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Carrier-Envelope-Offset Frequency Stable 100 W-Level
Femtosecond Thin-Disk Oscillator

Sebastian Gröbmeyer,* Jonathan Brons, Marcus Seidel, and Oleg Pronin

In this paper, the carrier-envelope-offset (CEO) frequency stabilization of a
Kerr-lens mode-locked femtosecond oscillator with average power 105 W is
presented. Intra-cavity Kerr lensing is realized in a quartz crystal that
simultaneously serves as an acousto-optic loss modulator. This novel method
results in a CEO frequency stable laser with high average power and a residual
in-loop phase noise below 90 mrad. Furthermore, an all-solid-state bulk
broadening stage is presented. The compressed, CEO frequency-stabilized
output has a peak power exceeding 67 MW at a pulse duration of 40 fs and a
repetition rate of 15.6 MHz. The intra-cavity peak power of the CEO
frequency-stabilized oscillator is around 200 MW. These results pave the way
toward compact, transportable all-solid-state drivers with high repetition rates
for deep UV and XUV frequency combs and other nonlinear processes.

1. Introduction

The experimental investigation of atomic and molecular elec-
tronic structures in the deep UV and XUV ranges is limited by
the currently accessible synchrotron sources,[1] and the relatively
complex laser-based systems[2] and spectrometers operating in
this wavelength range.[1] Among the most exciting applications
in this spectral range is the spectroscopy of the 1S–2S transition
of He+ ions, a milestone that has not yet been reached. The di-
rect detection of this atomic transition requires a coherent deep
UV source emitting at around a wavelength of 60.8 nm to effi-
ciently drive the two-photon transition.[3] Deep UV radiation is
also required, for example, for a new generation of ultra-precise
atomic clocks based on a transition in thorium nuclei that has
only recently been shown to be in the 68–197 nm wavelength
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range.[4] A promising approach for ac-
cessing the desired wavelength range is
the frequency upconversion of laser radi-
ation, for example, by means of high har-
monic generation (HHG) in noble gases.
However, even when driven with pulses
as short as 20 fs the conversion efficiency
is only on the order of about 10−6,[5,6] al-
though the conversion efficiency into sin-
gle harmonic peaks can be increased by
the use of waveguide structures in the
frequency conversion process.[7] Conse-
quently, drivers that can provide high av-
erage powers are required to compensate
for the low efficiency. Until now, such
systems have conventionally been based
on cascaded extra-cavity amplification or

enhancement cavities since the achievable power from the laser
oscillator is often insufficient for direct HHG. However, these
systems are often bulky and complex in design and fiber-based
amplification systems in particular tend to suffer from signifi-
cant high frequency (>100 kHz) intensity noise[8] that is corre-
lated with noise in the carrier-envelope phase (CEP) as a result
of the amplitude-to-phase coupling in nonlinear media. During
conversion to XUV, a significant multiplication of this noise is
expected,[9] which can be highly obstructive in high-precision
spectroscopic applications. High-power thin-disk oscillators have
been shown to exhibit excellent noise characteristics, reaching
shot-noise limited performance (at >100 kHz).[10] Moreover, sig-
nificant reduction in CEP flicker noise is expected for thin-disk
oscillators, thanks to their relatively low repetition rate and high
intra-cavity power.[11] The combination of Kerr-lens mode-locked
high-power oscillators with external spectral broadening and
pulse compression facilitates the generation of extremely short
pulses of only a few optical cycles.[12] The stabilization of the CEP
of such laser systems when operated at high average and peak
powers is therefore an essential step toward the development of
a highly stable, compact, transportable driver for HHG.
Thus far, several techniques for stabilizing the carrier-

envelope-offset (CEO) frequency of high-power laser oscillators
have been successfully demonstrated. These approaches are gen-
erally based on control of the pump power or the intra-cavity
losses of the oscillator or on feed-forward schemes.[13] While con-
trol of the pump power is power scalable and therefore also ap-
plicable to thin-disk oscillators, the bandwidth of the stabilization
scheme is typically limited by the cavity dynamics of the laser os-
cillator. For most rare-earth-doped solid-state lasers, the achiev-
able control bandwidth is on the order of several tens of kilohertz,
although it can be shifted to higher frequencies by utilizing phase
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Figure 1. Schematic of the setup. The AOM is placed inside the focusing telescope as additional Kerr medium. F1–F4, focusing mirrors; FS, fused silica
window; HA, hard aperture; HD, highly dispersive mirror; KM, Kerr medium; L1, L2, mode-matching lenses; OC, 15% output coupler; TD, thin disk.

lead filters in the phase-locked loop (PLL).[14,15] CEO frequency
stabilization by pump power control has been demonstrated ex-
perimentally, for example, in previous work[14] by implementing
a dual-wavelength pumping scheme, although only with a resid-
ual in-loop phase noise of 390 mrad due to the limited control
bandwidth.
This limitation can be overcome by utilizing intra-cavity loss

modulation instead of pump power control, as has success-
fully been demonstrated in fiber oscillators[16] utilizing electro-
optic modulators, in thin-disk oscillators[12] using acousto-optic
modulators (AOMs) and in bulk lasers using cw-pumped semi-
conductor saturable-absorber mirrors (SESAMs) as opto-optical
modulators.[17,18] Until now, the CEO frequency stabilization of
Kerr-lens mode-locked thin-disk (TD) oscillators using intra-
cavity loss modulation has only been realized in oscillators with
average output powers of below 50 W and, more importantly,
with intra-cavity peak powers of below 30 MW using an AOM for
CEO control. In the experiments presented in previous work,[12] a
residual in-loop phase noise of 180 mrad was reported using the
intra-cavity loss modulation approach. However, scaling the con-
cept to higher power would necessitate an increased spot size in-
side the AOM and therefore reduce the control bandwidth, thus,
likely compromising the achievable in-loop phase noise. Further-
more, the additional self-focusing inside the AOM crystal used
for loss modulation can counteract the main Kerr-lens mode-
locking (KLM)mechanism and degrade themode-locking perfor-
mance. This becomes particularly significant when the concept
is applied to high-power oscillators, since in this case the intra-
cavity peak power rises substantially and the nonlinear contribu-
tion of the AOMmaterial becomes important even for large beam
diameters inside the AOM.
Feed-forward stabilization has been demonstrated to work well

for low-power seed lasers based on Ti:sapphire bulk materials.[13]

However, several limitations must be faced when applying the
concept to high-power lasers. The concept relies on utilizing the
first diffraction order beam from an AOM which requires high
diffraction efficiency. However, for a high-power beam incident
on the AOM, the beam diameter needs to be large to avoid self-
focusing and thermal lensing. This aspect severely limits both the
achievable diffraction efficiencies as well as the accessible modu-
lation bandwidth. Furthermore, the initial passive stability of the
CEO frequency needs to be very high to prevent significant beam-

pointing fluctuations at the first diffraction order of the AOM.[19]

This makes the overall system complex in terms of design, re-
quires the implementation of additional feedback loops[20] and
limits the applicability of this approach for high-power lasers.
We demonstrate a novel approach for CEO frequency stabi-

lization by realizing KLM in a quartz crystal that simultaneously
serves as an intra-cavity acousto-optic loss modulator. By placing
the AOM in the beam focus inside the oscillator, a large con-
trol bandwidth of 230 kHz was achieved. Furthermore, the self-
focusing introduced by the Kerr effect inside the AOM is used to
initiate and stabilize the Kerr-lens mode-locked operation. Using
the technique presented here, a residual in-loop phase noise of
90 mrad (1 Hz–500 kHz) was reached at an unprecedented high
average output power of 105 W and an intra-cavity peak power
of more than 200 MW, thus representing the highest average
power of a CEO frequency stable laser available today. This cor-
responds to a CEO frequency-stabilized intra-cavity peak power
that is improved by more than a factor of seven and a simul-
taneous reduction of the in-loop phase noise by a factor of two
when compared to the state of the art.[12] Furthermore, all-solid-
state spectral broadening of the oscillator output is realized in a
multi-pass cell (MPC) resulting in a peak power of 67 MW with
a pulse duration of 40 fs after recompression. These parameters
are closely comparable to state-of-the-art CEP-stable, Ti:sapphire
seeded fiber amplifier systems,[21,22] although, with significantly
reduced complexity and size.

2. Results

2.1. Acousto-Optic Loss Modulation Inside the Kerr Medium

The experimental setup is sketched in Figure 1. The Kerr-lens
mode-locked Yb:YAG TD oscillator used here is a slightly modi-
fied version of the oscillator described in previous work.[23] The
TD oscillator was set to emit an average output power of 105 W,
delivering 190 fs pulses with pulse energy 6.7 μJ at a repetition
rate of 15.6 MHz and central wavelength 1030 nm. An AOMwas
incorporated as a Kerr medium (see the Experimental Section)
to control the CEO frequency via intra-cavity loss modulation.[12]

The AOM operates in the Raman–Nath diffraction regime (see
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Figure 2. Transfer function of the oscillator output power. A) Phase and
amplitude transfer functions of the oscillator output power in response
to the AOM modulation measured with Zurich Instruments UHF lock-in
amplifier. The dashed red line indicates the frequency at which a phase
shift of 90° is accumulated. B) Integrated phase noise (IPN) of the free-
running CEO beat. The dashed blue line indicates the frequency at which
an IPN of 100 mrad is reached.

the schematic diffraction in Figure 1) with a diffraction efficiency
into the higher orders that is estimated at well below 1%.
To characterize the performance of the AOM when imple-

mented as a Kerr medium, the transfer function of the oscillator
output power when modulating the intra-cavity power using the
AOMwasmeasuredwith a lock-in amplifier (Zurich Instruments
UHF, Figure 2A). A phase lag of 90° was reached at �230 kHz
allowing for CEO frequency control over a wide frequency band.
The phase transfer function shows a small phase shift of �25°
centered at around 2 kHz which presumably originates from the
resonance close to the relaxation oscillation frequency of the os-
cillator. The amplitude transfer function shows a distinctive high-
pass filtering behavior that can be explained by taking a closer
look at the upper-state lifetime of the gain medium; for Yb:YAG,
the upper-state lifetime is �1 ms. Therefore, at frequencies be-
low 1 kHz, the slow modulation of intra-cavity power introduced
by the AOM can be counteracted by the dynamic gain saturation
of the laser medium which effectively reduces the modulation
amplitude.[16] In contrast, the modulation amplitude for frequen-
cies exceeding 1 kHz is only slightly reduced since the power os-
cillations are too fast to be followed by the upper-state popula-
tion of the gain medium. It should be noted that the amplitude
modulation at frequencies below 1 kHz is damped by only about
−7 dB which can easily be compensated by the frequency depen-
dent feedback in the servo-loop.
To assess whether the available control bandwidth is sufficient

for the stabilization of the CEO frequency, the noise characteris-
tics of the free-running CEO beat obtained from an f-to-2f inter-
ferometer were analyzed using the method presented in previ-
ous work[14] (see Supporting Information for details). Evaluation
of the integrated phase noise (IPN) of the free-running CEO beat
(Figure 2B) showed that a modulation bandwidth of more than
20 kHz is required to obtain a residual phase noise level below
100 mrad. This is readily provided by the AOM, exceeding the
minimum desired bandwidth by an order of magnitude.

Figure 3. Broadening stage output. A) Measured spectra at the output of
the oscillator (blue) and at the output of the Herriott-type MPC (green)
measured with a grating spectrometer (Ocean Optics). B) Autocorrela-
tion measured at the output of the chirped-mirror compressor after the
MPC.

2.2. All-Solid-State Bulk Broadening Stage

Since the efficiency of driving most nonlinear processes bene-
fits from high peak power and short pulse duration, about 80 W
of the oscillator output was sent to a spectral broadening stage,
which consisted of two lenses for mode matching and a subse-
quent Herriott-type MPC. This Herriott cell is comprised of two
concave mirrors and a bulk window (see FS, Figure 1) placed
centrally between them. The MPC forms a quasi-waveguide for a
beam whose mode is matched to the cell eigenmode and allows
for a large number of beampasses through thewindow before be-
ing coupled out. As has been demonstrated in various works,[24,25]

this scheme can be used to efficiently broaden the laser spectrum
whilemaintaining a high beam quality and high throughput. The
MPC utilized here comprised 31 passes through an AR-coated
fused silica plate with a thickness of 6.35 mm. The broadened
spectrum (Figure 3A) was subsequently sent to a chirped-mirror
compressor, effectively reducing the pulse duration to 40 fs (de-
duced from autocorrelationmeasurement, as shown in Figure 3B
assuming a Gaussian temporal profile for the main pulse fea-
ture). The peak power could thus be increased to 67 MW, taking
into account the power loss into the pedestal, which is caused
by residual uncompensated second- and higher-order dispersion.
Due to imperfect mode matching, the input power of the MPC
was limited to 80 W, since higher input powers resulted in white
light generation inside the fused silica plate. It should be noted
that supercontinuum generation in highly nonlinear fibers leads
to a loss of temporal coherence if pulses exceeding durations of
about 100 fs are used.[26] The pulse compression therefore also
ensured that temporal coherence wasmaintained throughout the
subsequent supercontinuum generation process.

2.3. CEO Frequency Stabilization

For the phase-stabilization experiments, about 130 mW of
the broadening stage output was sent to a home-built f-to-2f
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Figure 4. Residual in-loop phase noise. The blue curve shows the phase
noise power spectral density (PSD) of the CEO beat assessed from the
recorded error signal. The IPN from 500 kHz to 1 Hz is displayed in red.
The noise floor PSD of the oscilloscope (without digital phase detector) is
shown in black.

interferometer (see Experimental Section), and the CEO fre-
quency was subsequently locked to an external RF reference.
A minimum residual in-loop phase noise of 90 mrad (1 Hz–
500 kHz) was observed. The power spectral density (PSD) of
the detected error signal and the IPN are shown in Figure 4.
The spike at 26.4 kHz is also visible in the phase noise of the
free-running beat note; this presumably stems from the oscilla-
tor although its exact origin is yet unknown. A second spike at
62.5 kHz and excess noise in the range 100–500 kHz was found
to be inscribed by the digital phase detector (DPD) used for the
experiments. This noise could potentially be reduced by using a
different phase detector with an intrinsically lower noise floor.

2.4. Reduction of the Repetition Rate Phase Noise

Due to strong amplitude-to-phase coupling in the Kerr medium
the reduced phase noise during CEO frequency-stabilized oper-
ation was also expected to manifest itself in a reduction of the
oscillator phase and intensity noise. This was verified by analyz-
ing the phase noise of the pulse repetition frequency, which was
measured with a high dynamic-range RF Analyzer (Figure 5).
From Figure 5, it can be seen that the phase noise around the
carrier decreases once the CEO frequency is locked, revealing
previously hidden sidebands around ± 2 kHz. These sidebands
can be attributed to the interplay between the AOM modulation
and the gain dynamics of the oscillator which is masked by the
generally higher low-frequency noise in the unlocked case. The
results indicate a significant coupling of the CEO phase noise
to the oscillator repetition rate phase noise which might facil-
itate the use of an AOM both as a Kerr medium and in the
stabilization of repetition rate phase noise. However, this cross-
talk behavior between the CEO frequency noise and repetition
rate phase noise requires more careful analysis, especially in the
low-frequency range. The oscillator intensity noise and its cou-
pling to the phase noise should also be characterized in future
work.

Figure 5. Oscillator phase noise reduction. Comparison of the phase
noise of the repetition rate of the oscillator for the free-running case (black)
and for the case of locked CEO frequency (blue, both measured with Ag-
ilent E4447A RF Analyzer, 100 Hz RBW). Due to a strong amplitude-to-
phase coupling in the Kerr medium (AOM) inside the oscillator, locking of
the CEO frequency likewise results in a clear reduction of the laser phase
noise.

3. Discussion

Although no out-of-loop noise measurements were performed,
the residual out-of-loop phase noise is expected to be somewhat
higher than the in-loop noise. According to previously reported
results,[12] the difference in the phase noise can be a factor of two
to three. The main differences in phase noise performance be-
tween the in-loop and out-of-loop cases originated from beam-
pointing fluctuations, which are converted to phase noise by
amplitude-to-phase coupling inside the highly nonlinear pho-
tonic crystal fiber (PCF), and a general noise amplification during
the supercontinuum generation.[27] The conceptual similarity of
the two experiments therefore suggests a comparable difference
between in-loop and out-of-loop noise in the existing setup.
To ultimately drive CEP-sensitive effects such as electron

emission from nanotips[28] or optical-field-induced currents in
dielectrics,[29] CEO frequency stabilization to an arbitrary RF ref-
erence is not sufficient, and an offset-free stabilization method
should be applied. Recently, Okubo et al.[30] have demonstrated
an offset-free self-referencing scheme that allows the generation
of zero offset frequency combs using a conventional f-to-2f in-
terferometer in conjunction with an additional photodiode for
subtraction of the repetition rate signal from the RF-spectrum.
This method could easily be adapted for the presented stabiliza-
tion scheme, and would allow the generation of truly CEP-stable
pulses without impairing the noise characteristics of the phase-
locking method presented here.
In the existing setup, the duration of CEO frequency stable

operation was limited to several minutes due to beam-pointing
drifts in the laser system, which could be attributed to the warm-
ing up of the AOM due to the applied RF power. This can be mit-
igated by applying the RF power to the AOM over an extended
period of time (about half an hour) to allow the AOM to ther-
mally stabilize before locking the CEO frequency. Residual beam-
pointing instabilities are currently being addressed by progress-
ing to a fiber-free method of generating the beat signal which
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is expected to exhibit a significantly reduced sensitivity to beam-
pointing fluctuations and improved overall thermal stability of
the external pulse compression scheme and the interferometer
(see Supporting Information).
It is instructive to discuss the average and peak power scal-

ability of the approach implemented here. A Kerr-lens mode
locked oscillator operating with 1 kW intra-cavity average power
was demonstrated in previous work[23] with a sapphire plate
as a Kerr medium. In our experience, crystalline quartz shows
similar thermo-optical performance to that of sapphire, and
thus should be scalable toward an intra-cavity average power
of several kilowatts. This view is also supported by the cur-
rently implemented pump diodes providing an average output
power of 3 kW and driven by a 6.3 kW power supply. The peak
power inside Kerr-lens mode locked TD oscillators scales lin-
early with the beam size in the Kerr medium, as was empir-
ically demonstrated in previous work.[31] The beam diameter
of 300 μm corresponds to a maximum peak power of about
400 MW. The beam diameter is here defined at the center of the
stability zone and is somewhat smaller in practice. Thus, scal-
ing the intra-cavity peak power by an order of magnitude (4 GW)
would result in a beam diameter below 3 mm and an AOM con-
trol bandwidth of approximately an order of magnitude lower
than in the case presented here, that is �20–30 kHz. This con-
trol bandwidth is sufficient to bring the oscillator CEO frequency
noise down to <0.5 rad. It is interesting to note that, applying
the same scaling rules to KLM bulk oscillators with relatively low
intra-cavity peak power levels, and thus very small beam diame-
ters in a Kerr medium (�30μm), should result in a control band-
width exceeding 1 MHz.
One of the main applications for Kerr-lens mode-locked TD

oscillators is the development of coherent XUV sources via
HHG, for example, in gas jets.[32] XUV generation at megahertz
repetition rates, which allows nonlinear compression in Kagome
PCFs to reach the required low pulse durations of around 30 fs,
was demonstrated by Hädrich et al.,[33] showing an improvement
in the XUV photon flux in a single harmonic of almost four
orders of magnitude compared to previous experiments.[34] The
presented laser system can provide closely comparable output
parameters (40 fs, 67 MW) when compared to this work,[33]

although with vastly reduced complexity and size and in com-
bination with CEO frequency stabilization. This experimental
demonstration will therefore pave the way for a new class of
oscillator-based XUV drivers that can be utilized for frequency
comb and phase-sensitive high-field experiments. Importantly,
intra-cavity nonlinear processes such as HHG can also be used
in an analogous way to those used in previous demonstrations by
other groups,[35,36] thanks to the high peak power level inside of
the oscillator and readily available methods of pulse shortening
beyond the emission bandwidth limit to below 50 fs in KLM[37]

and distributed KLM regimes.[38]

4. Conclusion

In summary, we have presented a high average power CEO fre-
quency stable laser and high peak power CEO-frequency stable
oscillator. By exploiting the nonlinear properties of the AOMma-
terial we were able to implement Kerr lensing inside the AOM

Figure 6. F-to-2f interferometer layout. APD, avalanche photodetector; BP,
bandpass filter; DM, dichroic mirror; LP, longpass filter; PCF, photonic
crystal fiber; PPLN, periodically poled lithium niobate for second harmonic
generation.

crystal while at the same time utilizing its acousto-optical proper-
ties to introduce intra-cavity loss modulation. In this way, a large
control bandwidth of 230 kHz could be achieved which is compa-
rable to the bandwidths reached using a feed-forward scheme.[13]

The TD oscillator was CEO frequency stabilized with a residual
in-loop phase noise below 90 mrad at an average output power
of 105 W. In combination with the power scaling laws for TD
oscillators, we believe that this novel, power-scalable approach to
CEO frequency stabilization will allow the development of mode-
locked high-power TD oscillators providing a peak power ofmore
than 100 MW and an average power in the kW regime. Addition-
ally, by using a Herriot-cell type broadening scheme, pulses were
generated with a peak power of 67 MW and an average power of
75 W at a pulse duration as short as 40 fs with a repetition rate of
15.6 MHz. Further steps are being taken toward the realization
of all-bulk-broadening toward sub-15 fs pulse duration[39] in com-
bination with 2f-to-3f interferometers for characterizing in-loop
noise and minimizing the out-of-loop noise as well as improving
the long-term stability.

5. Experimental Section
TD Oscillator: The AOM used as a Kerr medium had a thickness of

�3 mm and was placed at Brewster’s angle inside the focusing telescope
of the oscillator, replacing the originally implemented 5mm sapphire plate
as the Kerr medium.[23] A 3 mm thick quartz plate was placed close to the
AOM as an additional Kerr medium to assimilate the overall Kerr-lensing
effect of the original configuration. The exact separation distance between
the AOM and the quartz-plate was found to be uncritical due to the long
Rayleigh length of the focused beam of radius �300 μm. Due to the de-
coupling of the Kerr and gain media in mode-locked thin-disk oscillators,
this modification was made without requiring further changes to the os-
cillator. The reduction in output power compared to previous work[23] was
realized by changing the position of the Kerr medium and was carried out
in order to optimize the passive stability of the output CEO frequency, for
example, to reduce the slow fluctuations in the CEO frequency. Otherwise,
nearly the same peak- and average-power levels (60 MW, 150 W) could be
reached with the presented AOM/Kerr medium combination.

F-to-2f Interferometer: The layout of the f-to-2f interferometer utilized
here is depicted in Figure 6. To generate an octave-spanning spectrum,
�130mW of the compressed pre-broadening stage output was sent into a
highly nonlinear PCF (NKT Photonics SC-3.7-975) to generate a supercon-
tinuum. A home-built f-to-2f interferometer was used for the detection of
the CEO frequency, where aMach–Zehnder interferometer layout was cho-
sen over a quasi-common path geometry. Although a common path can
significantly reduce the contributions from air fluctuation and mechanical
vibrations to the measured phase noise, the layout chosen here facilitates
additional filtering inside the interferometer arms, which was necessary to
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avoid saturation of the avalanche photodetector (APD). The red part of the
spectrum was separated with a dichroic mirror and was longpass filtered
at 1200 nm before being recombined with the blue part. The blue part had
a variable delay to ensure the temporal overlap of the fundamental and
second harmonic components on the APD. For the generation of the sec-
ond harmonic components, a periodically poled lithium niobate crystal
was used. Both fundamental and second harmonic beams were filtered
with a bandpass filter centered at 690 nm with a full width at half maxi-
mum (FWHM) of 10 nm before impinging on the detector, thus reducing
detector saturation due to non-overlapping spectral components.

Phase-Locked Loop: In order to lock the CEO frequency, the free-running
beat signal was shifted to 10.7 MHz by slightly adjusting the pump power.
The CEO frequency was bandpass filtered and amplified by +60 dB before
being compared to an externally applied RF signal (10.7 MHz, from aMar-
coni 2022D Signal Generator) in a± 16π DPD (home built). The resulting
error signal was split, with half the power being sent to a proportional–
integral–derivative (PID) controller (Vescent-Photonics D2-125) and the
other half being used for monitoring the locking performance on a digital
oscilloscope. The servo signal generated in the PID controller was then
applied to the modulation input of the AOM driver. By varying the corner
frequencies of the integral parts (first integrator set to 50 kHz, second inte-
grator 5 kHz), the corner frequency of the derivative part (set to 20 kHz),
and the proportional gain of the PID controller, a tight lock of the CEO
frequency could be achieved.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[32] T. Südmeyer, S. V. Marchese, S. Hashimoto, C. R. E. Baer, G. Gingras,
B. Witzel, U. Keller, Nat. Photonics 2008, 2, 599.
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