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Ultrashort Pulse Laser Technology
Progress Toward Single-Cycle Optical Pulse Synthesis
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Coherent superposition of multiple mode-locked lasers has been recognized as one of the most
promising techniques to generate well-isolated and highly-stable single-cycle optical pulses
beyond the bandwidth limitations of gain media and laser mirrors. To synthesize single-cycle
optical pulses, four major steps are necessary. The first step is building two very stable and
broadband mode-locked lasers with overlapping spectra. In this research an octave-spanning
Ti:sapphire laser [1] and a broadband Cr:forsterite laser [2] were built. The second step is timing
synchronization with sub-cycle timing jitter between the two lasers. Once a tight timing
synchronization is completed, a heterodyne beat signal between two lasers in the overlapping
spectral range is obtained. The third step is to phase-lock this beat signal, which corresponds to
the difference in carrier-envelope offset frequencies, to DC. This completes the phase-coherent
superposition of two lasers. The final step is compensating extra-cavity dispersions and
characterizing and optimizing synthesized pulses.
Figure 1 (a) shows the combined optical spectra. The overall optical spectral range spans from
600 nm to 1500 nm at -30 dB level from the peaks. There is a sufficient spectral overlap in 11001130 nm range, which enables simple heterodyne beat signal detection. The transform-limited
pulse width of the combined spectra is about 3 fs. At the center wavelength, 900 nm, this
corresponds to about one cycle of light oscillation.

(a)
(b)
Figure 1: (a) Combined optical spectra in logarithmic- and linear-scales. (b) Interferometric autocorrelation
(IAC) traces of Ti:sapphire and Cr:forsterite lasers.

To ensure each laser is emitting near-transform-limited optical pulses, an interferometric
autocorrelation (IAC) is taken for each laser. Figure 1 (b) shows the results. The retrieved pulse
widths of Ti:sapphire and Cr:forsterite lasers were about 5.4 fs and 24 fs respectively. They are
slightly longer than the pulse widths calculated from the optical spectra assuming flat spectral
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phases. Imperfect extra-cavity dispersion compensations and uncompensated intra-cavity
nonlinear chirp might be attributed to this discrepancy. Further optimization of both lasers with full
intensity- and phase-characterizations based on SPIDER [3] will be performed in the near future.
Synchronizing the pulse envelopes from each laser with sub-cycle timing fluctuation is one of the
most challenging steps in pulse synthesis. The relative timing jitter between two lasers should be
less than a tenth of an optical cycle for high-quality pulse synthesis. At a center wavelength of
900 nm, this requires a timing jitter of 300 as or less measured over the full Nyquist bandwidth.
To achieve this, we introduced a balanced optical cross-correlator, an optical equivalent of
microwave balanced mixer, to achieve an ultra-low jitter timing between the two lasers [4]. The
residual timing jitter measured over the detector bandwidth of 2.3 MHz was 300 as ± 100 as. This
technique demonstrates that sub-femtosecond timing synchronization is possible in a routine
way.
As soon as the repetition rates of the two lasers are locked, we can observe a strong beat signal
in the overlap region of the optical spectrum. The transmission of a 15 nm wide band-pass filter
centered at 1120 nm is used to generate the beat signals shown in Figure 2 . The signals are
detected with a InGaAs pin-photodiode connected to a trans-impedance amplifier with 2 MHz
bandwidth.. The beat signal represents the difference in the carrier-envelope offset frequency
∆fceo between the two lasers. It is possible to obtain this beat without the use of spectral
broadening of the mode combs, which helps to provide an exceptionally large SNR of about 50
dB in a 30 kHz resolution bandwidth.

(a)
(b)
Figure 2: Heterodyne beat between Ti:sapphire and Cr:forsterite lasers measured by 2 MHz bandwidth
photo-detector: (a) resolution bandwidth of 100 kHz over 90 MHz range; (b) resolution bandwidth of 30 kHz
over 10 MHz range.

For completion of the pulse synthesis process, it is necessary to phase-lock this difference offset
frequency to DC. The use of balanced homodyne detection with in-loop beam splitter is currently
under investigation. By use of the 90° phase shift between reflected and transmitted waves at an
ideal 50:50 beam splitter [5], we can detect a beat signal component with cancelled DC offset and
amplitude noise. By controlling the intra-cavity pulse energy of the Ti:sapphire laser via
modulation of pump power with the output from the balanced homodyne detector, the carrierenvelope offset frequency can be controlled. The synchronization will be obtained when the
output from the balanced homodyne detector is locked to zero.
Once the single-cycle laser system is completed, optical pulses comprised of one cycle of light
oscillation with well-controlled carrier-envelope phase can be used for detection of phasesensitive nonlinear optic processes. Two representative examples are (a) electric-field phase
dependent population inversion in two-level systems and (b) sub-cycle tunneling through metalinsulator-metal structures.

26-4 RLE Progress Report 147

Chapter 26. Optics and Quantum Electronics

References:
[1] T.R. Schibli, O. Kuzucu, J. Kim, E.P. Ippen, J.G. Fujimoto, F.X. Kaertner, V. Scheuer, G.
Angelow, IEEE J. Sel. Top. Quantum Electron. 9, 990-1001 (2003).
[2] J. Kim, S. M. Thesis, Department of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, MA, Feb 2004.
[3] C. Iaconis and I. A. Walmsley, IEEE J. Quantum Electron. 35, 501 - 509 (1999).
[4] T.R. Schibli, J. Kim, O. Kuzucu, J. Gopinath, S.N. Tandon, G.S. Petrich, L.A. Kolodziejski, J.G.
Fujimoto, E.P. Ippen, and F.X. Kaertner, Opt. Lett. 28, 947 - 949 (2003).
[5] J. Kim, J. R. Birge, V. Sharma, J. G. Fujimoto, F. X. Kaertner, V. Scheuer, G. Angelow, Opt.
Lett., in press (2005).

26-5

Chapter 26. Optics and Quantum Electronics

Ultrabroadband Beam Splitters with Matched Group Delay Dispersion
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As the pulse width of femtosecond lasers becomes shorter and shorter, the spectral range
increases dramatically. Currently, pulses with octave-spanning spectra in the range of 600-1200
nm can be directly generated from mode-locked lasers [1]. The characterization of such
extremely short pulses, comprised of less than two cycles of light, using an interferometric autocorrelator (IAC) or the SPIDER-method [2], requires ultrabroadband beam splitters for combining
and splitting the pulses without spectral and spatial distortions. Ultrabroadband beam splitters are
also necessary for the pump-probe spectroscopy experiments with few-cycle optical pulses.
Furthermore, for single-cycle optical pulse synthesis [1], which uses two broadband lasers
ranging from 600 to 1500 nm, a beam splitter with well-controlled characteristics over the whole
combined spectral range is necessary.
When the spectral range of interest increases beyond one octave, conventional metallic beam
splitters show considerable loss and strong wavelength dependence in reflection and
transmission due to the wavelength dependent penetration depth into the metal. Conventional
dielectric beam splitters based on quarter-wave Bragg stacks cannot support such broad spectra.
Therefore it is highly desirable to design a broadband beam splitter based on chirped multi-layer
dielectric thin-film coatings deposited on a substrate. For efficient ultrabroadband pulse
combining and splitting, we need not only constant reflectance and transmittance over the whole
controlled spectrum range but also well-controlled group delay dispersion (GDD) for any inputoutput combinations.
The design goal is a broadband beam splitter with a constant transmission (and reflection) and a
well-controlled dispersion over the spectral range of interest identical for reflection or transmission
through the beam splitter. This goal can be achieved when the group delay dispersion (GDD) for
reflection from the coating is matched with the GDD for a single pass in the substrate. In this
condition, the GDD for any combination of input and output can be matched over the whole
wavelength range (detailed derivation of this condition is shown in Ref. [3]).
This well-controlled dispersion condition in transmission and reflection enables pre-compensation
of the dispersion in the splitter for both output ports at the input port. Furthermore, one can easily
show, under this design condition, that both output pulses are perfectly overlapped in time by
properly choosing the delay between the two input pulses. This characteristic makes this beam
splitter attractive for coherent pulse synthesis with pulses from different femtosecond laser
sources. In addition, a dielectric thin-film coating on a sufficiently thick substrate will ensure a
long-term stable and spatially distortion-free operation.
For a specific device demonstration based on the design strategy described above, we designed
an ultrabroadband 50:50 beam splitter covering the spectral range of 600 nm to 1500 nm. The
design is carried out for p-polarized light with a 45o angle of incidence. The dielectric multi-layer
thin film coating is deposited on a fused silica substrate. The fused silica substrate used in the
design is about 655 µm thick, equal to a 750 µm (=655/cos(29.2o)) optical path length in the
substrate for 45o angle of incidence. The optimized coating consists of 38 layers of TiO2 (n≈2.4)
and SiO2 (n≈1.48) on a fused silica substrate, and the total coating thickness is 3.54 µm. The
beam splitter is fabricated by ion-beam sputtering [4,5] to achieve the required precision on layer
growth.

26-6 RLE Progress Report 147

Chapter 26. Optics and Quantum Electronics

(b)

(b)

Figure 1: (a) Transmittance measurement result under p-polarized, 45 degrees incident angle. (b) Group
delay (GD) measurement results: (1) design target (GD of 750 µm fused silica up to a constant); (2)
measured GD of reflection from air side to coating; (3) measured GD of reflection from substrate side to
coating; (4) measured GD of transmission through coating and substrate.

Figure 1(a) shows the designed and measured transmittance of a fabricated beam splitter. The
transmittance was measured by a spectrophotometer under 45o angle of incidence. The design
and measurement show excellent agreement. The slight difference between design and
measurement partially originate from the limited incident angle accuracy of ±1.5 degrees. The
GDs and corresponding GDDs were measured by a white light interferometer [6]. Figure 1(b)
shows the collection of all measured GDs for three possible cases: (i) reflection from air side to
coating; (ii) reflection from substrate side to coating; (iii) transmission through coating and
substrate. Since the measurements always involve two reflections or transmissions, we divided
the measurement results by 2 when compared with the design. In addition, for an easy
comparison with the design, we shifted the measured GD curves by a constant amount. The
measurements were limited on the short wavelength side at 700 nm by the blocking filter for the
633 nm light from the He-Ne laser used for interferometer calibration. For all cases shown, the
measured GDs and the corresponding GDDs show excellent agreement with the design.
Broadband beam splitter with matched dispersion may find a widespread use in the near future
for experiments involving ultrashort optical pulses such as ultrabroadband pulse characterization,
pump-probe spectroscopy, and coherent pulse synthesis from multiple lasers.

References:
[1] T.R. Schibli, O. Kuzucu, J. Kim, E.P. Ippen, J.G. Fujimoto, F.X. Kaertner, V. Scheuer, G.
Angelow, IEEE J. Sel. Top. Quantum Electron. 9, 990-1001 (2003).
[2] C. Iaconis and I. A. Walmsley, IEEE J. Quantum Electron. 35, 501 - 509 (1999).
[3] J. Kim, J. R. Birge, V. Sharma, J. G. Fujimoto, F. X. Kaertner, V. Scheuer, G. Angelow, Opt.
Lett., to appear in June 15th issue (2005).
[4] V. Scheuer, M. Tilsch, and T. Tschudi, Proc. SPIE 2253, 445 (1994).
[5] M. Tilsch, V. Scheuer, and T. Tschudi, Proc. SPIE 2253, 414 (1994).
[6] K. Naganuma, K. Mogi, and H. Yamada, Opt. Lett. 15, 393 (1990).

26-7

Chapter 26. Optics and Quantum Electronics

Two-cycle laser pulses directly from prismless and compact laser
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Few-Cycle lasers enable the exploration of new physical, biological and chemical phenomena on
time scales approaching a single cycle of light and even below. Few-cycle laser sources are also
the brightest white light sources that can be used in biomedical imaging like Optical Coherence
Tomography [1], enabling micron resolution imaging of the retina and other tissue structure.
Physical processes sensitive to the electric-field allow for new insights into the coherent dynamics
in semiconductors [2]. Finally, amplified fs-pulses with extremely high electric field strengths
enable the ionization of atoms and ions within one optical cycle with phenomena like above
threshold ionization, high harmonic generation, and attosecond pulse generation [3]. The
generation of sub-10fs laser pulses is a challenging research topic and recently lead to the
shortest pulses directly out of a laser resonator [4].
Due to ongoing research within our group we further pushed the limits in terms of reliability,
compactness, optical bandwidth, carrier-envelope phase control and repetition rate [5]. Important
research activities in this context are novel dispersive mirrors, phase sensitive nonlinear optics,
laser resonator optimization, and noise characterization.
Advantages
The generation of the shortest fs-pulses directly from the laser rather then external spectral
broadening has many advantages. Due to intracavity nonlinear pulse shaping mechanisms,
emitted laser pulses reveal a relatively smooth spectral phase and continuous spectral coverage
in contrast to extra cavity pulse compression techniques where spectra are often more structures
and the spectral phase is considerably more complicated. In addition, extra cavity broadening is
accompanied by excessive noise both in amplitude and phase.
In the following we discuss the implementation of a prismless laser. The main advantages are
that these lasers are more compact and stable and allow for a scaling to higher repetition rates,
which is not feasible with prism based lasers. Another important aspect is the increased
sensitivity of the carrier-envelope phase to beam pointing stability in resonators with prisms. In
our design, the passive stability of the carrier-envelope phase is greatly improved and phaselocking schemes are therefore more easy and reliable to implement.
Technology
To achieve two cycle pulses, about 5.5fs in duration, directly from primsless Ti:sapphire lasers
several optimized key components are necessary. These are optimized dispersion compensating
mirror pairs together with broadband output couplers, resonator designs for optimum KerrLensing and precise dispersion management inside the laser resonator. The laser setup is
sketched in Fig. 1 and is based on a classical z-folded linear resonator. All intracavity mirrors
except the end-mirrors are broadband, double-chirped dispersion compensating dielectric mirror
pairs (DCMs) designed and characterized by our group. Since the DCMs are always used in
pairs, one end mirror is a silver mirror and the other is the output coupler. Approximately 1% of
the intracavity power is the usable laser output shaped in a well defined manner by the
transmission characteristics of the output coupler. Overall dispersion is flat and is composed by
the air path, the laser crystal, and the glass plates and wedges. The benefit of the BaF2 -wedges
is two-fold. First, the design of the DCMs in conjunction with BaF2 is made easier because of the
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relatively low ratio of third- to second order dispersion. Second, the dispersion of 0.5mm BaF2 is
similar to that of 1m of air. This allows for simple repetition rate scaling by reducing the air path
and correspondingly increasing the amount of BaF2 .
Results
Fig. 2 shows the emitted power spectrum for a laser at a repetition rate of 80MHz. The average
mode-locked output power is in the order of about 150mW at a pump power of 4.5W. Due to a
adapted output coupler transmission curve, the spectrum is relatively smooth and exhibits no
sharp spikes in the wings of the spectrum. As a consequence, the measured autocorrelation is
clean and does not show pronounced satellite pulses detrimental for many experiments. A
phase-retrieval algorithm based on the measured autocorrelation and the power spectrum
delivers a pulse duration of 5.5 fs.
W

200mm

S

L
X

P

OC

300mm
Figure 1: Setup of the 5.5fs prismless Ti:sapphire oscillator. All mirrors except the end mirrors are
double chirped mirrors used in pairs, symbolized by blue (type I) and green (type II) colours. S:
silber end mirror, W: BaF2 glass wedges, X: 2mm path length Ti:sapphire crystal, L: pump lens, P:
BaF2 glass plate, OC: output coupling mirror.
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Figure 2: a.) Emitted laser spectrum directly out of the resonator on a logarithmic and linear scale. b.)
Measured and calculated interferometric autocorrelation traces leading to a retrieved pulse duration of 5.5fs.

26-9

60

Chapter 26. Optics and Quantum Electronics

References:
1. A. D. Aguirre, P. Hsiung, T. H. Ko, I. Hartl, J. G. Fujimoto, Opt. Lett. 28(21), 2064 (2003).
2. O. D. Muecke, T. Tritschler, M. Wegener, U. Morgner, and F. X. Kaertner, Phys. Rev. Lett.
87(5), 057401 (2001).
3. M. Nisoli, G. Sansone, S. Stagira, and S. De Silvestri, C. Vozzi, M. Pascolini, L. Poletto, P.
Villoresi, and G. Tondello, Phys. Rev. Lett. 91(21), 213905-1 (2003).
4. R. Ell, U. Morgner, F. X. Kaertner, J. G. Fujimoto, E. P. Ippen, V. Scheuer, G. Angelow, T.
Tschudi, M. J. Lederer, A. Boiko, and B. Luther-Davies, Opt. Lett. 26(6), 373 (2001).
5. Oliver D. Muecke, Richard Ell, Axel Winter, Jung-Won Kim, Jonathan R. Birge, Lia Matos,
and Franz X. Kaertner, submitted to Optics Express (May 2005)

26-10 RLE Progress Report 147

Chapter 26. Optics and Quantum Electronics

Design and Measurement of Dispersion Compensating Mirrors
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Design of Novel Ultrafast Delay Mirrors
We have previously developed efficient computational methods to optimize the dispersion of
complex dielectric mirrors [1,2]. We recently applied these techniques to the design of novel
chromatic delay mirrors for use in carrier-envelope phase locking.
In f–2f schemes for locking the carrier envelope phase, it is necessary to precisely adjust the
delay between spectral components an octave apart [3]. In such schemes, the two components
an octave apart are mixed by interfering one component with the second harmonic of the other.
Without precise timing compensation, the two components would not overlap in time (or at least
not maximally) and thus a measurable beat note could not be produced. The required delay is
typically achieved using multiple bounces from the same broadband mirrors used to compensate
intracavity dispersion. However, such mirrors do not, by design, possess flat group delays at each
spectral component.
Using the optimization methods described above, we designed mirrors which introduced a
considerable delay (about 60 fs) between spectral components at roughly 575 nm and 1150 nm,
and yet which possess extremely low intraband dispersion. The group delay spectrum for these
mirrors is shown in Figure 1.
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Figure 1: Group delay error of f-2f delay mirror for carrier envelope phase stabilization.
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High Precision Wideband Dispersion Measurement
To accurately measure the dispersion of mirrors that encompass over an octave of bandwidth, we
developed a white light interferometer technique. The interferometer uses a simple halogen bulb
as its source. This thermal source provides incoherent light over a large bandwidth, extending
from the visible to the NIR. However, the intensity which can be collimated into a spatially
coherent beam is rather limited.
We have developed a computer-based data acquisition system for the interferometer which uses
digital signal processing techniques to retrieve precise dispersion measurements from the noisy
interferograms, even in the presence of mechanical noise in the translation of the delay stage.
Despite a signal to noise ratio of less than ten, the system is able to measure dispersion with a
precision of tens of attoseconds. Moreover, the measurement can be done over more than one
octave of bandwidth. This first system will form the basis of an improved system which will
incorporate a higher intensity source and multiple detectors to allow for high precision dispersion
measurements from 600 nm all the way to 1600 nm. Figure 2 shows the group delay
measurement error between repeated measurements of a dispersion compensating mirror.
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Figure 2: Group delay measurement repeatability.
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We demonstrate femtosecond performance of an ultra-broadband high-index-contrast saturable
Bragg reflector consisting of a silicon/silicon-dioxide/germanium structure that is fully compatible
with CMOS processing. The device offers a reflectivity bandwidth of over 700 nm and subpicosecond recovery time of the saturable loss.
Passive mode-locking with a saturable Bragg reflector (SBR) is a powerful method to generate a
steady stream of pico- or femtosecond pulses from a laser [1], [2]. To date, SBRs have been
fabricated from III-V compound semiconductor materials which are not compatible with the silicon
material platform. In contrast, the silicon/germanium SBR (Si/Ge-SBR) demonstrated here consists of a CMOS-compatible silicon/silicon-dioxide (Si/SiO2) Bragg reflector and a germanium
saturable absorber layer (Fig. 1a). Due to the high refractive index contrast (nSiO2=1.45 and
nSi=3.5), only six layer pairs in the Bragg mirror are sufficient to achieve a maximum reflectivity of
99.8%. On top of the Si/SiO2 Bragg stack, a germanium saturable absorber layer is embedded in
a silicon layer of 3λ/4 optical thickness at the center wavelength of 1400 nm. It resides at a peak
of the standing wave pattern to maximize absorption and minimize saturation intensity (Fig. 1a).

Figure 1 a) Structure of Si/Ge-SBR. b) Fabrication
process

The manufacturing of the SBR begins with
the deposition of the 6-pair Si/ SiO2 reflector on a silicon-on-insulator (SOI) wafer
as the starting material (Fig. 1b, step 1).
Then, the Bragg mirror is bonded to a new
silicon substrate (Fig. 1b, step 2). Then the
silicon handle and buried oxide of the SOIwafer are chemically etched to expose the
crystalline silicon layer of the SOI-wafer for
successive germanium epitaxial growth
(Fig. 1b, step 3). A 40 nm thick germanium
saturable absorber layer is deposited by
the UHV-CVD technique developed by
Luan et al. [3] (Fig. 1b, step 4). Finally, a
thin oxide is grown on germanium as a
passivation layer and a poly-Si cap layer is
deposited. The manufacturing process
including bonding of a new substrate and
removal of the original one results in the
reversal of the Si/SiO2 layer sequence of
the reflector with respect to layer growth.
Thus, the layers of lowest surface
roughness – those that have been grown
first – end up topmost in the mirror,
exposed to the highest electric field
strength, while the rougher layers, grown
last, are buried deep in the mirror (Fig. 1a).
This reversal of the layer sequence
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significantly reduces surface roughness and scattering losses, leading to an unprecedented 99%reflectivity bandwidth of 700 nm (Fig. 2b) and terminates the reflector with the crystalline silicon
layer of the SOI-wafer rather than with polycrystalline material deposited on a Bragg mirror. Its
crystalline nature preserves the optical absorption properties of the germanium layer to achieve
saturable absorption in the silicon / germanium material system at 1550 nm.
The nonlinear response of the device was
characterized in a series of pump-probe
measurements with 150 fs pulses at 1540
nm from an optical parametric oscillator.
For low to medium fluence values (e.g. 40
µJ/cm2), the germanium layer acts as a
fast saturable absorber with up to 0.13%
of modulation depth (Fig. 2a). We observe
sub-picosecond recovery of the bleaching,
with the temporal resolution of our
measurement being limited by the pump
and probe pulse durations. We attribute
the fast relaxation process to intervalley
scattering within the conduction band. In
contrast, for high fluences (e.g., 300
µJ/cm2), carriers generated by two-photon
absorption (TPA) induce free carrier
absorption (FCA) and turn the germanium
layer to an inverse saturable absorber.
The strong inverse saturable absorption of
the Si/Ge-SBR is due to the TPA in the
Figure 2 a) Pump-probe measurement. b) Device
germanium layer (βGe,1500nm = 300 cm/GW)
reflectivity
which is much greater than that of silicon
or gallium arsenide. The observed
behavior leads to dual functionality of the Si/Ge-SBR in a mode-locked laser: (i) the fast recovery
enables ultrashort pulse generation, (ii) onset of inverse saturable absorption at high fluences
helps stabilize high repetition rate lasers against Q-switching by limiting the maximum intracavity
power [4], [5] . This instability has prevented successful mode-locked operation of lasers with long
upper state lifetimes and high repetition rates until recently [6], [7] and is a major obstacle for
compact laser integration. The thin germanium layer grown on silicon is compressively strained,
leading to a shift of the bandgap by 38 nm to shorter wavelengths. As a result, absorption of the
germanium sets in at 1580 nm (Fig. 2b), leading to a total loss of 0.3%, and a nonsaturable loss
of 0.17% at the laser wavelength, as determined by comparison of the intracavity power obtained
with the Si/Ge-SBR with different output couplers. From pump probe measurements we estimate
the saturation fluence to about 30 µJ/cm2.
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Q-switch Suppression in an Er-doped Waveguide Laser with an Intracavity
Loss Modulator
Sponsors
National Science Foundation (NSF) ECS-0322740
Defense Advanced Research Agency (DARPA) W911NF-04-1-10431
Air Force Office of Scientific Research (AFOSR) FA9550-04-1-0011
Project Staff
Felix J. Grawert, F. Omer Ilday, Professor Franz X. Kaertner
Suppression of Q-switching instabilities with an actively controlled intracavity loss modulator is
demonstrated in an Er-doped waveguide laser mode-locked with a slow saturable absorber. An
automatic gain control in the feedback loop ensures stable mode-locking over the entire parameter range of the laser. This approach renders laser stabilization independent of the
characteristics of the gain medium and intracavity power. The pulse shaping dynamics is not
affected by the presence of the intracavity loss modulator.
Solid-state and fiber lasers can be passively mode-locked with saturable Bragg reflectors (SBRs)
that provide both a starting and pulse shaping mechanism due to their intensity-dependent loss.
However, SBR modelocked lasers are susceptible to Q-switching especially for lasers with long
upper state lifetimes and high repetition rates [1]. This shortcoming can be resolved by either
hard saturation of the absorber [2], [3], or by active feedback stabilization via gain [4] or intracavity loss modulation. Strong saturation of the absorber reduces the lifetime of the absorber and
limits the operating regime for stable pulse generation. To date, the active suppression of Qswitching has only been demonstrated in the perturbative limit by a controller acting on the pump
power of the laser [4]. This becomes impossible for high-repetition rate lasers with long upper
state lifetimes, since gain relaxation limits the effective controller bandwidth. Here, we demonstrate a technique to stabilize laser systems with high repetition rates, long upper-state lifetimes
and picosecond pulse durations rendering the active stabilization independent of the characterristics of the gain medium. Our results show, that the mode-locking is not affected by the feedback stabilization since the effects of controller and pulse-shaping occur on different time-scales.
An Er-doped waveguide laser, operated as a stretched-pulse laser with a net round-trip
dispersion of –20,000 fs2 and an intracavity power of 6 mW at 29 MHz, serves as the test bed for
our stabilization scheme. The fiber section of the laser consists of an Erbium-doped waveguide
amplifier (EDWA), pumped at 980 nm with 150 mW, 5.3 m single-mode fiber, 0.9 m dispersioncompensated fiber and 10% coupler (Fig.1). The light is focused to a 13 µm spot on the SBR,
which has a saturable loss of 16%. The AOM is inserted between two 50 mm achromats while the
polarization is adjusted by a half-wave and quarter-wave plate. The output from a 5% output
coupler serves as the input for the control electronics, which realizes a proportional gain (Pcontroller). To prevent the controller from interfering with individual pulses, a 4th order Bessel
filter with 6 MHz corner frequency is employed to suppress the repetition rate and its harmonics.
Figure 1. Scheme of the EDWA laser test
bed. The laser is set up as a stretched-pulse
ring laser with the AOM as an intracavity loss
modulator in the free-space section.
Abbreviations: EDWA Er-doped waveguide
amplifier, DCF dispersion compensated fiber,
SMF single mode fiber, SBR saturabe Bragg
reflector, TLS tunable laser source, OC output
coupler, CH optical chopper, ND neutral
density filter, AMP driver and amplifier.
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The output from the control electronics is fed to an AOM-driver and an RF-amplifier (AMP) to
achieve a 45% modulation depth in the AOM. The AOM is aligned for minimum separation of the
laser beam to the transducer to reduce the propagation delay of the acoustic wave to 200 ns. The
gain of the P-controller is adjusted with a variable neutral density filter (ND) in the beam incident
on the photodiode. The feedback controller can suppress Q-switching for a wide range of NDfilter settings. Its capability of suppressing Q-switched mode-locking is shown in Fig. 2. The
feedback controller suppresses the Q-switch sidebands by 45 dB (Fig. 2a), limited only by the
available bandwidth that is determined by the phase lag introduced by the propagation delay in
the AOM. In contrast to the Q-switched state, the stabilized laser shows a smooth optical
spectrum of 0.5 nm FWHM bandwidth (Fig. 2b). The recording of the stabilized laser with a 150
MHz analog oscilloscope and a 2 GHz detector (Fig. 2c) shows a stable and regular pulse train.
These data confirm not only, that the active feedback controller is able to suppress the Q-switch
sidebands, but they also reveal, that the pulse dynamics are not negatively affected by the
presence of an intracavity loss modulator since a clean pulse train and optical spectrum are
observed. In the future, the demonstrated feedback scheme can be employed for stabilization of
very high repetition rate lasers with suitable loss modulators, and achieve stabilization
independent of upper state lifetime of the gain medium and the saturable absorber
characteristics.
Figure 2. RF and optical
spectra. a RF spectrum in Qswitched mode-locking state,
b in cw-mode-locked state,
stabilized by the feedback
controller. c Optical spectrum
in Q-switched mode-locking
state, d in cw-mode-locked
state. e Q-switch cycle and f
mode-locked pulse train on
150 MHz analog oscilloscope.
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We demonstrate an Erbium-Ytterbium (Er-Yb) glass laser mode-locked with a Silicon-Germanium
saturable absorber (Si/Ge-SBR), that spans the C-band of the optical communications window.
A phosphate glass Kigre QX/Er serves as the gain medium in the laser. It is flat-Brewster
polished, placed at one end of the four-element laser cavity (Fig. 1a), and its flat side serves as
an output coupler with 99.8% reflectivity. The laser is pumped with 450 mW pump light at 976 nm.
The overall intracavity loss is minimized using highly-reflecting mirrors, low output coupling and a
highly-reflecting Si/Ge-SBR, leading to an intracavity power of 8.7 W. The laser is operated with a
strongly-saturated gain resulting in a flat gain profile to support a broad optical spectrum [1]. The
laser generates a 11nm wide optical spectrum centered at 1550 nm covering the entire C-band at
the optical communications wavelength range at approximately –10 dB level (Fig. 3b). After
dechirping the pulses extracavity with 1.0 m of
single mode fiber, the inferred pulse duration
from the intensity autocorrelation is 212 fs (Fig.
3d). Phase retrieval with an iterative algorithm
reveals a pulse width of 220 fs, which is 10%
larger than the transform-limited value, obtained
from the zero-phase Fourier transform of the
power spectrum. To our knowledge, these are
the shortest pulses generated from a bulk
Er/Yb:glass laser to date [2], and about an order
of magnitude shorter than those obtained solely
from mode-locking of an Er/Yb:glass laser with
an SBR [3]. The laser operates at a 169 MHz
repetition rate with a clean RF spectrum and a
noise floor more than 70 dB below the signal
level (Fig. 3c). No Q-switching was observed
regardless of pump power level despite the long
upper-state lifetime and the small emission
cross section of the gain medium. We attribute
the high stability against Q-switching to the
inverse saturable absorption in the Si/Ge-SBR at
high fluence. In conclusion, we demonstrated
self-starting operation of a passively modelocked Er-Yb:glass laser with an optical
spectrum covering the entire C-band of optical
Figure 1 a) Cavity setup b) Optical spectrum c)
communications.
RF spectrum d) Autororrelation
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Possibility of self-similar pulse evolution in a Ti:sapphire laser
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Numerical simulations of self-similar pulse evolution in a Ti:sapphire laser are presented. The
results show ~10-fs pulses with energies as high as 1 µJ should be possible. Recent
experimental results support the conclusions of the simulations.
Femtosecond solid-state lasers, particularly those based on the Ti:sapphire gain medium, have
revolutionized the field of ultrafast science in the past decade following the discovery of Kerr-lens
mode-locking. Dramatic advances continued, particularly in reducing the pulse duration, which
has been reduced from ~100 fs to 5 fs. Notably, the lasers that produce the shortest pulses
operate in a mode that is similar to a stretched-pulse fiber laser: the pulse evolves like a
dispersion-managed soliton, breathing as it propagates around the cavity. However, the energy of
the shortest pulses remains low, order of ~1 nJ, limited by excessive nonlinearities. Increasing
the pulse energy can open up new opportunities, from frequency metrology and extreme
nonlinear optics to high-energy few-cycle pulse generation using parametric amplification
techniques.
Here, we numerically analyze the possibility of implementing an entirely different approach, which
is the utilization of self-similar pulse formation recently demonstrated in fiber lasers [1]. The
relatively small dispersion of solid-state lasers precludes operation with large stretching ratios, so
the full benefits of self-similar evolution cannot be expected. However, pulse energies
substantially larger than those obtained with net anomalous dispersion should be possible.
Self-similar operation of a solid-state laser would extend the previously-observed operation with
normal GVD [2], where the pulse duration is nearly static, to large stretching ratios. There is no
analytical theory of mode-locking under these conditions, which include the possibility of large
changes in the pulse parameters with propagation. Similariton formation in a solid-state laser
faces challenges not present in fiber lasers; the most difficult condition to satisfy is a large
stretching ratio, which requires substantial normal GVD. A fiber laser comprises 10-100
characteristic dispersion lengths, while a solid-state gain crystal is comparable to the dispersion
length only for ~10-fs pulses.

Figure 1. Schematic of a laser cavity showing the main effects on the dynamics of the pulse generation.

A numerical model (Figure 1) was used to assess the feasibility of similariton formation in a
Ti:sapphire laser. Pulse propagation is modeled with an extended nonlinear Schrödinger equation
that includes saturation and frequency dependence of the gain, along with a distributed Kerrlensing effect. Parameters typical of Ti:sapphire lasers were chosen for the simulations. Stable
solutions that exhibit self-similar evolution can be found. Importantly, the pulse energy can be
increased without increasing the peak power attained within the crystal, to prevent instabilities
and material damage. The power spectrum exhibits the shape that is characteristic of self-similar

26-18 RLE Progress Report 147

Chapter 26. Optics and Quantum Electronics
pulses: parabolic near the peak, with a transition to a steep decay. However, the pulse-shaping is
partially disrupted by gain filtering, which produces a temporal pulse shape that is not fully
parabolic. The pulse energy is 1.0 µJ and the dechirped pulse duration is 9 fs.

Figure 2. Simulated relatively low-energy output pulse generated with net normal GVD of 15 fs2. (a) Power
spectra, (b) intensity profile and instantaneous frequency after dechirping.

It is important to contrast this approximately self-similar mode of operation with the “standard”
normal-GVD operation of a Ti:sapphire laser [2], which is understood on the basis of the
analytical model developed in [3]. The analytic model predicts the same combination of
parameters to be highly unstable.
A first experimental step toward self-similar operation of a Ti:sapphire laser was just reported by
Fernandez et al. of the Technical University of Vienna.[4] These workers constructed a long (11MHz repetition rate) cavity with net normal GVD. The highly chirped output of the laser could be
dechirped to 30 fs duration and 220 nJ energy. The observed behavior and performance support
the theoretical results described here.
In conclusion, numerical simulations indicate that it should be possible to operate solid-state
lasers under conditions that approximate the self-similar regime. The main benefit of the selfsimilar regime applied to solid-state lasers is that much larger energies can be stored in highlychirped pulses, which maintain acceptable peak powers inside the cavity, while retaining a broad
spectrum with a linear chirp. Even the marginal achievement of the self-similar regime can
produce order-of-magnitude increases in pulse energy, at the expense of minor decreases in
pulse quality. Initial experimental results agree reasonably with the theory, and ultimately,
energies of at least 1 µJ should be generated in pulses ~10 fs in duration.
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Generation of Sub-100 fs Pulses from a 200 MHz Yb-doped Fiber Laser
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A passively-modelocked Yb-fiber laser generating sub-100 fs pulses at a fundamental repetition
rate of 200 MHz is reported, the highest to date. Practical and fundamental limitations to higher
repetition rate fiber lasers are discussed. We expect the frequency comb spacing of 200 MHz to
render this laser oscillator attractive for optical frequency metrology.
Fiber lasers represent an important alternative to solid-state lasers for the generation of
femtosecond pulses. They offer excellent long-term stability of operation, low cost, compact size,
and low amplitude and phase noise. They have been traditionally lacking in pulse energy, but
significant progress in this direction has been made with Yb-fiber lasers exploiting self-similar
pulse propogation [1]. These lasers now routinely generate sub-100 fs pulses down to 36 fs with
more than 5 nJ of energy at repetition rates of 30-50 MHz [2]. Some applications such as optical
frequency metrology [3] are in need for higher repetition rate sources. In combination with
powerful Yb-fiber amplifiers, a high-repetition rate fiber laser can deliver high-average power,
femtosecond pulse trains. To date, the highest fundamental repetition rate demonstrated for fiber
lasers generating ~100 fs pulses is 130 MHz at 1.55 µm (which was achieved with an Er/Ybcodoped glass waveguide amplifier) [4].
There are two distinct challenges: (i) the cavity length is ultimately limited by the physical size of
the components constituting the laser cavity, (ii) there exists a power threshold for the starting
mechanism to function in a passively modelocked laser. The latter is compounded by the use of
effective saturable absorber mechanisms such as nonlinear polarization evolution (NPE) for ~100
fs pulse generation. NPE relies on nonlinear phase shifts accumulated by the pulse as it
traverses the fiber section. Increasing the repetition rate not only decreases the energy stored
within the cavity, but also increases the switching power for NPE. Therefore, the modelocking
power threshold is expected to scale with the repetition rate squared.
Here, we report that with proper design Yb-fiber lasers, which over the largest gain per given
length, repetition rates as high as 200 MHz can be obtained, while preserving sub-100 fs pulse
duration. The final limitation is practical, i.e., the physical size of the cavity. The experimental
setup is similar to the laser described in [2] with one important difference: the gain fiber is located
at the beginning of the fiber section with respect to the direction of pulse propagation as in [5], in

Figure 1. (a) Autocorrelation of ~ 68 fs pulses obtained at zero dispersion at a repetition rate of 165 MHz.
(b) The measured power spectrum of the pulses.
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order to maximize the nonlinear effects. A circular cavity topology is chosen for maximum
repetition rate.
Systematic studies were conducted at several repetition rates. Wth a 165 MHz repetition rate
laser the shortest pulses are obtained when the net dispersion of the cavity is just around zero.
The autocorrelation trace has a width of 96 fs, which corresponds to a pulse duration of ~68 fs,
assuming a Gaussian pulse shape (Figure 1). Further increasing the repetition rate to ~200 MHz
is possible, however modelocking is only achieved for net anomalous dispersion. Yet, once
modelocking is achieved, we do not observe a decrease in the stability of the laser’s operation.
We do not consider this to be a significant drawback by itself since operation at normal dispersion
is usually desired for maximizing the single pulse energy. For these high repetition rates, the
pulse energies are limited by available pump power and are in the order of 0.5 – 1.0 nJ, which is
easily supported. However, the restricted operation is indicative that the laser is close to the
modelocking threshold. Even if higher repetition rates are possible by minimizing the cavity
length, modelocked operation may be difficult to obtain. A typical autocorrelation trace and the
corresponding optical spectrum are presented in Figure 2.

Figure 2. (a) Autocorrelation of ~85 fs pulses obtained at zero dispersion at a repetition rate of 200 MHz. (b)
The measured power spectrum of the pulses.

In summary, we have demonstrated an Yb-fiber laser, which generates sub-100 fs pulses with
0.5-1.0 nJ pulse energy at repetition rates as high as 200 MHz. To our knowledge, this represents
the highest fundamental repetition rate obtained from any fiber laser to date for this range of
pulse duration. We expect this laser to find applications in frequency metrology and other
applications where repetition rates in excess of 100 MHz are desirable. Furthermore, a higher
fundamental repetition rate should be advantageous for reaching much higher repetition rates
with harmonic modelocking techniques.
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Laser System
Sponsors
Air Force Office of Scientific Research (AFOSR) FA9550-04-1-0011 and DURIP …..
Project Staff
Dr. F. Ömer Ilday, Jeff Chen, A. Winter, O. Shkurikhin, and Dr. D. Gapontsev, Professor Frank W.
Wise, Professor Franz X. Kaertner
Truly single-mode amplification of femtosecond pulses from a fiber oscillator to ~100 nJ is
demonstrated. Amplitude and phase noise characterization of the source and its robustness
demonstrates its potential for many applications.
One of the impeding factors for the proliferation of ultrafast optics applications in instrumentation,
industrial and medical settings is the general complexity and high-cost of these lasers. A
promising alternative is the use of femtosecond fiber oscillators and amplifiers. Fiber lasers
producing sub-100 fs pulses have undergone major improvements over the past years and
dramatic improvements have been made in high average power fiber amplifiers [1, 2]. It is natural
to combine these technologies to construct robust laser sources. Previous demonstrations have
relied on the use of multi-mode fibers, which can be operated single transverse mode with special
precautions [3]. Although good performance has been reported, suppression of higher-order
modes remains non-trivial. A second motivation for the development of low-noise, robust fiber
amplifiers is in frequency metrology and related applications such as optical timing distribution
and synchronization of multiple laser and RF-sources spread over distances spanning several km
[4]. Here, the synchronization signal is distributed by a train of short pulses, transmitted through
optical fiber. For this application, it will be necessary to amplify the pulses to boost the signal level
such that an arbitrary number of nodes can be supplied with optical pulse trains. A critical factor
here is the excess amplitude and phase noise introduced by the amplification process.
We report a low-noise, compact, and simple laser source for ~100 nJ, ~300 fs pulses at 82 MHz
repetition rate. We characterize the amplitude noise and the timing jitter of the laser system. The
laser is constructed of only single-mode fibers. Due to the constraints of single-mode operation
on the mode area of the high-power amplifier, nonlinear effects in the fiber amplifier are strong
and currently limit the pulse energy achievable from this system.

Figure 1. The experimental setup: All fibers used in the setup are single-mode. Pumping scheme for the
amplifier stages are not shown for sake of clarity. Abbreviations: SMF, single-mode fiber, LMA, large-mode
area fiber.
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The experimental setup is shown in Figure 1. The fiber oscillator is based on the design of Ref.
[5]. The repetition rate is 82 MHz. The seed pulses are coupled to the amplifier through a 9% fiber
coupler, placed after the gain fiber. The fiber amplifier has three stages, a preamplifier, a second
stage amplifies up to ~500 mW, and a final stage for high-power amplification up to 10 W.
The oscillator pulses are stretched in a segment of single-mode fiber to reduce the peak power
during amplification, which imposes a trade-off between suppression of nonlinear effects and the
introduction of excessive high-order dispersion. For the results presented below, the pulses are
pre-chirped to 14 ps in ~25 m of fiber. After amplification, the pulses are de-chirped in a standard
grating compressor.

Figure 2. (a) Spectrum of the amplified pulses at 10W average power (120 nJ at 82 MHz). (b) Intensity
autocorrelation of the pulses after de-chirping in a grating compressor. The corresponding pulse width is 320
fs, assuming a Gaussian pulse shape.

At an average power of 1.8 W (which corresponds to a pulse energy of ~20 nJ), pulses with
minimal distortion are obtained. After de-chirping in a grating compressor, the pulse duration is
inferred from an auto-correlation measurement to be 170 fs (a Gaussian pulse shape is
assumed). Uncompensated third-order dispersion (TOD), mainly from the grating compressor,
prevents further compression of the pulses. At higher powers, the nonlinear distortions of the
pulses are more pronounced. Nevertheless, acceptable pulse quality can be retained at 10 W
(120 nJ), maximum power afforded by the amplifier. The pulse duration is 320 fs, with a more
pronounced pedestal (Figure 2). The nonlinear effects can be reduced with increased prestretching of the pulses and use of grating compressors with TOD control.
While fiber oscillators are among the quietest lasers, the effect of high-gain amplification (in this
case 300 fold) on the noise level is not clear. Large amplitude fluctuations can have adverse
effects in applications such as micro-machining and an ultra-low timing jitter is crucial for
frequency metrology and femtosecond-level timing synchronization. Below, we present
characterization of the relative intensity noise (RIN) and preliminary measurements of the singlesideband (SSB) phase noise of the amplified pulse train at a high harmonic of the fundamental
repetition frequency around 1.25 GHz (Figure 3). It is found that the amplification process does
not add excessive amplitude noise: the integrated noise (from 10 Hz to 1 MHz) is 0.07% for the
oscillator pulses and 0.11% for the amplified pulses, where major noise is only added in the 100
Hz to 10 kHz region. The phase noise measurements are performed with a PN9000 Aeroflex
phase noise measurement setup and a HP 8662A reference oscillator. The measurement of the
phase noise of the oscillator is close to the noise floor of the reference oscillator, which
corresponds to an integrated jitter of ~ 85 fs from 1 kHz to 18 MHz (the Nyquist frequency). After
amplification, the integrated timing jitter is increased to ~200 fs. Work is in progress to refine the
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timing jitter measurement by using a higher harmonic of the pulse repetition frequency around 10
GHz and a lower phase noise reference oscillator. We note that the noise measurements were
performed with the previous version of the fiber amplifier, which was not polarization-maintaining,
but otherwise similar.
The major advantage of the use of single-mode fibers is that high-quality, single-mode beams are
produced. The spatial profile of the pulses at 5 W of average power is shown as the inset of
Figure 3. The beam shape remains unchanged independent of the power level and there is no
discernable mechanical sensitivity (such as to bending of the fiber).

Figure 3. (a) Amplitude noise of the pulses from the oscillator directly (dashed line) and after amplification
(solid line). (b) Single-sideband (SSB) phase noise of the pulses from the oscillator and after amplification.
Inset: measured beamprofile of the amplified pulses at 5 W of average power.

In summary, we have constructed a simple and robust, high-average power fiber laser source
comprising of a femtosecond Yb-fiber oscillator fiber-coupled to a Yb-fiber amplifier using only
single-mode fibers. The amplified pulses are compressed in a standard grating compressor.
Pulse energies around 100 nJ have been obtained, limited by the high nonlinearity of the fiber
amplifier. We characterized the amplitude and phase noise of the pulses before and after
amplification. The integrated amplitude noise after amplification is 0.1%. We expect that this
source will find use in applications that demand high-average power, high-energy, femtosecond
pulses, such as micro-machining. Preliminary noise characterization results are encouraging for
the use of fiber amplifiers to boost power levels to several W in frequency metrology and timing
synchronization applications.
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The widespread application of WDM technology in telecommunications has strongly motivated
the search for broadband light sources. Erbium-doped fiber amplifiers (EDFAs) currently used
are made of silica-based glass, where doped Er3+ ions show a relatively narrow emission band at
1.55 µm, which results in a 30 nm-wide gain spectrum. Subsequent research reported ~70 nmwide gain around 1.5-1.6 µm in tellurite-based EDFAs. In order to increase the number of
available channels and to improve the flexibility of WDM networks, it is important to continue
exploring novel materials with broad gain spectra in the 1.5 µm wavelength range. Our
investigations focus on two novel materials, an erbium-doped bismuth-oxide glass and a nickeldoped zinc-alumino-silicate glass.
The widest 1.5 µm emission band from erbium-doped glasses have been reported in a novel
oxide system Bi2O3-B2O3-SiO2 [1]. Figure 1 below shows the emission spectra from Er3+ in Bisilicate and Bi-borate glasses, along with Er3+ emission in tellurite and Al-codoped SiO2 glasses
for comparison. The Al-codoped SiO2 glass has the narrowest spectrum at about 40 nm FWHM
and that of the tellurite glass was 70 nm. It is seen that the upper two bismuth-oxide-based
glasses have wide spectra comparable to or broader than the tellurite glass. This broad emission
makes Er3+-doped bismuth-oxide glass an attractive candidate as a broadband source or
amplifier for WDM systems, as well as for use in a femtosecond laser.

Figure 1. Emission spectra of Er3+ ion in Bi-silicate, Bi-borate, tellurite and Al-codoped SiO2 glass hosts,
from the top down [1].

In addition to the broad bandwidth, the erbium doping can be much higher in a bismuth-oxide
glass host than in conventional silica, offering the possibility of a significant reduction in the
device length needed for laser gain. This makes the material attractive for high-repetition-rate
systems, which have more applicability in telecommunications than femtosecond lasers. Erdoped bismuth oxide glass also has higher water durability, Vickers hardness, and crack initiation
load than comparable tellurite glasses, and can be spliced with fairly low loss [2, 3, 4]. Finally,
direct diode pumping of the glass at 980 nm makes it possible to build a compact and costefficient laser.
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We pursue this work in collaboration with the Asahi Glass Company (Japan), which has kindly
provided us samples of the bismuth-oxide glass. We have in hand bulk pieces as well as
waveguide amplifiers for study. The former will be used in a free space laser, while the latter will
be used in a short-cavity-length high-repetition-rate waveguide laser. Similar waveguide
technology has previously been demonstrated with Er-Yb-doped planar phosphate glass
waveguides [5]. In combination with ultra-broadband silicon/germanium saturable absorbers
designed for high repetition rates [6], we hope to achieve shorter pulses and higher repetition
rates with these Er-doped bismuth-oxide glass waveguides.
The second material we will be investigating is a novel nickel-doped zinc-alumino-silicate glass
ZnO-Al2O3 -SiO2 [7]. The emission band is centered at ~1400 nm with a bandwidth of more than
300 nm, which is broader than that of Cr4+:YAG (see Figure 2). The spectral range from 1260 to
1625 nm covers the O, E, S, C, and L communication bands. The emission lifetime was
measured to be more than 200 µs at room temperature. There is a broad absorption band at
1100 nm, making it possible to pump the material at either 1064 nm with commercially available
lasers or 980 nm with diodes. This nickel-doped glass holds significant promise as an ultrabroadband amplification medium for ultrafast lasers, and for tunable lasers and optical amplifiers
in WDM systems.
Impetus to use nickel was motivated by broadband tunable lasers such as Ti:sapphire, Cr:YAG,
and Cr:LiCAF, which were realized by using transition metals as active ions. This is in contrast to
doping with erbium, a member of the lanthanide family. Erbium relies on the 4f-4f optical
transition which has a narrower bandwidth by nature. Cr4+ doped in glasses was investigated in
the past. However, chromium ions can easily take multivalent states, such as Cr3+ and Cr4+;
therefore, strict valence control is necessary to obtain the desired broadband Cr4+ lasing ion. In
contrast, nickel takes the divalent state in almost all hosts, as divalent nickel is extremely stable.
As a result, there is not a necessity to control the valence state of nickel doped in glasses to
obtain Ni2+. This makes it easier to obtain a high quality homogeneous gain medium.

Figure 2. Emission spectra of Ni2+ in zinc-alumino-silicate glass host, at various temperatures [7].

In effect, this nickel-doped glass has the potential to be a newer better Cr4+:YAG, with broader
bandwidth and more stable uniform amplification media. We are fortunate to be able to obtain
some of these unique nickel-doped glasses through our collaboration with Professor Yasutake
Ohishi at the Toyota Technological Institute. We plan to build a free space laser using this glass
in combination with broadband dispersion-compensating chirped mirrors and saturable Bragg
reflectors to start and stabilize modelocking. We will attempt to demonstrate broadband lasing
with both a high-powered 1064 nm pump and direct diode pumping at 980 nm.
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Applications in optical communications, nonlinear optics, and ultrafast optics require stable, easy
to use, and conveniently packaged femtosecond laser sources. Fiber lasers offer promise to fill
this need because of their robustness, alignment-free operation, and compact size. Efforts to
improve fiber laser performance to meet these needs include the development of broadband gain
fibers such as tellurite [1], Raman amplifiers [2], and bismuth oxide-based erbium-doped
(Er:Bi203) fibers [3]. This work seeks to take advantage of the attractive characteristics of
broadband bismuth oxide-based erbium-doped gain fiber in modelocked fiber lasers.
The first attractive characteristic of bismuth oxide fiber is the capacity for very high erbium doping
levels without significant gain quenching. Doping levels of 13,000 ppm have been demonstrated,
as compared to the 10-100 ppm doping levels of standard silica-based erbium doped fibers.
These high doping levels lead to high gain per length, and make shorter cavity fiber lasers with
higher fundamental repetition rates possible. Additionally, for mode-locked fiber lasers that rely
on polarization additive-pulse mode-locking (P-APM), the BiEDF’s high Kerr nonlinearity may
facilitate shorter cavity designs [4].
The second attractive characteristic of BiEDF is its broad gain bandwidth. Fig. 1 shows the
amplified spontaneous emission (ASE) spectrum of BiEDF and conventional silica-based erbium
doped fibers. The BiEDF displays a gain bandwidth that is almost a factor of two broader than
silica-based EDFs, and covers the C- and L-bands. The combination of high gain per length, high
Kerr nonlinearity, and broad gain bandwidth offers the potential for building ultra-short pulse, high
repetition rate laser systems.

Fig. 1. Amplified spontaneous emission spectrum of BiEDF and standard silica EDF.

To explore some of the potential benefits offered by BiEDF, three self-starting, stable
femtosecond fiber lasers using the BiEDF gain fiber and P-APM modelocking were demonstrated.
The first laser uses a basic ring cavity design, where minimal pulse duration was sought. The
BiEDF used was 55.6 cm long and was pumped co-directionally with 975 nm laser diodes. The
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gain fiber’s normal group-velocity dispersion (GVD) was compensated by standard single-mode
fiber (SMF).
Laser operation resulted in slightly (normally) chirped output pulses. Using a combination of
silicon prisms and silicon slabs for external chirp compensation, autocorrelations indicating a 171
fs secant hyperbolic pulse were obtained. The optical spectrum was centered at approximately
1562 nm with a 3-dB bandwidth of 16.5 nm, and the repetition rate was 27.275 MHz. The
average output power was 1.11 mW, corresponding to pulse energies of 40.7 pJ.
The second laser pursued is also a ring cavity design, and was designed for supercontinuum
generation. Differences from the ring laser design outlined above include the use of all in-line
fiber components to achieve an all-fiber design, and the inclusion of low nonlinearity single-mode
fiber (LNL-SMF) for dispersion and nonlinearity optimization. Autocorrelation measurements
indicate a pulse width of 100 fs. The optical spectrum was centered at 1571 nm and displayed a
3-dB bandwidth of 58 nm. The repetition rate was measured to be 34.18 MHz, and laser output
pulse energy was 28 mW. This laser successfully replaced an optical parametric oscillator (OPO)
system as the source for supercontinuum generation, and was then applied to ultra-broadband
loss measurements of photonic crystal devices [5].
The third laser, designed to enhance stability and further minimize the pulse duration, is a sigma
cavity design. This design was chosen to accommodate the addition of an ultra-broadband,
oxidized [6] saturable Bragg reflector (SBR). A 22.7 cm length of erbium-doped bismuth oxide
fiber, pumped co-directionally with 975 nm laser diodes, serves as the gain medium. The linear
section of the sigma cavity includes a proton-bombarded ultra-broadband high index contrast
AlxOy/Al0.3Ga0.7As SBR to facilitate self-starting operation and stabilize the pulse train.
Modelocked laser operation generated 155 fs pulses after external frequency chirp
compensation, as shown through the autocorrelation in Fig. 2. The corresponding optical
spectrum can be seen in Fig. 3, which is consistent with a 145 fs pulse and indicates near
transform-limited compression. The repetition rate of 19.9 MHz, shown in Fig. 4, suggests a
cavity roundtrip length of 10.2 m. The average output power is 573 µW and corresponds to pulse
energies of 28.8pJ. Single pulse operation requires an initial reduction of the pump power, and
remains stable for times on the order of days.

Fig. 2. The autocorrelation trace of the sigma cavity
(solid) and secant hyperbolic fit (dashed).

Fig. 3. Optical spectrum trace.
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Fig. 4. The fundamental cavity mode.

Fig. 5. Oscilloscope trace of the detected pulse train,
indicating single-pulse operation.
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Motivation
Since the first demonstration of the self-referenced optical frequency synthesizer [1], much experimental
effort has been devoted to develop more reliable, more stable, and simpler optical clockworks. In
particular, long-term operation of optical clockworks was hindered by the microstructure fiber employed to
broaden the laser pulse spectrum to span one octave, which is required for convenient f-to-2f selfreferencing. In this project, we demonstrated carrier-envelope (CE) phase stabilization of a 200 MHz
octave-spanning Ti:sapphire laser without the need for external spectral broadening. The individual
frequency comb lines spaced by 200 MHz can conveniently be resolved using commercial wavemeters.
The Ti:sapphire laser (see Figure 1), which is similar to the one described in Ref. [2], operates at 200
MHz repetition rate, emits an average output power of ~270 mW, and employs double-chirped mirror
(DCM) pairs and BaF2 plates and wedges for precise dispersion compensation. BaF2 was chosen as a
material because it has the lowest ratio of third- to second-order dispersion in the wavelength range from
600 to 1200 nm. This property allows the design of octave-spanning DCMs with 99.9% reflectivity from
580-1200 nm. Moreover, the dispersion of 0.5 mm of BaF2 is similar to that of 1 m of air. This enables
scaling up the cavity to higher repetition rates by removing air path and correspondingly adding BaF2 to
maintain the proper dispersion balance. The femtosecond laser is pumped by ~6.5 W of 532 nm light
emitted by a Coherent Verdi V6 pump laser. To achieve the ultrabroad spectrum depicted in Figure 2,
which has a Fourier limit of 3.6 fs, the output spectrum is shaped using a broadband ZnSe/MgF2 output
coupling mirror. The Ti:sapphire output is focused onto a 2 mm thick BBO crystal cut for type I secondharmonic generation (SHG) at 1160 nm. The time delay between the 570 and 1140 nm spectral
components used for f-to-2f self-referencing was produced by 10 bounces on DCMs. We measured an
SHG conversion efficiency on the order of 10-3. The emitted SHG light and the orthogonally polarized
fundamental light are projected onto a common axis using a half-waveplate and a polarizing beam splitter
cube, spectrally filtered using a 10 nm wide interference filter centered at 570 nm, spatially filtered using a
~1 mm diameter aperture, and finally detected using a photomultiplier tube.

Figure 1: Carrier-envelope phase stabilized 200 MHz octave-spanning Ti:sapphire laser. The femtosecond laser
itself (located inside the grey area) has a compact 20 cm 30 cm footprint. AOM, acousto-optical modulator; S,
silver end mirror; OC, output coupling mirror; PBS, polarizing beam splitter cube; PMT, photomultiplier tube; PD,
digital phase detector; LF, loop filter; VSA, vector signal analyzer. The carrier-envelope frequency is phase locked
to 36 MHz.
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Figure 2: Output spectrum of the
Ti:sapphire laser on a linear (black
curve) and on a logarithmic scale (red
curve). The wavelengths 570 and 1140
nm used for f-to-2f self-referencing are
indicated by two dashed lines. The
Fourier limit of the pulse spectrum is 3.6
fs.

Results
With this setup we observe a CE beat note with ~35 dB signal-to-noise ratio (SNR) in a 100 kHz
resolution bandwidth. This SNR is sufficient for direct and routine CE phase stabilization. When the CE
beat is phase locked, its linewidth is 2 Hz FWHM (measurement limited). Phase locking is achieved by a
phase-lock loop (PLL) in feeding an error signal back to an acousto-optic modulator (AOM) placed into
the pump beam which regulates the pump power and thus changes the CE frequency. A bandpass filter
is used to select the CE beat signal at 36 MHz. This signal is amplified, divided by 4 in frequency to
enhance the locking range of the PLL, and compared with a reference frequency supplied by a signal
generator using a digital phase detector. The output signal is amplified in the loop filter, which in our case
is a proportional-integral (PI) controller, and fed back to the AOM, closing the loop. The output of the
phase detector is proportional to the remaining jitter between the CE phase evolution and the local
oscillator reduced by the division ratio of 4. The power spectral density (PSD) of the CE phase
fluctuations measured with a vector signal analyzer (VSA) at the output of the phase detector and
properly rescaled by the division factor is shown in Figure 3. The accumulated (root-mean-square) CE
phase error ∆φ can be obtained from the PSD data by integration over frequency resulting in a value of
0.10 rad (integrated from 2.5 mHz to 10 MHz), equivalent to 45 attosecond CE phase jitter at 800 nm.
This small value reflects the elaborate acoustic vibration isolation and shielding against environmental
perturbations (e.g., air currents) as well as the effectiveness of our PI control loop up to ~20 kHz. At
present, the bandwidth of our PI control loop is limited by the AOM used to modulate the pump power. By
using an electro-optic modulator, the CE phase fluctuations are expected to be even further suppressed
in the future.

Figure 3: Power spectral density (PSD) of the carrier-envelope phase fluctuations (black curve) and integrated
carrier-envelope phase error ∆φ (red curve) resulting in only 45 attosecond accumulated carrier-envelope phase jitter.
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Motivation
Optical frequency combs based on femtosecond lasers have recently become a powerful tool for optical
frequency metrology, allowing phase-coherent links to be established in the electro-magnetic spectrum
spanning from visible to microwave frequencies. An optical clock [1-3] can be realized by deriving the
femtosecond laser’s repetition frequency phase-coherently from an optical frequency standard. In this
project, we demonstrated a HeNe/CH4–based optical molecular clock [4] employing a carrier-envelope
frequency independent optical clockwork [5] based on difference-frequency generation to 3.39 µm in a
periodically-poled lithium niobate (PPLN) crystal.
Experimental setup
The experimental setup of the HeNe/CH4 clock is shown in Figure 1.

Figure 1: Experimental setup of the HeNe/CH4 optical clock employing a carrier-envelope frequency independent
clockwork based on difference-frequency generation to 3.39 µm in a periodically-poled lithium niobate (PPLN) crystal.
HR, high reflector; OC, output coupler; BS, beam splitter; IF, interference filter; PD, photodiode; PZT, piezo-electric
tranducer.

The optical clockwork employs a custom-tailored Ti:sapphire laser [5] with two dominant spectral peaks at
834 and 670 nm. A carrier-envelope frequency independent frequency comb at 3.39 µm is obtained by
difference-frequency generation (DFG) between these two peaks in a periodically-poled lithium niobate
(PPLN) crystal [5]. The DFG efficiency crucially depends on the time delay between the 834 and 670 nm
components in the PPLN crystal, which can be adjusted using a prism-based delay line. We observed a
heterodyne beat signal with >25dB signal-to-noise ratio (100 kHz resolution bandwidth) between the
methane-stabilized HeNe laser at 3.39 µm [6] and the DFG comb. The beat frequency is subsequently
phase-locked by means of an RF tracking oscillator via feedback to a piston-mode piezo-electric
transducer on which the Ti:sapphire laser’s fold mirror was mounted. When the beat signal is phaselocked, the Ti:sapphire laser’s repetition frequency is phase-coherently derived from the F2(2) [P(7),ν3]
optical transition in methane.
Results
To characterize the stability of the HeNe/CH4 clock, the stabilized repetition frequency was compared
with both NIST’s ST-22 hydrogen maser and the repetition frequency of a second Ti:sapphire laser
operating as part of an iodine optical molecular clock [2]. Figure 2 shows the Allan deviations determined
from three frequency-counting records. Measurements against the maser (filled diamonds) are limited by
the maser’s intrinsic short-term instability of ~3×10-13 at 1 s
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Figure 2: (Left) Allan deviations for comparison of the HeNe/CH4 clock with the NIST ST-22 hydrogen maser
(diamonds), comparison with an iodine clock for fiber-coupled (circles) and free-space-coupled (bow ties) detection of
the repetition rates. (Right) Single-sideband phase noise of the HeNe/CH4 clock signal when compared with the
iodine clock signal. Other extremely low-phase-noise microwave sources are shown for comparison. All data were
scaled for a 1 GHz carrier.

counter gate time. Measurements in data run I (bow ties) against the iodine clock were taken using freespace photodiodes for detection of both clocks’ repetition rates, while measurements in data run II
(circles) utilized fiber-coupled detectors which exhibit greater phase noise and amplitude-phase
conversion. The noisy plateau in the Allan deviation for data run II for τ < 20 s strongly suggests that
amplitude-phase conversion in the detection process limits our instability for short time scales. However,
for time scales 20 s < τ < 100 s, data run II exhibits comparable stability to data run I, even though they
were taken under very different conditions of temperature fluctuations in the laboratory. We therefore
conclude the instability of our HeNe/CH4 clock as compared to the iodine clock is ~1.2×10-13 at 1 s,
averaging down as τ -1/2 for τ < 100 s, limited by excess noise in the photodetection process.
In order to characterize the phase noise of our HeNe/CH4 clock signal, we examined the 10 kHz signal
derived from comparison with the iodine clock (using free-space detection of the clock signals) with a FFT
spectrum analyzer. These measurements represent an upper limit to the single-sideband (SSB) phase
noise, as they are sensitive to amplitude noise as well. Figure 2 shows our measurement results after
scaling the phase noise up to a 1 GHz carrier frequency for ease of comparison against other oscillators.
We include lines representing the typical SSB phase noise of other extremely stable microwave sources.
Less than 10 Hz from the carrier, our SSB phase noise is superior to some of the lowest phase-noise
microwave sources available, achieving -93 dBc/Hz at a 1 Hz offset. Independent measurements of the
phase noise of our RF amplifiers indicate that below 10 Hz they are limiting the SSB phase noise of our
system.
Without the need for carrier-envelope frequency control, and coupled with the use of a portable highly
stable HeNe/CH4 optical standard, our setup represents a compact, reliable clock with high stability and
exceedingly low phase-noise, which can in principle be operated for long periods.
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OCT imaging using frequency domain reflectometry with frequency swept laser sources was
demonstrated several years ago.[1, 2] Recent studies have shown that Fourier domain detection using
frequency swept lasers or spectrometers can dramatically improve imaging speed or detection sensitivity
compared to standard time domain detection techniques.[3-5] Frequency swept light sources are
especially important for imaging in the 1300 nm wavelength range, where low cost CCDs are not
available. OCT with a frequency swept light source also has the advantage of enabling dual balanced
detection and avoiding the need for high performance spectrometers and CCDs which are used in
Fourier/spectral domain detection. For this reason there is considerable interest in the development of
frequency swept light sources for OCT.[4, 6-10]
There are two main approaches used to build frequency swept, narrow band light sources: The approach
of “post-filtering” uses a broadband light source such as a superluminescent diode or a short pulse laser
to generate a broad spectrum, then uses a narrowband tunable band-pass filter with a transmission
window narrow enough for the desired instantaneous coherence length. The approach of post filtering
has the advantage that the tuning speed is limited only by the maximum tuning speed of the filter.
However, the power of the light source is usually low, due to the high loss of the filtering process. A
complementary approach is “cavity-tuning”, where the spectral filtering element is used inside a laser
cavity. Lasing can only occur at wavelengths within the transmission window of the filter. The advantage
of this approach is that it usually generates much higher energy, since the energy loss from filtering is
compensated by the repetitive laser gain. Furthermore, the mode competition in the laser can lead to a
narrowing of the effective linewidth for slow frequency sweep speeds. The limitation of laser cavity tuning
is that the maximum frequency tuning speed is not only limited by the maximum tuning rate of the filter,
but also by the fundamental time constant for building up laser operation. This manuscript will present an
analysis of different operating regimes for high speed frequency tuning and suggest design approaches
for optimizing performance.
Fiber ring laser
In this project, a high power, high speed, frequency swept laser light source at 1300 nm was developed.
The laser uses a robust and compact fiber ring design with an additional booster amplifier. The laser
achieves high speed frequency sweeping up to 30 kHz repetition rates. At an operation point of 20 kHz
sweep rate a peak output power of ~45 mW is achieved.
Figure 1 shows a schematic of the frequency swept laser. The laser uses a ring cavity geometry and
consists of a fiber coupled semiconductor amplifier (SOA from InPhenix, Inc.), two isolators with a
insertion loss of <0.5 dB each, a piezoelectric actuated fiber Fabry-Perot tunable filter (FFP-TF) and a
fiber output coupler. The waveform driver consists of a digital function generator and an amplifier for
driving the low impedance capacitive load of the PZT of ~2.2 F. The physical length of the cavity is 2.4
m, resulting in an optical path length of 3.5 m. The FFP-TF acts as a narrow-band transmission filter for
active wavelength selection. The isolators eliminate extraneous intra-cavity reflections and ensure
unidirectional lasing of the ring cavity. The FFP-TF has a free spectral range (FSR) of 270 nm (48 THz),
a bandwidth of ~ 0.135 nm (24 GHz), and an insertion loss of ~2 dB. The high finesse of the FFP- TF
provides narrow band spectral filtering suitable for achieving a sufficient dynamic coherence length of the
source. A 40% fiber splitter acts as the output coupler. After isolation, the output is amplified with a
second fiber coupled semiconductor amplifier (SOA from InPhenix, Inc.) which functions as a booster
amplifier. At a sweep rate of 20 kHz the peak power from the laser is amplified from 2.3 mW to about 46
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mW, providing a theoretical increase in sensitivity of ~12 dB. A final isolator avoids optical feedback from
the OCT system or other apparatus.
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to OCT setup

SOA
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lato
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isolator

output
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Figure 1. Top: Schematic of the amplified frequency swept laser source. The laser uses a fiber coupled
semiconductor amplifier and a tunable fiber Fabry-Perot-filter. A semiconductor amplifier boosts the laser output.

Scaling of frequency
For an optimization of the swept laser performance, a theoretical model was developed for the dynamice
operation f swept laser sources. The following discussion addresses the fundamental limitation of
standard cavity-tuned lasers. A simple theoretical model is presented. In cavity-tuning, the maximum
tuning speed is usually limited by the time-constant of the laser to build up lasing from the amplified
stimulated emission (ASE) background. This is dependent on the filter function, the ASE intensity, the
saturation power, the laser gain and the cavity roundtrip time. In the following analysis we consider two
distinct limits which characterize the frequency tuning behavior of the frequency swept laser source: (i)
the saturation limit and (ii) the single roundtrip limit.

intensity / transmission

moving transmission
window of filter

laser active
modes

amplification

ASE background

wavelength

Fig. 3. Concept of cavity tuning: build up of laser activity from ASE background.

Saturation limit
The first limit or characteristic frequency at which a change in the laser dynamics can be expected is the
“saturation limit”. This limit represents the maximum frequency tuning speed which still allows for full
build-up of lasing activity from the ASE background. Fig. 3 shows the concept for estimating this
characteristic frequency. We assume a background intensity of ASE from the laser medium. The broad
green curve shows the ASE spectrum of the laser gain medium, with a characteristic mode structure
inside a cavity (narrow green curves). When the filter window is tuned in wavelength, the ASE
background is amplified up to the saturation power limit of the gain medium, provided that the time the
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filter transmits the given wavelength is enough for this build up. The maximum frequency tuning speed
which allows the build up of saturated lasing from ASE can be estimated. Assuming a filter width of ∆λ,
the number n of roundtrips required to build up to saturation from the ASE is

⎛ P ⎞
log ⎜ sat ⎟
⎝ PASE ⎠
n=
log ( β )

(1)

where the PASE is power in the ASE within the spectral window of the filter, the (small signal) gain is β per
roundtrip and saturation power in the spectral window of the filter is Psat. The gain per roundtrip (roundtrip
net gain) is

β = G⋅ρ

(2)

where G is the small signal gain of the laser medium and ρ is the fraction of energy fed back after one
roundtrip. The value ρ is determined by the round-trip losses and the output coupling. The power PASE
can be estimated

PASE ≈

∆λ
∆λtuningrange

⋅ PASEtotal
(3)

where the total tuning bandwidth is ∆λtuningrange which is approximately the total bandwidth of the ASE, and
PASEtotal is the total spectrally integrated ASE power. The prerequisite for saturated operation is that the
filter should not be tuned further than ∆λ within a time window τbuildup of n cavity roundtrips. The cavity
roundtrip time is

τ roundtrip =

L ⋅ nref
c

(4)

Where L is the physical cavity length of the ring cavity (2L for a linear cavity), nref is the refractive index of
the cavity, and c is the speed of light. The tuning speed in nanometers per second is determined by

vtuning ≈

∆λ
n ⋅τ roundtrip

≈

log ( G ⋅ ρ ) ⋅ c ⋅ ∆λ
⎛ P ⋅ ∆λtuningrange ⎞
log ⎜ sat
⎟ ⋅ L ⋅ nref
⎝ ∆λ ⋅ PASEtotal ⎠

(5)

Taking a duty cycle of η = 1/π, accounting for the higher frequency sweep speed of a sinusoidal sweep
compared to a linear, unidirectional sweep, the maximum sweep frequency fsweep for lasing build up to
saturation can be estimated

f sweep ≈

vtuning ⋅η
∆λtuningrange

≈

log ( G ⋅ ρ ) ⋅ ∆λ ⋅η ⋅ c
⎛ P ⋅ ∆λtuningrange ⎞
log ⎜ sat
⎟ ⋅ L ⋅ nref ⋅ ∆λtuningrange
⎝ ∆λ ⋅ PASEtotal ⎠

(6)

This “saturation build up limit” represents the maximum sweep frequency for which the filter is tuned over
its full width half maximum in a time that is sufficient to build up saturated lasing from ASE. Although this
is only a rough estimate, it can give design rules for high speed frequency swept laser sources. It is
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expected that this value gives the order of magnitude of the frequency sweep above which a decrease in
output power will occur.
This estimation does not account for the suppression of the ASE by the lasing activity and the fact, that
the effective gain of the SOA is smaller than the small signal gain. Both effects will lead to a drop in
power at lower sweep speeds than the estimated saturation limit. However, both effects will become
smaller for higher sweep speeds, as a drop in output power will increase the ASE level as well as
increase the effective gain, improving the output power. The described effects cause that the power will
start to decrease at frequencies lower than the estimated saturation limit, but this decrease will stretch
over a wide range of frequencies.
It should be noted that the discussion presented here describes a quasi-stationary model for the lasing in
a saturated regime, neglecting hysteresis effects caused by the carrier dynamics in the gain medium.
This is valid for the case of a semiconductor gain medium since typical carrier relaxation times are well
below a nanosecond, much faster that the tuning process and the build up time for the lasing. However
for gain media with slow dynamics, such as solid state media including erbium doped glass, Nd doped
glass, or Ti:sapphire with excited state lifetimes on the order of microseconds to milliseconds, rapid tuning
can cause the laser to generate pulses in a Q-switched operation mode. Q-switching does not occur in
the studies presented here.
Using the experimental parameters of ∆λ= 0.135 nm, ∆λtuningrange = 120 nm, PASEtotal = 1 mW,
Psat = 10 mW, η = 1/π (accounting for the higher sweep speed in a nonlinear sinusoidal sweep), G = 158
(22 dB), ρ = 0.2, L = 2.4 m, and nref =1.46, the estimated sweep speed is ~11,600 Hz. This value
represents a rough estimate of how fast the laser can be tuned while preserving the maximum power
output. Shorter cavities, long duty cycles and linear scans will enable higher speeds. Experimentally it
was observed that tuning from shorter to longer wavelengths (i.e. to lower energy or frequency) is favored
compared to tuning in the opposite direction. This effect can be related to nonlinear four-wave mixing
effects in the semiconductor gain medium which tend to produce frequency or energy downshifting. This
assists the tuning process because the lasing does not have be build up solely from ASE. This nonlinear
process is not accounted for in the analysis presented here.
Another parameter besides the output power is the instantaneous linewidth of the laser or, inversely
proportional the instantaneous coherence length. Operating the laser in the saturation regime will lead to
an instantaneous linewidth, which is significantly narrower than the filter-bandwidth. The multiple
roundtrips and the resulting multiple passes through the filter will lead to mode competition and narrower
emission than the bandwidth of the filter.
Single roundtrip – post filtering limit
For frequency sweep speeds higher than the “saturation limit”, the output power will decrease until it
reaches the “single roundtrip limit”, the frequency tuning speed above which the light on the average
makes only one pass from the gain medium to the filter and is coupled out. The filter has tuned so rapidly
that during the next roundtrip it already blocks the wavelength. The output light shows the characteristics
of ASE which is spectrally filtered and amplified once (on the average). An expression for the sweep
frequency for the single roundtrip limit is given by

fsin gle =

∆λ ⋅ c ⋅η
∆λtuningrange ⋅ L ⋅ nref

(7)

Using the parameters of the experimental setup, the sweep frequency for the single round trip limit is fsingle
is 30,700 Hz. This limit represents an estimate of the maximum frequency for which laser feedback can
occur. When the laser is frequency swept above this speed, it operates like a post-filtered broadband
light source rather than a tuned cavity. In this post filtering regime, the instantaneous linewidth and the
related instantaneous coherence length will be determined by the spectral width of the optical filter in the
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cavity. In the following section, the performance of the laser with respect to the described theoretical
limits will be discussed.
Power performance with and without booster amplifier
Fig. 4 (top, left) shows the maximum output power versus the sweep rate for the forward scan (black) as
well as for the backward scan (red) normalized to the peak power at slow sweep rates for the laser
without booster amplifier. It can be seen that up to sweep frequencies of about 1,000 Hz, there is no
significant decrease in output power for the forward scan and only a small decrease for the backward
scan. This asymmetry is due to gain nonlinearities which tend to produce a downshift in energy.
Therefore, forward sweeps (shorter to longer wavelength) have higher energy than backward sweeps
(longer to shorter wavelength). At a sweep frequency of 10 kHz (estimated saturation limit), the output
power decreases to about 50 % and 5 % of its low frequency value for the forward and backward scan,
respectively. At higher sweep frequencies than the saturation limit, the power starts to decrease rapidly
because there is insufficient time for build up to saturation. At the single roundtrip limit of 30 kHz sweep
frequency, the power in both the forward scan and the backward scan has decreased to 0.4 % of its low
frequency value.
Because there is a significant decrease in output power at high sweep frequencies, the operating point of
the laser should be chosen at a frequency somewhere between the saturation limit and the single
roundtrip limit. The dramatic decreased energy above the single roundtrip limit suggests that an
operation far above will not be feasible without post amplification. Fig. 4 (top, right) shows the influence
of the external booster amplifier stage on the power output versus sweep frequency. The normalized
power is shown for forward scan direction for the laser without (black) and with (blue) booster. The
booster stage is driven in saturation. At a sweep rate of 20 kHz a peak power of 2.3 mW directly from the
laser was measured the maximum power after the booster stage was 46 mW. So the effective gain is
12 dB and this value is about 10 dB smaller than the small signal gain of the amplifier of 22 dB meaning
the SOA is well saturated. This saturation leads to the much flatter curve for the drop in output power
versus sweep frequency. As a result, the booster stage helps to maintain a high output power even for
frequencies approaching the single roundtrip limit. The saturation effect of the booster also helps to
provide a much higher power of the backward scan, shown in Fig. 4 (bottom, left). This means both
frequency scanning directions can be used up to much higher frequency sweep rates than for the
unamplified laser. Fig. 4 (bottom, right) shows the comparison between the power of the forward and
backward scans with the booster amplifier. It can be seen that even up to sweep frequencies of 6-8 kHz
the difference in power between the forward and backward scans is small. These sweeps rates would
result in “effective line rates” of 12 to 16 kHz for frequency domain reflectometry or OCT imaging. This
demonstrates that the booster amplifier stage not only improves the power, but also enables operation at
higher frequencies in the bidirectional scan mode, thereby achieving higher effective line rates. The
change in the temporal intensity profiles for different sweep speeds is depicted in Fig. 5. Figure 5 shows
the temporal intensity profiles of the laser for the three characteristic operation regimes, discussed above.
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Fig. 4. Maximum output power of the forward- (from shorter to longer wavelengths) and backward- (from longer to
shorter wavelengths) frequency scan versus the sweep frequency normalized to the power at low frequencies. The
boxes mark the regions between the “saturation limit” and the “single roundtrip limit.” Top left: Energy of forward
(black) and backward (red) scan without an external booster. Top right: Comparison of the relative drop in the
maximum power output of the laser without (black) and with (blue) booster for the forward scan. Bottom left:
Comparison of the relative drop in the maximum power output of the laser without (red) and with (green) booster for
the backward scan. Bottom right: Comparison of the relative drop in the maximum power output of the laser with
booster for the forward (blue) and the backward scan (scan).
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Fig. 5. Temporal intensity profile for different frequency sweep rates. Top left: Saturation regime: for sweep speeds
significantly slower than the saturation limit (2 kHz drive waveform).
Top right: Multiple-roundtrip regime with
frequency sweep speed between the saturation limit and single roundtrip limit (20 kHz drive waveform). Bottom left:
Frequency sweep speed at single roundtrip limit with (left) and without (right) booster (30 kHz drive waveform).

Saturation regime
Fig. 5 (top, left) shows the temporal intensity profile of the laser with booster for a sinusuodal drive
waveform of 2 kHz. As discussed above, this corresponds to operating regime significantly below the
saturation limit. It can be seen that both forward (slightly higher peaks) and backward scan (slightly lower
peaks) have almost the same power. For frequency domain reflectometry or OCT imaging this would
result in an “effective sweep rate” of 4 kHz. The maximum instantaneous power of ~50 mW is determined
by the saturation power of the booster stage.
5.2 Multiple-roundtrip regime
Fig. 5 (top, right) shows the temporal intensity profile of laser with booster for a sinusoidal drive waveform
of 20 kHz. This corresponds to operation between the saturation limit and the single roundtrip limit. The
ASE makes multiple roundtrips and is amplified and filtered several times. However, there is insufficient
time to build up to full saturation. Nonlinear processes in the laser gain leading to a downshift in energy
promote frequency scanning in forward direction (higher peaks) and hinder scanning in backward
direction (smaller peaks). For this reason, a significant asymmetry in the two scans direction can be
observed. For frequency domain reflectometry or OCT imaging the “effective sweep rate” would be
20 kHz, the same as the drive frequency. The maximum energy of ~45 mW for the forward scan direction
is close to the saturation limit of the booster amplifier. At this frequency scan speed, there are only ~2
roundtrips and this suggests that lasing does not start from only the ASE level, but that both ASE and
nonlinear frequency shifting contribute. The peak power is less than 5mW in the backward scan, and this
emphasizes that, for this case, higher numbers of roundtrips would be required to build up lasing.
5.3 Single roundtrip – post filtering regime
Fig. 5 (bottom, left) shows the temporal intensity profiles for the laser with booster amplifier at a sinusoidal
drive frequency of 30 kHz. This corresponds to operation in the single roundtrip regime. The ASE makes
on the average approximately one roundtrip and is filtered once, but there is no subsequent feedback and
amplification within the cavity. However, the filtered ASE is amplified by the booster amplifier. The laser
does not reach saturation and the instantaneous power is ~1.5 mW. Although this power might be
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sufficient for frequency domain reflectometry or OCT imaging, there is a significant amount of power in
the ASE background from the amplifier. This background, which is subtracted in the Fig., has an average
power of about 2 mW, while the average power of frequency swept light is less than 0.5 mW. The high
ASE occurs because there is insufficient power from the laser to saturate the amplifier stage. The output
of the laser without booster is shown in Fig. 5 (bottom, right) and is only several tens of microwatts. This
power level is consistent with what is expected from post filtering the ASE of the gain in the laser cavity.
At these high sweep frequencies, the system does not operate as a laser with repetitive feedback, but
instead operates as a post filtered ASE source followed by amplification in the booster stage. It can be
seen that the intensity of forward and backward scan are identical. Since there is no feedback, the
nonlinear frequency shifting effects in the laser gain medium no longer influence the laser operation.
In spite of the disadvantages of increased ASE background, an amplified post filtered light source such as
this would have the advantage that both scan directions can be used. Using a 30 kHz drive frequency,
this would yield an effective sweep rate of 60 kHz. Furthermore, there would be no more drop in power
for higher frequency sweep speeds and the maximum sweep rate would be limited only be the maximum
filter sweep speed. It should be noted that the instantaneous spectral intensity of the ASE is much lower
that the output of the amplified post filtered configuration even though the average power is higher.
Assuming the filter bandwidth ∆λ= 0.135 nm and a ASE bandwidth of ∆λtuningrange = 120 nm, the spectral
intensity of ASE within the filter bandwidth is estimated to about 2 µW, about 23 dB lower than the
intensity of the amplified filtered ASE. This performance could be optimized using specially designed
booster stages, cascaded filters or special ASE sources.
Conclusion
This study demonstrates a new, high speed, high power, frequency swept laser for frequency domain
reflectometry and swept source OCT imaging at 1300 nm. Since the laser and amplifier system does not
contain any bulk optics, it is robust, stable and maintenance free. These results demonstrate the
potential of this high speed, frequency swept laser light source for high speed and high sensitivity OCT
imaging at 1.300 nm wavelengths. We have developed simple models which can predict the performance
of these lasers as a function of frequency sweep speed. Linear scaling of the sweep speed to higher
frequencies by reducing the cavity length can be expected. In the future, it should be possible to reduce
the cavity length to about 50 cm using modified fiber optic components. This suggests that a frequency
sweep speeds of almost 100 kHz could be achieved in the future using this all fiber design. Finally, this
paper provides general design criteria for developing and optimizing high-speed, frequency swept laser
sources.
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Following the arrival of laser pulses consisting of only a few optical cycles, there has been considerable
interest in effects depending on the carrier-envelope (CE) phase ΦCE, i.e., the phase between the optical
carrier and the pulse envelope. Various approaches have been developed for detecting the CE frequency
or phase. One promising candidate has been identified as the inversion in atom like systems, generated
after interaction with a few-cycle pulse, which can be detected electronically by a field ionization pulse or
optically in a pump-probe setup [1-3]. Here, the phase sensitive inversion is theoretically investigated
based on the two-level description, and analytical approximations are developed for different regimes.
Especially, it is shown that the effects for excitation with laser pulses, where the phase sensitivity
completely relies on nonlinear effects, are very different from linear phase effects observed for sinusoidal
excitation [3].
The phase dependence of the inversion for interaction with sinusoidal fields, serving as a model for the
excitation by cw laser radiation or rectangular pulses, was theoretically investigated before, and also
experimentally demonstrated in the radio frequency regime [4]. In the optical range, where the shape is
determined by the pulse-forming processes in the laser, rectangular pulses are not available. Few-cycle
pulses out of current laser systems are well described by a sinc shape. In Fig. 1, the fields of a
rectangular and a sinc-shaped two-cycle pulse are shown.
The evolution of a two-level system is described by the Bloch equations. The popular rotating-wave
approximation (RWA) is CE phase independent and thus cannot be used here. The phase dependent
dynamics can be treated analytically by a time dependent perturbation series expansion of the Bloch
equations, with the first order approximation describing the evolution in the linear regime. The first order
expression for the steady state inversion after passage of the pulse is given by [3]

⎡ d∞
⎤
2
ws = w0 ⎢1 − ∫ dω E (ω ) H (ω )⎥,
⎣ =0
⎦

(1)

where w0 is the initial inversion, fba=(Eb-Ea)/h is the resonance frequency of the two-level system and d is
its dipole matrix element. E(ω) is the Fourier transform of the exciting electric field E(t). From Eq. (1) we
see that in the linear regime, ws only exhibits a phase sensitivity if the power spectrum |E(ω)|2 is phase
dependent. The relationship between the steady-state inversion and the power spectrum of the pulse can
be described in terms of a spectral filter function

H (ω ) =

4

γ 2 (ω 2 + γ 22 + ω ba2 )

π (ω 2 + γ 22 + ω ba2 )2 − 4ω ba2 ω 2

,

(2)

with the dephasing rate γ2. A similar approximation can also be derived for strong dephasing [3].
Fig. 2 displays the power spectra of a rectangular and a sinc-shaped two-cycle pulse. Rectangular pulses
feature a phase sensitive power spectrum, and phase dependent effects can be observed even in the
weak field limit. For the sinc pulse, the power spectrum is phase independent. In Fig. 3, numerical results
are shown for the modulation depth δ=[ws(0)-ws(π/2)]/[ws(0)+ws(π/2)+2w0], i.e., the relative phase
sensitivity of the inversion. Here, we assume γ2=0 and excitation by rectangular pulses. Under these
conditions, the modulation depth does not depend on the pulse duration. A phase sensitivity remains
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even in the weak field limit, the case described by Eq. (1). For sinc pulses, δ approaches zero for small
fields.
The CE phase insensitivity of the power spectrum is a general feature of optical pulses emitted by current
laser systems. As a consequence, a CE phase dependent inversion can for such pulses only be found for
strong fields in the regime of carrier-wave Rabi flopping, where nonlinear effects play a significant role.

φCE=π/2
φCE=0

1

|E(ω)|2 (arb. units)

|E(ω)|2 (arb. units)

Figure 1. Rectangular (left) and sinc-shaped (right) two-cycle pulse. The envelope is represented by the dashed blue
line, the field is shown for the CE phases 0 (green line) and π/2 (red line).
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Figure 2. Power spectrum of a rectangular (left) and sinc-shaped (right) two-cycle pulse for a CE phase 0 (green line)
and π/2 (red line).
-0
-0 .9
.9

2.4
2.2

0.9

fba/fc

1.4
1.2
1
0.8

0

-0.1
-0 2

0

0.1

0.2

0.3

0.4

0.5

0.
6

0.
7

0.5

8
0.

1.6

0.9

2
1.8

1

1.5

dEmax/(fch)

Figure 3. Modulation depth for excitation with rectangular pulses as a function of the maximum electric field Emax
and the resonance frequency fba. Here, γ2=0 is assumed.

References
1. C. Jirauschek, J. Chandalia, L. Duan, F. X. Kaertner, O. D. Mücke, T. Tritschler, and M. Wegener,
“Opto-Electronic Carrier-Envelope-Phase Detection,” IEEE LEOS Summer Topical 2003 on Photonics
Time / Frequency Measurement and Control, TuC2.3 (2003).
2. C. Jirauschek, L. Duan, O. D. Mücke, F. X. Kaertner, Klaus D. Hof, T. Tritschler, and M. Wegener,
“Semiconductor-based carrier-envelope phase detector,” CLEO 2004, JTuB2 (2004).
3. C. Jirauschek, L. Duan, O. D. Mücke, F. X. Kaertner, M. Wegener, and U. Morgner, “Carrier-envelope
phase sensitive inversion in two-level systems,” J. Opt. Soc. Am. B in press (2005).
4. W. M. Griffith, M. W. Noel, and T. F. Gallagher, "Phase and rise-time dependence using rf pulses in
multiphoton processes", Phys. Rev. A 57, 3698-3704 (1998).

26-45

Chapter 26. Optics and Quantum Electronics

Laser Cooling with Ultrafast Pulse Trains
Sponsors
Air Force Office of Scientific Research F49620-03-1-0313
Pappalardo Fellowship
Project Staff
Blaise Gassend, Zilong Chen, Jonathan Cox, Dr. David Kielpinski, Professor Franz X. Kaertner
Laser cooling and trapping are central to modern atomic physics. The low temperatures and long trapping
times now routinely achieved by these means have led to great advances in precision spectroscopy and
ultracold chemistry studies, and provide a suitable starting point for evaporative cooling to Bose-Einstein
condensation. However, laser cooling is restricted to less than 20 atomic species, mostly the alkali and
alkali-earth metals and the metastable states of noble gases. Laser cooling with ultrafast pulses offers a
way to cool a wide variety of other atomic species [1]. We have also presented an overview of our method
in the RLE Annual Report for 2003. This project, developed in collaboration with the Center for Ultracold
Atoms (CUA) at MIT, aims to implement this cooling scheme initially with trapped ytterbium ions, and later
with neutral hydrogen atoms.
Proof of Principle with Trapped Ytterbium Ions
We are currently working to demonstrate this scheme with trapped ytterbium ions (Yb+), which have been
extensively studied for atomic clocks [3]. The spectroscopic and laser-cooling properties of Yb+ are well
understood. The extremely deep traps (> 10,000 K) available for ions permit us to produce and trap the
ions without cooling, so that we can detect even very weak cooling forces. The level structure of Yb+
offers a two-photon transition in the infrared, so that we can cool directly with the output of a mode-locked
Ti:sapphire laser.
Over the past year, we have trapped ~105 Yb+ ions in a linear radiofrequency trap (Fig. 1). The apparatus
is evacuated to ultrahigh vacuum to avoid heating of the ions by collision with background gas. Ions in the
trap are detected via their fluorescence excited by frequency-doubled Ti:sapphire laser light resonant with
the single-photon Yb+ transition near 369.5 nm. A diode laser near 935.2 nm repumps the ions from an
optically metastable state to assure continued fluorescence.

Figure 1. CCD image of trapped ions. The ions fluoresce when illuminated by lasers near 369.5 and 935.2 nm. One
of the trap electrodes can be seen at the bottom of the image.
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High-Repetition-Rate Ti:sapphire Laser for Mode-Locked Cooling
Efficient two-photon laser cooling requires a mode-locked laser with high average power and high
repetition rate. Because of the small two-photon cross section, at least a watt of average power is
desirable to achieve a high scattering rate and thus large cooling forces. Since laser cooling depends on
velocity-selective scattering via the Doppler shift, we also need a repetition rate larger than the initial
Doppler-broadened linewidth of the atomic sample – otherwise the laser can heat, as well as cool, the
atoms. In contrast to many femtosecond laser experiments, we prefer relatively long pulses of about 250
fs; shorter pulses are not necessary for demonstrating the essential elements of our cooling scheme,
while they are are more susceptible to chirp, which can inhibit laser cooling.
In the absence of any suitable commercial laser, we have successfully constructed a mode-locked
Ti:sapphire laser to fulfill these requirements (Fig. 2). The low-loss Ti:sapphire gain crystal helps us
achieve high average power. A birefringent filter fine-tunes the center wavelength of the laser to the twophoton transition of Yb+ at 871 nm. A custom Gires-Tournois interferometer mirror gives the large
negative dispersion necessary to generate soliton mode-locking regime for our relatively long pulses.
Finally, the quantum-well saturable absorber mirror (obtained through special arrangement with High-Q
Laser Inc.) initiates and stabilizes mode-locking for repetition rates up to 800 MHz.

Figure 2 The high-repetition-rate mode-locked laser. The optical path length of the laser is only ~20 cm.
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It is well known that the cutoff energy of high harmonic generation (HHG) increases linearly with the pump
intensity and quadratically with pump wavelength [1]. It is also well known that quantum diffusion
suppresses the HHG photon yield by a factor that decreases cubically with the pump wavelength [1]. This
cubical scaling was one of the reasons why most of the HHG studies focused on 0.8µm rather than longer
wavelength drive pulses (LWDP), in spite of the increased cutoff energy associated with the latter.
The HHG process can be exploiting for the construction of a coherent x-ray source, and much effort has
been devoted to increasing the photon energies. Only recently researchers have been able to reach the
long-desired keV photon energy range [2]. However as the photon energy is increased, the photon yield
rapidly decreases.
We were able to present an explanation to the decrease in photon yield as the cutoff energy is increased
[3]. We show that the HHG photon yield from a single helium atom with a 0.8µm pump drops
exponentially as the cutoff is pushed forward by increasing the pump intensity. The yield drops by about
5.5 orders of magnitude per keV, starting at about 500eV. We therefore come to the conclusion that the
potential of HHG with Ti:sapphire pumps in terms of photon energy is already nearly exhausted.
The exponential drop of the photon yield is for LWDP shifted to higher energies and is slower. In
particular, above 1keV the photon yield from 1.5-3µm exceeds the one from a 0.8µm pump by many
orders of magnitude for a neutral helium target, and even more so with other neutral target gases. This
property stems from the single atom response and is of absolutely fundamental origin. Fig. 1 compares
the photon yield for different drive pulse wavelengths.
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Figure 1. Photon yield from a single helium atom for different pump wavelengths as function of the spectral cutoff
energy (determined by the pump intensity).

The origin of this result and derivation of the formula plotted in Fig. 1 is as follows. It has been long
recognized that depletion of the ground state poses a major limitation on HHG. In particular, it was
realized that short drive pulses are necessary for high photon energies, or else the ground state is
depleted before the main peak of the pulse is reached. Indeed the highest photon energies are generated
with few cycle pulses.
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However at the fields currently applied in HHG significant depletion of the ground state occurs within one
cycle. Even if the ground state is fully populated at the beginning of an ideal single cycle pulse, if the
pulse entirely ionizes the target atom, no HHG will occur. This is because HHG is the interference
phenomenon between the returning electron and its part remaining at the ground state. If the ground state
is empty upon return of the electron, no interference occurs.
To quantify this effect one can define the normalized efficiency η0:

η0 = ω 3 a ( t1 ) a ( t2 )

2

where a(t) is the amplitude of the ground state as function of time. t1 (t2) is the time where the most
energetic electron trajectory initiates (returns to the parent atom), and ω is the drive pulse wavelength.
We claim that the photon yield is proportional to η0, since ω3 accounts for quantum diffusion, and since
the intensity of harmonics generated by the vicinity of the most energetic trajectory is proportional to the
population of the ground state at the initial and final times of this trajectory. a(t) can be computed using
the quasi-static approximation using tabulated static ionization rates [4].
In order to test the predictive power of η0 we compared it to single atom yields obtained from a numerical
solution of the Schrödinger equation of a hydrogen atom in a single cycle drive field. The results are
displayed in Fig. 2, showing quantitative agreement between η0 and the simulated rates.
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Figure. 2. HHG photon yield as function of the spectral cutoff for hydrogen, a 0.8µm and 1.5µm source, a single cycle
driving pulse, and no initial depletion of the ground state. The points were obtained from simulations of the three
dimensional Schrödinger equation. The solid curves are η0 and tabulated static ionization rates for hydrogen [5]. η0
was multiplied by a coefficient (the same for both curves) such that it would match the simulated yields at high cutoff
energies.

We have shown that the single atom HHG response to LWDP (1.5-3µm) outperforms the traditional
0.8µm pump by many orders of magnitude in terms of photon yield for photon energies above 1keV. We
conclude that LWDP are the most promising direction for significant HHG above the 1keV barrier
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The HHG phenomenon is fascinating from both fundamental and technological points of view: It enables
studying and imaging electronic wave function of atoms and molecules [1], and has the potential to be
harnessed for building tabletop coherent x-ray sources [2].
Many essential features of HHG can be explained by a single electron theory. The sharp cutoff of the
HHG spectrum is explained by a simple semi-classical model [3]. This model became known as the “three
step model” (TSM), because of the three-stage description of the HHG process: ionization, electron
propagation and recombination.
The Schrödinger equation of the single-electron atom in a near infrared laser field can be easily solved on
modern computers. It is therefore possible to test the predictive power of TSM. In previous studies [4] it
was found that TSM provides an excellent qualitative description of the high frequency part of the HHG
spectrum. However, no quantitative agreement was found: The amplitude of TSM spectra overestimated
the ones obtained from numerical solution of the Schrödinger equation (NSE) by an order of magnitude,
which translates to two orders of magnitude discrepancy in the photon yield.
The single atom response alone is insufficient to account for experimental HHG spectra: Propagation
effects such as dephasing and absorption play a crucial role. Theoretical description of propagation
effects requires solving the Maxwell equations, to which the response of a medium is incorporated as a
polarization term.
Solving simultaneously the Schrödinger and the Maxwell equations is a computationally formidable task,
and therefore usually the medium response is obtained from TSM instead. Since TSM has not been able
to provide a quantitative description of the response, such calculations cannot quantitatively describe
experiments.
Achieving high photon yields is a primary challenge of HHG. The experimental systems are rather
involved, and it is crucial to know whether the yield is fundamentally-theoretically or technically limited. A
quantitative theory of HHG is indispensable for studying the potential of HHG as a xray source.
We show a modified version of TSM that exhibits quantitative agreement with NSE. In addition to the
importance of the result as explained above, the quantitative agreement between TSM and NSE finally
establishes TSM as a rather complete and comprehensive picture of single-electron HHG. Once TSM
works for single electron HHG, the principles introduced here can be generalized to HHG in many
electron atoms, for which NSE of HHG is not yet possible, and give the at the first time quantitative
description of HHG in noble gases.
Figure 1 shows a HHG spectrum of hydrogen calculated using NSE and using our modified version of
TSM.
The quantitative agreement allows us to drive a first formula, to our knowledge, for the photon yield from
a single hydrogen atom. To this end we consider the HHG spectrum of an ideal sinusoidal single cycle
pulse: the electric field is given by E = E0 sin ωt .
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Figure 1. HHG spectrum from the improved TSM compared to NSE for hydrogen, a field amplitude of 0.18, and
ω=0.057au corresponding to Ti:sapphire. The arrow indicates the point to which Eq. (1.1) refers.

The number of photons emitted after one cycle from one hydrogen atom within δΩ spectral bandwidth
around the frequency Ω (at the cutoff, see Fig. 1) is

N ≈ 1.165α 3ω 3 a ( t1 ) a ( t2 ) w ( E0 sin (ωt1 ) )
2

v − tan −1 v δΩ
.
v 4 E010 / 3 Ω

(1.1)

Here, α is the fine structure constant, w is the static ionization rate, and a is amplitude of the ground state
as function of time, given in the quasi-static approximation by

⎡ 1 ωt
⎤
a ( t ) = exp ⎢ − ∫ w ( E0 sin θ ) dθ ⎥ .
⎣ ω 0
⎦

(1.2)

t1 and t2 are the initial and final time of the most energetic electron trajectory [3], given by ωt1 ≈ 1.88, ωt2 ≈
5.97. v is the maximal classical velocity of the recombining electron upon return to the nucleus.
This work opens the way for the first fully quantitative theoretical modeling of HHG experiments.
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One of the key challenges for the fourth generation light sources such as X-ray Free Electron Lasers
(XFEL) will be to implement a timing synchronization system that allows the full exploitation of the
potentially 10 fs-long x-ray pulses for time-resolved studies. For this purpose, synchronization of various
RF frequencies with femtosecond precision must be achieved between all critical components (booster
section, bunch compressors and experimental area) to ensure that the electron beam enters the
undulator with timing jitter comparable to the pulse duration. These challenging requirements on the
timing stability appear to be beyond the capability of traditional RF distribution systems based on
temperature-stabilized coaxial cables.
A promising way to reach this goal is by using an optical transmission system, depicted schematically in
Figure 1. A train of sub-picosecond pulses of light generated from a mode-locked laser with very low
timing jitter are distributed over actively length-stabilized optical fiber links to an arbitrary number of
remote locations which are typically a few hundred to a few thousand kilometers apart. The pulse train
from a mode-locked laser generates harmonics of the repetition rate up to the bandwidth of the photo
detector during photo detection. The precise repetition rate of the pulse train, as well as its harmonics,
contains the synchronization information. At the remote locations, low-level RF signals can be extracted
simply by using a photodiode and a suitable bandpass filter to pick the desired harmonic of the laser
repetition rate, or by phase locking an RF source to one harmonic of the pulse train. Special care has to
be taken to avoid excessive amplitude to timing jitter conversion during photo detection.

Figure 1. Schematic of the optical timing synchronization system.

The use of fiber lasers is a natural choice for implementing an optical master oscillator, because of the
ease of coupling to the fiber distribution system, their good long-term stability, and the well-developed and
mature component base available at the optical communications wavelength of 1550 nm. Recently, their
technical capabilities have also improved significantly [1]. Yb-doped and Er-doped fiber lasers offer stable
and practical platforms for short pulse generation, at 1 µm and 1.5 µm, respectively. Here, the fiber
assumes multiple roles, providing nonlinear and dispersive effects that determine the pulse shaping
mechanism and it is shielding against fast environmental fluctuations. The Er- or Yb-doped fiber
segments form the gain medium, pumped conveniently by low-cost, fiber-coupled 980 nm diode lasers.
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Figure 2. Schematic of the low jitter fiber laser; SMF; single-mode fiber.

The laser must have extremely low timing jitter in order to serve as the master oscillator, particularly at
high frequencies (>10 kHz), where further suppression by feedback is difficult. The timing of the pulse
circulating in the laser cavity is affected by the intrinsic noise sources such as pump noise and amplified
spontaneous emission noise from the amplification process. The noise behavior of mode-locked lasers is
successfully described using soliton-perturbation theory, along with quantum noise sources [2]. These
perturbations cause fluctuations in amplitude, phase, timing and center frequency. The last of these
further contributes to timing in the presence of dispersion, i.e. a shift in center frequency is translated into
timing shift via dispersion. For a fiber laser with typical parameters and small net dispersion, the quantumlimit is extremely small, typically below 1 fs (from 1 kHz to 25 MHz, for a repetition rate of 50 MHz).
Noise performance of both an Er-doped fiber laser (EDFL) and an Yb-doped fiber laser (YDFL) were
characterized. The EDFL is a stretched-pulse Er-fiber laser [3] producing pulses compressible down to
100 fs and 1 nJ of energy at a repetition rate of 36 MHz, centered at 1550 nm. A schematic of the EDFL
and the experimental setup is shown in Figure 2. The YDFL is configured to produce pulses compressible
down to 70 fs with 2 nJ energy content, with a repetition rate of 36 MHz, centered at 1030 nm [1]. The
YDFL (not shown) has a cavity similar to that of the EDFL. Both lasers are free-running, in the sense that
the cavity length is uncontrolled and subject to slow, mostly thermally and acoustically induced
fluctuations.
Figure 3 (a) shows the relative intensity noise (RIN) of both lasers from 10 Hz to 1 MHz. The EDFL shows
slightly lower high frequency noise than the YDFL. The integrated RIN measured from 10 kHz to 1 MHz is
about 0.04% rms for the YDFL, and 0.03% rms for the EDFL, compared to the average power level.
Figure 3 (b) shows the single-sideband phase noise spectrum of the harmonic at 1.3 GHz extracted from
the pulse train. The integrated timing jitter from 10 kHz to the Nyquist bandwidth (18 MHz) is about 18 fs
and 48 fs for the YDFL and EDFL, respectively. For comparison, the phase noise of an ultra-low noise
frequency generator, Marconi 2041, is also plotted. As the lasers are free running, the performance of the
microwave oscillator is superior in the low frequency regime (<10 kHz), but at frequencies of ~100 kHz,
the mode locked lasers reach a comparable level of stability, with the YDFL having the lowest noise
among the three at frequencies higher than 200 kHz. We attribute the higher phase noise of the EDFL to
its non-zero intra-cavity dispersion (~ 6000 fs2), which leads to significant Gordon-Haus jitter.
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Figure 3. (a) Relative intensity noise (RIN) of the two lasers, along with the measurement noise floor. (b) Singlesideband phase noise spectral density for the EDFL, YDFL, and a Marconi 2041 signal generator.

Both lasers would be already suitable for an overall sub-100 fs timing distribution system, an important
next step to achieve in several FEL facilities. in the long run, the EDFL seems to be a better choice for a
master oscillator due to the availability of a variety of components at 1550 nm, and fibers with both signs
of dispersion, allowing dispersion-free fiber links to be constructed.
The timing jitter for both lasers is substantially higher than the noise limit given by the spontaneous
emission noise. An important contribution to the measured jitter comes from the extraction of the
microwave signal using direct photo detection. Photo detection can lead to excess phase noise
originating from amplitude-to-phase conversion (AM-to-PM) [4]. In other words, the intrinsic noise of the
lasers might be substantially lower than what has been measured. Hence, we measured the AM-to-PM
conversion for the InGaAs (12 GHz) photodetector used in the measurements. For the EDFL, at a power
level of 10 mW on the photodetector, the estimated contribution to phase noise from the photodetection
process is at least 4.2 fs in the 10 kHz - 20 MHz range. A similar value is expected for the YDFL, where 4
fs is already a large fraction of the total timing jitter of 18 fs. A more systematic study is underway to
completely characterize and circumvent the limitations imposed by direct detection on timing jitter
measurements.
In conclusion, mode-locked fiber lasers producing sub-ps pulses are emerging as ultra-low noise master
oscillators for timing distribution in next-generation light sources. The main advantage of fiber lasers is the
excellent performance at high frequencies, the high quality and availability of pump sources and
components. Initial measurements show high-frequency performance comparable to the best microwave
oscillators. We have demonstrated a source with record-low timing jitter of only 18 fs in the high frequency
range. The true noise of the lasers may be lower, since AM-to-PM conversion in the photo detection
process is already limiting the current measurements. The lasers are free running, resulting in high noise
at low frequencies (sub-100 kHz), which will be suppressed by locking to the overall microwave master
clock of a given facility by a low-bandwidth PLL.
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The optical add/drop multiplexer (OADM) is a key enabling component for the implementation of alloptical networks that will permit data traffic to navigate through high-capacity nodes and reach the enduser all in the optical domain. The function of a reconfigurable OADM (R-OADM) is to permit, with
dynamic control, the extraction of one or a few selected wavelength channels from the wavelengthdivision-multiplexed (WDM) optical spectrum on a trunk fiber to a secondary fiber, or into the electrical
domain via a photo-detector. Reciprocally, it must also permit insertion of new data streams at a subset
of unoccupied wavelengths without disturbing the express traffic. The complex functionality and large
number of such devices called for in an all-optical network make R-OADMs ideally suited to
implementation in micron-scale integrated optics technology.
The present research is an ongoing effort on the system- and element-level, functional and
electromagnetic design of an integrated R-OADM chip using high refractive-index contrast (HIC)
materials, where dense device integration and wide operational bandwidth can naturally be achieved. A
cornerstone of the project is the tunable, switchable channel add/drop filter based on microring
resonators, described in this section. Over the course of this year’s research, we have rigorously
designed high-index-contrast multi-cavity microring filters [7], and explored tolerant multi-stage filter
topologies [8]. By further compensating for cavity frequency mismatch [2-3], we experimentally
demonstrated unprecedented telecom-grade performance in microring filters, including low loss, a wide
FSR and high through-port extinction [7-8]. We have also demonstrated interferometry-based doubling of
the filter FSR to 40nm without dispersion penalty [9]. Finally, we are making progress towards novel
wavelength-tunable and hitless-switchable filter designs that are ultimately required in a reconfigurable
OADM application.
1. High-fidelity add-drop filters using high-index-contrast microrings [7-8]
Coupled microring resonators enable narrow, frequency-selective line-shapes with flat passbands. Lowloss drop-only filters have been demonstrated previously [1] using microrings with a free spectral range
(FSR) of ~ 6nm. For true add/drop filtering of a single WDM channel one requires large resonator FSR
spanning the optical band in use (~ 30nm), and strong extinction of the dropped channel in the thru-port
(>30dB).
High index contrast (HIC) enhances confinement reducing bend loss in small-radius rings thereby
enabling low-loss and wide-FSR filters directly [3]. Yet, HIC adds considerably to cavity design and
fabrication challenges. Coupling-induced resonance frequency shifting (CIFS) [2-3] and excess losses
due to coupler scattering [3] must be overcome in a successful design. Fabrication-related distortions of
cavities (e.g. proximity effects) must also be countered. Detailed consideration of these issues and use of
rigorous electromagnetic design, the importance of which we pointed to in [3], was addressed in the past
year’s work.
Rigorous design of high-index-contrast microring-resonator filters was addressed in [7]. Threedimensional vector-field numerical simulation tools were developed and used in design – a complexfrequency modesolver to design the microring cavities, and finite-difference time-domain (FDTD) code for
simulations to predict the ring-to-bus-waveguide and ring-to-ring coupling, coupling loss and couplinginduced resonance frequency shifts (CIFS). Fig. 1 shows simulation results used in design – a ring cavity
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resonant mode; a field snapshot from an FDTD simulation of ring-ring coupling, and the resulting plot of
coupling, coupling loss and CIFS vs. gap spacing.
Designs for 40GHz-wide, third-order filters were fabricated, with a particular effort on precisely matching
the cavity resonance frequencies, including compensation of the CIFS, by customizing the electron-beam
exposure dose for the middle ring cavity. Successfully frequency-matched filters yielded the highest to
date extinction in higher-order filters (14dB), as reported in [7].
To obtain tolerant high-extinction and low loss filters, we considered add/drop filter designs constructed
by incoherently cascading reduced-order stages (Fig. 2). The resulting through-port responses are less
sensitive to the fine dimensional tolerances for coupling coefficients and resonance frequencies
associated with HIC, which make it difficult to achieve high through-port extinction in a high-order filter
based on a single set of series-coupled cavities (e.g. [1,3]). The multistage add-drop filters also permit
lower drop loss by virtue of partial decoupling of drop- and through-port design. We demonstrated one-,
two-, and three-stage filter designs using identical 3-ring stages, fabricated in Si-rich SiN. They exhibited
a 20nm FSR, a 40GHz passband with 2.5dB drop loss, 30dB adjacent channel rejection, and >30dB inband extinction in the through port in the case of the multiple-stage filters. Responses and an SEM
image are shown in Fig. 3.
2. Interferometric doubling of microring filter free spectral range (FSR) [9]
The FSRs demonstrated thus far fall short of the minimum ~30nm required to cover an optical band.
Several Vernier schemes [4-5] have been proposed to overcome this challenge. However, most of these
schemes produce intolerable dispersion into the thru port, or alternatively, make the thru port
inaccessible. Two-point ring-bus coupling [5] may be used to double the FSR of a ring-resonator filter
while contributing only a minute amount of dispersion to the thru port at the suppressed resonance.
We implemented two-point ring-bus coupling in a second-order silicon nitride microring-resonator filter.
The theoretical design results indicate > 55 dB extinction of the unwanted resonance is achievable in the
through port. The structure was fabricated using direct-write scanning e-beam lithography (SEBL), and a
22 dB extinction of the suppressed resonance was achieved. The designed structure and measured filter
response are shown in Fig. 4.
In forthcoming work, improved filter designs will be combined with a polarization diversity scheme to
demonstrate a polarization-independent add/drop filter. Furthermore, focus will be turned to incorporating
tuning and hitless switching capabilities into the filter design. Independent progress in both directions is
described in separate sections in this report.
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(b)

(c)

Figure 1. Rigorous high-order filter design: (a) ring cross-section with overlaid resonant horizontal electric field pattern;
(b,c) 3D FDTD simulation and results for ring-to-ring coupling, coupling loss and frequency shift vs. gap spacing [7].

Figure 2. Multi-stage filters: tolerability to coupling error (random ±15%, 100 samples) of (a) single 6th-order filter, and (b)
multi-stage (3×4th-order) filter. Multistage arrangements: (c) in through-port path, (d) in through and drop signal paths [8].

Figure 3. (a) Single-stage filter experimental drop- and through-port responses match design well (resonance frequencies
fitted only); (b) two-stage filter shows first flat-top microring filter response with 30dB extinction, and (c) its SEM [8].

Figure 4. (a) Diagram of a second order FSR doubled filter design layout; and (b) measured filter response showing an
undesired resonance suppressed by 22dB and the FSR effectively doubled to 40.8nm [9].
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The optical add/drop multiplexer (OADM) is a key enabling component for the implementation of alloptical networks that will permit data traffic to navigate through high-capacity nodes and reach the enduser all in the optical domain. A reconfigurable OADM (R-OADM) at a node permits the local dropping of
one or a few dynamically selected wavelength channels from the wavelength-division-multiplexed (WDM)
optical spectrum on a trunk fiber. Advances in channel add-drop filters, based on microring resonators,
that enable the dropping operation are described in a separate section of this report. In order to enable
dynamic drop-wavelength reconfiguration, tunable add-drop filters must be designed to change their
operating add-drop channel wavelength without disturbing intermediate channels between the old and
new operating wavelengths. This requires temporarily disabling the add-drop operation during the
reconfiguration, all the while not affecting any of the other WDM channels passing through the OADM –
this requirement is referred to as “hitless switching”, and is an important design attribute sought in
OADMs.
One approach is to employ very fast switches to bypass the filter, whereby an insignificant part of the bit
period on any channel is disturbed during the operation. In addition to the challenges in design of such
fast switches, such approaches are not scalable with bit rate. Another approach is to seek inherently
hitless switching schemes, where the switching may then be carried out arbitrarily slowly. First proposed
by H.A. Haus in March 2003, here we investigated a hitless switching scheme applicable to a class of
integrated optical components (here, tunable filters) that permits gradual, hitless transition of the relevant
optical spectrum to a bypass path whilst the optical filter is reconfigured. The scheme, shown in Fig. 1a,b
comprises two symmetrically actuated, 2x2 ∆β-type optical switches, anti-symmetrically cascaded in a
Mach-Zehnder interferometer (MZI) configuration, and a π differential phase shift in the interferometer
arms. By symmetry, it guarantees wavelength-independent hitless operation before, during and after
switch reconfiguration, permitting slow switching independent of the bitrate. A channel add/drop filter is
included in one arm. The approach is general, but several particular implementations have been studied
including a compact realization using MEMS-actuated switches (Fig. 2b, 3).
In the proposed approach, the ∆β switches are directional couplers where an actuation mechanism (e.g.
electro-optic effect or MEMS perturbation), is employed to effect a propagation constant difference in the
two waveguides and accomplish switching (Fig. 1c). If two switches are cascaded, and a filter placed in
one arm (Fig. 1b), a filter bypass is created. However, to ensure that all of the signal entering the input
port exits at the output port, even during the switching operation, the second switch would – in general –
have to be precisely tuned in response to the state of the first to recombine the signal coherently. This is
not only complicated, but is not inherently broadband. In the present design, if the inputs of the second
switch are reversed with respect to those of the first, namely if the switches are oppositely actuated, and
in addition a 180º phase shift is introduced between the two MZI arms (Fig. 1b), perfect recombination of
input light in an output port is obtained for all states of the switch. The power in each arm, and the hitless
output power are shown against actuation in Fig. 1c. The hitless recombination is also broadband, but
depends on the 180º phase shift introduced. If the differential shift deviates from the ideal value, some hit
loss is experienced as shown in Fig. 2a, but the design is reasonably tolerant. A simple implementation
of a broadband 180º phase shift is a waveguide length difference of a half guided wavelength at the
center wavelength of the band of interest.
One early implementation of the switch, customized for a multi-layer chip with two waveguide core layers,
and employing MEMS-activated ∆β switches, is illustrated in Figs. 2b,3. The layout (Fig. 2b) shows a
wrapped geometry with a lower and higher waveguide layer, two side-by-side directional couplers
switched by a vertically-MEMS-actuated dielectric slab, the interferometer with a channel add-drop filter in
one arm, as well as waveguide-mode level changer (“escalator”) designs that are required to enable
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Figure 1. Hitless switch: (a) Mach-Zehnder arrangement of cascaded ∆β switches, and (b) the hitless switch design with
antisymmetrically actuated ∆β switches and a π phase shift. (c) Switching characteristic of each ∆β switch and the total
output in the hitless port. During actuation the optical spectrum gradually swaps arms, but always exits the hitless port.

(a)

(b)

Figure 2. (a) Hit loss incurred in the hitless port when the arm differential phase deviates from 180º. (b) Layout of a particular implementation: wrapped, multilayer-waveguide design employing a single MEMS-actuated slab switch and interlayer optical mode couplers (“escalators”).

(a)

(b)

Figure 3. MEMS-based switch: (a) two-waveguide-layer directional coupler as a vertically MEMS-actuated ∆β switch; (b)
sample switching characteristic of the single MEMS-based ∆β switch.

antisymmetric actuation with a top-mounted MEMS slab. A two-layer ∆β switch based on a verticallyMEMS-actuated dielectric slab is shown in Fig. 3. Notably, for proper operation the filter must not
contribute a significant phase dispersion to the interferometer. Further work exploring hitless switch
designs is ongoing, and concrete designs will next be sought and demonstrated.
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The development of future electronic-photonic integrated circuits based on silicon technology critically
depends on the availability of CMOS-compatible high-speed modulators that enable the interaction of
electronic and optical signals. Very recently a modulator based on a MOS structure has been proposed
[1] operating at 1GHz speed. In this project, we propose a Si/SiO2 high-index contrast waveguide
modulator based on a split ridge-waveguide that operates under forward biased conditions and shows
corner frequencies of up to 24 GHz.
A schematic layout of the proposed modulator is shown in Fig.1. Fig.1(a) shows a conventional MachZehnder arrangement, and Fig. 1(b) shows the most important sub-component of the modulator, the
electrically driven phase modulator section. We use a split-ridge waveguide, i.e. the high-index ridge is
separated from the high-index slab via a thin low index layer, which combines certain advantages of a
buried waveguide and a ridge waveguide (see Figure 1(b)). Assuming that also a 50nm thick layer on
both sides of the ridge waveguide section is doped to ensure homogenous carrier distribution, even
doping levels as high as nD = 1019cm-3 lead only to an absorption coefficient of α C = 2.8 / cm .
The electrical and thermal characteristics of the phase modulator sections are evaluated using the
semiconductor device simulator MEDICI for a device with dimensions: d1 = 100nm, d2 = 350nm, d3 = 2µm,
d4 = 100 nm, h = 550 nm and w= 1µm. The static I-V characteristics of the phase modulator section in
terms of the average current density flowing through the intrinsic zone as a function of applied voltage are
shown in Fig. 2(a) for three different carrier lifetimes. In addition for different operating points, the
maximum device temperature occurring in the center of the ridge waveguide section is shown. For the
current dimensions roughly 65% of the heat escapes over the metal contacts and 35% over the Si-slab
(see Fig.1b). Thus the Si-slab layer does not only reduce the waveguide loss by better mode confinement
in the ridge but in addition greatly improves the heat sinking.
The AC characteristics of the device are determined by computing the small signal modulation transfer
function between effective index change in the phase modulator section and the applied voltage. The
modulation speed of a pin-diode depends critically on the carrier recombination time and drift velocity.
= 1/2πτSHR = 1/4πτ = 8GHz,
Correspondingly, the 3dB corner frequencies due to recombination are f 3recom
dB
0.8GHz, 0.08GHz for τ=10ps, 100ps, and 1ns, respectively. In addition, the simulations gave carrier
velocities v ≈ 8×106cm/s, 2.4×106cm/s and 2.4×106 cm/s for τ=10ps, 100ps, and 1ns, which corresponds
= 2.2/2πτdrift = 28GHz, 3GHz, 2.6GHz with τdrift= w/v. In
to maximum modulation frequencies [2] f 3drift
dB
drift
summary, we obtain the combined 3dB frequency f 3dB = MAX ( f 3recom
= 28GHz, 3GHz, 2.6GHz, which
dB , f 3dB )
matches the resulting corner frequencies from the simulations rather well, see Fig. 2(b): 24GHz, 4GHz,
and 3GHz. To achieve a phase shift of π at a wavelength of 1.55 µm a 5 mm long section would be
necessary, resulting in a figure of merit, FOM=0.5V·cm, of the phase modulator section. Note, for a MZmodulator a differential phase shift of π is necessary between the two arms to achieve full on off
modulation which is possible for a 1 V amplitude signal and 2.5 mm long phase modulator sections in
each arm resulting in a total DC-Power consumption of 2.5W and an estimated microwave power of 380
mW. After a short manipulation, the transmission characteristic of the modulator is obtained as:

T (φ ) =

1
⋅ exp[−(α C + α DC ) L][cosh(φ / 4 ) − cos(2φ )]
2
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for φ < π / 2 . For the current example of a 2.5 mm long structure the total static losses due to contact
doping and the DC-bias current would be about 10log10[Exp((αC + αDC )L)] = 4dB, not including possible
bend and scattering losses due to sidewall roughness.

Fig. 1. (a) Externally-biased Mach-Zehnder modulator with coplanar RF-feeder, (b) Split-ridge waveguide pin-phase
modulator with single mode intensity profile.

Fig. 2. (a) Modulator I-V-characteristics and maximum device temperature Tm at different operating points and carrier
lifetimes τ=10ps (solid), 100ps (dashed), 1ns (dotted); (b) Effective index change due to plasma and thermal effects
for τ=10ps (solid), 100ps (dashed), 1ns (dotted).
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A photonic crystal (PhC) is a structure with a periodic change in the index of refraction. Such a structure is
formed by small building blocks that are repeated in space in 1D, 2D or 3D. The concept of designing
PhCs was first introduced by Yablonovitch[1] and John[2], in 1987. Recent developments in material
science and engineering have made possible the fabrication of PhCs for optical wavelengths. These
periodic structures of alternating high-to-low index of refraction materials allow the observation of peculiar
effects. One, that we discuss here, is the propagation of optical beams without spatial spreading. This
effect, called super-collimation (also known as self-collimation), allows diffraction-free propagation of
micron-sized beams over centimeter-scale distances. This linear optical effect is a natural result of the
unique dispersive properties of PhCs. In practice, this phenomenon corresponds to guiding of light,
without a physical or induced waveguide. In other words, it can be seen as a non-channel waveguide, as
illustrated in Figure 1.

Figure 1 – Illustration of the concept of super-collimation. A beam propagates inside a
photonic crystal without spatial spreading.

The super-collimation effect was first observed by Kosaka et al. in a 3D PhC[3] and by Wu et al. in 2D
triangular[4] and square[5] lattices. Previous work has shown super-collimation in 2D PhCs over small
distances – about 65 µm[6]. We have recently observed diffraction-free propagation of an optical beam
over centimeter-length-scale distances in a large-area 2D PhC with a square lattice of air holes in a
silicon film – Figure 2. The device was fabricated in a silicon-on-insulator (SOI) wafer, through
interferometric lithography. The lattice constant is a = 350 nm and the hole radius is r = 0.3a. The PhC
was designed to operate in the 1.5 µm range for TE radiation (electric field parallel to the 2D plane), in the
lowest energy band, close to the edge of the bandgap. The wavelength dependence of the supercollimation effect was studied, and it was observed that the optimum wavelength for this device was
around 1500 nm. A contact-mode near-field scanning optical microscopy (NSOM) technique was used to
obtain high-resolution images of the beam profile at different positions along the photonic crystal. These
images showed that a 2 µm beam width was conserved over 3 mm of propagation – Figure 3. The
infrared (IR) top view image was obtained by moving an IR camera parallel to the sample surface and
acquiring images along the direction of propagation.
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Figure 2 – Photo and scanning electron micrograph (SEM) image of a sample showing
the cross-section of the square lattice PhC.

Figure 3 – Super-collimation effect over a 3 mm sample, for λ = 1500 nm: (left) IR top
view image, (center) NSOM images and (right) beam profiles with Gaussian fits. Positions
(1)-(3) correspond to 200 µm, 1 mm and 3 mm, and have FWHM Gaussian widths of 2.49,
2.54 and 2.71 µm, respectively.
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Positions (1)-(3) correspond to 200 µm, 1 mm and 3 mm, respectively. The beam profiles (on the right)
are fitted to Gaussian functions and yield full-widths at half-maximum (FWHMs) of 2.49, 2.54 and
2.71 µm, for positions (1)-(3). After deconvolution with the resolution of the near-field scanning probe,
beam widths of 2.1, 2.1 and 2.3 (±0.2 µm) are obtained.
In addition to the techniques mentioned above, high-resolution confocal measurements were performed.
They confirmed super-collimation after 5 mm of propagation – Figure 4. After deconvolution with the
scanning probe, a FWHM beam width of 2.0 µm is obtained.

Figure 4 – Confocal image at the output of a 5 mm sample, around λ = 1500 nm. The inset shows
a Gaussian fit to the data and returns a FWHM of 2.22 µm.

The figure of merit associated with the super-collimation effect is defined by the number of diffraction
lengths over which the beam stays collimated. The diffraction length is the distance in which a beam will
broaden to 21/2 of its initial width. Previous experimental studies showed figures of merit smaller than 6[7].
The results of this last experiment show figures of merit as high as 376, which correspond to more than
14,200 lattice constants. Preliminary results were obtained with an 8 mm sample that could achieve a
figure of merit of 601.

References
1
2
3
4
5
6
7

E. Yablonovitch, "Inhibited Spontaneous Emission in Solid-State Physics and Electronics,"
Phys.Rev. Lett., 58, 2059-2062, 1987.
S. John, "Strong Localization of Photons in Certain Disordered Dielectric Superlattices," Phys. Rev.
Lett., 58, 2486-2489, 1987.
H. Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T. Sato, and S. Kawakami, "Selfcollimating phenomena in photonic crystals," Appl. Phys. Lett., 74, 1212-1214, 1999.
L. J. Wu, M. Mazilu, and T. F. Krauss, "Beam steering in planar-photonic crystals: From superprism
to supercollimator," J. Lightwave Technol., 21, 561-566, 2003.
L. Wu, M. Mazilu, J.-F. Gallet, and T. F. Krauss, "Square lattice photonic-crystal collimator,"
Photonics and Nanostructures - Fundamentals and Applications, 1, 31-36, 2003.
D. W. Prather, S. Y. Shi, D. M. Pustai, C. H. Chen, S. Venkataraman, A. Sharkawy, G. J. Schneider,
and J. Murakowski, "Dispersion-based optical routing in photonic crystals," Opt. Lett., 29, 50-52,
2004.
H. Kosaka, T. Kawashima, A. Tomita, T. Sato, and S. Kawakami, "Photonic-crystal spot-size
converter," Appl. Phys. Lett., 76, 268-270, 2000.

26-65

Chapter 26. Optics and Quantum Electronics

Contact-Mode Near-Field Scanning Optical Microscopy
Sponsors:
Air Force Office of Scientific Research (AFOSR) - FA9550-04-1-0011
National Science Foundation (MRSEC) – DMR-0213282
Project Staff:
Marcus S. Dahlem, Peter T. Rakich, Charles W. Holzwarth, Prof. Henry I. Smith, Prof. Erich P. Ippen
An effective and straightforward technique to characterize light propagation inside a structure is through
near-field scanning optical microscopy (NSOM)[1]. In waveguides with low scattering losses, far-field
imaging methods cannot be used and NSOM techniques are the best way to measure the transverse
mode profile (in the direction perpendicular to the propagation of the light). NSOM can be used to probe
the evanescent field of a guided mode inside a waveguide –Figure 1(a). Contact-mode NSOM (without
probe-to-sample distance feedback control) is of particular interest for high-resolution images due to its
simple design and implementation –Figure 1(b). Light from an infrared (IR) source is coupled into a
waveguide and a probe is scanned in 2D (raster-scan). At each position the signal is detected with a
sensitive photodiode and a lock-in. A high-resolution image can be obtained by mapping the detected
intensity at each point. Both scanning and lock-in are controlled by LabView® through GPIB, allowing the
integration of the process. The probe used to perform the scanning is a high NA polarization-maintaining
(PM) lensed fiber, fabricated by a heating and pulling process by Nanonics Imaging Ltd. The spot size is
about 1.7 µm – equivalent to 1.0 µm of full-width at half-maximum (FWHM) – and the working distance is
about 3.5 µm[2, 3].

2D scan
to processing block

Evanescent
field

NSOM fiber

Scanning

Feedback
control

Probe tip

input fiber

(a)

(b)

Figure 1 – Near-field scanning optical microscopy: (a) principle of operation and (b) contact-mode
operation.

In doing this type of measurement, it is essential to know whether the detected field is really a near-field
signal or a far-field scattered signal. In addition, the resolution for confocal imaging is known (~1.7 µm),
but the near-field resolution has to be determined for the particular probe. Feedback techniques allow for
the discrimination between near-field and far-field. In the present case, the distinction is achieved by
scanning the fiber probe over a known structure with very well localized scattering losses. The structure
used to implement this measurement is a 400 nm wide and 250 nm high silicon waveguide, fabricated by
e-beam lithography. Due to fabrication errors –stitching errors – there are localized points that scatter a
large amount of light. These points are well localized and easy to observe from the top of the waveguide.
By using the probe as a lens and bringing it in focus with one of these points and doing a scan, a confocal
image is obtained –Figure 2. Since the losses in the rest of the waveguide are very small (less than
1 dB/mm) no light is seen from it.
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stitching error
waveguide

stitching error
waveguide

Figure 2 – Confocal image obtained from a test waveguide, showing the light scattered at a
stitching error. Waveguide dimensions are not to scale. The scanning step size is 0.45 µm.

Moving the probe away from the stitching error, bringing it in contact with the waveguide surface and
doing a new scan, returns a near-field image of the waveguide – Figure 3. The image is then column
averaged and fitted to a Gaussian function. The FWHM is 1.47 µm, and after deconvolving it with the
known waveguide width, a probe resolution of about 1.4 µm (in FWHM) is obtained. As a side note, the
near-field image obtained for the known waveguide is grainy. This is not due to the structure itself;
instead, it may be a result of the implemented technique.
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(a)

(b)

Figure 3 – Near-field image of the test waveguide: (a) 2D scan and (b) column averaged data fitted
by a Gaussian curve with FWHM = 1.47 µm. The scanning step size is 0.45 µm.

This probe can now be used to perform near-field measurements on unknown structures. This
no-feedback technique is only possible if the surface topography is flat, i.e., there are no significant height
variations along the surface of the device.
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The field of integrated optics promises to provide a practical and scaleable means of routing and
switching of light on micro-chips analogous to those created in the electronics industry today. Such
capabilities could prove instrumental for developing flexible telecom networks, as well as for the
development of numerous sensing and spectroscopic applications. However, a host of challenges must
be met before such applications can be realized. A key barrier is the development of dynamic optical
components is a practical means of enabling large changes in index of refraction (∆n). Such changes in
material properties are necessary to effectively switch data traffic, or tune filters on an integrated circuit.
Currently, thermo-optic tuning is the only widely implemented means of changing the index over large
ranges (i.e. as much as 0.2%). However such ranges are grossly insufficient for many applications.
However, through the development of a new class of MEMs-optical devices, it is possible to generate
large effective-index changes through perturbations in waveguide geometry, circumventing limitations
current optical materials. In this study we examine a MEMs-like approach to evanescent perturbation of
the mode of unclad high index contrast (HIC) ring resonators, resulting in large changes in the ring’s
effective-index. Through measurement of the resonant frequency of the ring-resonator, the precise
change in effective index can be understood.
The tuning mechanism under study is based on the external perturbation of a ring resonator with a slab of
uniform material. The mode of an unclad ring resonator (index guided) has an evanescent field extending
outside of the guide in the direction normal to the plane of the ring. Consequently, a slab dielectric,
whose surface is parallel to the plane of the ring, can be placed in the mode such that the guided mode of
the ring uniformly penetrates it (see Fig. 1). This produces in increase in effective index of the mode, and
results in tuning of the resonance frequency of the ring. It should also noted that such a tuning
mechanism is remarkably sensitive to position (eg 1-2% tuning generated by 300 nm displacement),
making it equally promising as a means of detecting position or displacement; which could prove very
valuable for MEMs-optical accelerometers, gyros, and numerous other sensing applications.
For the purposes of this study, a high index contrast (HIC) silicon nitride ring resonator device of the type
described in reference [1] is perturbed with use of a silica fiber-probe. The major challenge in laboratory
implementation of the geometry shown in Fig. 1 is the remarkable degree of angular alignment required.
In order for the perturbing body to uniformly effect the ring around its entire circumference (ie with a
separation error of ± 10 nm) angular tolerances of ~70 µ-radians is required. This alignment issue is
addressed through a novel probe design.
In the experiments, the probe-ring distance is varied with nanometer precision through piezo controlled
stages, and displacements were calibrated with capacitive sensors. Experiments were carried out by
simultaneously measuring the ring response (in real time) while the probe is advanced toward the surface
of the ring. Careful lateral alignment of the probe is performed through an optical microscope to ensure
that the center of the probe is aligned with the ring-center. This results in a stage displacement that is
approximately equal to a change in the probe-ring separation. In Fig 2(a) the resonant frequency found
from each spectral trace is plotted vs. probe displacement. An exponential change in tuning is observed
vs probe displacement (as seen in Fig. 2). Additionally, when the fiber is raised again the unperturbed
resonance is fully recovered, demonstrating a negligible degree of hysterisis, and no material exchange
between the probe and ring.
In Fig. 2(b) a comparison is made between the experimental (circles) ring-tuning and the theoretical ring
tuning (dash) computed with the aid of a full vectoral mode solver. Here the ideal tuning geometry (of Fig
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1) is assumed with a silica slab of material, and using waveguide dimensions obtained directly from SEM
micrographs of the ring. A theoretical tuning range of ~ 26 nm (or 1.6%) is possible when the slab height
is varied from 0 – 300 nm, while experiments yield a ring tuning of 18.7 nm (or 1.3%) for a comparable
displacement. In fitting the exponential dependence of both experiment and theory decay lengths of 91
nm and 87 nm are found respectively, demonstrating very good understanding of the tuning mechanism.
The actual tuning likely falls short of the theoretical value due to a small degree of curvature of the probe
surface produced by the probe fabrication process.

Figure 1. Diagram of tuning geometry examined. As a slab of dielectric is penetrates the evanescent field of the
unclad ring resonator waveguide, the effective index is modified, resulting in a change in resonant frequency.

Figure 2. Experimental evanescent tuning is (circles) compared with theoretical (dash) tuning. Theoretical tunings
obtained by computing the change in effective index for various probe-ring distances and computing the
corresponding change in ring resonance.

In conclusion, we have demonstrated continuous and reversible tuning mechanisms based on
evanescent perturbation and compressive strain of a high index ring resonator. The evanescent tuning
method, which forms the basis for a new class of MEMs-optical devices [2], could be used for switching
and routing of optical signals on integrated photonic platforms and for sensing sub-Angstrom
displacements. A total tuning range of 18.7 nm (or 1.3%) has been achieved, which is ~ 6 times larger
than tunings typically obtainable through thermal tuning. Furthermore, much larger tunings (4%) are
possible with the use of multi-layer perturbing bodies. MEMs implementation of this tuning mechanism
could respond at micro-second time-scales (as compared to mille-seconds required to tune thermally) and
doesn’t require any heat dissipation.
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High-index contrast photonic crystal waveguides are of interest for an increasing variety of applications.
However, the measurements required to understand the basic physical phenomena of photonic crystal
devices often present serious experimental challenges. In many cases it is necessary to perform spectral
measurements over 50 – 100% of the center frequency of the device (i.e. as much as an octave) in order
to understand the bandgap-related phenomena. Additionally, due to the nano-scale dimensions of such
devices, high insertion losses and low throughput are typical in a laboratory setting. It is for this reason
that high-brightness sources such as tunable lasers are typically used to scan the broad spectral features
of photonic crystals. Unfortunately, tunable laser sources spanning the entire 1 – 2 µm spectral range,
critical for the study of telecom-centered devices, are not readily available. To facilitate the science and
study of photonic crystals and integrated photonic devices, we develop practical femtosecond fiber-laserbased supercontinuum sources (SC) spanning the 1.2 – 2.0 µm wavelength range and broadband SC
based measurement techniques. These techniques are then applied to the study of high index contrast
photonic crystal devices, enabling a host of new photonic crystal studies. Experiments involving both 1-D
periodic photonic crystal microcavity waveguides and 3-D periodic photonic crystals with embedded point
defects are described.
Experimental findings are compared with rigorous electromagnetic
simulations[1,2].
Earlier applications of SC sources to the study of photonic devices have utilized solid state Ti:Sapphire
based SC sources (centered at 800 nm) to the study of two-dimensional photonic crystal slab waveguides
with a system utilizing free-space optics [3,4]. In contrast, we develop solid state and all-fiber SC sources
centered at telecommunications wavelengths (1.55 µm) and an all-fiber measurement apparatus for the
study of photonic crystals and integrated circuits at telecom wavelengths. To minimize the losses and
complexity produced by broadband free-space optics, we focus instead on all-fiber methods for
broadband polarization control, and coupling. Additionally, through sensitive detection and careful
normalization many of the undesirable aspects of a typical SC source can be mitigated, producing high
fidelity measurements over the entire 1.2 – 2.0 µm wavelength range[1,2].

Figure 1: (a) Schematic of supercontinuum source, which consists of a femtosecond fiber-laser and a length of highly
nonlinear dispersion shifted fiber. (b) Optical power spectrum of the fiber laser output before and after passing
through the nonlinear fiber.

The SC source developed in this work consists of a length of highly nonlinear dispersion-shifted fiber
(HNL-DSF) seeded by a femtosecond stretched-pulse fiber laser, shown in Fig. 1(a). The laser consists of
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a 55.6 cm length of bismuth oxide-based erbium-doped fiber (Bi-EDF), 1.8 m of low-nonlinearity singlemode fiber (LNL-SMF), two polarization controllers, and a polarizing beam-splitter. The rejection port of
the polarizing beam splitter forms the output coupler of the laser, while a bi-directionally pumped length of
Bi-EDF fiber serves as a the gain medium, providing a broad gain bandwidth and high gain per unit length
[5]. To balance the dispersion of the Bi-EDF, and manage the intracavity nonlinearity, 1.8 m of LNL-SMF
is included in the laser. Mode-locked operation of the laser was obtained through nonlinear polarization
evolution [6]. For pump powers of 350 mW, a 28 mW average output power was obtained with center
wavelengths and spectral full-width half maxima of 1571 nm and 58 nm respectively. Through external
compression with a 1.8 m segment of LNL-SMF 100 fs pulses were obtained, providing a peak pulse
power of ~8.5 kW, which was sufficient for the generation of a broad SC spectrum. Pulses are injected
into 500 m of HNL-DSF having a zero-dispersion wavelength of 1565 nm and a nonlinear coefficient of 21
km-1 W-1 to generate SC. The laser spectra before and after the HNL-DSF are shown in Fig. 2(b). It
should be noted that the supercontinuum light generated by this method is unpolarized when measured at
millisecond time scales due to nonlinear polarization evolution produced in the HNL-DSF. Additionally, the
nonlinear nature of the SC generation makes the shape of the spectral output very sensitive to changes in
laser state[7].
The SC spectrum generated in the HNL-DSF is coupled into the apparatus shown in Fig. 2(a) for
waveguide transmission studies. The unpolarized SC light is first passed through a broadband fiber-optic
coupler, splitting the continuum into two ports, signal and reference. The signal is then sent through an
inline polarizer and polarization controller, which define the polarization at the input of the waveguide. A
lensed fiber is then used to couple the signal into the waveguide. A second lensed fiber collects the
waveguide output that is sent through a polarization controller and inline polarizer for polarization
analysis. The signal and reference are then imaged through a monochromator onto two identical
photodetectors, for real-time normalization of the SC fluctuations and spectral changes. Detection is
performed with Peltier cooled IR-enhanced InGaAs photodiodes and lock-in amplifiers to achieve low
noise measurements (with a noise equivalent power of 28 fW/√Hz) and enable rapid scans (less than one
minute) with as little as 4 mW of SC light.

Figure 2: (a) A schematic of measurement apparatus. A small fraction of SC light is diverted by a coupler for
reference (Ref) measurement while the remainder (Signal) is passed through the waveguide. The signal and
reference are then imaged through a monochromator onto identical photo-detectors for real time normalization. (b)
Polarization extinction obtained through polarization control method depicted in Fig 2(a).

Polarization control of the light launched into the waveguide and polarization analysis of the light collected
from the guide were performed with use of broadband inline polarizers and strain-type polarization
controllers as depicted in Fig 2(a). As can be seen in Fig. 2(b), this provides greater than 20 dB of
polarization extinction over most of the spectral range of the SC source. However, critical to broadband
performance is (1) the type of inline polarizer used, and (2) minimization of polarization mode dispersion
(PMD) which follows the polarizer. Laminated inline polarizers of the type described in ref [8] were used,
providing high extinction and low insertion losses over the entire 1 – 2 µm wavelength range. PMD was
managed by minimizing the length of fiber between the polarizer and lensed fiber, as well as any bending
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experienced by the fiber. For the measurement shown in Fig 2(b), fiber lengths were kept below 30 cm.
Additionally, through a slight change in the state of the polarization controller >25 dB contrast can be
achieved at any wavelength in the 1.2 – 2.0 µm range, enabling higher polarization extinction through
more than one wavelength scan if needed.
This method was applied to the study of a number of HIC devices, however, in this paper we examine a
1-D photonic bandgap microcavity and 3-D photonic crystal with point defects [2]. The 1-D photonic
crystal microcavity, which has been studied extensively over the past several years, consists of a silicon
strip on top of an oxide layer, forming a waveguide with a single TE-like mode over much of the 1 – 2 µm
wavelength range [9,10]. A photonic crystal is patterned in the waveguide by etching a periodic array of
holes through the silicon strip. The photonic crystal defect is then defined by increasing one hole spacing
from a (the lattice constant) to ad (the defect length). A device schematic and scanning electron
micrograph (SEM) are shown in Fig. 3(b). For comparison with experiments, simulations of the device
band structure and power transmission were performed based on the parameters extracted from SEM
measurements [11,12]. Results of the band-structure computations can be seen in Fig 3(a) while the
dashed curve of Fig 3(c) shows the simulated power transmission.

Figure 3: (a) Band diagram (TE-like bands only) based on SEM measurements of device. Grey region indicates
states above the light line. (b) SEM of microcavity (top) and cross-section of waveguide (bottom). Device parameters
extracted from SEM are a = 424 nm, ad = 649 nm, w = 494 nm, tg = 195 nm, to = 350 nm, and D = 179 nm. (c) A
transmission measurement (solid) and simulated transmission (dashed) of photonic crystal microcavity (TE
polarization). The transmission measurement is normalized to that of a similar waveguide without etched holes. (d)
High resolution (0.1 nm) measurement (solid) and simulation (dashed) of the microcavity resonance.

Superposed with the theoretical photonic crystal power transmission (dash) of Fig. 3(c) is the measured
transmission spectrum (solid). The experimental spectrum was obtained by measuring the photonic
crystal waveguide transmission and normalizing to a calibration scan of an identical waveguide without a
photonic crystal. Normalization is important to remove wavelength dependence of waveguide coupling,
waveguide propagation losses as well as spectral variations of the SC source. However, a comparison of
theory with experiment reveals that normalization is quite effective. Remarkable agreement is seen
between experiment and theory for wavelengths between 1400 – 2000 nm. A 265 nm stop-band is clearly
visible in the experiment from approximately 1425 – 1690 nm. In addition, the high resolution spectrum
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shown in Fig. 3(d) reveals a sharp microcavity resonance can be seen at 1542 nm, demonstrating
efficient power coupling through the photonic crystal, with approximately 52% transmission. This is in
reasonable agreement with the simulated transmission efficiency of 68%.
A similar supercontinuum based technique was applied to the study of a 3D photonic crystal with
embedded point defects, enabling high spatial resolution studies (with a 2.5 µm spot size) of a small
number of embedded point defects which were randomly distributed within the PhC. An SEM of the 3-D
PhC under study can be seen in Fig. 4(c), and was fabricated in Silicon through a layer-by layer process
utilizing several successive e-beam lithography steps. This 3-D photonic crystal exhibits a 21% complete
photonic bandgap centered at telecom wavelengths. The details of this fabrication process can be found
in reference [1]. The fabricated structure consists of alternating layers of two complementary 2-D
photonic crystal slabs, one layer of dielectric rods and another of air holes in a dielectric slab. Embedded
within the PhC are randomly distributed defects, each consisting of a completely filled air hole. Defects of
this type produce a spatially localized photonic crystal mode, having numerous resonant states within the
photonic bandgap, which couple to radiation. These defects are dispersed within the photonic crystal with
a density of 15%. Despite the remarkable fabrication quality, inhomogeneity in the environment of these
point defects was unavoidable, resulting in inhomogeneous broadening of defect states throughout the
PhC. For this reason it was necessary to probe very small areas of the PhC to resolve the energy
spectrum of individual defect cavities. Spectroscopic studies of these defects over small areas proved
difficult with thermal white light sources due to their low brightness. However, SC based measurement
techniques yielded high fidelity measurements of a small number of nano-scale PhC defects, allowing the
energy spectrum of individual defects to be fully resolved.
In this study, supercontinuum-based confocal reflection and transmission measurements were used to
examine a small number of defects embedded within the PhC. An average of 3 PhC defects could be
studied with use of a Gaussian spot size of 2.5 µm generated by a lensed fiber. The supercontinuum
source used in these studies consisted of a Ti:Sapphire pumped optical parametric oscillator (OPO)
which was used to seed the SC generation in a highly nonlinear fiber, generating SC spanning 1.2 – 2.0
µm. Further details about the SC source are described in Rakich et. al. [13]. In these experiments, a
reference channel was used to normalize for any spectral variations; however, unpolarized SC light was
sufficient to observe the defect resonances, making polarization control unnecessary.
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Figure 4: (a) photo of lensed fiber and photonic crystal 3D PhC device under test (b) Theoretical (aqua) and
experimental (red) transmission spectra of 3D PhC with defects. Theoretical transmission of PhC without defect
states (green dash). (c) SEM of 3D fabricated SEBL (d) Theoretical (aqua) and experimental (red) reflection spectra
of 3D PhC with point defects.

Spatially localized reflection measurements, taken by this method, were performed at numerous positions
on the photonic crystal. Some characteristic reflection and transmission measurements can be seen in
Figs. 4(b) and (d) along with the corresponding theoretical transmission and reflection spectra computed
through 3D FDTD computations. The experimental geometry for the transmission measurement is
depicted in the inset of Fig. 4(a). Here a lensed fiber forms a 2.5 µm Gaussian spot size on the PhC,
while a flat-cleaved single mode fiber optic was used to collect the light transmitted through the PhC over
a narrow range of transverse wave-vectors (corresponding to ~1° half angle). The PhC transmission
spectrum was then normalized to a similar measurement through the same substrate, without the PhC in
the path. We can see that the bandgap of the PhC is clearly resolved along with two peaks in the
transmission spectrum (denoted by I & II in Fig. 4(b)), corresponding to resonant transmission through the
multi-mode point defects. This can be seen by comparing the theoretical (aqua) and experimental (red)
transmission spectra. Such peaks in transmission are not found in simulations of the structure without
defect states (green), clearly indicating that these spectral features result from resonant transfer of power
through the defect modes. The spectral signatures of the defect modes are somewhat less pronounced
for the transmission spectrum, however, more striking features resulting from the defect states are
observed as dips in the reflection spectrum. This is because the reflection measurement probes a large
transverse wave-vector range (corresponding to a 15.5° half angle), which is more suitable for coupling to
localized defect states which tend to radiate over large solid angles. A detailed comparison of the
experimental (red) and theoretical (aqua) reflection spectra can be made from Fig 4(d). Three dips are
observable in the reflection spectrum at approximately 1.4 µm, 1.5 µm and 1.6 µm wavelengths (denoted
by III, IV & V in Fig. 4(d)), which result from resonant coupling to localized defect states within the PhC.
The observed stop band and the positions of the defect resonances are in remarkable agreement with the
simulated reflection spectrum. It should also be noted that all parameters used to simulate the
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transmission spectra shown below were extracted from SEMs of the device, and no free parameters were
used.
In conclusion, newly developed supercontinuum sources and techniques provide a practical means of
studying photonic devices over broad wavelength ranges in the NIR, enabling a host of new studies
involving both 1-D periodic photonic crystal microcavities and 3-D periodic photonic crystals. An all-fiber
apparatus enables very practical and low-loss means of utilizing supercontinuum sources over the 1.2 –
2.0 µm wavelength range for photonic crystal studies. Additionally, through sensitive detection and careful
normalization many of the undesirable aspects of a typical SC source can be mitigated, producing high
fidelity measurements of nano-scale photonic devices over the entire 1.2 – 2.0 µm wavelength range.
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High index contrast (HIC) structures typically exhibit significant polarization sensitivities. To enable
polarization independent performance from HIC structures, a necessary feature for a standard single
mode fiber based communications link, the polarization sensitivity may be circumvented by implementing
a polarization diversity scheme. Such an approach requires the arbitrary polarization emanating from a
fiber to be split into orthogonal components. By further rotating one of the outputs, a single polarization
may be realized on-chip and the two paths may be operated on in parallel with identical structures. An
integrated approach allows for the devices to be batch fabricated and the path lengths of the two arms to
be matched through lithography.
Three-dimensional and full vectorial eigenmode expansion (EME) and finite-difference time-domain
(FDTD) simulations were used to design integrated mode-evolution-based polarization splitters and
rotators. The combined polarization splitter-rotator structure, depicted in Fig. 1a, is formed from two
silicon nitride core layers (nc = 2.2), an under-cladding of thermal oxide (ncl = 1.445) and an over-cladding
of air. In Fig. 1b EME simulations of the integrated polarization splitter and rotator are presented. In the
simulated structure, the rotator length was chosen to be 384 µm and the polarization splitter length to be
416.6 µm. The waveguide dimensions are as depicted in Fig. 1a. The simulations demonstrate
broadband that low loss and low cross-talk performance is possible with this type of structure.
The structures were fabricated in the Nanostructures Lab here at MIT using the single material deposition
and two-step etch depicted in Fig. 2a – Fig. 2e. Lithography was performed using a direct e-beam write
process and scanning electron micrographs (SEMs) of the resulting structures are shown in Fig. 2f and
Fig. 2g.
The transmission spectra for polarization splitters, rotators and integrated splitters and rotators were
measured using a tunable laser across the 1.51-1.61 µm band. Despite intentional width variations and
misalignments of the layers, nearly all of the fabricated devices, splitters, rotators and integrated splitters
and rotators demonstrated broadband low cross-talk performance. The performance of a representative
integrated polarization splitter and rotator is depicted in Fig. 3a and Fig. 3b.
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Figure 1. (a) Integrated mode evolution based polarization splitter-rotator and (b) EME results for
an 800.6 µm long device.

Figure 2. (a)~(e): Fabrication process for the PSR. SEM images of a (f) polarization splitter input
and (g) polarization rotator output.

Fig. 3. (a) Infrared image of PSR output for (i) TE, (ii) TE/TM, and (iii) TM inputs, and (b)
Measured performance across 1510 – 1610 nm. Note: The TM port should (and does) possess a
TE polarization as a result of the polarization rotator.

26-78 RLE Progress Report 147

Chapter 26. Optics and Quantum Electronics

Optical Logic and Wavelength Conversion using Semiconductor Optical
Amplifiers
Sponsors:
DARPA – DAAD19-03-1-0090
Air Force Office of Scientific Research – FA9550-04-01-0011
Project Staff: Ali Motamedi, Jade P. Wang, Ryan D. Williams, Prof.Erich P. Ippen, Prof. Rajeev Ram,
Prof. Leslie Kolodjieski, Dr. Scott Hamilton
The demand for faster optical communication networks has been on the rise in the recent years. To
accommodate this demand, the new generation of optical communication networks is moving towards
terabit per second data rates. Such data rates can be achieved if the data remain in the optical domain
eliminating the need to convert the optical signals to electronic signals and back to optical signals. The
optical to electrical and back to optical data conversion creates a bottleneck at the routing points and
limits the network data rate. Therefore, to successfully be able to achieve higher data rates, advance
optical networks will require all optical ultrafast signal processing such as wavelength conversion, optical
logic, and add/drop functions. An important focus of our research is to develop technology needed for
such ultrafast optical processing.
A device that can be used as both a wavelength converter and an optical logic gate is the integrated
SOA-based Mach-Zehnder (MZ) interferometer illustrated in Figure 1. This device takes advantage of
nonlinear cross-phase modulation between optical signals in the semiconductor amplifier (SOA)
component. In addition to being controlled by the bias currents in the SOAs, the differential phase
between the two arms of the interferometer can be optically controlled via input optical (control) signals
entering the two ports C1 and C2. For operation as a wavelength converter, a CW signal at λΧW is injected
in the port Sin while the modulated control signal is injected into port C1 or port C2. The control signal then
modulates the carrier density of the SOA in the arm of the MZ interferometer into which it is injected, in
turn modulating the refractive index of that arm. The imbalance that this induces between the two arms of
the interferometer, in turn, modulates the input CW signal,λCW. SOAs in the input and output ports
provide pre- and post-amplification. In this manner, the data pattern from a modulated signal into either
port C1 or C2 is transferred onto the λCW output.

C1

SOA
SOA

Sin

SOA

SOA

Sout

SOA

C2

SOA

Figure 2. Schematic diagram of the semiconductor optical amplifier (SOA)–based
Mach Zehnder interferometer

In preliminary experiments, we have tested such a device (Alcatel 1902 ICM) in the manner illustrated in
Figure 8. A 10Gbps NRZ modulated data signal at 1540nm was used as the control and the CW signal
was at 1550nm. The output was passed through an optical bandpass filter to eliminate the residual
1540nm control. The BER was measured, and the result is shown in Figure 3. As can be seen from this
figure, there is less then 0.5dB power penalty as result of this wavelength conversion.
In addition, the device was tested using RZ control signals in the manner shown in Figure 4. In this case,
the modulated signal was injected in both the C1 and C2 ports with a sub-bit-period relative delay as
shown in Figure 4. The MZ interferometer was electrically biased to create a optical phase difference of π
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between the outputs of the two arms. The CW signal splits between the two arms of the interferometer
and is combined destructively at the output, hence there is no signal at the output with no input control
signals at C1 and C2 ports. When a control signal enters one of the arms, for example the C2 path, it
causes an imbalance in the two arms of the interferometer. The delayed control entering C1 produces
results in a similar carrier density variation and restores the output to null. Between the arrival of the
modulated signal in port C2 and the arrival of the modulated signal in port C1, the CW signal combines
constructively at the output of the MZ interferometer. Therefore, the RZ modulated signal is transferred to
the signal at λ1. The result of a BER measurement made under this mode of operation is shown in Figure
5.
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Figure 3. Wavelength conversion using NRZ data

Figure 4. BER test results using NRZ data
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Figure 5. Wavelength conversion using RZ data

Figure 6. BER test results using RZ data

In addition to its function as a wavelength converter, the Alcatel 1902ICM device can be used as an
optical “AND” gate, simply by replacing the CW signal in Figure 4 with the second logic variable. This
device, therefore, enables all optical processing of signal including, optical logic, add/drop multiplexer,
and wavelength conversion. Future work will be directed toward demonstrations of specific network
functions, at higher bit rates and with integrated multiple component photonic circuits.
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Laser micromachining using femtosecond pulses is a powerful and versatile technique for fabricating
photonic devices in transparent materials [1-7]. It promises not only to give flexibilities to conventional 2dimensional planar waveguides [2-4] but also to enable high-density photonic structures, since multiple
layers of waveguides can be fabricated on a single substrate [5]. More importantly, it opens the door to a
wide range of new devices fabricated in three-dimensional geometries [6, 7], many of which provides
enhanced functionality not possible in planar geometries. The micromachining process is very versatile
and allows for rapid fabrication of a wide range of different devices under computer control. These
devices can be designed, fabricated, and tested rapidly, thereby streamlining the device development
process.
The direct writing of waveguides using femtosecond laser oscillators is attractive because the cumulative
effects of high-repetition-rate pulses, as well as the cumulative heating that results when the intra pulse
arrival time is shorter than the thermal diffusion time, enables device fabrication approximately three
orders of magnitude faster than using amplified lasers (mm/s versus µm/s). In most studies to date,
however, the typical pulse energy available from laser oscillators (~10 nJ) necessitates focusing with very
high numerical aperture (NA) objectives and oil immersion in order to reach intensities sufficient to initiate
the nonlinear interaction. This requirement severely limits available working distance and the ability to
machine at depth in materials. We have developed an extended cavity Ti:Sapphire laser capable of
generating 150 nJ pulses [8] that overcomes the restriction to very high NA objectives, thus giving greater
flexibility and versatility to the machining process.
Directional couplers
Using a femtosecond laser oscillator, we created a variety of photonic devices. As a starting point, we
demonstrated a wavelength dependent directional coupler, and a wavelength independent X-coupler.
Directional couplers were fabricated in which two single mode waveguides have an interaction region
without intersecting. Figure 1 (a) shows the schematic diagram of a directional coupler. The coupler has
an interaction region of length, L where the two waveguides are parallel and closely spaced with a
separation, d. Each waveguide has two bends of 1 degree. In order to test the dependence of the
directional couplers on the fabrications parameters and to confirm that it is consistent with coupled mode
theory, we fabricated a series of couplers with different combinations of the waveguide separations, d,
and interaction lengths, L. The total length of the waveguide devices was kept constant at 25 mm. When
a He-Ne laser beam (633 nm) was coupled into one input port, power was transferred to the two output
ports, suggesting coupling between the two waveguides. Figs. 1 (b) to (d) summarize the results of these
measurements and show the measured values of R for each of ten different interaction lengths, L,
ranging between 0 and 10 mm for waveguide separations of (b) d=8, (c) d=10, and (d) d=12 µm. The
oscillatory behavior of the coupling ratio as a function of interaction length, L, that is predicted by coupled
mode theory is clearly evident. The lines in the figures show best-fit sinusoidal functions.
The ability to fabricate waveguides in three dimensions permits novel devices that are not possible in two
dimensions. As examples, we fabricated a symmetric three-waveguide directional coupler [7, 9]. Figure 2
(a) shows the schematic of a three-waveguide directional coupler. The device geometry requires a
symmetric configuration that is not possible in a planar geometry. The three waveguides of the coupler
are fabricated on the edges of an equilateral triangle. The waveguides are spaced by 50- mm center-tocenter separations at the input and output of the device and directed toward corresponding vertices on an
equilateral triangle in a coupling region, 5 mm on a side, by equal bend angles of 1.2 degree. To verify
the operation of the three-waveguide directional coupler, the broadband output of the Ti:sapphire laser is
launched into the bottom waveguide. Figure 2 (b) shows a CCD image of the output of a coupler with an
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(a)

(b)

(c)

(d)
Figure 1. (a) Schematic of the coupler. Separation, d, and interaction length, L, are varied with the fixed total
length, 25 mm. He-Ne laser is guided into one of the input ports, and the output power at two ports is measured.
The coupling ratio between the two waveguide ports, R, is obtained. (b) Interaction length dependence of the
coupling ratio for waveguide separations d = 8 µm, (c) d = 10 µm, and (d) d = 12 µm. Experimental results (dots)
and their best-fit results to sinusoidal curves (lines) are shown. The period of the oscillation increases from (b) 5, to
(c) 9, to (d) 14 mm, which is consistent with the coupled mode theory.

L=2.0 mm interaction length. The output port of the bottom input guide retains 43% of the total power,
with the remaining 28% and 29% transferred to the upper right and left outputs, respectively. Coupling
ratios can be changed by varying waveguide separation and interaction length, L. Complete power
transfer from input to output waveguides has not yet been obtained; however, improvements in the
fabrication process, including more uniform sample translation along nonorthogonal stage directions,
should improve performance.
X couplers
Current technology uses directional couplers or variation thereof to produce 1-to-N splitters, or couplers of
varying ratios. Several approaches have been made to realize wavelength independent couplers,
including a series tapered coupling structure [9], a cascaded Mach-Zehender configuration [10]. Here, we
demonstrate an X coupler [11], which has very small wavelength dependence over a wide wavelength
range. Fig. 3(a) shows a top view of the X coupler, obtained with a phase-contrast microscope. The total
lengths of the waveguides and intersecting angle are 7 mm and 1 degree respectively. When a
continuous-wave Ti:Al2O3 laser beam at 800 nm was coupled into one of the input ports, two outputs were
observed. The far-field pattern of the output beam from one of the output ports is shown in Fig. 3(b). A
similar pattern is obtained by measurement of the near field, except that there is a slight vertical
asymmetry that is associated with the asymmetry of the laser exposure. Cross-sectional profiles of the
near fields of the two output ports are shown in Fig. 3(c), together with their best-fit Gaussian. Crosssectional profiles of the far field were also measured and have Gaussianlike profiles. Coupling into
progressively larger waveguides shows a clear transition from single-mode to multimode behavior. These
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50 µm
L
(a)

(b)

Figure 2. (a) Schematic of the symmetric three-waveguide directional coupler. Waveguides are initially separated
by 50 mm and by 5 mm in interaction region L. (b) Inverse gray-scale CCD image of the waveguide outputs shows
a 43:28:29 power-splitting ratio between the guides.

Figure 3. (a) Phase-contrast microscopic top view of the X coupler; the ratio of the horizontal and vertical scale is
4:1 to better display the structure. (b) Far-field mode pattern of output of an X coupler. (c) Cross section of the
near-field mode (open circles) with best-f it Gaussian (curves) at the two outputs of an X coupler.

data demonstrate that the individual waveguides are single mode and that the X device operates as a
coupler, dividing the input power from one waveguide into the two output waveguides. The splitting ratio
of the X coupler is approximately 1:1. The coupling ratio can be adjusted by variation of the crossing
angle of the guides and other waveguide fabrication parameters. An X coupler with a 4 degree waveguide
crossing angle had a coupling ratio of 16:1 (with most of the power not transferred).
Ring resonator
To demonstrate a more complex device, the 3D microring resonator shown in Fig. 4 was fabricated. In
contrast with planar ring resonator structures, the 3D geometry allows both the through and drop ports to
be located on the same end of the device, with the input port at the opposite end. The ring section is
composed of two semicircular arcs with radii of 1.0 mm, connected by two straight waveguides with
lengths of 0.5 mm. The input and output waveguides are fabricated 5 mm above and below one straight
section of the ring. Outside of this 0.5-mm interaction length, where the resonator ring lies between them,
the input and output waveguides are separated horizontally by 100 mm to prevent unwanted cross talk.
Because the laser beam is not modulated, the closed ring is fabricated in a continuous writing fashion by
approaching and diverging from the ring structure at an angle of 10°. Previous studies have shown that
this angle results in full power transmission though the straight waveguide sections with negligible loss
from extraneous coupling. The wavelength-dependent transfer function is measured with the broadband
output of a femtosecond Ti:sapphire laser and is shown in Figure 3. Characteristic resonances are
evident, and the 57-pm fringe spacing is in excellent agreement with the predicted value of 58 pm for a
ring perimeter of 7.3 mm. The relatively low fringe visibility of 2% (modulation of 4%) results from the

26-83

Chapter 26. Optics and Quantum Electronics

(a)

(b)
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Figure 4. Schematic of the 3D microring resonator. (a) Top view—the ring is fabricated in the plane of the
substrate and composed of two semicircular arcs with 1-mm radii connected by 0.5-mm waveguides. The input
and output waveguides are separated horizontally by 100 µm outside the interaction region. (b) Side view—the
waveguides are separated by 5 mm with a total depth separation of 10 µm. (c) Normalized transfer function of the
ring resonator. The fringe spacing of 57 pm at 800 nm is in excellent agreement with the predicted value of 58 pm
for a ring length of 7.3 mm.

propagation loss in the ring. Using the fringe visibility, the round-trip attenuation through the ring is
estimated to be approximately 37 dB. This attenuation includes linear propagation loss, bending loss, and
any other losses that may be attributable to fabrication, such as microbending or waveguide roughness.
The waveguide loss is measured for straight waveguides with varying lengths and is 1.64 dB/cm at 800
nm. The propagation loss over a straight waveguide with length equivalent to the round trip of the ring
should therefore contribute only 1.2 dB of attenuation. The dominant losses in the ring are due to bending
loss. Theoretical values for attenuation caused by bending are strongly dependent on the bend radius
and the index contrast of the waveguide. With our estimated index contrast of ∆n=0.015 to 0.010,
determined through single-mode cutoff measurements, and a bend radius of 1 mm, numerical simulations
yield a bending loss that ranges from 2 to 34 dB per 90° bend. Further study is necessary to determine
the origin of the low fringe contrast. However, theory suggests that significant reductions in bending loss
can be realized with modest increases in waveguide index contrast.
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The demand for faster optical communication networks has been on the rise in the recent years. To
accommodate this demand, the new generation of optical communication networks is moving towards
terabit per second data rates. Such data rates can be achieved if the data remain in the optical domain
eliminating the need to convert the optical signals to electronic signals and back to optical signals. The
optical to electrical and back to optical data conversion creates a bottleneck at the routing points and
limits the network data rate. Therefore, to successfully be able to achieve higher data rates, advance
optical networks will require all optical ultrafast signal processing such as wavelength conversion, optical
logic, and add/drop functions. An important focus of our research is to develop technology needed for
such ultrafast optical processing.
A device that can be used as both a wavelength converter and an optical logic gate is the integrated
SOA-based Mach-Zehnder (MZ) interferometer illustrated in Figure 1. This device takes advantage of
nonlinear cross-phase modulation between optical signals in the semiconductor amplifier (SOA)
component. In addition to being controlled by the bias currents in the SOAs, the differential phase
between the two arms of the interferometer can be optically controlled via input optical (control) signals
entering the two ports C1 and C2. For operation as a wavelength converter, a CW signal at λCW is injected
in the port Sin while the modulated control signal is injected into port C1 or port C2. The control signal then
modulates the carrier density of the SOA in the arm of the MZ interferometer into which it is
injected, in turn modulating the refractive index of that arm. The imbalance that this induces between the
two arms of the interferometer, in turn, modulates the input CW signal, λCW. SOAs in the input and output
ports provide pre- and post-amplification. In this manner, the data pattern from a modulated signal into
either port C1 or C2 is transferred onto the λCW output.
C1

SO A
SO A

S in

SO A

SO A

S ou t

SO A

C2

SO A

Figure 7. Schematic diagram of the semiconductor optical amplifier (SOA)–based
Mach Zehnder interferometer

In preliminary experiments, we have tested such a device (Alcatel 1902 ICM) in the manner illustrated in
Figure 8. A 10Gbps NRZ modulated data signal at 1540nm was used as the control and the CW signal
was at 1550nm. The output was passed through an optical bandpass filter to eliminate the residual
1540nm control. The BER was measured, and the result is shown in Figure 3. As can be seen from this
figure, there is less then 0.5dB power penalty as result of this wavelength conversion.
In addition, the device was tested using RZ control signals in the manner shown in Figure 4. In this case,
the modulated signal was injected in both the C1 and C2 ports with a sub-bit-period relative delay as
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shown in Figure 4. The MZ interferometer was electrically biased to create a optical phase difference of π
between the outputs of the two arms. The CW signal splits between the two arms of the interferometer
and is combined destructively at the output, hence there is no signal at the output with no input control
signals at C1 and C2 ports. When a control signal enters one of the arms, for example the C2 path, it
causes an imbalance in the two arms of the interferometer. The delayed control entering C1 produces
results in a similar carrier density variation and restores the output to null. Between the arrival of the
modulated signal in port C2 and the arrival of the modulated signal in port C1, the CW signal combines
constructively at the output of the MZ interferometer. Therefore, the RZ modulated signal is transferred to
the signal at λ1. The result of a BER measurement made under this mode of operation is shown in Fig. 5.
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Figure 8. Wavelength conversion using NRZ data

Figure 9. BER test results using NRZ data
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Figure 10. Wavelength conversion using RZ data

Figure 11. BER test results using RZ data

In addition to its function as a wavelength converter, the Alcatel 1902ICM device can be used as an
optical “AND” gate, simply by replacing the CW signal in Figure 4 with the second logic variable. This
device, therefore, enables all optical processing of signal including, optical logic, add/drop multiplexer,
and wavelength conversion. Future work will be directed toward demonstrations of specific network
functions, at higher bit rates and with integrated multiple component photonic circuits.
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