figure 8(b) shows the spectrum
evolution with the fiber length measured by successive cut-
backs, while Fig. 8(d) corresponds to the numerical simula-
tions. Experimentally, two main solitons are ejected from
the breakup of the pump pulse. The first one, labeled S1,
has the highest peak power and shortest duration and therefore
experiences the most important SSFS. It reaches the second
ZDW in the uniform section of the fiber (after 4 m), so that
it emits a RR (centered around 1550 nm) similar to the case of
Ref. [6]. As a consequence, the SSFS is cancelled and the sol-
iton S1 keeps propagating until it hits the ZDW again, when it
starts to decrease from 7 m. This results in the generation of
another RR centered at 1440 nm. The second soliton, labeled
S2, has a less important SSFS rate than S1 due to its lower peak
power and longer duration. It reaches the second ZDW at 8 m,
at a point where the ZDW is decreasing. The soliton then
disappears and transfers all its energy to a polychromatic
RR. Finally, the output spectrum [displayed in Fig. 8(a)] is
mainly composed of various RRs generated along the fiber,
which make a RR continuum between 1150 and 1650 nm.
The simulations in Fig. 8(d) are in good agreement except
for the fact that the soliton S2 hits the second ZDW closer
to its minimum value, possibly due to the presence of a non-
linear chirp on the pump pulse induced by the input coupler at
this high pump power. As a consequence, the RR emitted by

Fig. 6. (a), (c) Output spectrum after 20 m for a pump peak power of
110 W in (a) experiments and (c) simulations; (b), (d) dynamics of the
spectrum formation versus fiber length in (b) experiments and (d) sim-
ulations. The white line represents the second ZDW. Red and blue
dashed lines in (a) and (c) represent, respectively, the minimum and
maximum ZDW.

Fig. 7. Close-up on the RR emission observed around 9 m in
Fig. 6(d). The white line represents the second ZDW. The black line
represents the phase-matching relation given by Eq. (1).

Fig. 8. (a) Experimental output spectrum after 20 m for a pump peak
power of 380 W, (b) measured dynamics of the spectrum formation
versus fiber length, (c) simulated output spectrum, and (d) simulated
dynamics of the spectrum formation. The white line represents the
second ZDW. Red and blue dashed lines in (a) and (c) represent,
respectively, the minimum and maximum ZDW.
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soliton S2 is less broad than in the experiments, which results
in a more structured RR continuum [Fig. 8(c)].

6. SUMMARY

We have investigated experimentally and numerically the gen-
eration of RRs from a soliton in the vicinity of the second
ZDW of dispersion-varying optical fibers. Several major and
unprecedented features have been identified. First, we have ob-
served and explained for the first time (to the best of our
knowledge) a process in which a RR radiated from a soliton
emits a new cascaded RR when crossing the evolving ZDW
of the fiber. Second, we have provided first experimental
results showing the emission of multiple RRs from a unique
soliton in a dispersion-varying optical fiber, following the
numerical work in [20]. Third, we have experimentally ob-
served for the first time the generation of a polychromatic
RR, as was previously numerically investigated in [19], leading
to a RR continuum spanning over 500 nm.

The dynamics of RRs that we have highlighted here, and
the fact that they do not spread out in time and remain
temporally localized, might offer new perspectives for the
development of fiber-based sources delivering two or even
more ultrashort pulses with different wavelengths, which could
be useful in stimulated Raman scattering microscopy, for
instance.

More generally, our results show how the new degree of
freedom brought by dispersion-varying optical fibers offers rich
and complex dynamics of nonlinear effects and opens the door
to a new way of thinking about nonlinear fiber optics.
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The reflection of an optical wave from metal, arising from strong interactions between the optical electric
field and the free carriers of the metal, is accompanied by a phase reversal of the reflected electric field. A far
less common route to achieving high reflectivity exploits strong interactions between the material and the
optical magnetic field to produce a “magnetic mirror” that does not reverse the phase of the reflected elec-
tric field. At optical frequencies, the magnetic properties required for strong interaction can be achieved
only by using artificially tailored materials. Here, we experimentally demonstrate, for the first time to the
best of our knowledge, the magnetic mirror behavior of a low-loss all-dielectric metasurface at infrared
optical frequencies through direct measurements of the phase and amplitude of the reflected optical wave.
The enhanced absorption and emission of transverse-electric dipoles placed close to magnetic mirrors can
lead to exciting new advances in sensors, photodetectors, and light sources. © 2014 Optical Society of America

OCIS codes: (160.3918) Metamaterials; (300.6340) Spectroscopy, infrared; (300.6500) Spectroscopy, time-resolved; (320.7150) Ultrafast

spectroscopy; (290.4020) Mie theory.

http://dx.doi.org/10.1364/OPTICA.1.000250

1. INTRODUCTION

Magnetic mirrors or high impedance surfaces were first pro-
posed at microwave frequencies [1]. An important advantage
of these mirrors is that a transverse-electric dipole placed close
to the mirror surface is located at an antinode of the total
(incident plus reflected) electric field and, hence, can absorb
and emit efficiently [2]. In contrast, a dipole placed close to a
metal surface experiences a node of the total electric field and
can neither absorb nor emit efficiently. At microwave frequen-
cies, these exceptional properties of magnetic mirrors have been
utilized for smaller, more efficient antennas and circuits [3–6].

At optical frequencies, magnetic behavior can be achieved
only through the use of artificially tailored materials and, as a
result, relatively little work on optical frequency magnetic
mirrors has been reported thus far. Recent investigations of

magnetic mirror behavior at optical frequencies have utilized
metallic building blocks such as fish-scale structures [7] and
gold-capped carbon nanotubes [8]. However, the metals uti-
lized in these approaches suffer from high intrinsic ohmic
losses at optical frequencies. All-dielectric metamaterials, based
upon subwavelength resonators, with much lower optical
losses and isotropic optical response, have been used to dem-
onstrate fascinating properties in a number of recent investi-
gations [9–23]. In another recent work, magnetic mirror
behavior was theoretically predicted for silicon dielectric reso-
nators in the near infrared [24]. Although the reflection am-
plitude spectrum was measured in this work, no experimental
phase measurements were achieved. In principle, this work is
the same as our previous work [10] that showed only high re-
flectivity at the magnetic dipole resonance, which is a necessary

2334-2536/14/040250-07$15/0$15.00 © 2014 Optical Society of America
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but not sufficient condition for magnetic mirror behavior.
Moreover, the use of silicon as a resonator material does
not result in a sufficiently small array spacing for effective
medium behavior, particularly at oblique angles, as discussed
in [10]. The benefit of using higher refractive index materials
[tellurium (Te) in our work] is clear by comparing the reflec-
tivity amplitude spectra of the silicon structure of [24] and the
Te structure in this work: the Te resonators exhibit a much
better spectral separation of the electric and magnetic dipole
resonances. Recently, theoretical work [25,26] has also pre-
dicted nearly total omnidirectional reflection based upon
the interplay among different resonant modes of high refractive
index resonators. This is in strong contrast to the magnetic
mirror behavior obtained in the effective medium limit, which
does not depend on the coupling between different resonant
modes. Therefore, we present here the first experimental dem-
onstration of an optical magnetic mirror (OMM) using an all-
dielectric metamaterial. Furthermore, none of these previous
OMM demonstrations, including works that utilized metallic
structures, were able to provide detailed temporal information
about the optical fields, such as the resonant build-up of the
response after transient excitation. In the present work, we
overcome these limitations by using an OMM based on a sub-
wavelength two-dimensional array of dielectric resonators fab-
ricated from a low-loss high-permittivity dielectric material:
Te. Furthermore, we utilize a phase-sensitive time-resolved op-
tical technique to provide direct experimental proof of the
magnetic mirror behavior. We also show that the electric-field
standing-wave pattern for plane-wave illumination exhibits an
antinode at the surface of the OMM, indicating that efficient
coupling to transverse-electric dipoles placed close to the
mirror surface should be possible.

2. RESULTS

A. Optical Magnetic Mirror Samples

Figure 1(a) shows a schematic of our magnetic mirror, which
comprises a two-dimensional array of subwavelength Te cube
resonators. The lowest frequency resonance of a high-
permittivity cubic resonator exhibits a circular displacement

current pattern, which yields magnetic dipole behavior
[10,27], while the next higher resonance leads to a linear dis-
placement current and, hence, electric dipole behavior. The
large permittivity of Te [10,27,28] ensures that the dimensions
of the resonator and array spacing are sufficiently subwave-
length. Two-dimensional arrays of Te resonators were fabri-
cated by depositing Te on a BaF2 substrate, followed by
e-beam lithography patterning and reactive ion etching. The
resulting cube-like resonators exhibited a height of 1.7 μm
and a base of ∼1.5 μm × 1.5 μm (a slight overetching led to
the deviation from perfect cube geometry). BaF2 was selected
as a substrate material due to its low reflective index (∼1.4) and
low loss throughout the IR spectral region. The large refractive
index contrast between Te and BaF2 allows for a high degree of
confinement within the Te resonator and small leakage into
the substrate [15]. The unit-cell spacing of the array was
3.4 μm for a ∼45% duty cycle [10]. Figure 1(b) shows a scan-
ning electron microscope (SEM) image of the fabricated
OMM sample. Figure 1(c) shows the measured reflection spec-
trum of the sample (dotted black curve), which exhibits two
reflection maxima that are close to the magnetic and electric
dipole resonances [the electric-field patterns are shown as insets
in Fig. 1(c)]. The wavelengths of the magnetic (8.95 μm) and
electric (7.08 μm) dipole resonances do not precisely corre-
spond to the transmission minima [29], but rather are deter-
mined by the loss maxima (i.e., absorption maxima) (see
Section S1 of Supplement 1). This selection is also supported
by numerical simulations, which show that the strongest dipole
field intensities occur close to the wavelengths of maximum
absorption (see Section S1 of Supplement 1).

B. Time-Domain Spectroscopy System

To directly measure both the amplitude and phase of the elec-
tric field of an optical wave reflected from the OMM, we
utilize phase-locked time-domain spectroscopy (TDS) [30].
TDS has proven to be a powerful technique at terahertz
frequencies [31–34] and has been recently extended to higher
mid-infrared (mid-IR) frequencies [35,36]—a highly interest-
ing frequency region covering vibrational and electronic reso-
nances of molecular systems and solids [37,38]. Figure 2 shows

Fig. 1. Principle of all-dielectric OMMs. (a) The cubic dielectric resonators on the left side do not induce a phase shift of the reflected electric field at
the magnetic resonance, but rather act as a dielectric magnetic mirror in the optical frequency range. In contrast, the gold surface on the right side (which
serves as a reference surface) exhibits a 180 deg phase shift of the electric field upon reflection. (b) SEM image of the Te cube dielectric metasurface of our
OMM. The scale bar corresponds to 5 μm. (c) The reflection spectrum (black-dotted curve) of the metamaterial sample in (b) shows two reflection
maxima corresponding to the lowest (magnetic dipole) and the second lowest (electric dipole) resonances. The solid blue curve shows the spectrum of the
femtosecond mid-IR pulses obtained by performing a Fourier transform of the measured electric field transients as discussed in Section 2.B.
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a simplified schematic of our stable-carrier-envelope-phase
(CEP)-locked mid-IR TDS system. Briefly, an ultrafast fiber
laser system was used to generate ∼250 fs mid-IR pulses,
tunable between 8.1 and 11 μm. The p-polarized pulses were
focused onto either the OMM sample or a gold reference sur-
face (which was deposited on top of the Te in an unpatterned
region of the sample) at an incidence angle of 30 deg with
∼10 deg of angular divergence in the focused beam. Thus, the
incident radiation covered a range of angles from 25–35 deg.
Care was taken to ensure that switching between the gold and
OMM surfaces did not cause any spurious delay change (see
Section S2 of Supplement 1). A synchronized 15 fs gate pulse
output from the same fiber laser was used to measure the re-
flected infrared electric-field transients through phase-matched
electro-optic sampling in a GaSe crystal [30,39]. The blue
curve in Fig. 1(c) shows the spectrum of the femtosecond mid-
IR pulses centered at ∼8.9 μm obtained by performing a
Fourier transform of the electric field transients acquired using
the mid-IR TDS technique. More details of our TDS system
can be found in Section S3 of Supplement 1, and in [17,40].

C. Phase of the Optical Electric Field Reflected from
the Optical Magnetic Mirror

Figure 3(a) shows the measured electric field of the reflected
pulses from the OMM (red line) and gold surface (blue line)
when the central frequency of the incident pulse coincides with
the magnetic dipole resonance of the Te resonators at 8.95 μm.
For comparison, Fig. 3(b) is the simulated reflected electric
field obtained using a commercial finite-difference time-
domain (FDTD) simulator (FDTD Solutions by Lumerical
Solutions Inc.), showing remarkable agreement between the

experimental and simulation data. For both experiment and
simulation, the phase of the reflection from the gold surface
was referenced to a plane very close to the center of the cubic
resonators, which is the plane that contains the radiating di-
poles (see Section S4 of Supplement 1). Several features are
noticeable in both the measured and simulated waveforms in
Figs. 3(a) and 3(b). First, the amplitude of the red curve is
slightly smaller than that of the blue curve, indicating that
the reflectivity of the OMM is slightly smaller than that of the
gold surface (which is close to a perfect mirror in the mid-IR).
Second, the reflected field envelope from the OMM has a
∼50 fs delay (approximately two optical periods) compared

Fig. 2. Schematic of the TDS setup. We used a phase-locked TDS in
the mid-IR to directly measure the phase shift of the reflected electric
field from the OMM. Mid-IR pulses of 250 fs duration, produced by
difference frequency mixing between ∼1.35 and ∼1.55 μm pulses, were
focused by a ZnSe lens onto the OMM or gold surface. Another ZnSe
lens was used to collect the reflected mid-IR beam. Gate pulses with a
wavelength of 1.05 μm and duration of 15 fs were combined with the
mid-IR pulses, using a dichroic mirror, and then focused into another
GaSe crystal for phase-matched electro-optic sampling. DM, dichroic
mirror; L, lens; M, mirror.

Fig. 3. Electric-field transients measured by TDS. (a) Experimental
measurement of the electric field reflected from the gold surface (blue
curve) and OMM (red curve) at the OMM magnetic resonance. The
gold surface serves as a reference. (b) FDTD simulation of the reflected
electric field from the gold surface (blue curve) and the OMM (red
curve). Both experiment and simulation show that the electric-field
fringes from the OMM are out-of-phase with those from the gold surface
(i.e., a normal mirror). This unambiguously demonstrates the magnetic
mirror behavior of the OMM. (c) Experimental and FDTD simulation
results of the optical phase of the reflected wave. To cover a broader spec-
tral range, two experimental data sets were obtained with the central fre-
quency tuned to 8.8 and 8.1 μm. The inset is the reflectivity of the
OMM derived from the Fourier transform of measured field transients.
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to that from the gold surface due to the resonant interaction of
the optical pulses with the metasurface resonators. Third, and
most importantly, the electric-field fringes from the OMM are
nearly phase-reversed with respect to the fringes from the gold
reference (which are phase-reversed with respect to the inci-
dent field). Thus, the electric-field waveforms of Fig. 3(a) dem-
onstrate that the field reflected from the OMM is in-phase
with the incident field, which, combined with the high
reflection amplitude, directly demonstrates magnetic mirror
behavior at wavelengths around 9 μm. Due to the limited
wavelength tuning range of the IR pulses, we further studied
the phase shift at the electric dipole resonance using FDTD
simulations only (see Section S5 of Supplement 1). These sim-
ulations show that the electric-field fringes from the OMM are
in-phase with those from the gold surface at the electric dipole
resonance, because the OMM acts as a normal mirror at this
electric resonance frequency.

For a quantitative analysis of the phase difference between
the electric fields reflected from gold and the OMM, we per-
formed a Fourier transform of the measured field transients
[Fig. 3(c)]. The time harmonic convention exp�−iωt� is
implicitly assumed throughout the manuscript. To cover a
broader spectral range, a second data set was obtained with
the center frequency of the incident mid-IR pulses tuned to
∼8.1 μm. The electric-field phase obtained from the FDTD
simulation results is also plotted in Fig. 3(c) (blue curve) for
comparison. Although the experimental data (red and blue
circles) does not reach the electric dipole resonance frequency,
it agrees very well with simulations over a wide wavelength
region between 7.6 and 9.3 μm. We observe a ∼180 deg
phase difference between the magnetic and electric dipole res-
onances, further confirming the magnetic mirror behavior near
9 μm. The inset shows the reflectivity of the OMM calculated
by the Fourier transform of the measured field transients. It
agrees well with the spectra measured by Fourier transform
infrared spectroscopy, exhibiting high reflectivity at the mag-
netic resonance around 8.9 μm. In addition, we measured
another OMM sample made with a different fabrication tech-
nique, resulting in a smaller spectral separation between the
electric and magnetic dipole resonances. For this sample,
our mid-IR pulses are spectrally broad enough to cover both
resonances at once (see Section S6 of Supplement 1). Once
again, we observe an approximately ∼180 deg phase differ-
ence between the two dipole resonances, which further
demonstrates the OMM behavior at the magnetic dipole res-
onance. The fact that the behavior does not sensitively depend
upon the separation of the electric dipole and magnetic dipole
demonstrates that the magnetic mirror behavior does not rely
on the coupling between these resonances. We would also like
to stress that, due to the symmetric shape of our Te resonators
[27], simulation results (not included here) show that the
phase behavior is also insensitive to the incoming polarization
up to an incidence angle of 45 deg.

To analyze the magnetic mirror behavior, we model each
cubic resonator as an electric dipole and a magnetic dipole
(whose polarizabilities are calculated via full-wave simulations)
located at the center of the cube. We compute the amplitude
and phase of the reflection coefficient of the two-dimensional

array, including cross coupling between the electric and mag-
netic dipoles (see Section S4 of Supplement 1) using two-
dimensional periodic dyadic Green’s functions [41–43] and
obtain very good agreement with full-wave simulations. Near
the magnetic resonance, the magnetic dipole behavior domi-
nates the optical response and magnetic mirror behavior is ob-
served. In contrast, near the electric resonance, the electric
dipole dominates and the array behaves like an electric mirror
with an electric field phase shift of 180 deg upon reflection.

D. Emission Enhancement in the Optical Magnetic
Mirror Near Field

When a transverse-electric dipole is placed in the near field
of a conventional electric mirror, its emission is largely can-
celed by that of its image dipole [2,44–47]. In contrast, the
image dipole produced by a magnetic mirror is in-phase with
the original dipole and emission is allowed. Similarly, a
transverse-electric dipole in very close proximity to an electric
mirror finds itself at the node of the total electric field under
plane-wave illumination and cannot efficiently absorb incom-
ing radiation, whereas an electric dipole placed near a magnetic
mirror is located at the antinode of the total electric field and
can absorb efficiently. As a result, OMM behavior has been
studied extensively at microwave frequencies for efficient, com-
pact microwave circuits and antennas [3–6]. To demonstrate
that these advantages can also be obtained at optical frequen-
cies, we utilized FDTD simulations to generate maps of the
total electric field at both the electric and magnetic resonance
wavelengths of the OMM and compared them to the total field
maps obtained for a conventional gold mirror. Figure 4(a)
shows the standing-wave patterns obtained at the electric res-
onance wavelength of the OMM for both the OMM and a
gold surface. As discussed previously, the gold surface is located
at a height equivalent to the center of the dielectric resonators.
At the electric resonance, the two standing-wave patterns show
similar behavior, with an electric-field node located at the sur-
face of both mirrors. The behavior is distinctly different at the
OMM magnetic resonance wavelength [Fig. 4(b)], where an
electric-field antinode is observed at the surface of the
OMM. As expected, the gold mirror still exhibits a surface
node at this wavelength. (Media 1 shows plane waves reflected
from a gold surface and an OMM which are in-phase and out-
of-phase at the electric and magnetic resonances, respectively.)
Closer inspection of Fig. 4(b) shows that the total electric field
exhibits some enhancement at the mirror surface, which is pre-
sumably due to the resonant nature of the OMM. Hence, at
this wavelength, dipole absorbers/emitters placed in the imme-
diate vicinity of the OMM surface are expected to interact
strongly with the total field and efficiently absorb/emit electro-
magnetic energy. Indeed, we observe a large enhancement of
dipole radiative emission when a transverse-electric dipole at
the magnetic resonance wavelength is placed close to the
OMM, as shown in Fig. 5. Using full wave simulation tools,
the radiative decay rate is calculated by measuring the outgoing
flux from a dipole source and normalizing it by the flux in free
space. We calculate the normalized radiative decay rate of a
transverse electric dipole oscillating at the magnetic resonance
frequency as a function of the dipole–surface separation for
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both a 5 × 5 resonator array approximating our OMM and a
gold surface. The behavior for these two cases is strikingly dif-
ferent: (i) the oscillatory dependence on distance is shifted by
about half a period, which is a further confirmation of the mag-
netic mirror behavior of the OMM; (ii) while the emission
from the dipole is quenched very close to the gold surface,
the dipole emission rate near the magnetic mirror is enhanced
even for very small distances. We also calculate the ratio of
radiative decay rate to total decay rate to be ∼53% when
the transverse dipole is very close (10 nm) to the top surface
of the Te resonators. The nonradiative loss is due to the non-
zero imaginary part of the Te permittivity. However, the emis-
sion from the transverse dipole in the near field of the OMM is
more complicated than what is expected from simple image
dipole arguments, possibly due to coupling to higher order
modes of the 5 × 5 array.

3. CONCLUSIONS

We experimentally demonstrated the OMM behavior of low-
loss all-dielectric metasurfaces through direct measurements of
the phase and amplitude of the reflected optical wave. We also
showed that all-dielectric magnetic mirrors are good candidates
for new types of infrared sensors, such as remotely interrogated
chemical sensors in which molecular species adsorbed onto
chemically selective layers on the mirror surface will interact
strongly with the interrogating radiation and impart spectral

Fig. 5. Normalized radiative decay rate of a transverse-electric dipole
oscillating at the magnetic resonance frequency as a function of the
dipole–surface separation for both a 5 × 5 array approximating our
OMM (red curve) and a gold surface (black curve). The distance of
the dipole from the OMM is calculated using the center of the cubic
resonator as distance “0,” which is in agreement with our theoretical cal-
culation (Section 4 of Supplement 1). First, the oscillatory dependence
on distance is shifted by about half a period. Second, while the emission
from the dipole is quenched very close to the gold surface, the dipole
emission near the magnetic mirror is enhanced even for very small dis-
tances. Inset: a schematic of an electric dipole placed on top of a typical
mirror and its reversed image dipole (left) and a schematic of an electric
dipole on top of a dielectric magnetic mirror and its unreversed image
dipole (right) at the magnetic dipole resonance.

Fig. 4. Standing-wave patterns of light reflected from a gold mirror and an OMM at (a) the OMM electric resonance and (b) the OMM magnetic
resonance. The OMM behaves like a conventional mirror at the electric resonance shown in (a) and behaves like a magnetic mirror at the magnetic
resonance shown in (b) Media 1. The black lines and rectangles represent the gold–air interfaces and the boundaries of the Te cubic resonators, re-
spectively. A node of the standing wave always occurs at the gold–air interface. In contrast, the top of the cubic resonator is at the node for the electric
resonance and at the antinode for the magnetic resonance. All patterns share the same color scale bar on the right. Also note that the aspect ratio used for
this figure causes the profile of the cubic resonator to appear as a rectangle.
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signatures on the reflected beam. In addition, these mirrors will
be useful for compact and efficient thermal radiation sources in
which thermal emitters are deposited directly on the mirror
surface and the emitted thermal energy is efficiently coupled
to the far field. Further, we envision that, through appropriate
metasurface design, it should be possible to produce an admix-
ture of magnetic mirror and electric mirror behaviors to
achieve a pre-desired angular response for the amplitude
and phase of reflected waves.
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Various forms of imaging schemes have emerged over the last decade that are based on correlating variations
in incident illuminating light fields to the outputs of single “bucket” detectors. However, to date, the role of
the orthogonality of the illumination fields has largely been overlooked, and, furthermore, the field has not
progressed beyond bright field imaging. By exploiting the concept of orthogonal illuminating fields, we
demonstrate the application of optical eigenmodes (OEis) to wide-field, scan-free spontaneous Raman
imaging, which is notoriously slow in wide-field mode. The OEi approach enables a form of indirect
imaging that exploits both phase and amplitude in image reconstruction. The use of orthogonality enables
us to nonredundantly illuminate the sample and, in particular, use a subset of illuminating modes to obtain
the majority of information from the sample, thus minimizing any photobleaching or damage of the sam-
ple. The crucial incorporation of phase, in addition to amplitude, in the imaging process significantly
reduces background noise and results in an improved signal-to-noise ratio for the image while reducing
the number of illuminations. As an example we can reconstruct images of a surface-enhanced Raman
spectroscopy sample with approximately an order of magnitude fewer acquisitions. This generic approach
may readily be applied to other imaging modalities such as fluorescence microscopy or nonlinear
vibrational microscopy. © 2014 Optical Society of America

OCIS codes: (110.0110) Imaging systems; (170.3010) Image reconstruction techniques; (100.5070) Phase retrieval; (230.6120) Spatial

light modulators; (180.5655) Raman microscopy.

http://dx.doi.org/10.1364/OPTICA.1.000257

1. INTRODUCTION

A generic challenge in all forms of imaging is to acquire infor-
mation in a rapid, damage-free manner. In the optical domain,
photo-damage can be an issue in numerous forms of biomedi-
cal methods, and furthermore the very manner of sample illu-
mination is typically nonoptimal. In this context, structured
illumination aims to engineer the excitation/illumination
beams to achieve faster acquisition [1], higher resolution [2,3],
or even three-dimensional imaging capabilities [4]. Structured

illumination in combination with “bucket” detection (single
detector acquisition) has gained popularity due to its inherent
simplicity. Separately, illumination based upon nonredundant
imaging relies on the use of structured light fields incident on a
sample to detect its features by using the smallest number of
illuminations, i.e., to achieve the fastest acquisition. This is
normally not the case when considering a scanned Gaussian
beam approach where the partial overlap between adjacent ex-
citation spots leads to no additional information (“redundant”

2334-2536/14/040257-07$15/0$15.00 © 2014 Optical Society of America
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measure) and to a decreased image resolution. Due to their
orthogonality, optical eigenmodes (OEis) offer a natural set
of fields that avoid any overlap in the probing the optical de-
grees of freedom of the sample [5,6]. Additionally, the exper-
imental in situ determination of the OEis has the advantage of
automatically taking into account all optical aberrations
present in the system. It is therefore advantageous to use these
OEis as structured illumination fields in the context of
imaging.

Previously, we have developed a coherent indirect imaging
technique [7] based on OEi fields. This paper demonstrates
the first experimental application, to the best of our knowl-
edge, of this approach to the case of imaging spontaneous
Raman scattering. In particular, Raman scattering is a vibra-
tional microscopy method offering a label-free imaging con-
trast mechanism capable of probing noninvasively the
chemical composition of biological and inert materials at mi-
croscopic scales [8–12]. It has promise for many applications,
yet has been hampered by long acquisition times, which in
turn has resulted in researchers resorting typically to more
complex nonlinear vibrational spectroscopy methods. Standard
laser-scanning-based Raman spectroscopic imaging [13,14]
allows the quantification of the chemical heterogeneity of a
sample in terms of the spatial distribution of its molecular con-
stituents. For these reasons, Raman imaging applications cover
a wide range of scientific disciplines, such as pharmacology,
biology, medicine, and material science [15–18]. Importantly,
Raman imaging is useful to measure the pharmacokinetic
properties of tablets as well as aid in authenticity evaluation,
manufacturing processes, biomedical imaging, and even
counterfeit product identification [19]. However, there exists
a trade-off between the achievable scanning-based imaging
speed and the spectral selectivity of such schemes. Raman spec-
troscopy is notoriously slow and not usually suitable for wide-
field imaging purposes as the signals are very weak (only one
photon in one million is Raman scattered). The required de-
tection times are of the order of seconds to minutes for each
pixel. As a result, an image of an area of tens of micrometers in
length and width typically requires hours to acquire, making
micro-Raman not suitable for rapid large-scale imaging of
pharmaceutical tablets as an example. Various Raman imaging
methodologies have been proposed to alleviate this issue. In
point and line scanning Raman imaging [13,14,20,21] a
circular or line-shaped laser beam raster scans the sample in
two spatial dimensions with a Raman spectrum recorded at
each position.

Other direct imaging techniques illuminate the sample
using a number of laser spots or a wide-field laser beam. The
resulting Raman signal is directly imaged on a filtered detector
acquiring a single measurement. For example, in [22], the au-
thors used a Hadamard mask to produce a structure illumina-
tion pattern on the sample to generate only a one-dimensional
compressed Raman image. Additional wide-field Raman
approaches include tunable detection band-pass filters and
two-dimensional detectors [23–25]. However, this method
discards the Raman scattered photons outside the wavelength
detection band, rendering this approach spectrally inefficient.
Recently, a multivariate hyperspectral Raman imaging

(MHRI) approach has been introduced by Davis et al. based
on a compressive spectral detection strategy [26]. Our method
applies a nonredundant approach to the illumination side of
the Raman imaging enabling a step change in the acquisition
process for this modality. This nonredundant approach is
equivalent to a compression in the number of measures when
compared to a standard raster-scan method. This is due to the
fact that the standard raster-scan approach inherently leads to
an overlap between adjacent optical beams.

In our nonredundant Raman OEi imaging scheme, we il-
luminate the sample with a predetermined set of OEis. For
each of the illuminations used, we measure the Raman spec-
trum from which we subsequently reconstruct the hyperspec-
tral Raman image of the sample. An important outcome of this
method is the adaptive resolution that can be achieved. Indeed,
to increase the resolution, we do not need to rescan the sample
with a finer step size, but simply continue to probe the sample
with increasingly higher-order OEi illuminations. In effect, the
higher the order of the OEi illumination, the finer the details
probed by the OEi illumination. Furthermore, due to the non-
redundant nature of OEi-based structured illumination, we
realize a given imaging resolution using the smallest number
of OEi probes possible. Similar arguments are also employed
when considering compressive fluorescence imaging [27]. The
sparsity of the sample allows it to be imaged using a small num-
ber of illuminations. Here, we restrict the number of illumi-
nations such that the sparse degrees of freedom of the optical
setup are used optimally for probing from the onset delivering
a nonredundant version of compressive imaging. Interestingly,
our approach is also similar to “computational ghost imaging”
whereby known fields are used to illuminate a sample and the
image is reconstructed using the scattering coefficients [28,29].
However, here the light is not shaped by a random mask cre-
ated by a diffuser or spatial light modulator (SLM), but the
illuminations correspond to a nonredundant set of orthogonal
OEi beam profiles.

2. RESULTS

A. Determining the OEi

Figure 1(a) describes our experimental setup. Figure 1(b)
shows the theoretical spatial field distribution of the first nine
OEis El in the region of interest (ROI) [7,30]. We observe
that as the order of the mode l increases, finer details are ac-
cessed. In order to check the orthonormality relation, in the
ROI,

R
ROI EkE�

l dσ � δkl of the experimentally implemented
OEi, the complex product EkE�

l is determined from four in-
tensity acquisitions according to the polarization identity [31].
Each entry in the matrix in Fig. 1(c) corresponds to an ortho-
normality relation for a pair k, l . The matrix is almost diagonal,
hence demonstrating orthonormality of the experimentally
implemented modes in good approximation (for more details
see Appendix A). Recall that the presence of optical aberrations
precludes the use of theoretically calculated eigenmodes; how-
ever, in this case these eigenmodes can be experimentally de-
termined [5] automatically accounting for any aberration and
angular dependence.
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B. Raman OEi Imaging

As a first example, we imaged a sample consisting of a poly-
styrene bead in the top right corner of the ROI and a poly-
metacrylate (PMAA) bead in the lower left corner; both
beads are 3 μm in diameter. Figure 2(b) shows a bright field
image of the sample. Figures 2(c) and 2(d) depict raster-
scan Raman images of the sample obtained by integrating

the main polystyrene and PMAA peaks, respectively [shown in
Fig. 2(a)]. In Fig. 2(e) the information from Figs. 2(c) and 2(d)
is superimposed in a hyperspectral image, highlighting the
polystyrene bead (red color) and the PMAA bead (in blue).

Following the raster scans, the same object was imaged with
the OEi approach, using only the first M � 4 modes, where
M was chosen such as to deliver a signal-to-noise ratio (SNR)
comparable to the raster-scan image (SNR defined later). The
results are shown in Figs. 2(f) and 2(g) with the reconstruction
carried out for the polystyrene and PMAA peaks, respectively.
Figure 2(h) depicts the hyperspectral Raman OEi image. Both
beads are clearly reconstructed in agreement with the standard
raster scans, hence demonstrating the functionality of the
method and its nonredundant nature. Furthermore, we remark
that the OEi images visually exhibit a lower background noise
compared to the raster scans.

C. Surface-Enhanced Raman Scattering OEi Imaging

In order to investigate the capabilities of the method to image
samples with more highly resolved features, agglomerates of
200 nm gold nanoparticles were chosen as sample objects.
The nanoparticles were deposited on a gold surface covered
with an analyte, in our case dithiolated nanoparticle linkers
[32,33]. The small gap of less than 2 nm between the gold
surface and the gold particles enables a strong field enhance-
ment, giving rise to surface-enhanced Raman scattering
(SERS). Figure 3(a) shows a sketch of this arrangement with
a gold sphere on the gold surface. As the object for the follow-
ing experiments we chose a sample region with two agglom-
erates of particles. The scanning electron microscope (SEM)
image in Fig. 3(b) shows an area of the sample, which is similar
to the one we used for imaging. The actual object configura-
tion is displayed in Fig. 3(c), which is a reflection of the refer-
ence wave E ref from the sample surface. The nanoparticle
agglomerates appear with low intensity due to scattering.

Fig. 1. (a) Experimental configuration for OEi Raman microscopy.
LLF, laser line filter at 785 nm; L, lens; SLM, spatial light modulator;
M, mirror; I, iris to filter out first diffraction order from SLM; DBS,
dichroic beam splitter reflecting visible light and transmitting infrared
light; CCD, CCD camera; NF, notch filters to transmit Raman scattered
light into the spectrograph; MO, microscope objective; S, sample.
(b) Spatial field distribution and (c) orthonormality matrix of the first
nine OEis.

Fig. 2. (a) Spectrum for one polystyrene bead and one PMAA bead
illuminated with the fourth eigenmode and 3 s acquisition time. The
area of the PMAA peak is indicated in blue, while that of polystyrene
is highlighted in red. (b) White-light image of the sample with a poly-
styrene bead in the top right corner and a PMAA bead in the lower left
corner. (c), (d) Raman images obtained with 26 × 26 points raster scans.
(f), (g) OEi Raman images corresponding to (c) and (d). (e) Graphical
superposition of the intensity distributions in (c) and (d), showing the
positions of the polystyrene bead (red) and the PMAA bead (blue). (h)
Same as (e) for the OEi images.

Fig. 3. (a) Schematic of the SERS sample: 200 nm gold particle on a
gold surface coated with analyte dithiol. The hotspot between the gold
layer and the sphere gives rise to a SERS signal. (b) SEM image of a
sample area similar to the imaged one. (c) Reflected laser light from
the 9 μm × 9 μm ROI chosen for imaging. Two agglomerates of gold
particles are visible as dark spots. (d) SERS Raman raster scan of the sam-
ple plane. (e)–(i) OEi imaging reconstruction for M � 4 to M � 60
modes. (j) SERS spectrum of dithiol.
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The main Raman peak of dithiolated nanoparticle linkers is
located at a Raman shift of about 1600 cm−1 [Fig. 3(j), area
of integration highlighted in green]. A SERS raster scan using
22 × 22 pixels results in the image shown in Fig. 3(d), revealing
the SERS activity at the position of the gold particle agglom-
erates. The corresponding OEi-based images are depicted in
Figs. 3(e)–3(i) for projection of M � 4 to M � 60 modes.

D. Signal-to-Noise Ratio

In Fig. 3, we observe visually that increasing the numberM of
the OEi used, the location and size of the SERS hotspots is
reproduced with more accuracy. This effect can be quantified
experimentally [Fig. 4(a)] and theoretically [Fig. 4(b)] by
measuring the changes in the SNR and noise level as a function
of the number of OEi illuminations used. The SNR is defined
as the ratio between the maximum Raman peak, in the high
signal region, and the average signal from the image region
void of the Raman active medium where any measured signal
can be associated with system noise. To determine the exper-
imental SNR, we used the maximum Raman peak of the image
divided by the mean value in the dotted squares in Figs. 3(d)
and 3(i) for the raster scan and for the OEi image respectively.
Note that, by adjusting the exposure time for each acquisition
accordingly, the total laser power used to obtain both methods
was identical. The results from the numerical simulation pre-
sented in Fig. 4(b) illustrate the case of a paraxial optical system
consisting of a phase and amplitude mask for the SLM, an
apertured lens modeling a generic finite optical system, and
the imaging plane corresponding to the Fourier plane with re-
spect to the SLM plane. The model takes into account noise in
the system (beam pointing stability and detection) for both the
determination and the subsequent use of the OEi for imaging.
Multiple numerical realizations are shown to visualize the
effect of noise.

E. Pharmaceutical Applications

Finally, the applicability of the Raman OEi imaging was in-
vestigated in a pharmaceutical context. In particular, the com-
pound distribution of the well-known anticongestion and
analgesic compound SUDAFED (Wrafton Laboratories
Ltd.) was determined. Each capsule contains a microcrystal
mixture of paracetamol (500 mg), caffeine (25 mg), and phe-
nylephrine hydrochloride (6.1 mg). A white-light full-field
image of the sample is shown in Fig. 5(a). The ROI of

3.6 × 3.6 μm, marked with the white square, includes two
adjacent microcrystals. Figure 5(b) shows a typical Raman
spectrum of the two compounds illuminated simultaneously
by l � 12 OEi. The reconstructions, based on the coupling
coefficients of the Raman bands unique for each compound,
are depicted in Figs. 5(c)–5(f) for M � 4 to M � 16 modes.
It can be seen that two substances are clearly resolved.

3. DISCUSSION

The decomposition of the focal field into eigenmodes enables
illumination of the object in the most nonredundant possible
manner. The number of OEi illuminations (M ) necessary is
determined by the criteria chosen, such as resolution or
SNR. This number can be determined either initially for an
unknown sample by considering the optical coupling effi-
ciency to each of the OEis or adaptively during the imaging
process. Experimentally, hyperspectral Raman indirect imag-
ing was shown for an object containing beads of different ma-
terials (Fig. 2) and hence different Raman signatures. In this
case, we achieved a Raman image using only M � 4 OEis. In
real terms, this corresponds to 16 illumination fields compared
to 26 × 26 � 676 illuminations for the raster-scan methods
[Fig. 2(d)] delivering a compression of more then 40 times.
Additionally, the OEi imaging concept was applied to a SERS
sample (Fig. 3) and compared to raster-scan imaging as the
native Raman imaging modality. In this case, by comparing
the raster-scan image with the M � 17 image in Fig. 3(g),
which shows a similar reconstruction, we observe a sevenfold
compression ratio. This compression ratio still delivers a large
improvement versus the traditional raster-scan method,
although this is not as high as in the case of beads due to
the present reproducibility issues with SERS substrates. The
compression ratio can be further improved by a factor of 4
when detecting the complex field in the image plane using
a holographic approach [34] as opposed to the polarization
identity [31].

Fig. 4. (a) Experimental signal-to-noise ratio (SNR) and noise level as
a function of the number of OEi illuminations. (b) Theoretical SNR and
noise level as a function of the number of OEi illuminations for a paraxial
optical stochastically system including CCD readout, SLM beam crea-
tion, and optical system noise.

Fig. 5. (a) Full field of view image of a SUDAFED sample: a para-
cetamol crystal (top right corner) and a caffeine crystal (bottom left cor-
ner). The white square indicates the ROI. (b) Spectrum of the compound
sample, in the ROI, illuminated with the 12th OEi mode, 5 s acquisition
time, and 250 μm slit width. (c)–(f) Hyperspectral images of the ROI for
different number M of OEis.
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A further advantage of the method presented here is the
improvement in the SNR. If we look at the SERS experimental
data (Fig. 3), forM � 60modes we see good visual agreement
of the OEi image [Fig. 3(i)] and the reference image [Fig. 3(c)]
is observed. As for the images of the beads, the OEi images of
the SERS sample exhibit a lower background than the raster
scans. This visual impression was confirmed quantitatively in
terms of the SNR [see Fig. 4(a)]. With a value of 17.7, the
SNR in the raster scan is an order of magnitude lower
compared to the value of 245 measured in the OEi image.
Figure 4(a) also shows that increasing the number of OEi
illuminations implies an increase of the SNR. A maximum
(in this case atM � 35) is achieved when the noise level drops
below a certain measurement resolution threshold (determined
by considering the readout noise of the detector and its dy-
namic range). Additionally, each OEi mode is associated with
an optical coupling efficiency (eigenvalue) linking the SLM
beam generation plane to the imaging plane. As the OEi
modes are ordered by decreasing eigenvalues, the larger the
mode number, the more difficult it becomes to efficiently cre-
ate the corresponding OEi beam. This can also be seen in the
slight increase of the noise level in Fig. 4.

An important aspect of any imaging method is its resolu-
tion. We investigated this factor by measuring the full width at
half-maximum of the larger of the two SERS clusters [dashed
lines in Figs. 3(c), 3(d), 3(g), and 3(i)]. The optical image used
as a reference image shows a width of wref � 1.58 μm. The
raster-scan image measures this particle agglomerate with a
width of wras � 2.57 μm. This deviation is attributed to the
background noise and the 400 nm step width of the raster
scan, which was chosen for a good compromise between
SNR and spatial resolution. In contrast, the Raman OEi im-
aging scheme does not rely on probing the sample at discrete
points, but uses a continuous wide-field sample illumination.
As a result, the width wOEi;M�60 � 1.30 μm measured for the
OEi image is in good agreement with the reference width wref .
Further, adaptive resolution can be implemented using OEi
illuminations. As shown in Figs. 3 and 5, it is possible to con-
tinuously increase the image resolution by illuminating the
sample with increasing higher-order OEis without rescanning
the sample.

It is by combining the SNR and resolution arguments that
we can quantify the compression/nonredundancy level
achieved by the OEi method discussed previously. Indeed,
for determining the compression factor in the SERS case
(Fig. 3), we look for the illumination containing the number
of modes that produces the same spatial resolution as the raster
scan. This is approximately the case for M � 17 in Fig. 3(g),
for which wOEi;17 � 2.70 μm and SNR � 43.2. Compared
to the 484 acquisitions for the raster scan (SNR � 17.7),
the OEi image required 4 × 17 � 68 acquisitions; hence we
achieve approximately a sevenfold compression, while the
SNR is still a factor of 2.5 larger.

Finally, the applicability of the method for a practical task
was shown by visualizing the compound distribution of a phar-
maceutical sample. By increasing the number of illuminations
to M � 16, in a ROI of 3.6 × 3.6 μm a resolution of
wOEi;16 � 0.9 μm can be achieved, allowing us to visualize

even small features. We believe that OEi-based indirect imag-
ing in conjunction with Raman spectroscopy is a very prom-
ising concept for numerous real-world imaging applications.

The results demonstrate high potential of the method in
pharmacology, for example, to detect counterfeit pharmaceut-
icals, monitor processes and products.

APPENDIX A

1. Optical Setup

The experimental implementation of OEi Raman imaging is
depicted in Fig. 1(a): the expanded beam of a 1 W diode laser
(TEC-420-0780-1000, Laser 2000, wavelength: 785 nm) is
modulated by an SLM (LCOS-SLM X10468-02, Hamamatsu
Photonics) and then coupled into a microscope objective
(100 × ∕1.30 Oil UPlanFL N, Olympus). The SLM is used
to encode phase and amplitude onto the incident beam in the
first-order diffraction configuration filtered by the iris [35]. The
Raman scattered light from the sample is collected in epi-
configuration and transmitted into a spectrograph (Shamrock
SR-303i-B, Andor) equipped with a cooled CCD detector
(Newton CCD, Andor). Spectra are acquired with a
400 lines∕mm grating blazed for 850 nm with a monochroma-
tor slit width of 250 μm and 5 s acquisition time. The slit size
was chosen such that all Raman signal from the sample is col-
lected while minimizing spectral resolution loss. An LED allows
white-light illumination of the sample to capture transmission
images on a conventional CCD camera (Basler pilot piA640-
210gm, 648 × 488 pixel resolution, 7.4 μm pixel pitch).

2. Optical Eigenmodes Implementation

Regarding the imaging modality, we expand the concept of
OEi imaging [7] to Raman spectroscopical imaging. This tech-
nique is based on the single bucket detector measure of the
optical scattering from the imaged sample under orthogonal
eigenmode illumination. Conceptually, in this instance we re-
place the single detector by a spectrometer [see Fig. 1(a)] and
generalize the imaging technique to scattering and conjugate
focal plane detection. To illustrate these points, let us consider
a set of M OEis Ek (with k � 1…M ) defining, in the sample
plane, an intensity orthonormal set of optical fields

Z
ROI

E�
j Ek dσ � δjk; (A1)

where ROI stands for the surface of the ROI to be imaged. The
OEis can be determined either experimentally or theoretically.
The experimental determination of the OEis is taking into ac-
count the optical aberrations of the system and is equivalent to
the measure of the optical transmission matrix between the
SLM [see Fig. 1(a)] and the sample plane. However, this
method is time consuming as the optical system itself needs
to be experimentally characterized. If the optical setup allows
for aberration-free, direct imaging and its optical transfer func-
tion is known, then it is possible to determine the set of OEis
numerically. This approach is faster though at the expense of
loss of flexibility. Here, depending on the particular experi-
ment in question, we employ both of these approaches.
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Figure 1(b) shows the precalculated OEis imaged after their
propagation through the whole system, and Fig. 1(c) verifies
experimentally their orthonormality defined by Eq. (A1).

3. Raman Imaging

The OEi imaging technique relies on the measure of the com-
plex projection coefficients ck corresponding to the optical
overlap between the scattered field and the eigenmode illumi-
nation. These coefficients can be measured using multiple in-
terferences between a reference beam and an OEi probe beam

c�k �λ� �
1

n

Xn−1
p�0

ei
2π
n p
Z
ROI

sλjE ref � e−i
2π
n pEkj2dσ

�
Z
ROI

sλE�
refEkdσ; (A2)

where sλ stands for the spatially dependent incoherent Raman
intensity scattering efficiency, n ≥ 3 defines the number of
phase differences used to measure the OEi projection coeffi-
cients, λ is the detection wavelength defined by the spectrom-
eter, and E ref is the spatially dependent reference wave. In this
paper, we used n � 4 measures for each projection coefficient
accounting for the factor of four between the number of illu-
minations and number of probes.

Equation (A2) highlights the major difference between OEi
imaging in the incoherent Raman case and the coherent OEi
imaging technique [7]. In the coherent case, we measure the
projection coefficient in the Fourier plane of the sample, which
transforms the reference beam into a single proportionality
coefficient, irrespective of the sample. The coefficients dk in
the coherent case are given by

d�
k �λ� �

1

n

Xn−1
p�0

ei
2π
n p

����
Z
ROI

T
�
E ref � e−i

2π
n pEk

�
dσ

����
2

∝
Z
ROI

TEkdσ; (A3)

where T stands for the spatially dependent field transmission
coefficient of the sample. Equation (A3) shows that the coher-
ent coefficients correspond to the projection coefficients of
T on each of the OEis Ek. Therefore, the reconstructed
image using these coefficients visualizes the local transmission
of the sample. On the other hand, we observe [Eq. (A2)]
that the reconstructed image using incoherent scattering
delivers the product between the local incoherent Raman
scattering efficiency, sλ, and the reference field, E ref . Using
a uniform illumination beam as a reference will deliver similar
results in both cases. In our experiments, we therefore use a
defocused Gaussian beam as a reference beam.

As outlined above, the OEi Raman imaging process requires
the determination of the complex coupling coefficient ck with
respect to a Raman band of interest for each eigenmode Ek
illumination. Exemplarily, Fig. 2(a) depicts a spectrum ac-
quired for the illumination of a polystyrene bead and a PMAA
bead with one of the eigenmodes, E4. The absolute value
squared of the projection coefficients jc4j2 can be seen as

the integral over the Raman peak of interest. In Fig. 2(a)
the polystyrene peak is highlighted in red, while the PMAA
peak is indicated in blue. Full phase and amplitude can be ob-
tained using Eq. (A2) with at least three differential phase steps
n � 3. In detail, both Ek and E ref are simultaneously encoded
on the SLM using random phase encoding [36].

After obtaining the coupling ck for each mode Ek, an OEi
image T of the sample is formed by the superposition of the
modes weighted with the corresponding coefficients:

T �λ� �
XM

k�1

ck�λ�Ek; (A4)

where T corresponds in reality to sλE ref ; i.e., the reconstructed
image detects the Raman scattering density illuminated by the
reference beam. For comparison to the OEi images, a conven-
tional raster-scan image can be acquired by deflecting a focused
beam over the sample and capturing a Raman spectrum for
each scanning position. Each pixel of the image is then formed
by integration over the relevant spectral region.
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Silicon photonics has recently been proposed for a
diverse set of applications at mid-infrared wavelengths
including spectroscopy, chemical and biological sensing,
free-space communications, and nonlinear optics. While
optical-to-electronic signal conversion is essential to
these applications, on-chip photodetection remains an
important and challenging task. In this Letter, we
present room temperature operation of Zn�-implanted
Si waveguide photodiodes from 2.2 to 2.4 μm, with
measured responsivities of up to 87� 29 mA∕W and
low dark currents of <10 μA. Photocurrent generation
is achieved by transitions from dopant-induced sub-
bandgap trap states located ≈0.58 eV above the valence
band to the conduction band, resulting in a peak detec-
tion wavelength of ≈2.3 μm. The wavelength of opera-
tion can be increased by choosing a dopant with an
appropriate trap level, opening the possibility for on-
chip detection throughout the mid-infrared. © 2014

Optical Society of America

OCIS codes: (040.6040) Silicon; (040.5160) Photodetectors; (040.3060)

Infrared; (130.3060) Infrared.
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A diverse set of applications have been proposed for mid-
infrared silicon photonics [1,2], the implementation of
which require on-chip photodetectors. Dopant-based extrinsic
photoconductors, which utilize absorption transitions from

trap states within the bandgap of a host material such as
Si and Ge, have long been used in planar geometries for
mid-infrared detection [3]. Leveraging the dopant-induced
sub-bandgap trap states used in bulk photoconductors for
waveguide-integrated detectors offers simple processing, inte-
gration, and operation throughout the mid-infrared by appro-
priate choice of dopant. In particular, Si doped with Zn forms
two trap levels ≈0.3 eV and ≈0.58 eV above the valence band
[4,5], and has been utilized extensively for cryogenically cooled
bulk extrinsic photoconductors [3,6]. Here, we demonstrate
room temperature operation of Zn� implanted Si waveguide
(SiWG) photodiodes (PDs) in the 2.2–2.4 μm wave-
length range.

While a number of SiWG-integrated optoelectronic devices
have been explored in this wavelength range, efficient photo-
detection is not easily achieved. Thus, spectral translation of
mid-infrared signals to the telecom regime via four-wave mix-
ing in SiWGs has been proposed for on-chip detection [7],
which makes use of integrated PDs in the telecommunications
wavelength range. However, this method requires a high-pow-
ered pump laser and long, on-chip waveguide lengths to
achieve efficient wavelength conversion. Alternative solutions
for on-chip mid-infrared detection have utilized heterogeneous
integration of both narrow-bandgap semiconductors [8–11]
and graphene [12] with SiWGs. Though viable PDs have been
demonstrated, heterogeneous integration schemes present an
inherent difficulty by imposing constraints on material quality
and fabrication process compatibility.

Extrinsic detection presents a simple solution for high-
performance on-chip mid-infrared PDs and alleviates the need
for heterogeneous integration. These PDs can potentially be
integrated into a standard CMOS process flow by adding
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an ion implantation and annealing step after activation of the
source and drain implants, and prior to the deposition of back-
end dielectrics and interconnect metalization. Alternatively,
this additional fabrication step can be performed as a post-
process, as is done here. Indeed, CMOS-compatible SiWG
PDs that utilize Si lattice defects have been demonstrated
[13–16], though these detectors are limited in their processing
thermal budget and spectral range of detection. However, the
Si dopants used in bulk photoconductors cover a range of
wavelengths from 1.5 to greater than 25 μm [Fig. 1(a)], while
doped Ge bulk photoconductors operate out to wavelengths
greater than 100 μm [3]. By leveraging the materials com-
monly found in Si photonics processes, dopant-induced tran-
sitions can be exploited for integrated PDs operating
throughout the mid-infrared.

For the 2.2–2.4 μm wavelength range, Zn and Au dopants
have been shown to produce a suitable trap-state level in Si [4],
and planar photoconductive detectors based upon these dop-
ants have been demonstrated [3,6].While photoconductive de-
tectors require liquid nitrogen cooling, it has very recently been
shown that Si hyperdoped with Au can generate photocurrent
up to a wavelength of 2.2 μm at room temperature with a
Schottky contact configuration [17]. Since cooling is not re-
quired to eliminate dark current in diode-based detectors, room
temperature operation is achieved with the PDs explored here
as well. Although Au and Zn are generally not CMOS compat-
ible, as they can diffuse into Si and adversely affect carrier
mobility, the other dopants in Fig. 1(a) do not pose such a re-
striction. For the wavelength range explored here, Si:Se could
be substituted for CMOS compatibility, and has been demon-
strated for a SiWG PD operating at 1.55 μm [18].

Our Si:Zn PDs are based on a p-i-n diode fabricated in a
250-μm-long Si rib/ridge waveguide with 520 × 250 nm
channel section and a 50-nm-doped Si ridge used to form

ohmic contacts to Al, as shown in Figs. 1(b) and 1(c). The
intrinsic region of the p-i-n diode corresponds to the channel
section of the SiWG, and is implanted with 260 keV Zn�

to form the p-Si:Zn-n PD. Two Zn� implantation doses
are investigated, 1012 cm−2 and 1013 cm−2, corresponding
to estimated average Zn concentrations inside the channel sec-
tion of the waveguide of N Zn � 4.5 × 1016 cm−3 and N Zn �
4.5 × 1017 cm−3, respectively. Subsequent to implantation, the
PDs are annealed in air at atmospheric pressure for a series of
increasing temperatures, reaching a maximum of 350°C, and
the responsivity was found to increase with each anneal.

The detection mechanism of our p-Si:Zn-n PDs is believed
to be due to substitutional Zn atoms in the Si lattice, which
act as a double acceptors and result in the two defect levels
[Fig. 2(a)] with energy levels of Ed1 ≈ Ev � 0.3 eV and Ed2 ≈
Ev � 0.58 eV [4,5]. While the position of the Fermi level in
the Si:Zn region is not known, the excess carrier concentration
is below that of the p and n regions, ensuring that the Si:Zn
region will be fully depleted with the application of a reverse
bias voltage. Photon-induced transitions occurs between Ed2
and the conduction band, which corresponds to a transition
energy of Eg − Ed2 � 1.12 eV − 0.58 eV � 0.54 eV, with a
peak absorption wavelength of ≈2.3 μm. Photocurrent gener-
ation due to this transition is shown to be a single-photon
process by the linearity measurements in Fig. 2(b). The pres-
ence of Ed1 does not contribute to photocurrent generation
in the wavelength range of interest; however, its presence
should impact the thermally assisted repopulation rate of
Ed2 and thus the internal quantum efficiency, ηi, of the PD.

The responsivity, defined as R � Iph∕P in, where Iph is the
photocurrent and P in is the on-chip optical power entering the
PD, is measured as a function of reverse bias voltage with
2.2 μm wavelength excitation [Fig. 3(a)]. The dependence
of responsivity on bias voltage may be the result of avalanche
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Fig. 1. (a) Normalized response of bulk silicon photoconductors for different dopants, re-plotted from [3]. Dopants are designated as either p-type or
n-type depending upon whether the resultant trap state is closer to the valence band or conduction band, respectively. (b) False color scanning electron
microscope (SEM) cross-section of the p-Si:Zn-n PD with finite element method calculated quasi-TE mode intensity at a wavelength of 2.3 μm super-
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PD. The red dashed line indicates the position of the SEM cross-section shown in (b).
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multiplication, which has previously been observed in similar
SiWG p-i-n contact configurations [14], though trap-state
population and excess carrier depletion may also play roles
at low voltages. The dark current at 5 V reverse bias is mea-
sured to be 2.1 nA for the lower-dose PD, and increases to 43
nA for the higher-dose PD [Fig. 3(a), inset]. Though the dark
current increases with bias voltage, it remains below 10 μA for
all devices at the maximum reverse bias voltage of 20 V under
which measurements were taken. From these measurements,
the zero-bias noise equivalent power at 2.2 μm wavelength
is determined to be 1.12 × 10−11 W∕

ffiffiffiffiffiffi
Hz

p
for the PD with

a dose of 1012 cm−2 and 3.65 × 1010 W∕
ffiffiffiffiffiffi
Hz

p
for the PD

with a dose of 1013 cm−2.
The responsivity is largest at shorter wavelengths [Fig. 3(b)],

reaching a maximum of 8.3� 2.6 mA∕W and 34.1�
10.6 mA∕W for doses of 1012 cm−2 and 1013 cm−2, respec-
tively, at a wavelength of 2.2 μm and a reverse bias of
20 V. For 3 mm length PDs, maximum responsivities of
87� 29 mA∕W are measured under similar conditions

(see Supplement 1). The decrease in responsivity with increas-
ing wavelength is due to parasitic absorption from the contacts
(free-carrier absorption in p, n-doped regions as well as the Al
regions), which increases from >30% at 2.2 μm to >89% at
2.4 μm for a dose of 1012 cm−2, and from >10% at 2.2 μm
to >85% at 2.4 μm for a dose of 1013 cm−2. The parasitic
absorption has been determined by transmission measure-
ments through an unimplanted diode with the same geometry,
p, n doping, and contact metalization.

The modal absorption coefficient due to Zn� implantation
(Fig. 4) is determined by transmission measurements with
parasitic contact absorption being taken into account, and
is found to peak at wavelengths of 2.325 μm (0.533 eV)
and 2.250 μm (0.551 eV) for Zn� doses of 1012 and
1013 cm−2, respectively. These peak absorption wavelengths
correspond to the transition from Ed2 to the conduction band
shown in Fig. 2(a), and agree well with previously reported
values of ≈0.54 eV [4,5].

Even with parasitic absorption taken into account,
these measurements indicate that ηi is below 5%, which is
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[4,5]. The doping profile is illustrated by the false-color SEM shown
below. (b) Photocurrent Iph versus input optical power P in along with
linear fits. The linear correspondence indicates a single-photon excitation
process, and the slope is equal to the responsivity in mA/W at a wave-
length of 2.3 μmwith a reverse bias of 5 V. The higher implantation dose
is shown for a 3 mm length PD.
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significantly lower than the reported values of ηi � 20% at a
wavelength of 2.4 μm for Si:Zn bulk photoconductive detec-
tors fabricated by diffusion doping [6]. Though diffusion dop-
ing of Zn in Si results in electrical activation by forming
substitutional defects on Si lattice sites [6], activation of the
Zn�-implanted Si used here is not well characterized. For
our PDs, the post-implantation annealing temperature was
limited to 350°C to avoid reflow of the Al contacts, which
is not high enough to fully activate Zn dopants and remove
lattice damage caused by implantation [19]. Thus, there are
two factors limiting ηi of the p-Si:Zn-n PDs: (1) Si lattice de-
fects that remain after annealing, and (2) the fraction of im-
planted Zn atoms that have not been activated. The interstitial
Zn atoms and Si defects are believed to contribute to optical
scattering and increased carrier recombination. Though certain
Si lattice defects and surface states can generate photocurrent
from sub-bandgap photons, this is not believed to be the dom-
inant mechanism in our devices. Indeed, measurements of
Si�-implanted SiWG PDs with identical geometry and similar
dosages to the PDs explored here exhibit significantly different
characteristics in the 2.2–2.4 μmwavelength range, and do not
display a peak in their absorption coefficient at the transition
energy associated with Si:Zn [16].

Our results illustrate the potential for silicon photonic ex-
trinsic photodiodes operating at mid-infrared wavelengths.
The use of dopants for trap-state engineering in diode configu-
rations allows for the design of on-chip PDs with device
parameters such as dark current, internal quantum efficiency,
and peak detection wavelength being controlled through ad-
justments to the trap-state levels and populations. Beyond
photodetection, trap-state transitions can emit photons under
the proper conditions [20], creating the prospect for on-chip
waveguide-integrated sources and detectors operating through-
out the mid-infrared wavelength band.

FUNDING INFORMATION

National Science Foundation (NSF) (DGE-1069420); U.S.
Department of Energy (DOE) (DE-AC02-98CH10886).

ACKNOWLEDGMENTS

The authors thank M. W. Geis and S. J. Spector at MIT
Lincoln Laboratory for samples and fabrication advice, and
S. Mann for a careful reading of the manuscript. The authors
acknowledge support from the Columbia Optics and Quan-
tum Electronics IGERT under NSF grant DGE-1069420.
This research was carried out in part at the Center for Func-
tional Nanomaterials, Brookhaven National Laboratory, which
is supported by the U.S. Department of Energy (DOE), Office
of Basic Energy Sciences, under Contract No. DE-AC02-
98CH10886.

See Supplement 1 for supporting content.

REFERENCES

1. R. Soref, Nat. Photonics 4, 495 (2010).
2. X. Liu, R. M. Osgood, Jr., Y. A. Vlasov, and W. M. J. Green, Nat.

Photonics 4, 557 (2010).
3. N. Sclar, Prog. Quantum Electron. 9, 149 (1984).
4. A. G. Milnes, Deep Impurities in Semiconductors (Wiley-Interscience,

1973).
5. S. Weiss, R. Beckmann, and R. Kassing, Appl. Phys. A 50, 151

(1990).
6. N. Sclar, Solid-State Electron. 24, 203 (1981).
7. X. Liu, B. Kuyken, G. Roelkens, R. Baets, R. M. Osgood, Jr., and

W. M. J. Green, Nat. Photonics 6, 667 (2012).
8. N. Hattasan, A. Gassenq, L. Cerutti, J.-B. Rodriguez, E. Tournié,

and G. Roelkens, IEEE Photon. Technol. Lett. 23, 1760 (2011).
9. A. Gassenq, N. Hattasan, L. Cerutti, J. B. Rodriguez, E. Tournié, and

G. Roelkens, Opt. Express 20, 11665 (2012).
10. G. Roelkens, U. Dave, A. Gassenq, N. Hattasan, C. Hu, B. Kuyken,

F. Leo, A. Malik, M. Muneeb, E. Ryckeboer, S. Uvin, Z. Hens, R.
Baets, Y. Shimura, F. Gencarelli, B. Vincent, R. Loo, J. Van
Campenhout, L. Cerutti, J.-B. Rodriguez, E. Tournié, X. Chen, M.
Nedeljkovic, G. Mashanovich, L. Shen, N. Healy, A. C. Peacock,
X. Liu, R. M. Osgood, Jr., and W. M. J. Green, Opt. Mater. Express
3, 1523 (2013).

11. P. T. Lin, V. Singh, J. Wang, H. Lin, J. Hu, K. Richardson, J. D.
Musgraves, I. Luzinov, J. Hensley, L. C. Kimerling, and A. Agarwal,
Opt. Mater. Express 3, 1474 (2013).

12. X. Wang, Z. Cheng, K. Xu, H. K. Tsang, and J.-B. Xu, Nat. Photonics
7, 888 (2013).

13. M. W. Geis, S. J. Spector, M. E. Grein, J. U. Yoon, and T. M.
Lyszczarz, in Handbook of Silicon Photonics, L. Vivien and L.
Pavesi, eds. (CRC Press, 2013), pp. 518–535.

14. J. J. Ackert, A. S. Karar, D. J. Paez, P. E. Jessop, J. C. Cartledge,
and A. P. Knights, Opt. Express 21, 19530 (2013).

15. D. J. Thomson, L. Shen, J. J. Ackert, E. Huante-Ceron, A. P.
Knights, M. Nedeljkovic, A. C. Peacock, and G. Z. Mashanovich,
Opt. Express 22, 10825 (2014).

16. B. Souhan, R. R. Grote, C. P. Chen, H. S. Huang, J. B. Driscoll, M.
Lu, A. Stein, H. Bakhru, K. Bergman, W. M. J. Green, and R. M.
Osgood, Jr., “Si+-implanted Si-wire waveguide photodetectors
for the mid-infrared,” Opt. Express, article id: 222026 (to be
published).

17. J. P. Mailoa, A. J. Akey, C. B. Simmons, D. Hutchinson, J. Mathews,
J. T. Sullivan, D. Recht, M. T. Winkler, J. S. Williams, J. M.
Warrender, P. D. Persans, M. J. Aziz, and T. Buonassisi, Nat.
Commun. 5, 3011 (2014).

18. X. Mao, P. Han, L. Gao, Y. Mi, S. Hu, Y. Fan, C. Zhao, and Q. Wang,
IEEE Photon. Technol. Lett. 23, 1517 (2011).

19. J. Gyulai, O. Meyer, R. Pashley, and J. Mayer, Radiat. Eff. 7, 17
(1971).

20. J. M. Herman III and C. T. Sah, J. Appl. Phys. 44, 1259 (1973).

0

200

400

600

800

1000

1200

1400

1600

 M
od

al
 a

bs
or

pt
io

n 
co

ef
fic

ie
nt

 (
dB

/c
m

)

Wavelength (µm)
2.2 2.25 2.3 2.35 2.4

1012 cm-2

1013 cm-2

Zn+ dose: 
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Two-dimensional continuous time quantum random
walks (CTQRW) are physical processes where quantum
particles simultaneously evolve in different permissible
directions within discrete graphs. In order to force the
quantum walkers (QWs) to evolve in such a fashion, one
generally requires periodic potentials. Here, we demon-
strate that two-dimensional CTQRW can be generated
in free space by properly tailoring the initial wave func-
tions. We analytically show that within a certain spatial
region the arising probability distribution quantitatively
resembles the probability pattern exhibited by a QW
traversing a periodic lattice potential. These theoretical
predictions were experimentally verified using classical
laser light, appropriately shaped by a spatial light
modulator. Expanding the presented results to the case
of multiple walkers may open new possibilities in quan-
tum information technology using bulk optics. © 2014

Optical Society of America

OCIS codes: (270.0270) Quantum optics; (270.1670) Coherent optical

effects.

http://dx.doi.org/10.1364/OPTICA.1.000268

Classical random walks are ubiquitous in various research fields
such as physics, biology, and finance theory [1–4]. In most of
these disciplines, classical random walks are among the most
powerful mathematical tools used for developing advanced al-
gorithms [3]. Within the framework of quantum mechanics,
where the inherent superposition principle and entanglement
enable parallelization, random walks of quantum particles may
surpass the potential offered by their classical counterpart
[5–7]. In that vein, for instance, computational algorithms

based on quantum random walks have been presented to over-
come several fundamental problems more efficiently [8].

In essence, one-dimensional (1D) continuous time quan-
tum random walks (CTQRWs) can be implemented via tun-
neling of quantum particles between adjacent sites in discrete
systems [9]. In other words, the wave dynamics occurring in
coupled systems, such as crystalline structures and periodic
photonic lattices, is essentially equivalent to quantum walks
of single particles [2,6,10]. In fact, CTQRWs have been dem-
onstrated using different physical platforms ranging from nu-
clear magnetic resonance [11] and optical resonators [12] to
evanescently coupled waveguide lattices [13]. Additionally,
an approach to extend the concept of CTQRWs to some other
physical setting where the so-called quantum walkers (QWs)
can freely evolve might be of interest. That is, provided the fact
that such free evolution—in the absence of any external
potential—would exhibit a dynamical behavior comparable
to a CTQRW.

In this Letter, we demonstrate that CTQRWs can be real-
ized in free space through the spatial evolution of a single QW
whose initial wave function ψ is appropriately shaped so as to
exhibit the highest probability amplitude around the origin.
We experimentally demonstrate our theoretical findings by
using paraxial optical beams. Evidently, the usage of such
classical beams to explore the propagation dynamics of
point-like quantum particles is possible since both phenomena
are mathematically described by the same equation. This, in
turn, makes our approach suitable for the realization of ran-
dom walks using different quantum particles, including elec-
trons and single photons [14]. For instance, the feasibility of
tailoring electron wave packets is by now possible employing
nanoscale holograms [15].

Since the terms quantum random walk and coherent ran-
dom walk can be used synonymously [6], and because our ex-
periments were conducted using classical light, throughout our
Letter we refer to coherent random walks (CRWs). To study
the spatial evolution of a general wave function envelope
ψ�x; y; z�, we consider the paraxial wave equation
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�
i
∂
∂z

� 1

2k
∇2

⊥

�
ψ � 0; (1)

which can be derived from first principles for both quantum
particles and light beams. Here, we use ∇2

⊥ � ∂2∕∂x2�
∂2∕∂y2; z is the propagation distance and k � 2π∕λ is the wave
number. As previously mentioned, the evolution of quantum
particles and classical light follows the same mathematical
description. Thus, Eq. (1) is equivalent to the Schrödinger
equation, which describes the temporal evolution of free par-
ticles. In fact, the temporal evolution can also be mapped to a
spatial propagation; for instance, this formalism has been
successfully used in Ref. [15] to study the generation of elec-
tron Airy beams.

We start our analysis with the initially localized wave func-
tion envelope

ψ�x; y; 0� � N e−�x
2�y2�∕2σ2Jn�αx�Jn�αy�; (2)

which is symmetric around the origin �x � y � 0�, and
Jn�αx� represents a Bessel function of the first kind of order
n. Note that the Gaussian apodization guarantees the require-
ment of finite energy, while N provides the necessary normali-
zation. Importantly, the Bessel profiles introduced here are not
azimuthally symmetric as the usual diffraction-free Bessel
beams. Following the approach reported in Refs. [16,17],
one can show that the evolution dynamics of such initially
Gaussian-apodized Bessel envelopes is analytically described by

ψ�x; y; z� � N
Y

s∈fx;yg

�
1 −

iz
kσ2

�
−1∕2

exp

�
−2ks2 � iα2σ2z
4�kσ2 − iz�

�

×
X∞

l�−∞
�−i�l Jn�2l �A�s; z��Jl �B�z��: (3)

Here, we have A�s; z� � αkσ2s∕�kσ2 − iz� and B�z� �
α2�z � iz2∕�kσ2 − iz��∕�4k�, with s taking the place of x
and y, respectively.

Of particular interest for our work is the case where the
initial probability amplitude is given by

ψ�x; 0� � N exp�−x2∕2σ2� J0�αx�: (4)

In this 1D scenario, the arising probability distribution within
a parabolic region in the �x; z� plane (depicted in Fig. 1)
resembles not only qualitatively but quantitatively [18] the
probability pattern exhibited by a QW traversing a uniform
periodic potential [9,13]. This is true, despite the fact that
the evolution takes place in free space, i.e., a lattice potential
is not present at all.

In order to analytically derive the evolution dynamics of the
initial wave function as given in Eq. (4), we consider the case of
a very broad Gaussian envelope �kσ2 ≫ z; σ ≫ x� apodizing a
Bessel profile of order zero, as given in Eq. (4), such that the
evolution dynamics can be approximated by

ψ�x; z� �
X∞

l�−∞
�−i�l J2l �αx�Jl

�
α2z
4k

�
: (5)

Note that Eq. (5) is only valid within a finite transverse win-
dow and for a certain propagation distance, both determined
by the apodization envelope �kσ2 ≫ z; σ ≫ x�. From Eq. (5),
one can readily see that at x � 0, the evolution is simply given
by ψ�x � 0; z� � J0�α2z∕4k�, which is identical to the prob-
ability amplitude of a single QW in the excited site of a uni-
form lattice [10,13]. Furthermore, for every xm � mπ∕α, m
being an integer, one can show [18] that the evolution equa-
tion Eq. (5) becomes

ψ�xm; z� � �−i�mJm�α2z∕4k�; (6)

which is mathematically identical to the probability amplitude
described by a QW along the mth site within a periodic lattice
[10,13]. To be precise, Eq. (6) is a good approximation within
the aforementioned parabolic region bounded by z >
zm ≈ 16k�m2 � 2m� 1�∕α2 [18].

In Fig. 1, we illustrate these effects by comparing the prob-
ability pattern of a QW traversing a periodic potential, given
by Eq. (6), and the probability distribution corresponding to a
single QW propagating in free space described by Eq. (5). In
order to have a meaningful comparison between jψ lattice�n; z�j2
and jψ fs�xn; z�j2, it is important to be aware of the fact that
jψ lattice�n; z�j2 is a probability distribution, whereas jψ fs�x; z�j2
is a probability density. Consequently, in Fig. 1, we actually
plot

R xn�Δx∕2
xn−Δx∕2 jψ fs�x; z�j2dx ≈ jψ fs�xn; z�j2Δx, where we inte-

grate over a very small transverse distance. For brevity, we
omitted theΔx in the caption of Fig. 1. Note that in an experi-
ment, the transverse width Δx is associated with the detector
width. Figure 1(c) depicts the difference between both space-
evolved wave functions, jψ fs − ψ latticej2. It is well perceived that
within the specified region the deviation between both propa-
gation patterns, which includes their respective phases, is al-
most negligible.

In order to experimentally verify our theoretical findings,
we have shaped the amplitude and phase of a collimated light
beam using a spatial light modulator (SLM). The correspond-
ing setup is shown in Fig. 2. In order to generate the desired
input field in the z � 0 plane, we implement its Fourier trans-
form ~ψ�ξ; η� � FT�ψ � on the SLM. In general, the field at the
SLM plane can be written as ~ψ�ξ; η� � M �ξ; η� exp�iϕ�ξ; η��,

Fig. 1. Theoretical probability evolution. (a) Probability distribution
jψ lattice�n; z�j2 expected for a quantum walker traversing a uniform lat-
tice, where the lattice sites are labeled by n. (b) Calculated free space
probability density, jψ fs�xn; z�j2, plotted for the different transverse
positions xn � nπ∕α. (c) The difference jψ fs�xn; z� − ψ lattice�n; z�j2.
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where M �ξ; η� and ϕ�ξ; η� represent the amplitude and phase
distribution, respectively. Following [19], any complex func-
tion, such as ~ψ�ξ; η�, can be obtained by applying a phase-only
modulation given by

χ�ξ; η� � exp�iM �ξ; η��ϕ�ξ; η� � ϕG�ξ; η���: (7)

Importantly, the imposed periodic phase ϕG�ξ; η� �
2π�ξ; η�∕d acts as a grating that separates the different diffrac-
tion orders. When Fourier transforming the beam using a
spherical lens and postselecting the first diffraction order,
the desired field distribution is obtained at z � 0. In our case,
we set d � 64 μm and the focal length of the lens to
f � 300 mm. The three-dimensional intensity distribution
of the light was recorded using a 10× microscope objective
and a CCD camera mounted on a movable linear stage.
The propagation distance under study was chosen to
be Δz � 2.5 cm.

For the creation of a 1D free space CRW, we generate the
initial field distribution given by Eq. (4) with α � 125 mm−1

and σ � 0.13 mm. The experimental propagation pattern
over the �x; z� plane is shown in Fig. 3(b) along with the actual
camera images of the intensity distribution at z � 0 cm and
z � 2.5 cm on bottom and top, respectively. Note the good
agreement between the experimental data, Fig. 3(b), and our

theoretical predictions, Fig. 3(a). This is possible since for the
chosen experimental parameters, σ � 0.13 mm, the propaga-
tion distance under consideration falls within the established
limits, that is, z ≪ kσ2 and kσ2 � 18 cm. To quantitatively
assess the agreement between the observed and the theoreti-
cally expected results, in Fig. 3 we superimpose both intensity
patterns. Figure 3(c) depicts the intensity distribution in the
initial plane for y � 0. The intensity contrast between the
central maximum and the first side minimum, for instance, is
Imax∕Imin ≈ 143, whereas no emphasis has been laid on maxi-
mizing this ratio. Moreover, to fully quantify the agreement
between theory and experiment, we calculated the coefficient
of determination which, for the values depicted in Fig. 3(c), is
R2 � 0.9915. Figure 3(d) shows the longitudinal intensity dis-
tribution along z at x0 � 0 and x1 � π∕α ≈ 25 μm, as well as
the theoretically predicted Bessel patterns. From this graph one
can clearly see that the most pronounced difference between
the experimentally observed evolution and the Bessel pattern is
found at x1 for z ≈ 0 whereas, for larger propagation distances,
the deviation decreases.

We would like to emphasize that single-photon CRWs can
be realized in our setup by replacing the continuous wave laser
with a single-photon source and scanning the transverse posi-
tion xm using photon-counting detectors.

Another interesting scenario occurs when a linear superpo-
sition of two transverse Bessel profiles of order zero, ψ�x; 0� �
exp�−x2∕2σ2��J0�αx� � J0�αx − nπ��, is considered as initial
wave envelope. In this case, the arising probability distribution
corresponds to a situation where a single QW is initially pre-
pared in a coherent superposition of states. In this setting, the
initial wave function features two main lobes separated by a
transverse distance of Δx � nπ∕α. In Fig. 4, this process is
depicted for the specific case of n � 2. In addition, in [18],
it is shown that within a certain region the dynamics obeyed
by the QW propagating in free space is indeed identical to the
one exhibited by a QW being simultaneously launched into
two sites of a periodic lattice. The experimental results pre-
sented in Fig. 4(b) were obtained analogously to the single
excitation case.

Fig. 2. Experimental setup consisting of a Helium Neon laser
(λ � 633 nm), telescope for beam expansion, spatial light modulator
(Holoeye Pluto VIS) for amplitude and phase modulation, spherical lens
(f � 300 mm) for Fourier transformation, microscope objective (10×
Olympus Plan Achromat) for imaging, and movable CCD camera (Basler
Ace 1600-20gm).

Fig. 3. Theoretical and experimental comparison for a 1D CRW in free space. (a) Theoretical free-space probability evolution corresponding to the
initial wave profile given by Eq. (4) using the parameters α � 125 mm−1 and σ � 0.13 mm. (b) Bottom, experimental intensity envelope as produced in
our setup at z � 0 cm. Center, recorded intensity evolution of the light beam at the plane y � 0. Top, final intensity pattern after a propagation distance
of z � 2.5 cm. (c) Comparison between theoretical and experimental intensity distribution in the initial plane at y � 0. (d) Comparison between
theoretical and experimental intensity evolution at two different transverse positions. x0 � 0 and x1 � π∕α ≈ 25 μm.
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Finally, in order to demonstrate the potentiality of this ap-
proach for the realization of 2D free space CRWs, we consider
the experimental propagation of the initial field profile
given by

ψ�x; y; 0� � exp�−�x2 � y2�∕2σ2�J0�αx�J0�αy�: (8)

To do so, we tune the SLM such that α � 310 mm−1 and
σ � 0.13 mm. The experimental propagation dynamics are
presented in Fig. 5, where now the intensity pattern resembles
the probability distribution of a QW evolving through a 2D
square lattice. Figures 5(a)–5(c) show the experimental inten-
sity patterns registered at three planes perpendicular to the
propagation direction. These observations fully confirm
our theoretical predictions depicted in Figs. 5(d)–5(f). The

3D picture at the bottom of Fig. 5 shows the experimental
evolution of the registered light spots where the intensity is
a local maximum.We emphasize again that the evolution takes
place in free space and no lattice potential is present.

In conclusion, we have demonstrated theoretically and ex-
perimentally that CRWs can be generated in the absence of
any periodic environment, e.g., in the bulk of a uniform
material or even in free space. We performed experiments us-
ing classical light beams that resemble a probability distribu-
tion of QWs as if a lattice potential were present. With current
technology, we foresee that experiments will soon be feasible
using real quantum particles, in particular photons and elec-
trons (see, e.g., [15]). As CTQRWs carry the potential of sub-
stantially accelerating computation schemes [2,8], our results
may open new possibilities in quantum information technol-
ogy using bulk optics. However, this potential can only be
fully tapped by expanding the presented results to the case
of multiple walkers.
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Fig. 4. Theoretical and experimental comparison for a 1D CRW in a
coherent superposition of states. (a) Theoretical free-space probability
evolution of the initial wave function ψ�x; 0� � exp�−x2∕2σ2��J0�αx� �
J0�αx − 2π�� using the parameters α � 145 mm−1 and σ � 1 mm.
(b) Bottom, experimental initial intensity profile. Center, top view of
the intensity evolution. Top, intensity pattern recorded after a propaga-
tion distance of z � 2.5 cm.

Fig. 5. Experimental results for a 2D CRW. Top row, experimental
images taken with a CCD camera. Central row, theoretical intensity
evolution. Bottom row, stitched image from all camera images, showing
the 2D CRW of a “single excitation.”

Letter Vol. 1, No. 4 / October 2014 / Optica 271

http://www.opticsinfobase.org/optica/viewmedia.cfm?URI=optica-1-4-268&seq=1

	cover-optica-1-4.pdf
	optica-1-4-192.pdf
	optica-1-4-198.pdf
	optica-1-4-203.pdf
	optica-1-4-209.pdf
	optica-1-4-217.pdf
	optica-1-4-223.pdf
	optica-1-4-227.pdf
	optica-1-4-233.pdf
	optica-1-4-243.pdf
	optica-1-4-250.pdf
	optica-1-4-257.pdf
	optica-1-4-264.pdf
	optica-1-4-268.pdf



