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Ultrashort Pulse Laser Technology 
 
Phase-Coherent Spectrum from the Visible to the Infrared by Combining 
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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, highly-stable single-cycle optical pulses beyond 
the bandwidth limitations of gain media and laser mirrors. To synthesize single-cycle optical 
pulses, we have worked on the synthesis of optical combs spanning from the visible to the 
infrared range from mode-locked Ti:sapphire and Cr:forsterite lasers. 
 
As one step closer toward the single-cycle pulse synthesis, we present the generation of a phase-
coherent spectrum [1] spanning from 600 nm to 1500 nm from a long-term stable Ti:sapphire and 
Cr:forsterite laser system with residual timing and phase rms-jitters of 375 as and 570 as, 
respectively. 
 
Figure 1 shows the schematic of the synchronization set-up. Ultrabroadband Ti:sapphire (600-
1200nm) and Cr:forsterite (1100-1500nm) lasers are combined at the broadband 50:50 beam 
splitter [2]. For timing synchronization, a balanced cross-correlator [3] is used. Once tight 
synchronization between the two laser pulses is obtained, a heterodyne beat signal between the 
two lasers in the spectral overlap region is obtained. This beat signal is locked to a local oscillator 
(fLO in Fig. 1) by modulating the pump power of the Ti:sapphire laser with an AOM.  
 

 
       
Figure 1: Schematic outline of the synchronization set-up. AOM, acousto-optic modulator; APD, Avalanche 
photodiode; BPF, band-pass filter; Cr:fo, Cr:forsterite laser oscillator; GD, group delay element; GDD, group 
delay dispersion; LF, loop filter; PD, digital phase detector; SFG, sum frequency generation; Ti:sa, 
Ti:sapphire laser oscillator. 
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To lock the difference in carrier-envelope offset frequency, ∆fceo, between the two lasers, we filter 
out a 15 nm wide part of the spectrum in the overlap spectral range at 1120 nm and detect it with 
a high-speed InGaAs Avalanche photodetector. Fig. 2 (a) shows the RF spectrum of the output 
from the photodetector. Heterodyne beatnotes (mfR±∆fceo, m=integer) show ~30 dB SNR 
measured with a 30 kHz resolution bandwidth. The beatnote at 215 MHz is bandpass filtered, 
amplified, and frequency divided by a factor of 16 to increase the locking range. This beatnote is 
locked to an RF synthesizer, fLO, at ~13.43 MHz via modulating intra-cavity energy of the 
Ti:sapphire laser with an AOM (see Fig. 1).         

 
   (a)            (b) 
Figure 2: (a) RF spectrum (RBW 30 kHz) of the beat signals from the InGaAs APD output in Fig. 1. Red 
shadowed region indicates the bandpass filter centered at 215 MHz that selects the beat signal used for 
phase-locking. (b) In-loop phase error signal from the digital phase detector (PD in Fig. 1). Red line shows 
the free-running phase error signal over 300 µsec time scale. Blue line shows the residual in-loop phase 
error for 1 second when it is locked. The residual phase jitter from 1 Hz to 1 MHz is 0.38π rad (570 as). Note 
that the phase errors shown here are already scaled to the full range, i.e., [-16π, +16π] range.  
 
 
Figure 2 (b) shows the output from the digital phase detector for the free-running and locked 
states with two different time scales (300 µs and 1 s respectively). When it is locked, the in-loop 
integrated rms phase noise is 0.38π radians measured from 1 Hz to 1 MHz. This is equivalent to 
570 as rms phase jitter from 1 Hz to 1 MHz. To our knowledge this is the lowest reported phase 
jitter between two independent mode-locked lasers [4]. The main reason for this improvement is 
due to the very low timing jitter between the two lasers achieved by the balanced cross-correlator.  
Further improvements are clearly possible by optimization of the phase-locked loop and noise 
reduction in the Cr:forsterite laser which seems to be the main reason for the large remaining 
carrier-envelope phase noise. This large noise currently prevents us from locking the difference 
carrier-envelope frequency to zero by homodyne detection and synthesizing a single-cycle pulse. 
Note, this cannot be achieved with conventional offset locking in a long-term stable way because 
offset locking introduces an uncontrolled path difference between the two laser outputs. 
In conclusion, we have presented a phase-coherent ultrabroadband optical spectrum ranging 
from the visible to the infrared by timing synchronization and phase-locking of mode-locked 
Ti:sapphire and Cr:forsterite lasers. In addition to the low sub-femtosecond timing jitter 
demonstrated previously [3], a sub-femtoseond rms phase jitter between the two lasers of 0.38π 
rad (570 as) measured from 1Hz to 1MHz is demonstrated. It is expected that further noise 
reduction enables a phase jitter much less than 2π which opens up the possibility to generate 
single-cycle pulses at 1 µm from a long-term stable setup.  
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As few-cycle pulses have become common, spectral shearing interferometry (SPIDER [1]) has 
become a proven method for measuring the spectral phase of such pulses [2, 3]. Here, we 
present a two-dimensional spectral shearing (2DSI) technique which, in contrast to SPIDER, 
requires only the non-critical calibration of the shear frequency and does not perturb the pulse 
before up-conversion. Rather than encode phase as a sensitively calibrated fringe in the spectral 
domain, this method robustly encodes phase along a separate dimension, greatly reducing 
demands on the spectrometer and allowing for complex phase spectra to be measured with high 
accuracy over extremely large bandwidths, potentially exceeding an octave. 

 
In the present scheme, the pulse under test is up-converted with two chirped pulse copies. The 
two chirped quasi-CW signals are created in an interferometer and mixed with the short pulse in a 
Type-II crystal (see Fig. 1). The two up-converted copies are sheared spectrally, but are collinear 
and temporally identical (they essentially form a single pulse). The delay of one of the chirped 
pulses is scanned over a few optical cycles by vibrating the corresponding mirror in the 
interferometer. This is tantamount to scanning the zeroth-order phase of one of the pulse copies. 
The spectrum of the output pulse is recorded as a function of this phase delay, yielding a 2-D 
intensity spectrum that is given by 
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where τφ and ωCW are the delay and local frequency, respectively, of the quasi-CW signal being 
scanned, A(ω) is the magnitude of the up-converted pulse spectrum, and φ(ω) is the spectral 
phase. The under-bracketed term is the first-order finite difference of the spectral group delay 
multiplied by the shear frequency. 
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Fig. 1. Schematic of 2DSI optical setup. 

 
A simple two-dimensional raster plot of the raw spectra (see Fig. 2) reveals the shifted pulse 
spectrum along the λ-axis, with fringes along the τφ-axis that are shifted by an amount 
proportional to the group delay at the corresponding wavelength. The user can thus immediately 
ascertain the salient properties of the complex spectrum simply by looking at the raw output of the 
measurement: each spectral component is vertically shifted in proportion to its actual shift in time. 
Precise quantitative determination of the fringe phase (and thereby group delay spectrum) can be 
directly obtained from the output with FFTs taken along the phase axis, with no iterative 
processing or filtering required. 

 

 
Fig. 2. Raw output of 2DSI for: (a) 5 fs pulse and (b) the same pulse dispersed by 1 mm of fused silica. 
 

The only calibration needed is for the shear, Ω. This calibration can be done very accurately and 
easily by measuring the pulse before and after transmission through a known dispersive element. 
Multiple shears can be used to measure a given pulse as a self-consistent verification that no 
spurious absolute phase errors have occurred. This ability also allows for a wide range of pulse 
widths to be measured by the same setup. 
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It is not necessary to know the length or rate of the scan, so long as it is relatively linear over the 
measurement and long enough to determine a phase. Only the relative phase of the fringes 
matters in (1) and so the technique is robust to experimental noise. This fact also greatly 
simplifies the implementation and analysis of 2DSI. 

 

 
Fig. 3. Group delay measurement of 1 mm of fused silica. 

 
To gauge the relative accuracy of the method, we measured a few-cycle (~5 fs FWHM) pulse 
from a prismless Ti:sa laser [4]. We then introduced a 1 mm fused silica plate and measured the 
dispersed pulse. Raw output of the scans is shown in Fig. 2. The resulting group delay, obtained 
by directly subtracting the computed group delays from two measurements, matches the 
theoretical value well (Fig. 3). The difference curve is smooth despite significant group delay 
ripple in the individual pulses (caused by the chirped mirrors in the laser) evidenced in Fig. 2. The 
fused silica plate was not used to calibrate the shear for this experiment. 
 

 
Fig. 4. Predicted interferometric autocorrelation for 5 fs pulse. 

 
To demonstrate the absolute accuracy of the system, we performed an interferometric 
autocorrelation (IAC) on the same 5 fs pulse and compared it to that predicted by the spectral 
phase obtained from our 2DSI measurement and a separately measured spectrum. The predicted 
and experimental IAC traces are shown in Fig. 4. They conform well, though with slight deviations 
that we attribute largely to limitations in the IAC technique for few-cycle pulses (note, for example, 
that the IAC is not absolutely symmetric, as it ideally should be). 

 
In summary, 2DSI does not require the dispersive splitting of the measured pulse that is 
characteristic of SPIDER, nor the associated highly sensitive calibration of pulse delay. This, 
together with the significant relaxation on spectrometer resolution, renders 2DSI extremely well 
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suited for the measurement of wide-bandwidth pulses, including those with potentially 
complicated spectral phase. Further work is underway to optimize the sensitivity and to increase 
the scanning frequency to video rates to enable online laser optimization. We are also 
investigating the possibility of single-shot 2DSI using tilted wavefronts and a 2-D CCD sensor. 
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We demonstrate that resonant coatings on a Saturable Bragg Reflector (SBR) can lower the 
saturation fluence and increase the modulation depth by enhancing the field intensity inside the 
absorber layer. In this report, we show a resonant silicon-germanium SBRs that has a four times 
lower saturation fluence and a four times increased modulation depth. 
 
An SBR can be used to passively mode-lock a laser by its intrinsic property of an intensity-
dependent reflectivity. An SBR is composed of an absorber layer on the dielectric mirror stack. In 
earlier work, III-V compound semiconductor materials have been used for SBR’s. However, for 
on-chip integrated lasers on the silicon platform group-IV semiconductors such as silicon or 
germanium can be much more easily integrated in a CMOS compatible process. Using such 
absorbers we have demonstrated previously 220fs pulses from a bulk Er/Yb-glass laser at 
167MHz repetition rate [1,2]. 
 
As we aim for higher repetition rates for a mode-locked laser, the fluence on the saturable 
absorber needs to decrease. Because, at higher repetition rates the intracavity pulse energy is 
reduced. In order to overcome this problem, the necessary fluence for a saturable absorber used 
for CW mode-locking is lowered by putting a additional coating on top of a standard SBR which 
enhances the field intensity inside the absorber layer. Therefore, the resonantly-coated SBR has 
effectively a lower saturation fluence and bigger modulation depth than a standard SBR without 
resonant coating since the fluence at the absorber layer is increased at a given incident fluence. 
 
Three-layer top and five-layer top coatings have been designed. As more layers are deposited for 
resonance enhancement, the reflectivity of the coatings increase and the field in the absorber 
layer is more enhanced. The target field intensity for the resonant coatings is shown in Table 1. 
The resulting absorption and enhancement of the peak fluence are given in Table 2. 
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In order to achieve the field enhancement in Table 1, resonant coatings were deposited on the 
original SBR structure (Figure 5). The thickness of each coating is specified in Table . The low-
index material closer to the original structure starts with a half wavelength thickness and the 
subsequent layers are quarter wavelength thick to function as a reflector. 
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Figure 5. Structure of SiGe-SBR with five layers of resonant coatings 

 

(a) (b) 

Figure 6. (a) Pump-probe traces of the previous SiGe-SBR without resonant coatings. (b) Pump-probe 
traces of the resonantly-coated SiGe-SBR taken at various fluence values. 
 
The nonlinear response of the device was characterized by degenerate pump-probe 
measurements with 150fs pulses from an OPO centered at 1540nm (Figure 6). At a pulse energy 
fluence of 9.2 µJ/cm2 a maximum modulation depth of 0.52% was reached. This modulation 
depth is four times larger than that of the previous SBR and the corresponding fluence is four 
times smaller [2]. This measurement results agree with the simulation which showed a field 
intensity enhancement by factor of four. 
 
Although resonant coatings can provide enhanced absorption and modulation depth, they can 
bring unwanted side effects. With those resonant coatings, the field intensity increases not only in 

 
Table 1. Layer thickness for resonant coatings. 

 3-layers 5-layers 
Original SBR - - 

SiO2 534nm 560nm 
Ta2O5 181nm 190nm 
SiO2 267nm 280nm 

Ta2O5 0nm 190nm 
SiO2 0nm 280nm 
Air - - 

 
 

Table 2. Absorption and peak field intensity depending on the 
number of layers of resonant coatings. The intensity of 
incident beam is set to 100% for a relative comparison. 

 Absorption 
at 1550nm 

Peak field 
intensity in Ge 

layer 
No 

resonant 
coating 

0.75% 32% 

3-layers 1.6% 67% 
5-layers 3.0% 130%  
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the absorber layer but also in the back mirror. Thus eventual losses in the back mirror are also 
enhanced. 
 
In conclusion, we developed resonant silicon germanium SBRs which have smaller saturation 
fluence and higher modulation depth by a factor of four when compared to standard SBRs. These 
SBRs will be applied to passively mode-locked lasers with higher repetition rates where the pulse 
energy is reduced. 
 
References 
 

1. Felix J. Grawert. PhD Thesis, MIT, 2005 
 
2. F. J. Grawert, S. Akiyama, J. T. Gopinath, F. O. Ilday, J. Liu, H. Shen, K. Wada, L. C. 

Kimerling, E. P. Ippen and F. X. Kärtner, Appl. Phys. Lett. 74, 3927~3929 (1999) 
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Development of robust and inexpensive techniques for the amplification of few-cycle pulses will 
have tremendous impact in diverse fields, including high-harmonic generation. Recently, coherent 
addition of pulses in an enhancement cavity has been proposed and demonstrated as a method 
of short-pulse amplification [1]. However, this method gets increasingly difficult for short pulses 
due to intra-cavity dispersion and self-phase modulation. Lately, there is much interest in optical 
parametric chirped-pulse amplification (OPCPA) [2]. Utilizing virtual energy states, there is no 
storage of the pump light in parametric amplification, necessitating synchronous pumping with 
comparable pump and signal pulse durations. Thus, a high-energy pump source with picosecond 
pulses and excellent beam quality is required. 
 
Here, we report a novel scheme, which conceptually combines the OPCPA and enhancement 
cavity techniques (Fig. 1): The pump beam is coherently enhanced in an external cavity, which 
contains a nonlinear crystal phase-matched for parametric amplification of a signal pulse. The 
cavity is transparent at the signal wavelength. The stretched signal pulses are synchronized and 
time-gated to overlap spatially and temporally with the pump beam and undergo parametric 
amplification once the cavity is loaded. This way, signal pulses with a bandwidth supporting few-
cycle pulses can be amplified without the limitations set by the cavity. Cavity-enhanced OPCPA 
extends the analogy of parametric amplification to regular amplification one step further; the 
cavity assumes the role of pump light storage with the product of the cavity roundtrip time and the 
finesse corresponding to the gain relaxation time. 
 
Several major advantages can be identified. The pump light itself can be in the picosecond range 
or longer, thus dispersion ceases to be a limitation to the enhancement cavity. With increasing 
finesse of the cavity, the pump source has only to provide lower peak powers, opening up the use 
of laser sources which excel in high average power, but are limited in peak power, such as fiber 
amplifiers. The high-finesse cavity will act as an excellent spatial filter for the pump beam, 
ensuring a high beam quality for the amplified pulse. 
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Fig. 1. Schematic of the cavity-enhanced OPCPA. Nonlinear crystal 1 and (optional) nonlinear crystal 2 are 
for parametric amplification and nonlinearity management, respectively. 
 
The dynamics of the cavity-enhanced OPCPA can be understood in two independent steps, 
which can be analyzed separately. During the loading phase, the nonlinear crystal is a passive 
element. Once the cavity is fully loaded, the signal pulse is triggered and makes a single pass 
through the cavity. Thus, parametric amplification is not influenced by the enhancement cavity. 
Then, the entire sequence is repeated. 
 
Pump enhancement factors approaching 50 and parametric gain larger than 20 dB can be 
realized with 1.0µm pump and 1.55 µm signal, using periodically poled lithium niobate (PPLN), 
which already represents a significant advance. Gain is given by G=0.25(1+ exp(gl)), where for 
PPLN, g = 5.2 (Ip/GW/cm2)0.5/mm. Thus, for an intensity of about 0.5 GW/cm2 in a 2 mm-long 
crystal, input to output gain of about 26dB is achieved. The peak phase shift due to the Kerr 
nonlinearity per roundtrip in the crystal is 5.6 x 10-3, which allows for an addition of about 50 
pulses. 
 
At higher peak powers, Kerr nonlinearity will eventually pose a limitation by causing the cavity 
modes to shift dynamically. We show that this can be overcome by nonlinearity management 
utilizing cascaded quadratic processes [3]. These processes provide self-defocusing Kerr 
nonlinearity, permitting temporal and spatial compensation of n2 to first order [4]. We numerically 
simulated the loading of a cavity with a pulse train from a high-power laser at 1064 nm. The cavity 
comprises a 2 mm-long BBO crystal for parametric amplification and dispersion-compensating 
mirrors. A spot size of r=60 µm in a 2 mm-long crystal results in a nonlinear phase shift per 
roundtrip of 3.6 x10-2rad/MW. For nonlinearity compensation with the cascade process, another 
BBO crystal of equal length is added. The benefits of nonlinearity management are illustrated in 
Fig. 2(a). The cavity finesse is 100π. Without compensation, about 50 pump pulses can be added 
up to reach an intra-cavity pulse power of 0.5 MW. Due to the less favorable χ(2) / χ(3) ratio of 
BBO, this leads to a maximum parametric gain of only 7.6 dB. Using nonlinearity compensation, 
pump pulses with even 100 times higher peak power can attain the theoretical limit of 100 times 
enhancement. At a peak power of 5 MW, small-signal parametric gain of 37 dB is expected. In 
these calculations, the pulse duration is fixed at 10 ps. For shorter pulses, the buildup process 
becomes complicated due to the interplay of nonlinearity and dispersion (Fig. 2(b)). Nonlinearity 
management becomes even more crucial in experiments utilizing nonlinear crystals with less 
favorable ratios of gain to self-phase modulation. 
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Fig. 2. Results of numerical simulations: (a) Loading of the cavity with and without nonlinearity 
compensation. Solid (dashed) lines depict intra-cavity energy (peak power) enhancement. (b) Intra-cavity 
buildup factor as a function of the peak power of the pump pulses with and without compensation of the 
nonlinearity. The lines connecting the dots are only a guide to the eye. 
 
 
 
In conclusion, we propose a new technique, cavity-enhanced OPCPA as a practical route to high 
average and peak power sources of few-cycle optical pulses. The role of the cavity is analogous 
to the storage of pump light in an excited atomic state in regular amplification. In order to reach 
even higher energies, nonlinearity management can be utilized. Practical implementation of this 
scheme using fiber lasers is underway. Thus far, we have obtained single-pass OPCPA using an 
Er-fiber laser, synchronized with a Yb-fiber laser, which seeds a solid-state amplifier. The 
enhancement cavity is currently under construction. 
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The soliton self-frequency shift (SSFS) in optical fibers is a well-known phenomenon and 
applications such as widely tunable sources have been demonstrated in the past [1, 2]. In this 
paper, we present one of the longest SSFS to our knowledge, comparable to [3], connecting the 
wavelengths of 1.03 µm and 1.55 µm where powerful rare earth doped fiber amplifiers are 
available. This experiment opens up opportunities for applications such as seeding of parametric 
amplifiers or the pursuit of carrier-envelope phase independent clockworks, since the difference 
frequency between 1.04 µm and 1.5 µm is at 3.39 µm, where a transportable frequency standard 
exists [4]. Frequency metrology applications are critically dependent on the coherence properties 
of the frequency-shifted pulse. We measure the timing jitter of the output with respect to the input 
pulse and trace its origin back to laser intensity noise. 
 
Numerical simulations guided us to use NL-3.0-975 photonic crystal fiber (PCF) from Crystal-
Fibre with a nonlinear coefficient γ= 25 W-1Km-1 and β2= -8 ps2/km at 1.03 µm and -33 ps2/km at 
1.55 µm. The experimental setup is shown in figure 1(a). Pulses at 1.03 µm with energy of 0.24 
nJ are generated from an ytterbium doped fiber laser with a repetition rate of 33 MHz. An 
ytterbium-doped fiber amplifier followed by a grating pair compressor produces nearly transform-
limited pulses with 78 fs duration and 3.8 nJ of energy. These pulses are coupled into a 1.5 m-
long PCF via an objective lens. The pulse energy in the PCF is 1.5 nJ. The output from the PCF 
is connected to an erbium doped fiber amplifier (EDFA), which boosts the energy of the 
frequency-shifted pulse at 1.55 µm to 1.2 nJ. The pulse width of the shifted pulse at 1.55 µm is 
measured to be 714 fs without dispersion compensation. 
 

 

1.0

0.8

0.6

0.4

0.2

0.0

In
te

ns
ity

 (A
.U

)

1600140012001000800600
wavelength (nm)

Unabsorbed 980nm
pump light 

 
 
Fig. 1. (a) Experiment setup to generate 1.55 µm pulse from a 1.03 µm source. (b) Normalized 
pulse spectrum measured by an optical spectrum analyzer before (dashed line) and after the PCF 
(solid line).  

 
 
Normalized pulse spectra before and after the frequency shift are shown in figure 1(b). We are 
able to control the amount of the frequency shift across the entire spectral range by adjusting the 
launched pulse energy into the PCF, while the spectrum of the red-shifted pulse keeps a soliton-
like shape.  Even longer self-frequency shifts are possible with a longer PCF and/or higher pulse 
energy. 
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A simplified model for the timing jitter between the Raman shifted pulse and the original pulse 
entering the PCF can be derived from the well-known formula for frequency shift of a first order 
soliton undergoing SSFS [5]: 

∆ω R (z) = − 1
30

γ 4 E 0
4

| β 2
3 |
TR z,    (1) 

where β2 is the GVD of the fiber, TR is the Raman response time, z is the incremental fiber length, 
E0 is the pulse energy, γ is the nonlinear coefficient of the fiber. The timing shift is simply: 

2/)(')'()( 2
0

2 LLdzzLt R

L

R ωβωβ ∆=∆=∆ ∫   (2) 

where L is the total fiber length. The relative intensity noise (RIN) of the laser, characterized by its 
normalized power spectral density SRIN, causes therefore a timing jitter with spectral density St, 
which scales as: 

)()(16)( 2 fSLtfS RINt ∆=      (3) 
Experimentally, the shifted component is spectrally filtered and photo detected to generate 
harmonics of the repetition rate. Figure 2(a) shows that the measured timing jitter spectrum 
obtained by electronically mixing the harmonics at 1.3 GHz of the frequency-shifted component 
and the direct output of the Yb amplifier. The timing jitter calculated using Eq. (3) is in good 
agreement with the measured jitter as shown in Figure 2(b). The integrated measured timing jitter 
are 47 fs, 60 fs, and 140 fs for the pulses shifted to 1250 nm, 1350 nm, and 1450 nm 
respectively, where the majority of the noise contributions arise from 1 kHz to 1 MHz frequency 
range. This large timing jitter is clearly an obstacle for the intended frequency metrology 
applications. However, it should be possible to suppress the RIN by using a noise eater.  
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Fig. 2. (a) Measured timing jitter spectral density. (b) Calculated timing jitter spectral density 
at 1350nm with an integrated timing jitter of 57 fs, compared to measured timing jitter spectral 
density at 1350nm, with an integrated value of 60fs. 

 
 
In summary, we have achieved SSFS over 520 nm, from 1.03 µm to 1.55 µm, connecting the two 
wavelength ranges, where powerful fiber amplifiers are available. The timing jitter added by the 
SSFS process was studied theoretically and experimentally. We expect this source to find 
applications in seeding of parametric amplifiers and assuming successful use of noise 
suppression techniques, as clock works for frequency metrology systems. 
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Kerr-lens mode-locked Titanium-Sapphire (Ti:sapphire) laser oscillators are the dominant work 
horses in the field of ultrafast spectroscopy, optical frequency metrology, amplified systems, and 
many other research fields where pulse durations in the range from 5-100 fs and several hundred 
mW of output power are required [1]. Kerr-lens mode locking is generally not self-starting and 
particularly few-cycle, high-repetition rate oscillators suffer from poor starting behavior and 
require fast mechanical perturbations to initiate mode locking. We overcome this limitation by 
experimentally investigating the possibility of employing a mode locked pump source. 
 
Pumping Ti:sapphire lasers with a mode-locked pump laser has many advantages. First of all, the 
Kerr-lens mode locking becomes self-starting and does not require active starting mechanisms 
[2]. Especially, high repetition rate systems with repetition frequencies up to 1 GHz benefit from 
this approach. Far more general, it is very interesting to study the behavior of few-cycle 
Ti:sapphire lasers when using mode-locked pump sources instead of the widely used continuous 
wave (CW) sources. From earlier publications [2] it was a priori not clear if for few-cycle pulses 
<10 fs self-starting is still possible since timing is much more critical than for the demonstrated 30 
fs [2]. It is of scientific interest to study how the laser dynamics is influenced by pulsed excitation 
if the lasers are free running or actively synchronized. Also, mode-locked pump lasers are far 
easier to frequency double via second-harmonic generation thereby enlarging the range of 
possible pump lasers to for example mode-locked, frequency-doubled solid-state or fiber lasers.  
 
In the experiments, we used a commercial, frequency-doubled picosecond Nd:YVO4 laser as a 
pump source. The laser emits a maximum of 6.5 W of green (532nm) pump light with pulse 
durations on the order of 7ps. The Ti:sapphire laser was a home-built, broadband, octave-
spanning oscillator [1] that could also be modified to emit longer, tunable pulses around 100 fs. 
One end mirror of the Ti:sapphire laser was mounted on a translation stage to adapt the cavity 
length to the repetition rate of the pump laser. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. (a): Fundamental and second harmonic average power of the self-starting 
modelocked Ti:sapphire laser with a chopper wheel in the intracavity beam illustrating the 
fast and reliable self-starting behavior. (b): Magnification of the temporal evolution of the 
fundamental average power. The transient from CW operation towards modelocked 
operation typically lasts 5-10 ms. 
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For approximately equal repetition frequencies (100 MHz), the Ti:sapphire laser becomes self-
starting [3]. This is very reliable for a wide range of pulse durations (6-100 fs) and within a 
detuning range of roughly +/-5 µm. In terms of oscillator alignment and optimization of the Kerr-
lensing process, and the overall behavior of the laser, there is no difference to the case of CW 
pumping. To analyze the self-starting behavior in more detail, we introduced a chopper wheel into 
the intracavity beam of the Ti:sapphire laser and detected the emitted fundamental and second-
harmonic light. Figure 1 (a) displays the periodic and reliable self-starting by showing the 
fundamental and second-harmonic power. In Figure 1(b), a close look  reveals the complex 
dynamics observed during the build-up of the modelocked pulses inside the cavity. The build-up 
time is on the order of 5-10ms. This is about one to two orders of magnitude slower than typical 
build-up times for standard KLM lasers [4]. When the two laser cavities are not actively 
synchronized, it is interesting to examine the residual modulation of the emitted laser pulses. 
Figure 2 shows the RF spectrum of the Ti:sapphire pulses that exhibit a sideband modulation of –
60 dBc. In the optical domain this corresponds to only 0.1% intensity modulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 2. Radio-frequency spectrum of the quasi-synchronously pumped Ti:sapphire. 
The repetition frequency of the ps-pump laser is detuned by about 5 kHz and matches the 
gray dotted line. The output power of the Ti:sapphire laser is modulated by only –30 dBc, 
corresponding to a 60 dB suppression in the radio-frequency power spectrum.  

 

In conclusion, synchronous pumping of few-cycle Ti:sapphire lasers is a very attractive alternative 
to traditional CW pumping and has many advantages. The Kerr-lens mode locking becomes self-
starting and the spurious output power modulation for free running oscillators is negligible for 
most applications and disappears for actively synchronized resonators. This opens up the route 
to a more general use of mode-locked lasers for Ti:sapphire pumping like for example fiber 
lasers. 
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1. Introduction to Multipass Cavity Lasers 
 
The standard cavity in Kerr-Lens Mode-locked (KLM) lasers consists of two curved focusing 
mirrors, a flat end mirror, and a flat output coupler, arranged in an X or Z configuration, although 
other designs have been analyzed [1, 2]. This four-mirror resonator design has been extensively 
studied not only to characterize sensitivity to misalignment and stability but also to optimize 
performance [3-5]. Basically, there has been no significant change in cavity architecture since the 
first KLM laser in 1991. In our project, we introduced the multipass cavity (MPC) in KLM lasers to 
increase pulse energies as well as to develop more compact lasers. By extending the cavity 
length of a Mode-locked laser resonator, the pulse repetition rate can be reduced. Thus, for a 
given average power (determined by the available pump power), a higher pulse energy can be 
achieved.  Furthermore, use of these extended cavities enables the direct generation of high-
energy femtosecond pulses without the need for cavity dumping or regenerative amplification. 
 
In a practical laser system, it is important to maintain compactness as the cavity length is 
extended. Previously we have shown that this can be achieved by using Herriott-type MPCs [6, 
7]. An MPC, in its simplest form, consists of a stable two-mirror resonator and a mechanism for 
injecting and extracting light beams, as shown in Fig. 1. When an off-axis optical beam is injected 
into the MPC, it undergoes multiple bounces before it exits. Hence, the effective optical path 
length is increased by using a compact arrangement of mirrors. To date, MPCs have been widely 
used in many applications such as accurate optical loss measurements [8], stimulated Raman 
scattering [9, 10], long-path absorption spectroscopy [11], high-speed path-length scanning [12], 
and construction of compact solid-state lasers [13, 14]. 

 
Figure 1. MPC consisting of two mirrors [15]. 

 
The concept of cavity length extension can be applied to achieve enhanced performance in a 
variety of situations. One application is to increase the pulse energy available from laser sources 
that have low average output powers, such as diode-pumped lasers or low-pump-power lasers.  
Novel resonator designs, which can be operated with low pump powers, have been proposed and 
demonstrated [16, 17]. Because the cost of the pump laser can be dramatically reduced, these 
low-threshold lasers provide a more economical alternative to standard lasers. In these cases, 
however, average output powers are reduced and pulse energies can be low. MPC designs can 
enable these lasers to generate higher pulse energies, while still retaining low-pump-power 
operation, thus enabling lower-cost lasers that achieve comparable pulse energies as with more 
expensive systems. 
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MPC lasers can also be used to obtain high energy femtosecond pulses from a laser operated at 
standard power levels. Traditionally, high-energy femtosecond pulses were achieved by using 
amplified laser systems. As a simple and cost-effective alternative, several groups have used 
telescopes and similar relay imaging methods to extend laser cavities and reduce repetition rates 
from 100 MHz to several tens of megahertz [18, 19].  By using a MPC design, however, pulse 
repetition rates can be reduced even further to the few-megahertz regime to yield higher energy 
femtosecond pulses [7]. This allows for high pulse energies to be generated directly from laser 
oscillators, without the need for complicated and costly amplification systems. 
 
Finally, in a practical laser system, it is important to maintain compactness as the cavity length is 
extended.  Because the distance between the two MPC mirrors is traversed a large number of 
times in a nearly collinear fashion, MPCs make efficient use of space. Extremely long laser 
cavities can be compressed into sizes used for standard cavities, while standard cavities can be 
made to fit in compact footprints.   
 
Since they can generate higher-energy femtosecond pulses in the few-megahertz regime, MPC 
lasers are extremely good sources for nonlinear material processing, especially for fabricating 
glass materials with microsecond-order thermal relaxation times. For this application, we 
constructed a MPC KLM Ti:Sapphire laser that generated energies as high as 150 nJ with 43 fs 
pulse duration, corresponding to 3.5 MW peak power. The cavity length is increased to 
approximately 20 times the length of a standard Ti:Sapphire laser. The total path length in air is 
51 m and the repetition rate is reduced to 5.85 MHz. Fig. 2 shows a schematic of this extended 
cavity Ti:Sapphire laser. 

 
Figure 2. Schematic layout of the MPC KLM Ti:Sapphire laser. The pump source was a frequency-doubled 
Nd:Vanadate laser operating at 532 nm. The short cavity extends from the output coupler (OC) to M6, with 
arms 45 cm and 95 cm long.  The MPC is inside the dotted box. L: lens, M: mirror [20]. 
 
 
2. Design Principles of Q-Preserving MPC lasers 
 
In this section, we present general design principles for MPCs for applications in KLM 
femtosecond lasers.  The MPC is designed to leave invariant the spot-size distribution of the 
standard, unextended laser cavity.  This design will be referred to as a q-preserving configuration. 
We will discuss an analytic condition for q-preserving MPCs, various design considerations, 
categorization of all possible two-mirror configurations, and results of three MPC experiments. 
 
We utilize the analysis of the q-parameter transformation to design the MPC. The transformation 
of the q parameter is governed by the ABCD matrix, where q’ = (Aq+B)/(Cq+D), with A, B, C, and 
D representing the elements of the final transformation matrix. Then, we define a ray transfer 
matrix MT, to represent a single round trip through the optical system of lenses and 
displacements. For example, in a two-curved-mirror MPC with mirrors having identical radii of 
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curvature R, as shown in Fig. 3, we take MT to be the round-trip ray transfer matrix describing 
propagation from reference plane ZR1 to the reference plane ZR2. The final MPC transformation 
matrix can be written as MT

 n, where n is the number of round trips, as a function of the angular 
advance, θ, between two consecutive beam positions and the ABCD matrix elements of MT. In 
Fig. 3, the two-mirror MPC is unfolded for the ease of analysis, represented using a periodic 
equivalent lens system composed of lenses having focal lengths f = R/2. In order to preserve the 
q parameter, we desire the transfer matrix to be equal to plus or minus the identity matrix, or MT

 n 
= (-1) m I. This results in the condition of  

πθ mn =                                                                (1) 

with m being an integer. This condition is satisfied when the bouncing beam traces out an integer 
number of full circular trajectories before coming back to its initial entry position, for the case 
when m is even. If m is odd, the beam traverses an integer number of half circles around the 
edges of the end mirrors. 

 
Figure 3. Unfolded representation of an MPC.  The round trip is composed of the unit cell from ZR1 to O and 
the unit cell from O to ZR2 [21]. 
 
Because most designs use MPCs consisting of two mirrors, we focus on the characteristics of 
two-mirror MPCs designs, where the resonator consists of either a flat and curved mirror (FC) or 
two curved mirrors (CC). By inducing the relation between the angular advance and the cavity 
parameters using the formulas in [21], we can infer that θ ≤ π for the FC case and θ ≤ 2π for the 
CC case. These results, together with Eq. (1), constrains the values of m and n such that m ≤ n 
(FC) and m ≤ 2n (CC). By determining the reference planes where the rays connecting the spots 
on the end mirrors intersect, we can obtain a full description of the ray paths within the MPC. The 
beam must return to its entry position only after completing the correct number of round trips. It 
should not only return to the same position in space with the same beam parameters, but also be 
collinear with the input beam. The number of spots is determined by the number of round trips, 
and spot separation determines the ease of using a pickoff mirror or notched mirror to insert or 
extract the beam. 
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Figure 4. Spot patterns at M1 and M2 for n = 7 and increasing m for the FC case.  The relative ratio of the 
spot pattern radii decreases with an increase in angular advance until it reaches zero when m = n [21]. 
 
The initial ray offset and tilt can be adjusted so that the spots yield a circular pattern with a radius 
of r1 at M1 (See Fig. 3). Then, the rays will intersect a reference plane at position z to form a 
circular pattern with radius rz and we can obtain solutions for radii at the second mirror M2, and 
midway between the mirrors [9]. With Eq. (1), we can simplify the solutions for the FC and CC 
cases. Fig. 4 represents the spot patterns at the mirrors for n = 7 and different values of m for the 
FC case.    
 
The unit cell concept provides a useful qualitative description of a MPC.  To construct a practical 
q-preserving MPC, one requires the mirror separation and the location of the initial and final 
reference planes. Use of unit cells easily establishes the proper location of these reference 
planes. Unit cells also help identify errors in q-preserving performance and effects on the 
resonator stability map. In the two-mirror configuration shown in Fig. 3, any position within the 
lens array can be chosen as the initial reference plane. Let us use L to represent a lens and D to 
represent a displacement. Depending on the initial plane, special unit cells that are either 
antisymmetric (DL, LD) or symmetric (LDL, DLD) arise. While there is no fundamental symmetry 
that separates MPC configurations into different categories, it is pedagogically useful to divide the 
possible choices into classes based on design attributes, including the beam injection and 
extraction scheme, the position of the initial reference plane, and the choice of m (even or odd).  
Figures 5 and 6 illustrate cavity choices with notched mirrors and pickoff mirrors, respectively, for 
injection and extraction. Shaded mirrors have the same radius of curvature, with solid mirrors 
having one half the radius of shaded ones. Unfilled mirrors are flat. Dotted lines indicate the 
beginning and end reference planes for a single transit. The solid line with an arrow represents a 
complete unit cell.   
 

 
Figure 5. Possible notched-mirror q-preserving MPC designs [21]. 

 
Based on different injection and extraction techniques, there are 32 possibilities for the two-mirror 
MPC design, each with advantages and disadvantages based on the particular application. In 
determining the best cavity design, we must consider factors, such as (1) the ease and flexibility 
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of implementation, (2) extraction and injection of the beam, (3) q-preserving error, and (4) the 
accessibility of the final reference plane for placement of other components. Notched mirror 
designs have the advantage of having simple implementation and being useful for large n values 
since there are no mirrors obstructing the paths in the cavity. Pickoff-mirror cavities require 
specialized optics and mounting but give the freedom to independently inject and extract the 
beam. 
 
In practical applications, we must consider MPC alignment and dispersion compensation. The 
most expedient method for MPC alignment is to first construct and optimize the short, unextended 
laser cavity and then introduce the MPC. The high reflector can then be replace by a plane-plane 
substrate or interferometer flat, with a low-transmission coating functioning as an output coupler. 
Then the laser output can be used to align the MPC. The partial reflector should be positioned 
close to the first reference plane of the MPC. If the cavity is properly aligned, the extended MPC 
cavity will have the same stability operating point as the short cavity.   
 
MPC femtosecond lasers can have significantly large dispersion due to the increased air travel 
length, so MPC resonators require the components for dispersion compensation. One way to 
compensate dispersion is to use double-chirped mirrors (DCMs). It is desirable to use DCMs 
instead of prisms because DCMs allow for the setting of the operating point by mode-locking the 
short laser cavity and for the dispersion in the multipass components to be managed separately.  
The dispersion in the long cavity can be adjusted by tuning the dispersion or changing the 
number of DCMs. 
 

 
Figure 6. Possible pickoff-mirror q-preserving MPC designs [21]. 

 
We review the results of three experiments that used flat-curved MPCs to achieve pulse energy 
amplification and cavity compactness. The first experiment is an application where a MPC was 
used to increase the pulse energy of a Cr:LiSAF laser [22]. An astigmatically compensated x-
folded cavity was pumped with three single-mode diodes providing up to 120 mW of power. The 
original cavity had a repetition rate of 115 MHz and the maximum pulse energy was 0.14 nJ [23]. 
The cavity was extended by using a flat-curved MPC with pickoff mirrors. The extended cavity 
repetition rate was 8.6 MHz and the output power was 6.5 mW, corresponding to 0.75 nJ, a factor 
of 5 increase in pulse energy [24]. The second experiment was a demonstration where we 
developed a compact Ti:sapphire femtosecond laser [25]. The short cavity, with a repetition rate 
of 250 MHz, was extended with an FC MPC using notched mirrors. For n = 9 and m = 2, the 
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mirror separation of 23.4 cm provided an extension of the cavity length by 8.4 m and reduces the 
repetition rate to 8-31 MHz.  In the third experiment, we obtained a 20-fold increase in pulse 
energy, as mentioned in the previous section [20].  
 
In this section we have presented a general theory that governs the operation of MPCs and 
examined practical design issues related to femtosecond pulse generation. We reviewed the 
condition that must be satisfied for the MPC to be q-preserving. The ability of a MPC to reproduce 
the stability operating point of the standard cavity, while extending the resonator length, allows for 
a wide variety of applications for improved laser performance and design. The spot pattern and 
ray intersections within q-preserving cavities were determined based on the cavity parameters m 
and n. This information is especially important for beam injection and extraction. Beyond the 
theoretical analysis, we have presented a complete list of all possible q-preserving configurations 
for two-mirror MPCs when pickoff or notched mirrors are used. The unit cell concept was further 
introduced to aid in cavity design. We then discussed the trade-offs among different types of MPC 
cavities. Finally, we presented the results of several experiments that elucidate use of different 
MPC designs in femtosecond pulse amplification. The versatility of laser designs based on MPCs 
promises to improve the performance of femtosecond lasers as well as to enable new 
applications of this technology. 
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Carrier-envelope (CE) phase stabilized octave-spanning Ti:sapphire laser oscillators [1,2] have 
numerous intriguing applications as ultraprecise clockworks in optical clocks and in attosecond 
time-domain spectroscopy. In this project, we have performed a detailed study of the intensity-
related CE-phase dynamics in octave-spanning frequency combs (OSFCs) and a complete noise 
analysis of the CE phase-lock loop (PLL) dynamics which revealed the current limitations to 
achieve minimum CE phase noise for the above-mentioned applications [3]. 

 

 
Figure 1: (a) Carrier-envelope frequency shift (black curve) and relative change in intracavity power (grey 
curve) as function of pump power. Above 6.3 W, a cw component appears in the spectrum (not shown). 
(b) Block diagram of the phase-lock loop composed of the carrier-envelope frequency stabilized laser. The 
voltage-controlled oscillator (VCO) is depicted in the dashed box.  
 
 
In Fig. 1(a), the measured shift of the CE frequency fCE and the relative change in intracavity 
power versus pump power are depicted for a 200 MHz OSFC [2]. A simple linear behavior (∆fCE 
=11 MHz/W×∆Ppump) is found, provided the correct pump power level is used to prevent the 
appearance of pulse instabilities such as a continuous-wave (cw) breakthrough, which occurs 
above 6.3 W of pump power in the laser system used. In the range where single pulse operation 
occurs, these data are in excellent agreement with theoretical predictions by Haus and Ippen [4] 
based on soliton-like pulse propagation in Kerr media. It turns out that the intensity dependence 
of the CE-phase dynamics in OSFCs is significantly simpler than in systems which employ 
external spectral broadening to achieve the required octave, where the effect of intensity-
dependent spectral shifts of the comb was found to be of importance [5]. In OSFCs, in contrast, 
the center frequency of the pulse has no observable variation with pump power, because the 
pulse spectrum completely fills up the available bandwidth and is in fact limited by the bandwidth 
of the output couplers available. 
 
We also performed a complete noise analysis and modeling of CE-phase stabilized OSFCs (see 
Fig. 1(b)). We found that the inclusion of the pump power to intracavity pulse energy transfer 
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function of the Ti:sapphire laser, i.e., the Ti:sapphire gain dynamics, is essential to obtain correct 
predictions for the CE-phase noise behavior.  Fig. 2 shows as an example a comparison of the 
measured and modeled transfer function from pump power to intracavity pulse energy.   
Fig. 3(a) shows the measured and computed CE phase noise accounting for the most important 
noise sources in the system, that are the pump laser noise, the phase detector noise, and the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Measured (red and blue) and modelled (green and orange) amplitude and phase response of 
OSFC laser, in cw and mode-locked operation. 

 
 

transfer functions of feedback-loop elements as shown in Fig. 1(b). Improved noise performance 
could be obtained by increasing the closed-loop bandwidth, which is currently about 100 kHz. 
This bandwidth is dictated by the phase margin of the feedback loop, which is necessary for 
stability. Note that the VCO shown in Fig. 1(b) integrates a frequency deviation into a phase 
deviation causing the feedback loop to start off with a –90° phase (see Fig. 3(b)). When the 
bandwidth of the gain medium is approached, additional phase accumulates from the gain 
dynamics and the time delay from the acousto-optic modulator (AOM, see Fig. 1(b)), which 
renders the system unstable if the gain setting is not properly reduced. This imposes a limitation 
to the maximum loop gain since the jointly added phase from the AOM and the laser dynamics 
reduces the phase margin. 
 
In the future, different strategies for further reduction of the CE phase noise will be pursued, such 
as replacing the AOM by an electro-optic modulator and the use of lead-lag circuits.  
 

 
 
 
 
 
 
 
 
 
 

Figure 3: (a) Measured carrier-envelope phase noise of a self-referenced 200 MHz Ti:sapphire frequency 
comb pumped by a Spectra-Physics Millennia Xs (blue curve) and computed carrier-envelope phase noise 
spectrum (red curve). (b) Phase response of open-loop transfer function of the carrier-envelope phase-lock 
loop (red). The contributions from the loop filter (green), AOM (blue), and laser dynamics (orange) to the 
open-loop phase are shown for comparison. 
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One approach towards arbitrary optical waveform generation is based on a carrier envelope 
phase controlled laser operating at high repetition rates. Such a system has a well controlled 
optical comb of frequencies as an output. Eventually, each comb line can be resolved and 
arbitrarly modulated to create and arbitrary output electric field waveform. At the heart of such a 
system is a high repetition rate laser, such that the comb spacing is as large as possible. One 
approach towards such a system is based on a Ti:sapphire laser based frequency comb at a 
repetition rate of 1 GHz. Later this source will be scaled in various approaches to 10 GHz.  The 
challenge in construction of high repetition rate lasers is, that as the repetition rate is scaled up, 
the high pulse energy necessary to take advantage of the Kerr effect decreases requiring a 
corresponding increase in intracavity field intensity within the Kerr media. 
 
The laser constructed in this project is shown schematically in Fig. 1.  A ring resonator was 
selected for this stage of the project since it simplifies dispersion and astigmatism compensation.  
In a linear resonator, both dispersion and astigmatism must be balanced on either side of the gain 
medium while in the ring resonator both effects are additive allowing greater freedom in 
component placement, an important factor in a resonator of this size.   
 
The four mirror ring resonator uses (2) 30mm ROC focusing mirrors and 2 plane mirrors, all four 
of which are double chirped mirror pairs.  The double chirped mirrors provide negative dispersion 
compensation while the BaF2 plate and wedge, .5mm of which has the same dispersion as ~1m 
of air, provide positive dispersion to allow fine tuning of the overall cavity dispersion.  The BaF2 
wedge also serves as the output coupler for the laser.  Because of the relatively flat dispersion of 
BaF2 over the gain bandwidth of Ti:Sapphire, the current output coupling of the laser is a constant 
1.25%.   
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Fig.1.  1GHz Repetition Rate Ti:Sapphire Mode-Locked Laser 
 
 
In this arrangement the laser provides two output beams of approximately equal power, one from 
each side of the wedge.  Work is in progress to design a dielectric reflecting output coupler for 
one side of the wedge which will allow the uncoated side of the wedge to be put at Brewster’s 
angle, consolidating the output power to one beam without affecting the overall dispersion 
characteristics of the cavity.  Unidirectional operation of the laser is ensured by the fifth silver 
mirror placed opposite to the desired output beam[1,2].   
 
With 6W from the 532nm pump laser the total output power from the Ti:sapphire laser is 315mW, 
or an average pulse energy of 0.3nJ. Overlapped with the output spectrum of this laser in Fig 2. is 
the spectrum of a 200MHz Ti:Sapphire octave spanning laser [4] that had an optimized output 
coupler to enhance the wings of the pulse. These spectra show, that pulse spectra comparable to 
the 200MHz laser (~5fs) are expected upon implementation of an optimized output coupler in the 
1GHz ring laser.  The broad spectrum also allows us to utilize the standard 1f-2f self referencing 
scheme to stabilize the carrier-envelope frequency directly with the output from the laser.  
 

2mm Ti:Al2O3 

30mm DCM 
(typ. 2) 

BaF2 
PZT 

15cm 

8c
m

 

BaF2/OC 

Pump Laser 

DCM 
(typ. 2) 



Chapter 29.  Optics and Quantum Electronics 
 

29-28  RLE Progress Report 148 
 

-80

-70

-60

-50

-40

-30

-20

550 650 750 850 950 1050 1150 1250

Wavelength(nm)

10
*L

og
(P

SD
) W

/n
m

 
Fig. 2.  Absolute output spectrum of an octave spanning 200 MHz Ti:Sapphire laser and a 1GHz Ti:Sapphire 
laser. The spectral wings of the 200MHz laser is enhanced by the output coupler. 
 
 
Stabilization of the laser’s repetition rate will be achieved by referencing to a methane stabilized 
He-Ne laser at 3.39um, which was recently installed in the laboratory.  Difference Frequency 
generation in a periodically poled Lithium Niobate crystal will use the 670nm and 830nm 
components of the Ti:Sapphire laser output to create 3.39um which will be heterodyned with the 
He-Ne reference. Together with the 1f-2f carrier-envelope offset control the optical output of the 
Ti:sapphire laser is absolutely controlled.  
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Controlling the carrier-envelope phase (CEP) of Titanium-Sapphire (Ti:sapphire) lasers enables 
complete control of the temporal evolution of the electric field of the emitted few-cycle pulses [1]. 
Electric-field sensitive highly nonlinear experiments as well as optical frequency metrology both 
benefit significantly from this unprecedented level of control. An established way to change the 
value for the CEP and its temporal evolution, the carrier-envelope frequency fCE, is to change the 
amount of dispersive material experienced by the laser pulses. While this easily changes the ratio 
of group- and phase velocity and hence the CEP or fCE , it unavoidably also modifies the second- 
and higher order dispersion and thereby spreads the pulse in time and changes its pulse 
parameters. This is harmful for electric field sensitive experiments [2] as well as for intracavity 
tuning of fCE. To avoid this problem, we invented a composite material plate allowing for a change 
of the CEP (fCE) with negligible impact on the pulse dispersion and hence pulse parameters like 
pulse duration and energy [3]. 
 
In the approach chosen here, we change the composition of the material inserted in the beam 
path. By doing so, we change the CEP (fCE) but keep second- and higher order dispersion nearly 
constant. Figure 1(a) shows a schematic drawing of the composite plate made up of BaF2 and a 
thinner fused silica part oppositely wedged and glued together. The beam passes the plate in the 
plane of the drawing under Brewster’s angle. Figure 1 (b) on the right hand side displays the 
measured dispersion together with a fit. When moving the plate along the wedge direction, we 
continuously replace BaF2 by fused silica which  changes the ratio of group- and phase velocity 
but keeps dispersion unaltered. To illustrate this, it is interesting to know the alteration in group 
delay, when tuning the CEP by 2π by pure material in comparison to material exchange. 
Removing (or inserting) 80 µm of BaF2 or 60 µm of fused silica changes the CEP by 2π but also 
alters the group delay by roughly 2.5-3.5 fs. For the few-cycle pulses that are relevant for our 
discussion (5-8fs) this is already quite high. In comparison, when exchanging 200 µm of BaF2 by 
200 µm of fused silica, the group delay only varies by 0.5 fs – much less impact on the dispersive 
properties than for the former case, with the same variation in CEP. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
For a proof-of-principle experiment we incorporated the composite glass plate into an 
interferometric autocorrelator used for time domain characterization of few-cycle pulses. We were 
able to continuously tune the relative phase of the electric fields in the two interferometer arms – 
a clear proof that the plate works according to our design [3]. Finally, we incorporated the 
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composite plate into an octave-spanning 200MHz laser with CEP control. The plate is part of the 
intracavity dispersion management and by translating the plate, we were able to continuously 
tune fCE over half the repetition frequency with negligible impact on pulse duration and energy. 
This is shown in Figure 2 where fCE is initially close to half the repetition rate and is then tuned 
towards zero by moving the plate accordingly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In conclusion, dispersion neutral control of the carrier-envelope phase over a wide tuning range is 
desirable not only for intracacity control of few-cycle lasers but also in electric field sensitive 
experiments were a significant degradation of any observable signal is to be avoided. Our 
composite glass plate accomplishes this very well and is the first implementation of such an idea. 
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Figure 2. Sequence of measurements illustrating the arbitrary choice of the carrier-
envelope frequency fCE by varying the position of the plate inside the laser cavity of an 
octave-spanning 200 MHz laser. In the graph shown, fCE  is varied over half the repetition 
rate frep/2.  
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It has been recognized that mode-locked lasers have a great potential for generating ultra low-
jitter RF-signals [1]. Recently, it has been shown that the extraction of an RF-signal from an 
optical pulse train emitted by a mode-locked laser using direct photo detection is limited in 
precision by excess phase noise [2]. The major contribution to this excess noise has been 
identified to be the amplitude-to-phase (AM-to-PM) conversion in the photo detector. In Ref. [3], 
we measured the AM-to-PM conversion factor, and it typically ranges from 1 to 10 ps/mW 
depending on the bias voltage and diode types. The intensity noise of the laser can be converted 
into a significant amount of phase noise by this process. Previously, we demonstrated a scheme 
to avoid this conversion by transfer of timing information in the optical domain based on a free-
space Sagnac interferometer [4]. However, due to acoustic vibrations and poor phase noise 
properties of the free-running voltage-controlled oscillator (VCO), the relative jitter between the 
extracted RF-signal and the mode-locked laser was limited to 60 fs from 100 Hz to 10 MHz 
bandwidth.   
 
In this report, a balanced optical-RF phase detector for the extraction of low-jitter RF-signals from 
optical pulse trains is presented. It is based on precise phase detection by use of a differentially-
biased Sagnac fiber-loop and synchronous detection, which is similar to Sagnac-loop based 
gyroscopes [5] and clock recovery systems [6]. We used the phase error signal from this 
balanced optical-RF phase detector, which is robust against drifts and photo detector 
nonlinearities, to regenerate low-jitter RF-signals from optical pulse trains. As a first experimental 
demonstration based on this balanced optical-RF phase detector, 3-fs relative timing jitter 
between the extracted RF-signal and the optical pulse train is demonstrated.  

 
Figure 1: Schematic outline of the balanced optical-RF phase detector. 

 
 
Figure 1 shows the schematic setup of the balanced optical-RF phase detector. The solid and 
dotted lines indicate optical and electrical signal paths respectively. The optical signal path can be 
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implemented either by an optical fiber or a high-index contrast waveguide. Part of the input pulse 
train is tapped to the Photodiode #1. This photodiode is used to generate a synchronous 
detection signal with half the repetition rate (fR/2) of the optical pulse source. This signal is 
applied to both the phase modulator and the mixer. The rest of the input pulse train is sent to the 
Sagnac-loop. By the phase modulation at the frequency of fR/2, the output pulse train from the 
Sagnac-loop has an amplitude modulation. The amplitude of this signal is proportional to the 
phase error between the input optical pulse train and the input RF-signal. Therefore, we need to 
detect the amplitude of this modulated signal. After bandpass-filtered at fR/2, this signal is mixed 
with the synchronous detection signal at the mixer. By this down-conversion to the baseband, we 
can extract the phase error signal.   
 
For the demonstration experiment [7], a stretched-pulse Er-doped fiber laser (repetition rate fR = 
44.26 MHz) is used as the optical pulse source. By closing the loop with a 10.225-GHz (231st 
harmonic of the fundamental repetition rate) VCO (PSI DRO-10.225), we could get a long-term 
stable locking between the laser and the VCO over several hours. 

  
Figure 2: In-loop residual phase noise spectra. When it is locked, the integrated timing jitter between pulse 
trains and RF-signals is 3 fs (1 Hz-10MHz). 
  
 
Figure 2 shows the measured in-loop phase error. The voltage signal from the phase detector 
was measured with a low-noise vector signal analyzer (VSA), and converted into single-sideband 
(SSB) phase noise at 10.225 GHz.  The red dashed line shows the phase noise of the free 
running VCO (taken from the datasheet), and the blue line shows the measured in-loop phase 
noise when it is locked. The black line is the noise floor from the VSA. This measurement shows 
that the integrated in-loop jitter is 3.0 fs ± 0.2 fs from 1 Hz to 10 MHz. 
 
In summary, we have demonstrated a balanced optical-RF phase detector for extracting low jitter 
RF-signals from optical pulse trains. A residual timing jitter of less than 3-fs is measured from 1 
Hz to 10 MHz between the RF-signal and the optical pulse train. This scheme is further scalable 
to suppress the relative timing jitter between optical pulse train and extracted RF-signal to the 
sub-femtosecond regime. It is also insensitive to the amplitude noise of both the optical pulse 
source as well as the RF-source.  
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The development of novel broadband light sources at 1.5 µm is strongly motivated by the 
widespread application of WDM technology and is key to expanding the usable bandwidth of 
optical transmission systems.  In addition, in combination with external supercontinuum 
generation, these sources have the potential to be compact, stable, high-bandwidth optical 
oscillators, with applications in optical metrology, ultra-wideband optical communications, sub-
diffraction-limit imaging, and optical arbitrary waveform generation. 
 
Rare-earth doped glass amplifiers are particularly promising.  Thulium-doped glass amplifiers can 
provide gain in the 1480-1510 nm wavelength range.  Erbium-doped tellurite glass have a gain 
bandwidth of 70 nm centered around 1530 nm that covers the conventional gain bandwidth of 
silica-based erbium-doped glasses as well as somewhat longer wavelengths.  The widest 
emission band from erbium-doped glasses in the 1.5 µm wavelength range have been reported in 
a Bi2O3-B2O3-SiO2 system [1], making it an attractive alternative and a strong candidate for use in 
a modelocked laser.  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 short-
cavity high-repetition-rate systems. 
 
Both cw signal amplification [2] and picosecond pulse amplification [3] over the wavelength range 
of 1520-1600 nm using a bismuth oxide-based erbium-doped fiber amplifier have been observed.  
In addition, wavelength-tunable passive modelocking from 1570 nm to 1600 nm was 
demonstrated with a bismuth oxide-based erbium-doped fiber laser [4].  We look to extend this 
work with a bismuth oxide-based erbium-doped waveguide laser, whose short cavity length would 
enable us to achieve GHz repetition rates. 
 
Our collaborators at Asahi Glass Company (Japan) have provided us with sample waveguides in 
2 cm and 6 cm lengths.  Several waveguides of height 3.5 µm and widths ranging from 3-7 µm 
are written on each sample chip.  Figure 1(a) below is a picture of one of these waveguides being 
diode pumped at 977 nm through a tapered lensed fiber.  Figure 1(b) shows the spectral gain 
profile of a sample waveguide. 
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Figure 1.  (a) Bismuth oxide-based erbium-doped waveguide being pumped at 977 nm through a tapered 
lensed fiber.  (b) Spectral gain profile of a sample waveguide. 
 
 
We are currently working towards demonstrating cw lasing in the waveguide laser.  Once 
completed, we plan to modelock the waveguide laser using an ultra-broadband silicon/germanium 
saturable Bragg reflector (SBR) designed for high repetition rates [5].  The proposed cavity layout 
is shown in Figure 2.   With this setup, we hope to achieve shorter pulses and higher repetition 
rates than previously demonstrated erbium-doped waveguide systems.  In addition, together with 
extra-cavity amplification and smooth broadband supercontinuum generation with highly 
nonlinear bismuth-oxide fiber [6], we hope to demonstrate a stable frequency comb spanning the 
1-2 µm wavelength range. 
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Figure 2.  Planned cavity layout for the erbium-doped bismuth-oxide waveguide laser. 
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As discussed in other sections, stable, robust, broadband frequency combs are useful in a 
number of applications, including frequency metrology and optical arbitrary waveform generation.  
Ti:sapphire-generated frequency combs range from 600 nm to over 1 µm, and combs seeded by 
Er-based lasers are centered at 1.5 µm.  It would be advantageous to have an additional 
frequency comb source centered at 1 µm, bridging these two wavelength spans.  We plan to build 
a high-repetition-rate modelocked bulk Yb:glass laser as this source.  Then, with this source, we 
plan to amplify and then generate a frequency comb through supercontinuum generation with 
highly nonlinear fiber. 
 
Ytterbium-doped materials are attractive as diode-pumped, tunable ultrafast laser sources for a 
number of reasons, including their broad absorption and emission bandwidths, their low thermal 
loading, and the long fluorescence lifetime (1-2 ms).  In addition, the Yb3+ avoids loss processes 
such as excited-state absorption, upconversion, and concentration quenching prevalent in other 
ultrafast gain media [1].  Yb:glass materials are appealing because they are significantly cheaper 
than crystals and have a smooth fluorescence spectrum, making them particularly suitable for 
ultrashort pulse generation.  Compared with Nd:glass, another source at 1 µm, Yb:glass has the 
advantage of a wider gain bandwidth, and has 2-3 times less quantum defects, favorable for more 
efficient lasing.  However, Yb:glass is not without problems.  It has a low emission cross section 
(~10–21–10-20 cm2), and its quasi-three-level nature requires a relatively high pump intensity for 
efficient laser operation.  An additional complication of the latter feature is that, in contrast to four-
level lasers like Ti:sapphire, the peak wavelength and the gain bandwidth depend on the 
excitation level, which in turn depends on the doping level of the glass gain media and on the 
amount of loss in the cavity.  A plot of this behavior is shown in Figure 1(a); and the emission and 
absorption cross sections from which the calculation was made are shown in Figure 1(b) [2].  
Both figures are for Yb-doped phosphate glass grown by Kigre, labeled QX/Yb, which we will use 
in our experiments.  From the figures, one can see that the gain bandwidth of Yb:phosphate glass 
is fairly broad; and also that the absorption band is fairly large, which makes pumping with 
commercially available diodes possible. 
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a)  
 
Figure 1.  (a) Quasi-three level behavior of spectral gain curve of QX/Yb phosphate glass.  (b) Emission and 
absorption bands of Kigre QX/Yb phosphate glass [2]. 
 
Honninger et al. have demonstrated passive modelocking of diode-pumped Yb:phophate and 
Yb:silicate glass lasers, achieving self-starting modelocking with intracavity semiconductor 
saturable-absorber mirrors and soliton modelocking [2].  Pulses as short as 58 fs from 
Yb:phosphate and 61 fs from Yb:silicate have been generated. 
 
For our work, we plan to implement a short cavity design to achieve high repetition rates.  To 
passively modelock our Yb:phosphate glass laser, we will apply oxidized SBR technology we 
have developed for lasers at other wavelengths [3].  The designs will be adjusted for high 
repetition rate operation and suppression of Q-switched modelocking.  Once modelocked, we will 
expand the frequency comb by passing the laser output through highly nonlinear bismuth-oxide 
fiber to generate supercontinuum [4]. 
 
Finally, we will also investigate the possibility of Kerr lens modelocking the Yb:glass laser.  
Among Yb3+-doped gain media, we have only found Yb:YVO4 to have achieved KLM in the 
literature [5].  Though Yb:phosphate glass has a lower nonlinear refractive index n2 (1.22 × 10-13 
esu) than Ti:sapphire (2.2 × 10-13 esu) or Cr:YAG (2.9 × 10-13 esu), there may still be sufficient 
intracavity power to initialize KLM. 
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The development of stable optical frequency combs based on mode-locked lasers has advance 
rapidly over the past decade [1-4].  These stable combs are proving useful in a number of 
applications, most notably in frequency metrology [2] where the comb is locked to a stable 
frequency reference (such as an atomic transition) and thus serves as a frequency “ruler”. 
 
Another application of stable frequency combs is in optical arbitrary waveform generation.  In this 
application, each frequency component’s amplitude and phase is independently controlled, and 
the resulting frequency components are superposed.  In this way the Fourier construction of an 
arbitrary optical waveform is accomplished. 
 
In order to generate a stable frequency comb, two parameters must be controlled.  First, the 
spacing of the comb frequencies must be stabilized.  This corresponds to stabilizing the repetition 
rate of the laser and can be achieved by a number of locking techniques [5].  Second, the carrier-
envelope offset (CEO) frequency must be locked.  In the frequency domain, this corresponds to a 
shift of the frequency comb from zero frequency.  In the time domain, this corresponds to a 
changing delay between the carrier and the pulse envelope and results from a difference in the 
group and phase velocities. 
 
One technique for locking the carrier-envelope phase involves generating an octave-spanning 
comb from the laser source, and then frequency doubling the low-frequency portion of the comb 
to overlap with the high-frequency portion.  The difference frequency is detected to measure the 
CEO frequency [1].  The following equation describes the beat signal that is created: 
 

( ) ( )2 2ceo ceo rep ceo repf f Nf f Nf⎡ ⎤= + − +⎣ ⎦  
 
Our work seeks to develop a stabilized frequency comb source in the 1550 nm wavelength range 
using mode-locked fiber lasers in the context of developing an optical arbitrary waveform 
generator.  Because the spectra from such lasers are generally not octave-spanning, the output 
of these lasers will be coupled into nonlinear fibers to generate octave-spanning supercontinuum 
spectra, which may then be used to stabilize the mode-locked fiber laser frequency comb [3, 4].  
Initial efforts seek to accomplish this at 1 GHz repetition rates, with plans to later develop 10 GHz 
and 40 GHz systems. 
 
Previous work on regeneratively-synchronized, harmonically mode-locked, fiber lasers 
demonstrated 1 GHz repetition rate from a soliton fiber laser [6].  Because the mode-locking 
mechanism is passive, no external oscillator is required, leading to a more simple locking system 
and, in most cases, lower noise.  Figure  7 shows the layout of this system, including the 
regenerative synchronization loop used for harmonic mode-locking.  The intra-cavity etalon will 
suppress amplitude and timing noise, particularly noise corresponding to the occurrence of pulse 
dropouts/pairs.  The laser repetition rate will be locked to the etalon; the required locking 
electronics for this are still in development, and are not shown. 
 
The required octave-spanning supercontinuum spectrum will be generated with highly nonlinear 
fibers (HNLFs).  The 1 GHz laser output will first be amplified, and then coupled into an HNLF to 
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generate the supercontinuum spectra.  Figure 8 illustrates the envisioned final state of the 
system, with estimates of the powers and pulse durations occurring at various points.  Efforts to 
carefully prepare the optical pulse train and to find the appropriate HNLF are currently in 
progress. 
 
The current state of the supercontinuum generation system is simpler than that shown in 
Figure 8.  It consists of a pre-amplifier, a pulse shortening fiber, and HNLF, in that order.  Figure 9 
shows results from this system.  With improved pulse powers, broader octave-spanning 
supercontinuum spectra should be achievable. 
 

 
 
Figure 7.  The harmonically mode-locked, regeneratively synchronized fiber laser.  The intracavity etalon 
will filter amplitude and phase noise, and serve as the reference cavity for repetition rate stabilization.  
Stabilization electronics that lock the laser to the etalon are not shown. 
 

 
Figure 8.  The envisioned supercontinuum generation system. 
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Figure 9.  The power spectra densities for the amplified laser output before the HNLF (gray), and the 
resulting supercontinuum spectrum (black). 
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In 2000, R. Paiella et al. reported strong evidence of self-pulsations at the cavity roundtrip 
frequency in electrically pumped quantum cascade lasers (QCLs) [1]. The emission of 3-5 
picoseconds-long pulses was indirectly inferred from the data. No detailed pulse characterization 
was however available at that time, because of the lack of suitable mid-infrared autocorrelation 
techniques. Several questions regarding the nature of the mode locking mechanism remained 
open.  

 
Nonlinear interferometric autocorrelation measurements have led to the conclusion that the 
mode-locked regime of the QCLs is not characterized simply by a train of isolated pulses 
separated by the cavity roundtrip time but rather by a rich multimode dynamics. In addition, given 
that the gain recovery time of QCLs is in general extremely short compared to the cavity round-
trip time, stable mode locking is not expected according to conventional theories [2,3]. The aim of 
the project reported here is to understand the different multimode regimes that can occur in 
QCLs, and more generally, in lasers with fast gain recovery.  

 
We have identified two mechanisms that play a key role in the multimode dynamics of lasers: A 
coherent multimode instability and spatial hole burning. The coherent multimode instability is 
related to the so-called Risken-Nummedal-Graham-Haken (RNGH) instability [4,5]. The latter was 
theoretically predicted as early as in 1968: the CW solution loses its stability when the pumping 
level exceeds the lasing threshold by typically 9-10 times. Its observation remains controversial 
[6,7,8]. In our experiments, the multimode instability occurs at much lower pumping rates than 9-
10 times above threshold. However, we have shown that the presence of a saturable absorber, 
provided e.g. by a Kerr-lensing mechanism lowers the threshold for the instability considerably. A 
typical signature of this type of mechanism is a spitting in the laser spectrum of the order of the 
Rabi frequency. The second mechanism is spatial hole burning. 

 
The lasers studied can be divided into two categories. In the first category, the sidewalls of the 
laser ridge are covered by a lossy metal contact, which acts as a Kerr-lens type saturable 
absorber [1]; the latter is weaker in the second category, as the gold contacts and the waveguide 
core are separated by a thick insulating InP layer. The above differences are clearly visible in Fig. 
1.a & b. The optical spectra measured in continuous mode with devices belonging to each of the 
two categories show obvious signs of instability, as illustrated in Fig. 1.c & d. In type 1 devices 
(Fig. 1.c), the spectra are single mode and become clearly multimode with two pronounced 
sidebands separated around the cw solution by the Rabi frequency. This is a typical signature of 
the RNGH instability. In type 2 devices (Fig. 1.d), the envelope of the spectra show continuous 
multiple peaks, whose separation is independent of the pumping level.  

 
We have developed a model of the instability using the Maxwell-Bloch equations. Both a 
saturable absorber and spatial-hole burning were incorporated into the calculations. When a 
saturable absorber is present, the spectra obtained numerically show clearly the growth of mode 
sidebands around the original CW frequency separated by the Rabi frequency, and thus have the 
same characteristic as the type 1 spectra. When spatial hole burning is dominant, the simulated 
spectra show the growth of the instability at very low pump ratios above the lasing threshold.  
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In summary, we have observed wideband multimode operation in QCLs with spectral signatures 
that can be traced back to spatial-hole burning and the RNGH instability. Furthermore it will be 
shown in detail that the characteristics of the measured spectra are in good agreement with 
spectra computed from a model based on the Maxwell-Bloch equations.  
 

 

 

 
 

Fig. 1. a SEM image of type 1 laser.  b. SEM image of type 2 laser.  c. Spectra of type 1 laser.  d. spectra of 
type 2 laser. e. Simulated spectrum with a saturable absorber. f. Simulated spectrum without a saturable 
absorber. 
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To accommodate the increasing demand for higher bit rate optical communication, a new 
generation of optical communication networks is being developed in which optical-to-electrical 
conversion bottlenecks will be minimized by keeping the data in the optical domain.  Such all-
optical networks require advanced photonic technologies for a variety of ultrafast all-optical signal 
processing functions including optical logic and wavelength conversion. An important focus of our 
research is to study the ultrafast dynamics of active and nonlinear semiconductor devices for 
potential application to such processing.  
 
A device that can be used as both a wavelength converter and an ultrafast optical logic gate is 
the integrated SOA-based Mach-Zehnder (MZ) interferometer [1,2]. This device takes advantage 
of nonlinear cross-phase modulation between optical signals in the semiconductor amplifier 
(SOA) segments. The differential phase between the two SOA arms of the interferometer can be 
optically controlled via input optical (control) signals entering the two arms.  A schematic of such 
a device, being designed and fabricated in Prof. Kolodziejski’s group, is shown in Figure 1. The 
designs of individual component structures in this integrated active-passive device are also 
shown as insets in Figure 1.  Signals entering ports A and A’ control the transmission of signals 
entering the B port. 
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Figure 1: Schematic of an integrated SOA-based nonlinear Mach-Zehnder interferometer.  Insets show 
designs and optical mode simulations of the individual components.   
 
 
For operation at data bit rates greater than 100 Gb/s the ultrafast carrier dynamics of the SOA’s 
play a crucial role.  Patterning effects due to carrier population dynamics with recovery times on 
the order of 100ps need to be minimized or compensated for.  Ultrafast nonequilibrium dynamics 
that take place on a sub-picosecond timescale begin to play a role [3].  To analyze these effects 
and optimize the design and functionality of these devices, we need to study both the index of 
refraction changes and gain/loss changes that occur in various materials and device structures 
with femtosecond time resolution and with a variety of wavelength combinations [4].  To that end 
we have developed a two-color heterodyne [5] pump-probe approach for femtosecond studies in 
the 1.5µm wavelength regime.  Figure 2 shows the experimental setup for this approach. 
 
In this schematic, the150-fs pulse optical signal centered at 1.53µm from the output of a 
synchronously pumped optical parametric oscillator (OPO) is divided into two paths, the pump 
and the probe.  The probe beam passed through a highly nonlinear bismuth-oxide fiber [6]. The 
output signal from this fiber consists of a broad chirped optical-spectrum centered at 1.53µm in 
frequency domain, while in the time domain, the pulsewidth is larger than the initial 150fs at the 
output of the OPO. This signal is then passed through a bandpass filter (BPF) centered at 
1560nm, and passed through a grating pair to remove the chirp and shorten the pulsewidth back 
to 150fs. This signal is divided once again into two paths, one of which (probe) is frequency 
shifted by 40 MHz with an acousto-optic modulator (AOM) and is incident upon the device under 
test (DUT), while the other (ref) is frequency shifted by 39 MHz and is passed around the DUT.  
 
In the pump path, the original signal is passed through a translation stage which is controlled by a 
computer to change the time delay between the pump and the probe, and is then subsequently 
chopped and directed to the DUT. The output signal from the DUT consisting of the both the 
pump and the probe signals at two different wavelengths is passed through a BPF centered at 
1560 nm to remove the pump signal. The probe signal and the reference signal are then 
combined and detected using a photodiode. The output of the photodiode consists of the beat 
signal between the probe and Ref signals at 1MHz frequency which in turn is detected by the 
receiver and its amplitude and phase is measured using a lock-in amplifier.  Using this method we 
can study both gain and index of refraction changes as a function of time.  
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Figure 2: Schematic of heterodyne, two-color femtosecond pump-probe apparatus 
 
 
In addition to the above studies, we are also employing a two-color pump probe at 800nm pump 
and 1550nm probe for investigations of ultrafast dynamics in SiGe saturable absorber mirrors and 
ion implanted Si devices.  
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The high cost and complexity of femtosecond laser sources has driven the development of lower 
cost alternatives for ultrahigh resolution optical coherent tomography (OCT) imaging [1-8]. Among 
them, continuum generation in highly nonlinear fibers is one of the promising techniques. 
Photonic crystal fiber (PCF) technology is extremely powerful because it enables customization of 
the fiber dispersion profile, which can be used to control the nonlinear processes responsible for 
continuum generation. The realization of supercontinuum generation in PCF [9] has enabled 
ultrahigh resolution OCT at wavelengths throughout the visible and near infrared [10-12]. 
 
We have developed a novel PCF design concept for a broadband, stable continuum light source 
for ultrahigh resolution OCT imaging [13]. By injecting pulses at 1064 nm from a Nd:Glass laser 
into a commercially available photonic crystal fiber with a parabolic dispersion profiles and two 
closely spaced zero dispersion points centered around 1050 nm, we numerically and 
experimentally demonstrate that a stable continuum can be generated with high brightness 
double peaks centered at 800 nm and 1300 nm, two primary wavelengths of interest to the OCT 
imaging community. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Simulated fiber length dependence of the continuum spectrum generated by 85 fs, 18 kW peak 
power pulses at 1060 nm. Nearly complete depletion of the pump wavelength is observed along with 
creation of two high brightness main peaks centered near 800 nm and 1300 nm. 
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Fig. 1 presents numerical results for the length dependence of the continuum, with spectra 
displayed on a linear scale. The fact that the continuum rapidly evolves into a double peak 
structure with nearly complete depletion of the pump wavelength predicts that the main spectral 
peaks can be localized to the important OCT imaging wavelength regions near 800 nm and 1300 
nm. The input spectrum is rapidly broadened within 10 cm to a full spectral width of more than 
one octave between 700 nm and 1500 nm. Additional propagation in the fiber leads to further 
depletion of the region between the two spectral peaks as well as filling in and smoothing of the 
main peaks. 

 
Figure 2. Simulated pump wavelength dependence for optimal continuum generation. Input pulses of 85 fs, 
18 kW peak power illustrate differences in continuum as a function of pump wavelength. 
 
 
Fig. 2 presents spectra resulting from simulations of 85 fs, 18 kW peak power pulses propagated 
through a 2 m length of the photonic crystal fiber at various center wavelengths around the 
depletion region. For OCT imaging, spectral shape is a critical determinant of image quality since 
non-Gaussian spectra with large modulation can lead to large coherence wings on the 
interference point spread function [14]. The simulations indicate that smooth, twin peak spectra 
can be achieved when the wavelength of the pump pulse is located between the two zero 
dispersion wavelengths. Since choosing the optimal pump wavelength is largely equivalent to 
optimizing the fiber dispersion profile for a fixed pump wavelength, custom photonic crystal 
design and fabrication should enable ultrahigh resolution OCT with several commercially 
available femtosecond oscillators. 
 
The measured continuum spectrum (the solid line) and the pump spectrum (the dashed line) are 
presented in Fig. 3. The continuum spectrum shown is a concatenation of spectra measured 
separately with 0.5 nm resolution, a method which enables more precise representation of 
spectral shape and relative amplitude. The spectrum agrees reasonably well with previously 
presented simulation results. As predicted in the simulation, energy is efficiently depleted from the 
pump wavelength and transferred to the two spectral bands around 800 nm and 1300 nm. 
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Bandwidths of 156 nm and 116 nm are achieved at 1300 nm and 800 nm, respectively. However, 
the modulation seen on the spectrum is greater than expected based on numerical simulations for 
an injected pulse at 1064 nm. Error in the approximation of the higher order dispersion terms for 
the fiber, the change in the fiber’s dispersion profile over the length and coupling effect may be 
the causes for the spectral modulation. 
 

 
Figure 3. Experimental measurement of continuum spectrum on (a) linear and (b) log scales. The pump 
laser spectrum is also shown in (a). These spectra are created from concatenation of individually measured 
spectra in the 800 nm and 1300 nm wavelength regions. 
 
 
Figure 4 shows the recorded RF noise spectra acquired using a fast photodiode. The 
measurements were made at the first harmonic of the laser repetition rate and normalized to the 
carrier power. Detected first harmonic carrier power was 1.13 dBm for the oscillator alone and -
22.97 dBm and -17.0 dBm for the wavelength regions of 800 nm and 1300 nm, respectively. The 
noise spectra largely tracks that of the oscillator alone implying that OCT imaging can be 
performed with high sensitivity due to the lack of excess amplitude noise. 
 

 
Figure 4. Experimental measurement of RF noise spectra for the filtered wavelength regions around (a) 800 
nm and (b) 1300 nm. The noise spectra are compared to the RF spectrum for the Nd:Glass oscillator alone. 
 
 
The continuum spectrum was used with time-domain, ultrahigh resolution OCT systems to 
demonstrate imaging in biological tissue. It should be noted that, while these sources were 
demonstrated for time-domain ultrahigh resolution OCT imaging, they can also be implemented 
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with spectrometer based spectral domain OCT systems for high speed, ultrahigh resolution OCT 
at 800 nm and 1300 nm [15-18]. System performance characterization is presented for both 800 
nm and 1300 nm in Fig. 5. Figures 5(a) and (b) compares the point spread function on a linear 
scale for both wavelengths while (c) and (d) presents the same data on a logarithmic scale. At 
800 nm, 3.0 µm full width at half maximum (FWHM) is achieved, which for index of refraction in 
tissue of 1.38 will provide ~ 2.2 µm in tissue. At 1300 nm, 6.5 µm FWHM provides ~ 4.7 µm in 
tissue. The sidelobe coherence artifacts on the point spread functions at both wavelengths are 
present at ~ 25-30 dB, indicating further work to investigate spectral smoothing in the PCF will be 
important for performance improvement since sidelobe levels of 40-50 dB are desirable for OCT 
imaging. Sensitivity was measured to be ~ -103 dB for 1.0 mW sample exposure at 800 nm and ~ 
-107 dB for 3.0 mW sample exposure at 1300 nm. 
 

 
Figure 5. Ultrahigh resolution OCT performance evaluation. Linear (a,b) and logarithmic (c,d) point spread 
functions are shown for both 800 nm (a,c) and 1300 nm (b,d). 
 
Fig. 6 presents representative OCT imaging results in formalin fixed hamster cheek pouch at 800 
nm and 1300 nm. Fine features such as the epithelium (e), connective tissue (c), and muscular 
layers (m) in the fixed tissue specimen can be visualized with high resolution and high contrast. 
Some blurring of the images results from the sidelobe coherence artifact, but this can be 
improved with further optimization of the continuum light source. 
 
While it is unlikely that continuum generation sources will find widespread use for ultrahigh 
resolution retinal imaging at 800 nm due to the availability of broadband superluminescent diode 
(SLD) sources [8], they offer a very promising alternative to SLD’s for ultrahigh resolution imaging 
in other applications where more power and/or longer wavelengths are required. The novel PCF 
design with two closely spaced zero dispersion wavelengths offers a solution to the problems of 
excess noise and low power efficiency that have hindered the use of supercontinuum generation 
for ultrahigh resolution OCT in the 1300 nm wavelength range. The work also suggests that a 
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single commercially available oscillator combined with various highly nonlinear fibers can be used 
to generate stable, high brightness spectra for ultrahigh resolution OCT imaging throughout the 
near infrared wavelength region. 
 
 
 

 
Figure 6. Ultrahigh resolution OCT images of formalin fixed hamster cheek pouch at (a) 800 nm and (b) 
1300 nm. Enhanced image penetration is noticeable at 1300 nm and important features such as the 
epithelium (e), connective tissue bands (c), and muscular layers (m) can be distinguished. 
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Femtosecond lasers have found various applications as high performance light sources for 
biomedical imaging. Besides the use of their high pulse powers for non-linear imaging, their broad 
spectrum and short coherence length served as enabling tools for ultrahigh resolution optical 
coherence tomography (OCT - see the chapter for Laser Medicine and Biomedical Imaging) [1-3]. 
Recently, efforts have been made to apply narrowband, rapidly tunable narrowband continuous 
wave lasers for OCT imaging to achieve higher acquisition speeds and sensitivity [4-15].  This 
concept is called “swept source OCT,” or sometimes “optical frequency domain imaging (OFDI).” 
The measurement concept is similar to optical frequency domain reflectometry (OFDR), although 
the requirements for the laser are very different in OCT applications. The concept of swept source 
OCT imaging and the experimental imaging setup are described in the foretold chapter in detail. 
In this section, we will discuss the progress in laser development for swept source OCT. 
 
1. Standard frequency swept lasers 
 
Since the invention of the laser, many different concepts and designs of narrowband tunable or 
swept laser sources have been investigated for numerous applications. However, none of these 
designs could provide sufficient performance to meet the demands for swept source OCT. To be 
suitable for OCT imaging, a laser at 1300 nm wavelength, with 100 nm or more tuning range, 
0.1 nm or less instantaneous linewidth and 50,000 – 500,000 sweeps per second is desired [14]. 
The resulting frequency sweep rates are up to 1019 Hz/s, and the required average output power 
is >10 mW. 
 
1.1 Design and scaling principles 
 
In order to understand the operation, describe the dynamics, and investigate limitations of such 
rapidly tuned lasers, a high speed, frequency swept laser light source at 1300 nm was developed.  
The laser uses a fiber ring design with an additional booster amplifier. Details of the setup are 
described in ref.  [12]. To assist in optimization of the swept laser performance, a theoretical 
model was developed for the dynamic operation of swept laser sources [12]. The following 
discussion addresses the fundamental limitation of standard cavity-tuned lasers. 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 time constant 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. 
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Figure 1.  Left: Schematic of the amplified frequency swept laser source.  The laser uses a fiber coupled 
semiconductor amplifier and a tunable fiber Fabry-Perot-filter.  An extracavity semiconductor amplifier 
boosts the laser output. Right: Concept of cavity tuning: build up of laser activity from ASE background. 
 
 
(i) 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. 1 (right) 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 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 to be: 
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With the physical cavity length L, the mean refractive index of the cavity nref, the gain factor of the 
laser medium G, the bandwidth of the optical passband of the tunable filter ∆λ, the total 
wavelength range over which the filter is tuned ∆λtuningrange, the speed of light c, the saturation 
power of the gain medium Psat,  a factor η accounting for a non-linear sweep and the tuning rate 
in nm/s νtuning. 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 expected that this value gives the order of magnitude of the 
frequency sweep above which a decrease in output power will occur. 
 
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 for 
the presented ring laser.  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 
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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 effects and carrier dynamics in the 
semiconductor gain medium.  This assists the tuning process because the lasing does not have 
be build up solely from ASE.  
 

(ii) 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 
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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.  
 
Fig. 2 (left) shows the output power of the laser for different drive frequencies of the filter. The 
plots give the power values for the forward sweeps (blue) and the backward sweeps (green). The 
values are normalized to the output power in non-swept operation. The rectangle marks the 
region between saturation limit and single roundtrip limit. It can be seen that up to the saturation 
limit, the power stays almost constant and begins to drop when tuning frequencies exceed the 
saturation limit. The power falls off completely when the single roundtrip limit is approached. No 
laser operation is possible above the single roundtrip limit. Due to the saturation limit and the 
single roundtrip limit, high quality imaging was restricted to drive frequencies of 20 kHz (with a 
unidirectional filter sweep) or 10 kHz (with a bidirectional filter sweep). In both cases the resulting 
line rate in OCT applications is limited to about 20 kHz for high quality images. These effects 
represent a fundamental limit in standard tunable lasers. Concepts for shifting the optical 
frequency inside the laser cavity, such as the use of acousto-optic or electro-optic frequency 
shifters, during the roundtrip can usually not provide sufficient shifting to support the desired 
tuning rates because these devices typically do not generate shifts larger than a few GHz. 
 
The only solution to increase the tuning speed in standard tunable lasers is to decrease the cavity 
length and build a shorter resonator, as described in subsection 1.2.  A completely different and 
more elegant solution that entirely overcomes the previously-described speed limitations and 
simultaneously improves many other performance aspects of the swept source is the concept of 
Fourier Domain Mode Locking (FDML), described in section 2. 
 
1.2 Short Bulk cavity lasers 
 
Short laser cavities can improve the performance and maximum sweep rate of tunable lasers 
[12], as described in subsection 1.1. A free space bulk cavity design with a standing wave linear 
geometry appears most promising to reduce the total optical path length inside the cavity. The 
following subsection describes the setup and performance of such a design [14]. 
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Figure 2.  Left: Output power vs. sweep frequency. Right: Imaging examples. 

 
 
Fig. 3 shows a schematic representation of the frequency swept, external cavity laser system.  
Starting from the left side of the figure: The semiconductor gain element (1) is approximately 1 
mm in length, with an estimated index of refraction of 3.5 at 1300 nm.  The left facet serves as the 
output coupler for the laser and the output facet reflectivity is estimated to be 15 %.  The 
semiconductor gain element is bonded to a TE cooler and is maintained at 22° C. The intra-cavity 
side of the semiconductor gain element utilizes a curved waveguide and an anti-reflection (AR) 
coated facet with an estimated effective intra-cavity facet reflectivity of approximately 10-4, which 
suppresses self-lasing and allows the semiconductor element to serve as an effective gain 
medium for the external cavity.  The collimating lens is an AR coated aspheric lens (2) with a 2 
mm focal length.  A free space region of 370 mm between the collimating aspheric lens and the 
grating is used to adjust the overall length of the cavity.  The diffraction grating (3) has 
1017 lines/mm and is mounted on a resonant galvanometer scanner (Electro-Optical Products 
Corp.) that provides a total optical angular displacement of 14 degrees at 8 kHz.  After the grating 
there is a 45 mm focal length achromatic doublet lens (4) which was optimized for 1.0 µm, 1.3 µm 
and 1.5 µm wavelengths.  The lens focuses different spectral components onto a high reflecting 
end mirror (5).  A slit with 10 µm width (6), bonded directly onto the reflective surface of a 
broadband dielectric mirror (5) provides active wavelength selection.  Only light within a certain 
wavelength band, such that it is focused on the slit, will be reflected by the end mirror.  The end 
mirror is placed at the back focal plane of the doublet lens and has a reflectivity of greater than 
98.5 %.  The end mirror and slit assembly act as the back-reflector of the laser resonator.  Light 
output from the laser is collimated by an AR coated aspheric lens with a focal length of 0.7 mm 
(not shown in Fig. 1) and directed through a -55 dB optical isolator that prevents feedback into the 
laser cavity.  An AR coated, 4 mm focal length aspheric lens is then used to couple the light into 
an AR coated, single mode fiber.   
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Figure 3. Schematic diagram of the high speed, frequency swept laser system. 
 
 
In addition to providing a constant cavity length during tuning, this design also provides 
robustness to misalignment because it uses a cat’s eye configuration at the end mirror.  This 
configuration can provide superior stability over designs with a quasi-collimated beam on the end 
mirror, enabling better long term stability [16].  A further advantage of the design is the ability to 
change the filter function using different slit widths.  Spatial filtering is performed by the slit in the 
Fourier-plane, analogous to a spectrometer so that cavity alignment is preserved.  In addition to a 
fixed slit, it is also possible to use an adjustable slit. 
 
In OCT applications, the described laser enabled bidirectional, high quality imaging at a line rate 
of 16 kHz. The axial resolution was slightly better than the SOA-based fiber laser described in 
section 1 due to a full-width tuning range of 133 nm. Fig. 4 shows in vivo imaging examples of a 
human finger and a xenopus laevis tadpole in an OCT microscopy application. 
 

Figure 4. Left: Images of a human finger in vivo (3 mm x 1.5 mm) using forward sweeps only (top) and 
backward sweeps only (bottom). Right: 3D rendering of a volumetric OCT data set (tadpole in vivo), 
acquired with the swept laser source. 
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2 Fourier Domain Mode Locking (FDML) 
 
Rapidly tunable narrowband continuous wave lasers offer the possibility to dramatically increase 
the imaging speed in optical coherence tomography (OCT) [4-15]. However, fundamental 
physical limitations impede the utilization of the full potential of swept source OCT as discussed in 
the prior sections [12]. In standard tunable lasers the performance decreases with increasing 
tuning rate [12], so satisfactory imaging quality in swept source OCT with these lasers is 
restricted to several tens of kHz. Sophisticated optical frequency shifting spectrometers, multi-
detector balancing setups, or opto-electronic self referencing must be applied to reduce the 
problems with standard tunable lasers at higher sweep rates [17, 18]. It has been shown in 
section 1 that a reduction in the cavity length can help to increase the possible tuning speed [12, 
14]. However, a reduced cavity length leads to a wider frequency spacing of the laser modes, 
resulting in fewer active modes within the filter bandwidth. There are strong indications that the 
reduced number of modes leads to more pronounced beat noise in the output signal and 
degrades dynamic range and imaging performance. A new concept is therefore introduced to 
entirely overcome the speed limitations in swept laser sources: Fourier Domain Mode Locking 
(FDML) [19-22]. 
 
 
2.1 Concept of Fourier Domain Mode Locking (FDML) 
 
Fourier Domain Mode Locking is a new technique to overcome limitations in the maximum tuning 
speed of swept laser sources and to generate a spectrally very clean frequency sweep – 
equivalent to train of highly chirped laser pulses [19-22]. 
 
Fig. 5 is a schematic showing the concept of an FDML laser compared to a standard frequency-
swept laser.  In a standard frequency-swept laser, light from a broadband gain medium is 
spectrally filtered by a narrowband optical bandpass filter within the cavity and fed back to the 
gain medium. 

 
Figure 5.  Left: Standard tunable laser. Right: Fourier domain mode locking (FDML). The tunable optical 
bandpass filter is periodically driven with a period matched to the round-trip time of the cavity or a harmonic. 
 
 
In the standard swept laser, only longitudinal modes with frequencies that are transmitted through 
the narrowband optical filter can lase.  When the center frequency of the narrowband optical filter 
is tuned during a frequency sweep, lasing must build up from spontaneous emission at each new 
frequency position of the filter.  This significantly limits the performance of high-speed, frequency-
swept lasers, imposing a trade-off between the speed of the frequency sweep versus linewidth, 
output power, and tuning range [12]. 
 



Chapter 29.  Optics and Quantum Electronics 
 

  29-57 

In FDML lasers, a dispersion managed delay line is incorporated into the laser cavity and the 
narrowband optical filter is tuned periodically at the cavity round-trip time, or a harmonic of the 
round-trip time (Fig. 5 (right)).  This produces a quasi-stationary mode of operation.  Light from 
one frequency sweep propagates through the cavity and returns to the filter at the exact time 
when the transmission window of the optical bandpass filter is tuned to the same optical 
frequency.  Therefore, light from the previous round-trip is coupled back to the gain medium and 
lasing does not have to build up from spontaneous emission.  In other words, an entire frequency 
sweep is optically stored within the dispersion managed delay line in the laser cavity.  Under ideal 
operation, sequential frequency sweeps have the same phase evolution and are mutually 
coherent.  The narrowband optical bandpass filter dissipates almost no energy because the 
backcoupled light contains only frequencies that are matched to the transmission window filter at 
each moment.  In the frequency domain, this requires destructive interference of all longitudinal 
modes that are not transmitted through the narrowband filter at a given time.  Thus, the phases of 
the longitudinal modes must be locked.  Standard mode-locked lasers have longitudinal modes 
locked with constant phase, which corresponds to the generation of a train of short pulses at a 
repetition rate equal to the cavity round-trip time.  Fourier domain mode-locked lasers have 
modes locked with a different phase relationship.  The laser output is not a train of short pulses; 
instead, it is a train of frequency sweeps or highly chirped, very long pulses.  The tunable 
narrowband filtering is equivalent to an infinite number of narrowband amplitude modulators that 
are slightly out of phase.  Fourier domain mode locking is performed by periodic spectral 
modulation, rather than amplitude modulation.  This can be viewed as the Fourier domain analog 
of mode locking for short-pulse generation.  

 
 

2.2 Design and operation of the FDML laser 
 
Fig. 6 is a schematic diagram of the FDML laser.  The laser is based on a fiber-ring geometry with 
a semiconductor optical amplifier (SOA from InPhenix, Inc.) as a gain medium and a fiber Fabry-
Perot filter (FFP-TF, Micron Optics, Inc.) as the tunable, narrowband optical bandpass filter.  The 
SOA is polarization insensitive with a polarization dependent gain of ~0.5 dB. The fiber Fabry- 
 

 
 
Figure 6. Schematic diagram of the Fourier domain mode-locked (FDML), high-speed, frequency-swept 
laser. 
 



Chapter 29.  Optics and Quantum Electronics 
 

29-58  RLE Progress Report 148 
 

Perot tunable filter has a free spectral range of ~200 nm at a center wavelength of 1300 nm and a 
finesse of ~800. The waveform driver for the fiber Fabry-Perot consists of a digital function 
generator and an electric power amplifier for driving the low-impedance ~2.2 µF capacitive load of 
the fiber Fabry-Perot lead zirconate titanate (PZT) actuator.  With respect to thermal stability, the 
drift of the resonance frequency caused by temperature variations as well as drift in the PZT bias 
offset were minimal and a manual adjustment after about 15 minutes warm up time ensured 
stable operation for many hours.  The optical isolators eliminate extraneous intracavity reflections 
and ensure unidirectional lasing of the ring cavity.  A 30% fiber splitter acts as the output coupler.  
After isolation, the laser output is amplified with a second fiber-coupled semiconductor amplifier 
(SOA from InPhenix, Inc.), which functions as a booster amplifier.  The booster SOA is also 
polarization insensitive, with a polarization dependent gain of about 0.5 dB.  The physics of post-
amplification are discussed in detail in ref. [22]. The losses throughout the cavity are typically 
0.35 dB for each isolator, <2 dB for the fiber Fabry-Perot filter, 1.8 dB for the 30 % output coupler 
and 2.2 dB, 1.5 dB and 1 dB for 7 km, 4.8 km and 3.3 km lengths of fiber, respectively.  Between 
-5 dB and -7 dB of the output of the SOA are coupled back into the SOA.  The fiber-to-fiber small 
signal gain of the SOA is 20 dB. 
 
 
2.3 Performance of the FDML laser 
 
Fig. 7 shows the transient intensity profiles of the frequency-swept laser for forward (shorter to 
longer wavelengths) and backward (longer to shorter wavelengths) frequency sweeps at different 
effective sweep rates.  The data is shown for the direct laser output without post-amplification in 
order to ensure that the transient intensity profiles are not obscured or shaped by saturation 
effects (see ref. [12]).  The physical cavity length was 7 km, which corresponds to a 10-km optical 
path length.  Resonances in the tunable filter drive frequency were observed at 29 kHz and at the 
higher harmonics.  Because two frequency sweeps, one forward and one backward, were 
generated for each sinusoidal drive cycle, a 29 kHz filter drive frequency corresponds to an 
effective sweep rate of 58 kHz. In contrast to other high-speed, frequency-swept lasers, in FDML 
lasers, the forward and backward frequency sweeps have the same intensity profile and the same 
maximum power.   
 

 
Figure 7. Transient intensity profiles of the FDML laser for different effective sweep rates. The traces always 
show the transient intensity for one forward and one backward frequency sweep. 
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Figure 8. Integrated spectra of the FDML source for different effective sweep rates. 

 
 
Fig. 7 shows that neither the shape, nor the amplitude of the transient intensity profiles changes 
as the filter drive frequency is increased.  The maximum filter drive frequency and frequency 
sweep rate (change of the optical frequency per time) are only limited by the mechanical 
response of the tunable narrowband optical filter.  This enables very high-speed OCT imaging, as 
demonstrated in the following subsections. Fig. 8 shows the integrated spectral output of the 
source and again no sweep frequency dependence can be observed. Fig. 9 (top) shows the RF 
fringe signals from a Michelson interferometer for the case of an FDML and a standard swept 
laser. As expected, the mutual coherent sweeps in the FDML case provide superior phase 
stability. The roll off characteristic of the point spread functions in OCT application (Fig. 9 
(bottom) reflects the instantaneous linewidth or coherence length. Again the superior 
performance of FDML lasers is evident, up to 7 mm ranging is possible whereas in the 
comparable standard lasers a considerable decrease over 3 mm can be observed. From the 
coherence length a linewidth of 0.06nm can be calculated, which is much narrower than the filter 
width of about 0.25 nm. This important result underlines the fact that in FDML the linewidth is 
decoupled from the filter width, similar to non-swept lasers. Much broader spectral filters can 
therefore be applied, reducing component costs and reducing losses in the cavity. 
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Figure 9.  Superior performance of a FDML laser compared to a non-FDML laser. Top: FDML lasers show 
much higher phase stability of the RF fringe signals in OCT applications. Bottom: The instantaneous 
linewidth of FDML lasers is much narrower and the instantaneous coherence length much longer than that 
of a comparable standard swept laser. The result is a much slower roll off in the point spread functions in 
OCT application for the case of a FDML laser. 
 
 
2.4 OCT imaging with FDML laser 
 
The application of the frequency-swept FDML laser for high-speed, swept-source OCT imaging is 
shown in the images of Fig. 10.  The images of a human finger in vivo are acquired at a sweep 
rate of 40 kHz. Compared to the images acquired with a non FDML laser (see section 1) these 
images exhibit superior background levels, contrast, and noise performance. No artifacts in the 
form of stripe like structures can be seen, the images have an extremely clean appearance, and 
penetration well into the dermis is apparent. 
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Figure 10. OCT images acquired with FDML laser; images of human finger in vivo. 

 
 
2.5 “Buffered FDML”: The second generation of Fourier Domain Mode Locking 
 
FDML removes the fundamental limitations of the maximum achievable sweep speed in swept 
laser sources. To take full benefit of this concept, the component choices and the laser cavity 
design have been optimized to achieve record effective sweep rates of 370 kHz. Fig. 11 (left) 
shows the optimized setup of a classic FDML laser with an optical roundtrip frequency of 
~185 kHz.  The layout is similar to the FDML laser demonstrated in ref. [22]. The laser resonator 
is a 2 km long fiber ring cavity with a semiconductor optical amplifier (SOA - InPhenix, Inc.) as the 
gain medium, two isolators (ISO) to provide unidirectional lasing, and a fiber Fabry Perot tunable 
filter (FFP-TF - LambdaQuest, Inc.) with a high resonance frequency as the optical bandpass 
filter.  The filter is driven with a sinusoidal waveform at 184.841 kHz, synchronous to the optical 
roundtrip time of the light.  Because two optical frequency sweeps are generated for each period 
of the sinusoidal drive wave (bidirectional sweeps), the resulting effective sweep rate is 
369.682 kHz.  70% of the intra-cavity power is coupled out and, after optical isolation, amplified 
by a booster SOA (Covega, Inc.).  An average output power of 36 mW was achieved with a total 
tuning range of 100 nm and an instantaneous linewidth of approximately <0.1 nm, at a center 
wavelength of 1300 nm.  Fig.11 (right) shows the transient intensity profiles.  In the center of the 
plot, one forward sweep (-1.5 to 1.2 µs) and one backward sweep (1.2 to 3.9 µs) can be seen.  A 
maximum instantaneous power of ~70 mW is achieved. 

 
Figure 11. Left: Setup of high speed and high power FDML laser with 370,000 optical frequency sweeps per 
second. Right: transient output power. 
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Figure 12. Left: Dynamic range of classic FDML in OCT application for forward and backward sweeps. 
Right: Dynamic range of buffered FDML in OCT application for forward and backward sweeps. 
 
 
In OCT systems, the values for sensitivity and axial resolution are typically emphasized as 
performance metrics. However, especially in highly scattering tissue, the dynamic range of the 
system is also important.  Fig. 12 (left) shows the measured dynamic range of the OCT signal for 
various imaging depths at 370,000 sweeps/s using an FDML laser.  Note that the backward 
sweeps exhibit a far superior roll-off characteristic with increasing imaging depth compared to the 
forwards sweeps.  Starting at 62 dB for short delays, the dynamic range for the backward sweeps 
remain above 40 dB over a depth range of 4 mm.  In contrast, the forward sweeps roll off to 
<15 dB at a 4 mm depth range.  For imaging applications in highly scattering tissue, the limited 
dynamic range of the forward sweeps results in poor detail visualization and causes weak 
reflections to be obscured by the contributions from stronger reflections.  For optimum imaging 
performance at high speeds, only the backward sweeps should be used.  In previous FDML 
lasers such a unidirectional sweep operation would result in an axial scan rate equal to the filter 
drive frequency, which is only half the frequency achieved by bidirectional sweep operation. 
 
To overcome this problem, we introduced the concept of “buffered FDML” as depicted in 
Fig. 13 (left).  The upper part of the figure shows the fringe signal from an isolated reflection using 
a classic FDML laser.  Each symmetric pair of fringes represents a forward and a backward scan.  
In buffered FDML system, the laser gain is turned off during the time normally occupied by the 
forward scan and the resulting time gap is filled with a delayed copy of the backward sweep.  The 
experimental setup for buffered FDML is shown in Fig. 13 (right).  The SOA current is modulated 
such that optical amplification only occurs during the backward sweep.  The 2 km fiber delay line 
of the FDML laser has an additional ouput coupler placed at the 1 km midpoint of the cavity.  The 
fiber delay acts as an optical memory and buffers the backward sweep for half of the drive period.  
The second output coupler generates the desired time-shifted copy of the backward sweep.  The 
output coupling ratios for the first and the second couplers are 30% and 50% respectively, which 
approximately equalizes the output power in both copies of the sweep.  The outputs are 
combined in a 50/50 fiber coupler and post-amplified.  The resulting fringe signal in buffered 
FDML operation is shown in Fig. 13 (bottom-left).  Only backward sweeps are generated, yet the 
sweep frequency is maintained at two times the drive frequency.  Both sweeps generated during 
one drive cycle exhibit almost identical properties with respect to their dynamic range 
(Fig. 12 (right)) and high-quality OCT imaging can be performed at a line rate equal to two times 
the drive frequency over large depth ranges. 
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Figure 13. Left: RF fringe signals for a FDML laser (bidirectional - top) and a buffered FDML laser 
(unidirectional – bottom); the modulation, copy and delay concept of buffered FDML is sketched by the 
circles and arrows. Right: Experimental setup of buffered FDML. 
 
 
Fig. 14 shows examples of images obtained with the buffered FDML laser operating at 370,000 
sweeps per second.  The images show renderings of a 3D-OCT volumetric data set acquired with 
a 14-bit A/D system.  The 3D reconstructions exhibit low background, no artifacts, high signal to 
noise a good contrast and deep penetration. The high detail visualization can be seen in the clear 
definition of the fine spiral structures of the sweat ducts. The overall appearance of the images is 
very clean, indicating low sidelobes in the point spread function. Imaging at 370,000 sweeps per 
seconds is an important step towards real time 3-dimensional imaging. 
 

Figure 14. 3-dimensional rendered data sets of human finger in vivo acquired at a laser sweep rate of 
370,000 lines/s. 
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In spite of the existing extensive body of knowledge about high harmonic generation (HHG), the 
existing theoretical literature offers almost no absolute quantitative data for the expected EUV 
and x-ray intensities in HHG experiments. The importance of such a prediction cannot be 
overestimated: It will show whether current experiments are extracting the entire potential in 
terms of efficiency and performance, it will guide experiments to possibly better setups, and it will 
show what is the best performance one can ever expect from a HHG based device.  
 
The vast majority of the existing HHG calculations give a qualitative rather than a quantitative 
picture, and the yields are most often given in arbitrary units. The apparent reason is the lack of a 
description of the single-atom response that would be both quantitatively accurate and fast to 
evaluate. Some studies [1-2] solve simultaneously the Maxwell equations and the time dependent 
Schrödinger equation (TDSE). However quantitative results are still not obtained, presumably 
because of insufficient numerical accuracy or reduced dimensionality. Others solve the three-
dimensional Maxwell equations with the three step model (TSM) describing the medium response 
[3]. This approach also does not provide quantitative results, because the usually employed 
version of the TSM overestimates the HHG photon yield by orders of magnitude [4].  
 
We have developed an excellent analytic approximation for the HHG single atom response 
spectrum based on an improved formulation of the TSM. The approximation relates to the 
effective potential picture, where the atom is assumed to be described by a single electron 
moving in an effective potential:  

( ) ( )21 .
2 effH V xE t= − ∇ + −r    (1) 

H is the Hamiltonian, Veff is the effective potential, and E(t) is the laser field. Atomic units are 
used. The model in Eq. (1) is commonly used in the combined Maxwell-Schrödinger codes [1] 
and elsewhere in HHG. The accuracy of the analytic approximation is typically better than a 
couple of tens of percents, as found by comparison to a numerical integration of the TDSE.  
 
The proposed analytic approximation for the high frequency part of the HHG spectrum is based 
on the TSM. One should distinguish between two cases: Whether the electron is initially in the 
ground state of Veff or in an excited state. The latter case is especially important if Veff describes 
a many-electron atom, because then the highest occupied orbital of the ground state is 
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technically an excited state of Veff. In argon, for example, it would be a 3p state.  In addition, one 
can be simply interested in modeling an experiment where the initial state is an excited atomic 
state. 
 
If the electron is initially in the ground state of Veff , the standard TSM can be considerably 
improved if the dipole moment of the electron is computed in the acceleration form (employing 
Ehrenfest's theorem). This essentially amounts to the replacement of the TSM recombination 
amplitude by the expression [5] 

( ) ( )rec 0 x effa V= − ∂v r v    (2) 

0 and v  are the ground state and a momentum eigenstate respectively.  
 
When the initial state is an excited state, it can be shown [6] that the TDSE keeps the population 
of the lower-lying states very small. Projecting the latter out of the momentum eigenstate, the 
recombination amplitude takes the form [6] 

( ) ( ) ( )
1

rec
1

n

x eff x eff
j

a n V n V j j
−

=

= − ∂ + ∂∑v r v r v .   (3) 

n  is the initial excited eigenstate of Veff and j  are all the eigenstates with lower energies.  
 
Figure 1 compares our analytic approximation for the HHG spectrum to numerical solutions of the 
TDSE. Figure 1a shows the comparison for atomic hydrogen. The low frequency part of the 
spectrum was computed employing the plasma approximation (see e. g. Eq. (44) in Ref. [4]). To 
our knowledge, this approximation has not been previously tested in the context of HHG by 
comparison to the TDSE. Quantitative agreement is demonstrated.  Figure 1b demonstrates good 
agreement for argon, where the Veff we used is the Hartree-Slater potential, similarly to Ref. [1].  
Including the last term of Eq. (3) is shown to be crucial.  

 
The improved version of the TSM we suggest here, along with the plasma approximation, 
combine to a simple analytic formula which reproduces almost the entire HHG spectrum to 
excellent precision. At least in the context of many applications, such as modeling HHG 

Harmonic energy (eV)            Harmonic energy 

a b

Fig. 1. HHG spectra of a hydrogen (a) and an argon (b) atom in a single cycle 800nm pulse with 
the amplitudes of 0.14 (a) and 0.12 (b) a.u. Numerical TDSE calculations (black) are compared 
to analytic approximations (blue). In (a) the plasma approximation was added to the TSM for 
describing the low frequency part of the spectrum. The red line in the inset shows the spectrum 
of the error (numerical TDSE minus analytic approximation) at low energies. The dashed line in 
(b) was calculated omitting the last term in Eq. (3), demonstrating the importance of the latter. 
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experiments including optical propagation effects, the problem defined by Eq. (1) can be 
considered solved analytically to the required precision. This work opens the way to upgrading 
the existing HHG modeling from the qualitative to the quantitative level.  
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The three step model [1] provides a simple picture of the high harmonic generation (HHG) 
process in intense laser fields: An electron is ionized and accelerated by the laser field, and then 
recollides with the parent ion. The vast majority of the models associate the emitted radiation with 
this one “active” electron alone: The radiation amplitude is typically obtained from the oscillating 
dipole moment that this one electron creates.  
 
However it is obvious that the bound electrons are disturbed by the electron-ion recollision. The 
electrostatic field of the recolliding electron must, to some extent, set them into motion. These 
electrons begin to oscillate, and the oscillation can result in the emission of radiation. Since all 
noble gases apart from helium have many bound electrons, the contribution of this radiation can 
be significant. In other words, much of the HHG radiation in heavy noble gases should be emitted 
by the "inactive" electrons. 
 
We propose [2] this mechanism, which has been termed polarizational recombination in the 
electron-ion collision literature [3], as the source of the enhanced HHG radiation in heavier noble 
gases compared to lighter ones. In order to compute the radiation emitted by all electrons to first 
approximation, one can compute the acceleration of the active electron in the unscreened 
Coulomb potential. That is, to compute the acceleration of the recolliding electron as if it 
recollided with a bare nucleus. The factor of Z, the atomic number, which arises from this 
descreening, is actually due to the Z-1 bound electrons and one free electron which radiate.  
 
A cartoon illustrating the idea is shown in Fig. 1. Consider an electron that is about to recollide 
with its parent ion. The electron experiences some force that is exerted on it by the nucleus and 
the bound electrons. Then if F is the force exerted by a bound electron on the free electron, the 
total force exerted on 
the free electron is also 
F: An attractive force of 
ZF and a repulsive force 
of (Z-1)F. The radiation 
emitted by the free 
electron is proportional 
to F, and all Z-1 
electrons emit additional 
radiation proportional to 

+Z - Z×F (Z-

-F 

-F 

-F 
-F -F 

-F 

-F 

Fig. 1: Illustration of the calculation of the radiation emitted by the 
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(Z-1)F. The total emitted radiation is therefore proportional to ZF, as if the nucleus were 
unscreened.  
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Seeding of free electron lasers operating in the EUV and soft X-ray regime with radiation 
generated via high harmonics from noble gases may result in a fully coherent X-ray laser. For 
seeding of such large-scale facilities spanning over several hundreds meters to a few kilometers 
scale, it is critical to synchronize low-level RF-systems, photo-injector lasers, seed radiation and 
potential probe lasers with low timing jitter in a long-term stable arrangement [1-4]. Figure 1 
shows the schematic outline of the timing distribution and synchronization system for such a 
facility. The pulse repetition rate of an optical master oscillator implemented as a mode-locked 
laser is stabilized to a frequency standard or a low noise microwave oscillator. The pulse train is 
distributed to all critical sub-systems by use of timing stabilized fiber links. Finally, a low-jitter, 
drift-free synchronization between the optical pulse trains and RF-signals will result in a fully 
synchronized timing system over the large-scale accelerator facility. 
 

 
Figure 1: Schematic outline of timing distribution and synchronization for an XFEL facility [1,2]. 
 
Optical Master Oscillator – Low-jitter Mode-locked Laser 
It has been long recognized that mode-locked lasers have an enormous potential for generating 
and transmitting ultra low-jitter RF-signals [5]. Currently the most promising candidates for ultra-
low jitter optical master oscillators are Er/Yb-glass lasers [6], passively mode-locked Er-doped 
fiber lasers [7] and Yb-doped fiber lasers [8]. The crucial performance indicator for such a source 
is the phase noise or timing jitter integrated from c/2L, where c is the speed of light in the fiber 
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and L is the fiber length, to the Nyquist frequency, i.e. half of the lasers repetition rate. Since this 
noise cannot be taken out by a timing-stabilized fiber link, the high-frequency jitter will set an 
inherent limitation to the precision in timing achievable with a given distribution system.  
 
Figure 2 (a) shows the measurement result of the stretched-pulse Er-fiber laser [7], compared 
with the commercial microwave signal generator performance. The integrated timing jitter from 1 
kHz to 22 MHz (Nyquist bandwidth) is 10 fs, which is already better than a high-quality microwave 
signal generator. Note, that the measurement was limited in precision by the direct photo 
detection, and, in theory, it can reach down to sub-fs jitter levels. 

 
Timing Distribution 
Precise transfer of RF-signals through fiber links for timing information dissemination has been 
demonstrated recently [9,10]. For timing distribution over a large-scale free electron laser facility, 
timing stabilized fiber links are used. If the fiber length is L, we assume that no length fluctuations 
are faster than 2L/c, where c is the speed of light in the fiber. Relative fiber expansion by 
temperature change is typically on the order of 10-7/K, which can be compensated for by a fiber 
length control loop by referencing the back reflected pulse from the fiber end with a later pulse 
from the mode-locked laser.  
 
Recently, we have demonstrated a timing distribution in a 500-meter long accelerator 
environment (more detailed information on experiments and results can be found in Refs. [3] and 
[4]). Figure 2 (b) shows the in-loop phase noise measurement results for fiber link stabilization. 
When the loop is open, the jitter integrated from 0.1 Hz to 5 kHz is 66 fs; when the loop is closed, 
the jitter is suppressed down to 12 fs. Thus, a fiber link of 500 meters scale in the accelerator 
environment can be readily stabilized to 10-fs level using pure RF-techniques. Note, that by use 
of optical cross-correlation techniques [11], long-term stable sub-fs level stabilization will be 
feasible in the near future.  

 
   (a)             (b) 
Figure 2: (a) Phase noise spectra of Marconi 2041 signal generator and free-running Er-doped fiber laser 
[3]. (b) In-loop measurement result of the timing stabilized fiber link [3,4]. 
 
Optical-to-RF Synchronization 
Once precise timing information encoded as an optical pulse train arrives at each remote location 
where we aim to synchronize, it is crucial to convert this optical signal into low-jitter and drift-free 
RF-signal in a long-term stable way. Recently, it has been shown that the extraction of an RF-
signal from an optical pulse train using direct photodetection is limited in precision by excess 
phase noise [12]. The major contribution to this excess noise was identified to be the amplitude-
to-phase (AM-to-PM) conversion in the photodetector. The intensity noise of the laser can be 
converted into a significant amount of phase noise and drift by this process.  
 
A balanced optical-RF phase detector for the extraction of low-jitter, high-power, and drift-free 
RF-signals from optical pulse trains is proposed and demonstrated. It is based on precise phase 
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detection by use of a differentially-biased Sagnac fiber-loop and synchronous detection. We used 
the phase error signal from this balanced optical-RF phase detector, which is robust against drifts 
and photodetector nonlinearities, to regenerate low-jitter RF-signals from optical pulse trains. 
Detailed operation principle can be found in “A Balanced Optical-RF Phase Detector” chapter of 
this Progress Report. Figure 3 (a) shows the measured in-loop phase noise spectra. The voltage 
signal from the phase detector was measured with a low-noise vector signal analyzer (VSA), and 
converted into single-sideband (SSB) phase noise at 10.225 GHz.  This measurement shows that 
the integrated in-loop jitter is 3.0 fs ± 0.2 fs from 1 Hz to 10 MHz when it is locked. We are 
currently pursuing sub-fs jitter level by scaling up the optical and RF power, and will perform a 
long-term out-of-loop measurement in the near future. 

 
Optical-to-Optical Synchronization 
Synchronization is necessary not only between optical and RF-subsystems but also between 
different optical systems, for example, between the photo-injector laser and the master oscillator.  
For the optical-to-optical synchronization, we can use a balanced optical cross-correlator [11]. 
The technique uses nonlinear optical processes as an extremely sensitive way to detect a timing 
difference between optical pulses (a detailed description of operation can be found in Ref. [11]). 
Figure 3 (b) shows the long-term timing jitter measurement between Ti:sa and Cr:fo lasers. The 
pulses from two lasers are locked with 380 as jitter over 12 hours without thermal drift.  
 

 
                                  (a)                                                                           (b) 
Figure 3: (a) SSB in-loop phase noise spectra at 10.225 GHz. The integrated timing jitter from 1 Hz to 10 
MHz is 3 fs when it is locked. (b) Long-term out-of-loop cross-correlation trace. A 380-as timing jitter 
between two mode-locked lasers is demonstrated over 12 hours. 
 
Outlook 
In summary, we introduced a scalable, integrated timing distribution and synchronization system 
for future accelerator and seeded XFEL facilities. The key components and technologies, i.e., 
low-jitter optical master oscillator, timing distribution by stabilized fiber links, and long-term stable 
optical-to-RF and optical-to-optical synchronization, are demonstrated. Today, 30-fs jitter level 
synchronization over several hundreds meters is possible; it is clearly scalable to sub-10-fs by 
further optimization in the near future. 
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Reconfigurable optical add/drop multiplexers (R-OADMs) enable dynamic reconfiguration of 
wavelength-division multiplexing (WDM) optical networks.  Microphotonic filters based upon 
microring resonators [1] promise to enable complex, densely integrated chip R-OADMs capable 
of processing large aggregate data rates.  In particular, strongly confining optical structures based 
on high index contrast (HIC) are a promising solution because they permit small resonators with 
high Q and a large free spectral range (FSR) needed to span a typical WDM spectrum of ~30 nm 
[2,5].  However, HIC structures pose severe fabrication challenges in terms of critical dimension 
size and dimensional sensitivity of resonances, polarization states, etc.  Even their theoretical 
design has not been adequately explored, due to the breakdown of simple analytic 
approximations in the HIC limit, and the need for computationally intensive, rigorous, 3D vector-
field simulations.  In addition, bandstop spectral responses in the through port with high in-band 
extinction ratios, on the order of 40 dB, are required for WDM applications.  Yet, no high-order 
microring filters have been reported to our knowledge providing more than a few dB of through-
port extinction, due to the high sensitivity of this response function to parameter variations. 
 
We have identified and resolved two critical theoretical design issues in HIC filters, previously 
unaddressed in literature – coupling-induced resonance frequency shifts (CIFS) [4] and coupler 
mode-scattering losses [2,3,5] – that have enabled the demonstration of high-efficiency filters in 
high index contrast >50% [2,3,5].  The former effect, CIFS, amounts to the shifting of resonance 
frequencies of individual cavities in a multi-cavity filter, due to the electromagnetic interaction with 

       
 
 

Figure 1. Coupling-induced resonance frequency shifts (CIFS) [4]:  (a) Field snapshot of rigorous FDTD 
simulation of third-order filter design with identical rings; (b) the resulting response has an undesired 
asymmetry in the response reducing through-port extinction to 3dB.  Matching of full FDTD simulation and 
CIFS theory with a transfer matrix model confirms CIFS origin of impairment.  Non-identical rings must be 
used, each with dimensions or index corrected for CIFS to recover the ideal response.  In practice, other 
fabrication-caused asymmetries must also be compensated [6]. 
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adjacent cavities, a higher-order effect than the energy coupling that produces the filter response.  
Fig. 1 shows that CIFS can be of the order of the filter bandwidth, severely distorting the res-
ponse and causing virtually the disappearance of a through-port stopband.  Proper compensation 
of CIFS and additional fabrication related frequency mismatch [6] enabled frequency-matched 
filters to be demonstrated [2].  The latter effect, mode scattering in couplers, resulted from the 
appearance of parasitic higher-order, transient leaky modes in HIC coupler regions even where 
the individual waveguides are single mode.  Fig. 2(a) shows the excitation of such a parasitic 
mode, evidenced by the field modulation in the bus waveguide.  Coupler mode scattering was 
found to be able to contribute considerable filter losses, comparable to microring bending loss, 
and material and sidewall roughness losses in ring filters [2,3,5].  By appropriately narrowing the 
bus waveguide, spurious modes could be eliminated (Fig. 2(b)), while preserving a wide (low 
bend loss and dimensionally tolerant) ring waveguide (Fig. 2(c)). 

       
 (a) (b) (c) 
 

Figure 2. Coupler loss [2,3,5]: (a) Ring-bus coupler using two 900 nm-wide single-mode waveguides 
reconfines and excites higher-order mode in coupling region, resulting in filter loss; (b) narrowing bus 
waveguide to 700 nm suppresses coupler-region parasitic mode without compromising ring resonator bend 
loss Q, leading to low loss coupler, and filter. 
 
 

  
(a) 

  
(b) 

 

Figure 3. High through port extinction from multistage filters [5]: (a) Scanning electron micrograph of three-
stage filter with resonance frequency compensation applied to middle ring of each stage; multistage 
geometry has high (b) measured filter response shows first demonstrated microring-resonator filters with a 
through-port extinction usable to telecom applications.  The over 50 dB extinction is beyond needs of 
telecom applications.  Flat-top, drop roll-off by 30 dB at 80 GHz from channel center and 20 nm FSR allow 
add-drop applications. 
 
 



Chapter 29.  Optics and Quantum Electronics 
 

  29-73 

 
In addition, to demonstrate high through port extinction, we have proposed a multistage filter 
design comprising reduced-order stages (Fig. 3(a)) to significantly reduce sensitivity [4].  As a 
result, the first microring-resonator filters were demonstrated having high in-band extinction, 
greater than 50 dB (Fig. 3(b)).  They also showed 20 nm FSR, >30 dB adjacent channel rejection 
(drop port), and 2 dB drop loss.  Future work will address hitless wavelength tuning of the filters. 
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Microphotonics promise to revolutionize optics through the miniaturization of optical elements and 
dense integration on planar surfaces to achieve complex optical functionality crucial for future 
telecommunications networks, and for applications ranging from sensing to spectroscopy. For all 
of these applications, microring cavities have been identified as crucial building blocks.  Such 
cavities are necessary for the construction of on-chip filters and resonators, and have been the 
subject of intense study over the past decade.  Recent progress in design and lithographic 
techniques have given rise to the first telecom-grade add-drop microring based filters [1-3] in 
high-index contrast (HIC) SiN (1:2.2) materials systems.  Despite the remarkable performance 
achieved by these filters, they exhibit severe polarization sensitivities, rendering them useless 
when interfaced with fiber optics, which scramble the polarization of light transmitted within.  To 
address this issue we have demonstrated the first polarization insensitive HIC microphotonic 
device through polarization diversity scheme.  
 
The polarization diversity concept we explore is simple; it requires that the TE and TM 
polarizations of light entering the chip be split into separate ports on-chip. If the TM polarization is 
rotated to become TE polarization as well, both ports can be passed through identical (TE 
polarization) filters before they are recombined in an analogous fashion.  Proper implementation 
of this scheme results in the optical circuits seen in Fig. 1, necessarily adding a significant degree 
of complexity.  
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Figure 1: (a) Diagram of HIC optical circuit used to implement the polarization diversity scheme.  Several 
new components required for proper implementation, including a coupler, polarization splitter, polarization 
rotator, and waveguide crossings. (b) Optical micrograph of fabricated optical circuit.    
 
 
Optical studies of this integrated optical circuit were carried out with use of a tunable laser source 
and an electronic polarization controller enabling arbitrary polarization synthesis at the input of 
the device.  Light is coupled into and collected from the device with lensed fibers before it is 
passed through a monochromator. The monochromator acts as a tunable bandpass filter, 
enabling improved rejection of the ASE pedestal necessary for high-contrast thru-port 
measurements. The monochromator and the laser are synchronously tuned while the power 
transmission is collected at the output of the monochromator. The TE and TM eigenstates of the 
circuit could be identified through the transmission characteristics of individual microring 
resonators, and a large sample of other polarization states could be made by randomly sweeping 
the Poincaré sphere with the polarization controller. 
 
Despite the complexity and large number of components used in the fabricated optical circuit 
seen in Fig 1b, careful optical studies revealed truly remarkable optical performance. The drop-
port and thru-port response of cascaded 3rd order microring filters used in this polarization 
diversity scheme can be seen in Fig 2 for numerous input polarization states.  The thru-port 
response exhibits greater than 35dB in-band extinction over a 25GHz bandwidth, while the Drop-
port demonstrates a 2dB insertion loss and a 52GHz bandwidth. Through optical studies of the 
circuit, excitation of TE and TM polarizations can be seen, as well as 100 randomly chosen 
polarization states For both the thru and the drop ports the polarization dependent loss (PDL) of 
the entire circuit does not exceed 2.2dB. Such low filter PDL would not be achievable without 
good frequency alignment between the two fabricated filters, and outstanding performance from 
the polarization splitters, rotator and waveguide crossings [4-5].  It should be emphasized that no 
post-fabrication trimming or tuning was performed to achieve these results. 
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Figure 2: Transmission characteristics of cascaded 3rd order microring filter incorporating polarization 
diversity scheme. TE and TM eigenstates of the drop-port and thru-port are shown in solid, while 100 
randomly chosen states are displayed in grey. Circuit exhibits less than 2.2dB PDL over entire C-band.  
 
 
In conclusion, integrated polarization diversity was demonstrated as a means of constructing 
polarization-transparent microphotonic circuits from arbitrary polarization-sensitive microphotonic 
devices. A rigorous test case was created by realizing a polarization-transparent optical add-drop 
filter from polarization-sensitive microring resonators. The resulting microphotonic circuit is, to our 
knowledge, the most complex successfully realized. It demonstrated almost complete elimination 
of polarization sensitivity while maintaining impressive filter performance.  Polarization 
transparency is a key milestone for microphotonics. In this paper, we have shown that with the 
proposed approach and high-fidelity nanofabrication, HIC microphotonics, such as photonic 
crystal structures and microring resonators, can be used in real world applications today. 
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We describe hitless tuning mechanisms for microphotonic filters [1], and a proposed new class of 
optical interferometers that emerged from this work [2].  Microphotonic filters based on high-
index-contrast microring resonators, described in another section in this report, hold out 
considerable promise to enable chip-scale reconfigurable optical add-drop multiplexers (R-
OADMs).  For the wavelength channel that these filters operate on to be reconfigurable, the filters 
must not only be wavelength tunable, but also undergo the reconfiguration operation in a “hitless” 
manner.  This means that express channels in the wavelength-division-multiplexed (WDM) 
spectrum that are passing through the filter must not be disturbed during the reconfiguration of 
the filter from the current channel to a new target channel. 
 
A bypass interferometer is one way to achieve such “hitless tuning” functionality in a general way, 
by placing the filter in one arm of the interferometer.  To tune the filter, first the interferometer is 
made to continuously transfer the entire WDM spectrum from the filter arm to the bypass arm, all 
the while maintaining all express wavelengths unattenuated in the output port.  Once the signal is 
in the bypass arm, the filter may be tuned to any wavelength.  An implementation of such an 
interferometer, referred to as a hitless switch, based on antisymmetrically cascaded ∆β switches 
and an intermediate π differential phase shift was proposed by Prof. H.A. Haus in a memo in 
2003.  This work was presented with additions in [1].  It was shown that the device enabled 
hitless tuning of higher-order filters without substantial impairments.  Demonstration of such a 
hitless tunable filter based on microring resonators is in progress. 
 
As a follow-up to this work, we proposed a new general class of optical interferometers that are a 
generalization of this hitless switch, and of which it is a member [2].  They are illustrated in Fig. 1, 
and have the property that, in the absence of embedded filter F, all signal entering one input port 
(a1) exits one output port (b2’) at all wavelengths and at all times.  Only a few constraints are 
required:  A and A’ are 4 ports with 2 input and 2 output ports, A and A’ must be identical devices 
(except if non-reciprocal, magnetooptic devices, in which case A’ has a reversed bias field with 
respect to A in addition), they are substantially lossless and reflectionless, and are connected as 
shown in Fig. 1, with a π differential phase shift in the interferometer arms.  The generalization is 
made possible by the understanding that from a physical standpoint the recombining property 

 
 

Figure 1. General schematic of a universally balanced interferometer (UBI), with a filter inserted in one arm 
[3].  Based on only a few constraints, the interferometer recombines all input entering a1 into b1’, regardless 
of the details of A and A’. 
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relies only on time reversibility of Maxwell’s equations and a unitary phase condition that holds for 
lossless, reflectionless 4-ports.  This also leads to the required orientation of A’ with respect to A.  
Since the recombining property does not depend on the details of the device contained in A and 
A’, the devices are referred to as universally balanced interferometers (UBIs).  For example, they 
describe the general class of switches and their configurations that may be used for hitless tuning 
as described in [1].  However, the devices A and A’ need not be switches and may contain 
resonators, circulators, etc. 
 
Another important application of a UBI proposed in [2] is for multiplication of the effective free 
spectral range (FSR) and wavelength tuning range of microphotonic resonator-based filters, with 
virtually no excess dispersion.  While Vernier-type schemes have previously been employed to 
multiply the FSR of resonators, such schemes either do not preserve through-port channels [3], 
or else introduce excessive group delay and dispersion into through-port express channels due to 
the narrowband nature of the filters [4,5].  Because UBIs are coherent interferometers, they 
permit express channels to be arbitrarily split between the filter and the bypass arm in any ratio, 
and still recombine all those channels at the output.  Therefore, one may employ slowly-
wavelength-varying, lattice-type filters (cascaded Mach-Zehnder interferometers) as splitter A and 
combiner A’, as illustrated in Fig. 2(a).  They have minimal dispersion.  Their amplitude response 
(Fig. 2(b)) is designed to pass input signals with maximum efficiency to the UBI arm with the ring 
filter at one ring resonance, but to the bypass arm for the adjacent two resonances, thereby 
tripling the effective FSR (Fig. 2(d)).  Due to the low dispersion of A and A’, the complete filter 
sees no significant group delay, or group delay variation (dispersion) at suppressed resonances 
(Fig. 2(e)).  In fact, if splitter A is a lattice filter, it can be proved that the small dispersion they do 
exhibit is exactly canceled by the combiner A’ leading to identically zero excess dispersion 
contributed by the UBI (with the exception of waveguide dispersion itself that is always present). 
 
Other kinds of UBIs using splitters A and combiners A’ formed of resonant elements, as well as 
folded implementations have been also been investigated, and this new class of interferometers 
is expected to enable new device designs for multiple other applications. 
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Figure 2. Non-dispersive FSR multiplier (×3) for an add-drop filter [2]: (a) UBI with lattice-filter splitter/combiner and 
microring filter in one arm; (b),(c) splitter A and output port amplitude and group delay responses without ring filter show 
dispersionless broadband UBI; (d),(e) drop and output port responses with filter show small group delay at suppressed 
resonances. 
 



Chapter 29.  Optics and Quantum Electronics 
 

29-78  RLE Progress Report 148 
 

3. S.T. Chu, B. Little, V. Van, J. Hryniewicz, P. Absil, F. Johnson, D. Gill, O. King, F. Seiferth, M. 
Trakalo and J. Shanton, in Opt. Fiber Comm. Conf. 2, PDP9 (2004). 

4. Y. Yanagase, S. Suzuki, Y. Kokobun and S.T. Chu, J. Lightwave Technol. 20, 1525 (2002). 
5. M. Margalit, U.S. Pat. No. 6,839,482 B2 (2005). 
 
Global Design Rules for Silicon Microphotonic Waveguides and Resonators 
 
Sponsor 
Pirelli Labs S.p.A., Milan, Italy 
 
Project Staff 
Miloš A. Popović, Tymon Barwicz, Prof. Erich P. Ippen, Prof. Franz X. Kärtner 
 
Silicon microphotonics, based on waveguides with strong optical confinement that results from 
high index contrast (HIC), has been gaining ground as new applications emerge for densely 
integrated photonic circuits and the integration of electronics and photonics [1,2].  Yet, the 
majority of work with Si waveguides [3,4] has relied on ad-hoc waveguide designs, typically with 
square or 2:1 aspect ratio cross section (~450x200nm), and a rigorous theoretical consideration 
of optimal designs has been lacking.  On the other hand, it is important to understand the 
theoretical design tradeoffs of HIC waveguides, because HIC photonic circuits have extremely 
small critical dimensions and high sensitivities to dimensional error and sidewall roughness. 
 
In [5], we undertook a systematic, rigorous design study of silicon-in-silica waveguides and 
resonators with strong optical confinement (allowing high-Q, high FSR resonators), and while 
addressing critical parameters for tunable filters, sought optimal silicon waveguide cross-section 
designs.  Contrary to presently used 2:1 aspect ratio TE designs, we found that 6:1 aspect-ratio 
TE and 2:1 TM waveguide designs optimize resonance-frequency dimensional tolerances, optical 
metal-electrode loss and a number of other constraints in typical filters.  We investigated optimal 
waveguide designs in terms of cross-section and field polarization, with respect to an extensive 
set of practically relevant criteria: sufficiently large feature sizes; low sensitivity of resonance 
frequencies and waveguide-cavity couplings to dimensional variations; high Q and large FSR; 
small propagation loss due to waveguide roughness; and efficient thermo-optic tuning.  With a 
view toward thermally tunable high-order microring resonators, we found that dimensional 
sensitivity of the resonance frequency, and proximity of metallic heaters (causing optical 
absorption) ultimately determine the choice of design. 
 
Fig. 1(a) maps the set of largest single-TE-mode (SM-TE) and single-TM-mode (SM-TM) 

 

         
(a)      (b) 

 

Figure 1. Single-TE-mode (TE21 cutoff, 2 modes) and single-TM-mode (TM21 cutoff, 3 modes) rectangular 
Si waveguide dimensions of all aspect ratios; (b) TM waveguide effective and group indices for all 3 modes 
vs. aspect ratio [5]. 
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rectangular Si waveguides for all waveguide cross-section aspect ratios, AR.  Larger cross-
section increases confinement and achievable FSR, for a given bending loss, while for microring 
resonators excited by evanescent side-coupling single-mode waveguides are suited.  That is, 
only one resonator mode must be excited to avoid spurious spectral resonances and to prevent 
coupler loss due to low-Q spurious modes [2].  Mode effective indices specify confinement (bend 
loss) while in HIC guides mode group indices enter into the tunability, FSR, and cavity loss Q due 
to propagation losses,  Fig. 1(b) shows effective and group indices of SM-TM designs. Three 
modes are allowed in this case – TE11, the used TM11, and TE21 – because, by symmetry, TE 
and TM modes will not couple.  This unconventional “overmoded” SM-TM design, where the 
employed TM mode is not the fundamental (best confined) mode, is justified by the analysis of 
propagation loss [6] that shows that TM modes in wide, thin waveguides can radiate less than TE. 
 
Where active tuning and stabilization of individual cavities is undesirable, sensitivity of resonance 
frequencies to dimensional errors is critical.  It impacts the feasibility of producing multiple 
resonators with the same, or prescribed relative, resonance frequencies. Fig. 2(a) shows that 
near-square waveguides that might offer polarization-independent operation (without a diversity 
approach) have ~200GHz/nm sensitivity to width (and thickness) error making polarization 
insensitive operation very difficult to achieve, since subatomic dimensional control would be 
called for in filters of a few to 10’s of GHz bandwidth.  Typical TE guides with AR = 2 show 
~100GHz/nm and require dimensional control to picometers.  Recent frequency-matched HIC 
filters showed that a sensitivity of 40GHz/nm is manageable with high-fidelity nanofabrication [7].  
Fig. 2(a) shows that TE guides with AR>6 and TM guides with AR>1.8 have less than 40GHz/nm 
sensitivity.  Larger AR choices further reduce sensitivity.  On the other hand, upper bounds on the 
aspect ratio are imposed by confinement related issues, such as bend loss (Q), FSR, coupling to 
the Si substrate, and thermal tunability.  For thermally tunable Si add-drop filters optical loss due 
to optical field overlap with metallic heaters is the most critical parameter.  Fig. 2(b) shows that for 
TM guides with AR>2, a 100nm Cr slab placed above the waveguides must be displaced over 
1µm above a ring resonator to avoid spoiling a loss Q of 250k, suitable for a 40GHz-wide filter [8].  
TE waveguides are better confined, so AR<7 can be used with a 1µm waveguide-to-heater gap. 
 
A rigorous, global optimization study of Si waveguides was undertaken with critical parameters 
relevant for resonator-based filters.  We have found that Si microring resonator waveguide 
designs are constrained primarily by dimensional sensitivity and tuning requirements, giving two 
designs: TE-excited waveguides of AR=6, and TM-excited (“oversized”) waveguides of AR=2. 
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Figure 2. (a) Resonant frequency sensitivity to microring waveguide width for TE and TM designs (for thickness sensitivity 
AR → 1/AR, TE ↔ TM); (b) ring loss Q due to 100nm Chromium metallic slab (heater) at displacements above ring [5]. 



Chapter 29.  Optics and Quantum Electronics 
 

29-80  RLE Progress Report 148 
 

5. M.A. Popović, T. Barwicz, E.P. Ippen and F.X. Kärtner, in Conference on Lasers and Electro-
Optics (CLEO), Long Beach, California, May 21-26, 2006, paper CTuCC1. 

6. T. Barwicz and H.A. Haus, J. Lightwave Technol. 23, 2719-2732 (2005). 
7. T. Barwicz et al., J. Lightwave Technol. 24, 2207 (2006). 
8. M.A. Popović, M.R. Watts, T. Barwicz, P.T. Rakich, L. Socci, E.P. Ippen, F.X. Kärtner and 

H.I. Smith, in Proc. Optical Fiber Comm. Conf., 2005, OFK1. 
 
Optimizing Design of High-Index-Contrast Adiabatic Structures 
 
Sponsor 
Pirelli Labs S.p.A., Milan, Italy 
 
Project Staff 
Miloš A. Popović, Charles Holzwarth, Tymon Barwicz, Marcus Dahlem, Peter Rakich, Prof. Erich 
P. Ippen, Prof. Franz X. Kärtner, Prof. Henry I. Smith 
 
Silicon microphotonic waveguides with strong optical confinement that results from using high 
index contrast (HIC) are enabling high-Q, large-FSR resonators and densely integrated photonic 
circuits [1-3].  However, strongly confined structures generally have extremely high dimensional 
[4] and substantial wavelength sensitivity.  Yet, the design of broadband devices that are tolerant 
to dimensional errors is important in HIC silicon photonic circuits for integrated power splitters 
(directional couplers), waveguide crossings, polarization beam splitters, switches, etc. 
 
Integrated optical devices based on the adiabatic evolution of modes have been used 
successfully for some time to achieve broadband, tolerant operation [5-8].  Typically, the 
considered designs have relied on low-index contrast devices whose main drawback is that they 
require large lengths (order of magnitude larger) in comparison to devices based on direct or 
evanescent coupling mechanisms, but they are well suited to approximate design by coupled-
mode theory.  In strong-confinement-based devices, i.e. high-index-contrast, adiabatic structures 
are of greater practical interest because they can be very compact, in spite of the inherently 
required slow variation.  For a given device shape, crosstalk power to the nearest undesired 
mode falls off as 1/(δβ L)2, with δβ the effective index spacing of the mode of interest and the 
undesired mode, and L is the device length.  In other words, the required device length scales 
inversely with: δβ, and the root of the tolerable crosstalk power.  Recently, HIC polarization 
splitters and rotators were proposed that are only a few tens to hundreds of microns in length [8]. 
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In this work [9], we have investigated the design of optimum shapes for HIC adiabatic structures, 
where analytical approximations are not suitable for estimating the coupling among the structure 
modes along the length of the structure, because HIC structures support vector mode fields with 
significant discontinuities.  A design algorithm was found that allows optimal design of a HIC 
adiabatic structure in terms of certain criteria, based on a single rigorous numerical simulation, 
without iteration.  For a two-mode structure, it consists of rigorously computing the coupling 
strength along a linear-taper structure length by using a numerical mode solver and appropriate 
mode overlaps.  Then, a coordinate stretching function is computed that will warp the lengthwise 
coordinate of the structure in order to transform its linear-taper coupling distribution into a desired 
optimal coupling distribution.  A simple, closed-form nonlinear inversion formula was found that 
provides this transformation, based on given simulated and desired coupling distributions. 
 
The second part of the design problem is the choice of coupling distribution that minimizes length 
or crosstalk.  Since in the relevant operating regime of weak coupling the crosstalk vs. length is 
approximately the Fourier transform of the coupling distribution with device position [7], the choice 
of coupling distributions is known to be in some ways analogous to the choice of window 
functions in digital filters [6].  The best choice has not been clarified.  Although in digital filters 
certain window shapes are known to provide the best tradeoffs allowing narrow spectra with 
minimum sidelobe levels, we found that different window functions are optimal for optical devices.  
This is because digital filters typically consider window functions with unity amplitude.  On the 
other hand, it turns out that for a tapered structure of given length, the integrated coupling along 
length is constant independent of the coordinate warping of the structure in between.  This means 
that the area of the window function, rather than its maximum amplitude, is conserved.  Under 
this constraint, typically window functions resembling a rectangular coupling distribution provide 
the shortest structures, with smoothing applied near the edges to suppress sidelobes.  This leads 
to designs resembling the so-called Tukey window with parameters adjusted to be find a near 
rectangular window.  Several other aspects including contributions of evanescent modes provide 
additional design modifications in high-index-contrast.  Further work will describe extension of the 
approach to multiple and leaky modes, i.e. the case of loss, in HIC. 
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Figure 1. Optimized design of SiN adiabatic HIC “waveguide crossing” (100%) coupler [9]: (a) schematic of 
SiN structure, (b,d) mode coupling and eff. indices along device length, (c) predicted crosstalk is <20 dB for 
devices only 20 µm long, (f) scanning electron micrograph of fabricated device, (e) measured spectra of 
100 µm long device shows 20dB extinction. 



Chapter 29.  Optics and Quantum Electronics 
 

29-82  RLE Progress Report 148 
 

Designs in Si-rich SiN and in silicon wire waveguides were produced and experimentally realized.  
Fig. 1 shows a broadband “waveguide crossing” or 100% coupler in HIC SiN, showing proper 
operation over 1500-1600nm and 20dB measured extinction between the cross-port and bar-port.  
Fig. 2 shows a silicon Mach-Zehnder interferometer, showing 27dB extinction over 60nm in both 
ports.  This corresponds to better than 55:45% splitting ratio over that wavelength range.  Work is 
under way to combine these structures with resonators in more complex photonic circuits. 
 

References 
1. B.E. Little, “Advances in microring resonators,” in Proc. IPR Conference, 2003, pp. 165-167. 
2. F.X. Kärtner et al., Invited Paper, Photonics West 2006. 
3. V.R. Almeida, C.A. Barrios, R.R. Panepucci and M. Lipson, Nature 431, 1081 (28 Oct 2004). 
4. M.A. Popović, T. Barwicz, M.R. Watts, P.T. Rakich, L. Socci et al., Opt. Lett. 31, 2571 (2006). 
5. Y. Shani, C.H. Henry, R.C. Kistler, et al., IEEE J. Quantum Electron. 27, 556 (1991). 
6. A. Syahriar, V.M. Schneider and S. Al-Bader, J. Lightwave Technol. 16, 1907 (1998). 
7. G.H. Song and W.J. Tomlinson, J. Opt. Soc. Am. A 9, 1289 (1992). 
8. M.R. Watts, H.A. Haus and E.P. Ippen, Opt. Lett. 30, 967 (2005). 
9. M.A. Popovic, Ph.D. Thesis, MIT, to be published. 
 
Efficient Out-of-Plane Microphotonic Fiber-to-Chip Coupler Designs  
 
Sponsor 
Air Force Office of Scientific Research (AFOSR), FA9550-04-1-0011 
 
Project Staff 
Mingyan Fan, Miloš Popović, Maxime Defosseux, Tymon Barwicz, Prof. Franz X. Kärtner 
 
In optical networks, optical-electrical-optical (OEO) conversions at the nodes constitute 
bottlenecks in network performance. Due to the ever-increasing demand for speed and 
performance, an important research area in optical communications is to eliminate the need for 
optical-electrical conversions through the development of all-optical signal processing units for 
switching, wavelength routing, dispersion compensation, etc. These optical signal processing 
devices are well suited to implementation in nanophotonic waveguides, and thus a problem of 
fiber to chip connection emerges, wherein a means is required to efficiently couple light from the 
large-area mode of an optical fiber into the submicron mode of a nanophotonic waveguide. 
 
We present a novel grating-based fiber-to-chip coupler design, with grating teeth engineered to 
provide high directionality while requiring a minimum of lithographic layers and fabrication 
complexity [1].  The idea of using periodic structures such as gratings to couple out-of-plane light 
into waveguides has been around since the 60s/70s [2].  The concept has seen a revived interest 
recently for high index-contrast (HIC) microphotonics due to the strong HIC scattering that 

 
 

Figure 2. Adiabatic Si-core structures [9]: (a) adiabatic 3dB coupler design and (b) Mach-Zehnder interferometer using 
adiabatic 3dB couplers, (c) measured MZI spectra show >27dB nulls over 60nm, indicating better than 55:45% splitting. 
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enables all input light to be coupled out vertically over a 10µm grating length, which is the width of 
a fiber mode, and thus necessary for efficiently coupling to it. The goal of this project is to 
contribute to the understanding and resolution of this out-of-plane coupler problem through the 
design of a grating-based out-of-plane coupler for connection between fiber and nanophotonic 
waveguides, and in particular through the proposal of a simple and efficient solution to a standing 
problem of radiation directionality in gratings. 
 
One of the major challenges in designing such a coupler is achieving high directionality in the 
transfer of light from the waveguide to the fiber. In order to do so, the designed grating needs to 
be highly asymmetric. The coupler device consists of an etched grating on top of a nanophotonic 
waveguide. The optical fiber that couples light into and out of the waveguide is placed vertically 
above the coupler grating. Due to the almost symmetric layering of the waveguide and under the 
assumption of a weak grating, half of the radiated power travels upwards toward the fiber and half 
propagates downwards into the substrate. In order for the power incident from the left side of the 
waveguide to be fully coupled to the fiber placed above, without loss of radiation into the 
substrate, vertical symmetry in a simple uniform grating needs to be broken.  In recent work [3], a 
gold metallic reflector layer was deposited on one side of a grating coupler to increase 
directionality into a single (upward) radiation direction.  However, this approach is highly 
complicated, requiring wafer bonding, back-thinning, and metallic layers. 
 
In addition, diffracted power from the waveguide needs to couple to a fiber, which can be 
accurately modeled as having a Gaussian field distribution. Thus the distribution in the beam 
cross-section of diffracted power from the grating must also be approximately Gaussian to give 
the best coupling. Light from the fiber placed directly above the waveguide is diffracted by the 
grating structure and couples into the underlying waveguide. Due to the inherent horizontal 
symmetry of the uniform grating, light captured into the waveguide is divided equally and 
transmitted and propagated towards either the left or right end of the waveguide. By the 
reciprocity theorem, efficiency for coupling in one and the other direction is the same (e.g. from a 
fiber above to the left waveguide port, and the reverse), so a vertically and horizontally symmetric 
grating promises no better than 25% coupling efficiency in principle. 
 
We have taken a design approach based on antenna theory, decomposing the grating coupler 
radiation into contributions due to an element pattern (tooth design) and array pattern (grating 
periodicity).  To resolve the vertical symmetry issue, we break the symmetry by design of the 
geometry of a single grating tooth, i.e. the element pattern. By applying concepts of antenna 
theory to achieve total destructive interference for the downward radiation and constructive 
interference of radiation upwards, the single grating tooth can radiate asymmetrically and achieve 
high directionality. For the horizontal symmetry, the uniformity of grating tooth sizes may be 
apodized in order to break up the symmetry lengthwise along the grating. In fact, a radiation 
distribution profile of the grating that closely resembles that of a Gaussian field distribution yields 
highest coupling efficiencies.  
 
Following the proposed approaches, we are able to demonstrate high upward vs. downward 
radiation directionality ratios of 10-20:1 (Figure 1) with designs that only require a two-level etch 
fabrication process, as predicted by finite-difference time-domain (FDTD) simulation. Efficient 
coupler designs are in both SiN and SOI core waveguides, with extensibility to other high-index-
contrast waveguides. Due to limited index contrast in the SiN with HSQ overcladding design, the 
efficiency coupling to a standard 10um fiber is 45% (Figure 2a), but in the SOI design, the 
coupling efficiency is improved to 73.9% (Figure 2b). 
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To further assess the validity of the design, an experimental demonstration of a design to be 
fabricated in SiN is forthcoming. 
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Figure 1. Coupler design directionality results (a) SiN with HSQ overcladding showing up/down ratio of 18:1 
or 94.83%, and (b) SOI with HSQ overcladding showing up/down ratio of 14:1 or 93% directionality.  
 

         
(a)    (b) 

 

Figure 2. Coupler efficiencies: (a) SiN with HSQ overcladding with efficiency coupling to a fiber of 45%; (b) 
SOI with HSQ overcladding with adjusted efficiency coupling to a fiber of 73.9% 
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High index contrast waveguides offer such benefits as 
miniaturization of optical integrated circuits, increased FSR 
of ring filters, etc. However, it is more difficult to couple light 
from a standard single mode fiber to waveguides with a 
small cross-section. We are developing horizontal fiber-to-
chip couplers to couple light from standard single mode 
fiber to a high-index contrast silicon waveguide, which has 
a mode field cross section about 500-1000 times smaller 
than the fiber. The coupling problem is illustrated in Figure 
1. As a first step, we are solving the problem of coupling 
from a high-index contrast (small-core) fiber with mode field 
diameter of about 4 microns instead of a standard single 
mode fiber with mode field diameter of about 9 microns. 

 
Figure 1.  Problem of coupling of 
single mode fiber to Si waveguide. 

Starting from the silicon waveguide in Fig. 2 we open up the very small field diameter of about 0.5 
micron in the silicon waveguide by overcladding the waveguide with a polymer and tapering the 
silicon waveguide to a few 10’s of a nanometer tip over a length of a few hundred microns. This 
presses adiabatically the mode out of the silicon waveguide and matches it to the polymer 
waveguide with a mode field diameter of about 4 micron. Fig. 3 shows the intensity distribution of 
TE modes in the taper for several widths of the Si waveguide. For widths less than 80 nm, the 
mode is well matched to the polymer waveguide mode. The dimensions of the polymer 
waveguide are matched to the mode of the fiber so that the coupling loss at the input interface 
does not exceed 0.2 dB. We envision that based on this concept couplers with less than 1 dB 
overall losses can be fabricated. 

 

Figure 2. Coupler from a small core fiber to high-
index contrast Si waveguide. 

Figure 3. TE mode at several positions along 
the taper; w is the Si waveguide width. 
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The goal of this program is to leverage the low jitter properties of mode-locked lasers to achieved 
an electronic-photonic integrated circuit (EPIC) that facilitates high speed analog-to-digital 
conversion (ADC) beyond the bottleneck set by electronic jitter. Several photonic ADC techniques 
have been investigated in recent years [1,2].  The photonic ADC architecture pursued here in the 
form of an EPIC is known as time-interleaved optical sampling using wavelength-division 
multiplexing (WDM) [2] techniques. The envisioned EPIC is shown in Figure 1. A chirped optical 
clock signal from a mode-locked laser is channelized in time using precisely-tuned WDM filters to 
create time-interleaved optical sampling signals, each  

 
Figure 1: Schematic layout of EPIC for high-speed ADC. 

 
operating at the rate of the mode-locked laser.  The total sampling rate is then the optical clock 
rate times the number of WDM channels.  However, in order to realize the high resolution, the 
sampling times of the interleaved channels must be uniform, the converter gains from each 
channel must be closely matched, and the sample memory effects must be minimal.  These 
characteristics require monitoring and very tight feedback control of the WDM filters which is most 
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easily possible with an EPIC. The ADC chip requires the development of a number of devices: 
WDM filter banks with large FSR and precise control of relative resonance frequencies, wideband 
optical modulators, Ge- photodetectors, and low jitter femtosecond lasers, potentially also 
integrated. These devices are pursued in a close collaboration between research groups at MIT 
Campus and MIT Lincoln Laboratory in various technologies.  All these devices and techniques 
must be integrated on a CMOS compatible technology platform. As an example the proposed 
ADC chip requires filters with large free spectral range (FSR) and low loss.  These two key 
requirements call for microring filters fabricated in a high-index contrast (HIC) material system. 
 
The microring resonator filter designs used for fabrication of the filter banks presented here are 
based on to the design described in [3].  By utilizing this design with the HIC materials of silicon-
rich silicon nitride (n =2.2 @ 1550 nm) forming the core, and silicon dioxide (n =1.455 @ 1550nm) 
or air cladding a very wide FSR of 20 nm is realized.  The filter design was fine tuned to achieve 
the objective of a 3 dB bandwidth of 50 GHz and less than 30 dB adjacent channel crosstalk for 
150 GHz spaced channels.  The critical feature size of the gap between the bus and ring 
waveguides is 160 nm for these filters  (Figure 2a). 
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Figure 2: (a) Top view of second order microring resonator filter.  (b) Cross-section view of bus waveguide 
showing smooth vertical sidewalls. (c) Through- and drop-port characteristics of filter bank with second order 
single stage filters and 159 GHz channel spacing. Frequencies are all relative to 1540 nm. 
 
 
Direct-write scanning electron beam lithography (SEBL) was used due to its combination of high 
resolution and high level of dimensional control. The basic fabrication process used is similar to 
that described in [4].  Controlling the resonant frequency of HIC microring resonator filters 
requires an extremely high level of dimensional control. To overcome the discretization in e-beam 
step size, e-beam dose modulation is used.  The filter showed channel spacings of about 159±6 
GHz, a channel bandwidth of 46.5GHz, a drop loss averaged over 40 filters of 1.5±0.5 dB and a 
adjacent channel crosstalk of less than -30 dB,.(Figure 2(b)).  Fine tuning of filters to an exact 
frequency grid by thermal means (heaters) is in progress. Description of the other devices 
necessary for the EPIC ADC-chip can be found in various summaries of the participating groups 
throughout this progress report. 
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One of the most important electro-optic devices for future electronic-photonic integrated circuits 
(EPIC’s) based on silicon technology is a CMOS-compatible high-speed optical modulator that 
converts electronic signals into optical signals. The plasma and thermal effects in silicon have 
long been known as efficient means to achieve such modulation [1]. Early on p+in+-structures 
based on the plasma effect have been proposed and realized for silicon-based optoelectronic 
phase and amplitude modulators with switching speeds up to 10MHz [2]. The speed of these 
devices was limited by carrier recombination. Very recently a modulator based on a MOS 
structure has been reported operating at 10GHz speed [3]. However, this device needs an 
applied voltage of 5 to 10V with a figure of merite VπL>1V cm which are both rather large for 
EPIC applications. In this project, we investigate high-speed electro-optic modulators based on 
high-index-contrast silicon strip waveguides that minimize optical loss, power consumption and 
voltage-length products while increasing the modulation bandwidth.  

 
Fig. 1. Mach-Zehnder modulator with coplanar RF-feeder shown in top view (a) and cross section (b). 

 

 
Fig. 2.  SEM images of the cross-section of the modulator waveguide. 

  
 
A schematic layout of the modulator is shown in Fig.1(a) which depicts a conventional Mach-
Zehnder arrangement and Fig.1(b) which shows a schematic cross-section through one of the 
electrically driven phase modulator sections. The light intensity is modulated by the phase shift 
induced in each arm of the interferometer due to carrier injection. Fig. 2 shows SEM images of 
the modulator waveguide cross-section. The diode was fabricated with a standard CMOS 
compatible lithography process. The fabricated waveguide dimensions are wxh=520nmx220nm. 
Aluminum is used as electrical contact on top of the highly doped contact regions to minimize the 

P+ N+
wrwd 

h 

doping1 doping2
hs

WG

w 

λ (a) 

(b) 

2 µm 

Aluminum 

200 nm 

silicon oxide

oxide



Chapter 29.  Optics and Quantum Electronics 
 

  29-89 

contact resistance. The waveguide sidewalls are lightly doped to reduce resistance without 
incurring excessive optical loss. If the intrinsic region of the modulator is doped, it can also be 
used in reverse-bias by modulating the width of the depletion region thereby sweeping the 
carriers in and out of the waveguide.  

 
The electrical to optical frequency response |S21|2 of a Mach Zehnder modulator with 0.25 mm 
long p+in+-sections in forward bias operation and a 6 mm long device in reverse bias operation 
has been measured (see Figure 3a). For the forward bias regime, the electrical bandwidth f3dB is 
about ~200MHz. In this mode of operation, the bandwidth is carrier lifetime limited. Due to 
surface recombination, the lifetime of this device is expected to be τ≈1ns, f3dB ≈1/2πτ=160MHz, 
which is consistent with the measurement. The optimum bias voltage is ~1V with a current of 
~10mA. The electrical power consumption for a 0.5mm long device at 25% modulation depth is 
shown in Fig. 3.b. At low frequencies 10MHz, only 1µW of RF drive power is necessary to 
achieve 25% modulation depth. Even at 10GHz, only 20mW is needed. A VπL product of 0.02 
Vcm at 10MHz was achieved for forward biased operation in a separate measurement for a 1-mm 
arm-length device. Under reverse biased operation the modulator is expected to have broad 
bandwidth only limited by the saturation velocity 107cm/s in silicon resulting in f3dB = 
2.4/2πτdrift≈80GHz [4]. However, sofar the measured bandwidth is limited to f3dB~2GHz. The 
response of the device under reverse bias is much weaker, thus it requires a longer arm length of 
6.0 mm. The optimum bias voltage was ~9 V with a current less than 2 µA for reverse bias 
operation.  
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Fig. 3. (a)    Frequency response of a 0.25 mm long Mach Zehnder modulator operated in    
                   forward bias, and a 6.0 mm long Mach Zehnder modulator in reverse bias. 

(b) Power Consumption of a 0.5 mm long Mach Zehnder in forward bias with 25%    
                                  modulation depth 
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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-laser-
based 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 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 study two-dimensional photonic crystal 
slab waveguides with a system utilizing free-space optics [3,4]. While this is an effective means of 
generating supercontinuum centered at 800 nm, it is difficult to efficiently extend the spectral 
range past 1.5 microns. Furthermore, the short lengths of photonic crystal fiber used to construct 
such sources exhibit severe polarization drift, over time.  This can be detrimental to the study of 
polarization sensitive devices such as photonic crystal waveguides and cavity modes. In contrast, 
we have developed unpolarized 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].  
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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 a 55.6 cm length of bismuth oxide-based erbium-doped fiber (Bi-EDF), 1.8 m of 
low-nonlinearity single-mode 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. 
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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 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.  
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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 on 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 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 
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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.  

 

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 
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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 
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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The field of integrated optics promises to provide a practical and scaleable means of routing and 
switching light for applications ranging from telecommunications networks to sensing and 
spectroscopy.  However, a key barrier to the development of dynamic integrated optical circuits is 
the lack of a practical means of enabling large changes in waveguide effective-index (∆neff).  
Large ∆neff is critical for the development of widely tunable filters and for scaling active 
components to smaller size.  Currently, thermo-optic tuning is the only widely implemented 
means of producing a ∆neff in optical circuits [1-3], but it has insufficient range and is slower than 
desired for many applications. 
 
We have demonstrated ultra-wide tunability through evanescent perturbation of a large free-
spectral-range (FSR) micro-ring resonator. Geometrical tuning mechanisms, such as evanescent 
tuning, have the distinct advantages that they are material-system independent and that they 
enable large ∆neff with small power dissipation. In what follows, a 1.7 % frequency shift is 
demonstrated (or 27 nm tuning near 1565 nm) in a microring resonator without significant 
distortion of the cavity resonance.  Furthermore, complete recovery of the resonance is found 
when the perturbing body is removed.  Experiments are carried out with a novel silica-fiber probe 
which provides access to the evanescent field of an air-clad high-index-contrast (HIC) ring-
resonator mode.  As the probe is advanced toward the ring resonator, the probe-ring distance is 
found through simultaneous nanometric distance calibration and force measurements. 
 
For the purposes of this study, a silicon-rich silicon-nitride ring resonator of the type described in 
Ref. 4, but of first order, is considered.  The ring resonator was designed for operation at 1.5 µm 
wavelengths, with an FSR of 27 nm. The mode of the air-clad ring resonator has an evanescent 
field extending outside the guide in the direction normal to the plane of the ring.  Consequently, a 
dielectric body can be placed above the ring such that it uniformly penetrates the evanescent field 
of the ring (see inset of Fig. 1(b)).  This produces an increase in effective index of the mode, 
resulting in a shift of resonance frequency.  If the perturbing dielectric is comprised of silica, a 
maximum theoretical tuning range of 29.9 nm at an operating wavelength of 1565 nm is possible. 
The tuning closely approximates an exponential as a function of distance z from the ring, with a 
decay length of 1/α ≅ 91.6 nm, making it evident that a high degree of positional control is 
required. 
 
The major challenge in a laboratory implementation of the geometry shown in Fig. 1(b) is the high 
degree of angular alignment required between the perturbing body and the ring resonator 
(typically microradians). This alignment issue is addressed through a novel probe design 
illustrated in Fig. 1(a).  It utilizes a fiber-taper near the end of the probe, which allows the fiber 
end to lie parallel to the surface when in contact with the substrate of the ring resonator. The 
fabrication process for this probe is outlined in the inset of Fig. 1(a).  First, the fiber is tapered to 
several microns, forming a flexible joint. Then the face of the probe (used to perturb the ring 
resonator) is formed by a fiber cleave, and annealed until a small amount of glass reflow occurs, 
ensuring an ultra-smooth surface. 
 
The apparatus used to perform evanescent perturbation experiments can be seen in Fig. 1(a).  It 
consists of the silica fiber probe (described above), which is mounted on a cantilever having a 
force constant of ~5000 N/m.  The probe-cantilever assembly is advanced with a distance-
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calibrated piezo translation stage such that it can be brought in and out of contact with the ring-
resonator device.  Motion of the cantilever and probe relative to the device is monitored with an 
interferometer, one end of which is formed by the cantilever.  Position is read through rapid 
interrogation of the interferometer with white light from an erbium-doped fiber amplifier (EDFA) 
and an optical spectrum analyzer (OSA). Force experienced by the probe can be precisely 
measured from the cantilever deflection.  Broadband EDFA light is also coupled into and 
collected from the ring resonator device with lensed fibers to measure the micro-ring response.  
Experiments were performed by simultaneously measuring the ring resonator drop response, 
cantilever position, and forces of probe-sample interaction. 
 
The results of a tuning experiment can be seen in Figs. 1(c)-(e).  Fig. 1(c) shows the ring 
resonance frequency as a function of the cantilever height measured by the interferometer.  Each 
data point (circle) represents the resonant wavelength obtained from measurements of the drop 
port of the ring resonator.  The force and force derivative experienced by the probe over the same 
range of cantilever displacement are displayed in Fig. 1(d-e).  In Fig. 1(d) two trends can be seen: 
(1) for smaller positions (i.e. position ≤ 1270 nm) an exponential change in resonance wavelength 
covers a 25 nm tuning range; (2) for positions larger than 1270 nm (indicated by the vertical 
dashed line) there is a very gradual change in ring resonance frequency.  In interpreting these 
two tuning regimes, the forces of interaction between the probe and sample (seen in Fig. 1(b)) 
provide insight.  For the evanescent tuning regime attractive forces (negative in sign) are 
experienced by the probe, which are due to a combination of capillary and Van der Waals 
interactions as the probe approaches flush contact [5].  Snap-down of the probe can be seen at 
1270 nm most clearly through a sharp increase in the derivative of the force, corresponding to the 
maximum in the exponential portion of the tuning curve.  After this point, the probe remains flush 
with the device resulting in compression of the probe, which is seen as a large positive slope in 
the force curve.  

 
Fig. 1. (a) Tuning apparatus and (inset) probe fabrication process; (b) measured resonance wavelength of 
microring vs. distance of probe from ring surface (inset – schematic of tuning geometry); (c,d,e) resonance 
wavelength, force and force derivative vs. cantilever position. 
 
 
Through an analysis of the force and force derivative measurements, the probe-ring distance can 
be placed on an absolute scale and compared with theory, as seen in Fig. 1(b).  An exponential fit 
of the tuning versus probe-ring distance reveals a decay length of 87 ± 4 nm and a maximum 
tuning of 24.8 nm, which agrees with the theoretical decay length of 91.6 nm and maximum 
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tuning range of 29.9 nm.  Tunings as large as 27 nm were obtainable by contacting the ring using 
unique points of the probe face, indicating that conformation of the probe surface plays a role in 
limiting the maximum possible perturbation.  High-speed acquisition of spectra shows that 
throughout the tuning process the resonance shape appears to be preserved.  Additionally, when 
the fiber is raised again the unperturbed resonance is fully recovered, demonstrating a negligible 
degree of hysteresis, which suggests no material exchange between the probe and ring. 
 
In conclusion, high-fidelity reversible tuning was demonstrated over 1.7% frequency range 
through evanescent tuning.  In this experiment, a uniform silica perturbing body was used, 
although it should be noted that with higher-index perturbing structures, upwards of 3% tuning 
could be implemented through the same range of motion.  Furthermore, higher index-contrast 
waveguides (such as silicon) can tolerate stronger perturbation before coupling to radiation 
modes occurs, which should further enhance tuning ranges. For more information see Refs [6-7]. 
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One of the interesting effects observed in photonic crystals (PhCs) is the propagation of optical 
beams without diffraction. Referred to as super-collimation (or self-collimation), this optical effect 
allows diffraction-free propagation of micron-sized beams over centimeter-scale distances. It is a 
natural result of the unique dispersive properties of PhCs, and no nonlinearities or physical 
waveguides are required. Self-collimation was first observed by Kosaka et al. in a 3D PhC [1] and 
by Wu et al. in 2D triangular [2] and square [3] lattices, over relatively short distances (hundreds 
of microns). We have recently reported centimeter-scale super-collimation in a large-area 2D 
photonic crystal [4]. A natural metric for the scale of collimation experiments is the isotropic 
diffraction-length over which a Gaussian optical beam would normally spread by a factor of 21/2 in 
an isotropic medium: Ld = π.ω2 / λx where ω is the Gaussian beam waist radius and λx = 2π / kx is 
the wavelength of the light in the direction of propagation. A figure of merit for super-collimation is 
the ratio of the observed length of collimated propagation to the isotropic diffraction length Ld. The 
utility of super-collimation is strongly linked to the distance over which it can be maintained, and 
the figure of merit is important since it dictates the maximum density and complexity of optical 
circuits based on super-collimation. Previous experimental studies showed figures of merit 
smaller than 6 [5]. In this work we observe figures of merit of more than 600. 
 

 
 

Figure 1 – Super-collimation over a 0.3 cm sample. (a) SEM image of the fabricated 
large-area PhC. (b) Top view of the TE-light guided along a 0.3 cm-long PhC, acquired 
with an IR camera, and NSOM images of the collimated beam at positions labeled (1)-(3) 
(corresponding to 0.02, 0.10 and 0.30 cm along the device), and beam cross-section with 
Gaussian fit, obtained from the intensity map at position (3). 

 
 
Super-collimation is studied over centimeter-length-scale distances in a large-area 2D PhC with a 
square lattice of air holes in a thin silicon film – Figure 1(a). Our 2D PhC was fabricated in a 
silicon on insulator (SOI) wafer, using interferometric lithography and reactive ion etching [6], and 
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was designed to operate in the 1500 nm wavelength range for TE radiation (electric field parallel 
to the 2D plane), in the lowest energy band (close to the edge of the bandgap). The lattice 
constant is a = 350 nm and the hole radius is r = 0.3a. The projected band structure of the PhC 
slab under study was computed with a 3D frequency-domain eigenmode solver, and around 
λ = 1500 nm the computed surfaces showed remarkably little spatial dispersion in the transverse 
wavevector. 
 
We experimentally observed that the optimum wavelength for super-collimation was 
approximately 1500 nm, and we measured losses of (3.6 ± 0.5) dB/mm. A coarse contact-mode 
near field scanning optical microscopy (NSOM) technique [7] was used to obtain high resolution 
images of the beam profile at different positions along the PhC, showing that a 2 µm-wide beam 
was conserved over 0.3 cm of propagation – Figure 1(b). The beam profiles were fitted to 
Gaussian functions yielding full widths at half maximum (FWHMs) in intensity of 2.1, 2.1 and 2.3 
(±0.2) µm, for positions (1)-(3), respectively. In addition, high-resolution confocal measurements 
confirmed super-collimation after 0.5 cm of propagation – Figure 2. 
 

  
Figure 2 – Confocal image (displayed as a 
surface-plot) at the output of a 0.5 cm-long PhC, 
showing the TE beam profile at the 
super-collimation wavelength. The inset shows a 
Gaussian fit to the data and returns a FWHM of 
2.2 µm. 

 
Figure 3  –  Frequency dependence and disorder 
effects on super-collimation. (a-c) Experimental 
results. (d-f) Simulated results through BPM. 

 
 
The results of this experiment show figures of merit as high as 376, which correspond to 
super-collimation over more than 14,200 lattice constants. Additional studies of a 0.8 cm-long 
PhC device yielded measurements of beams with similar transverse profiles, and figures of merit 
closer to 600. Both frequency dependence and effects of disorder were observed experimentally 
– Figure 3(a-c) – and studied through the beam propagation method (BPM), based on the 
computed dispersion surfaces – Figure 3(d-f). For a normalized frequency of ω = a/λ = 0.233 the 
beam divergence is negligible. The discrepancy between measurements and simulations is 2%, 
and the beam break up is due to short scale disorder, such as fabrication roughness (RMS 
fluctuation in the hole-radius of 0.6 nm). We show that super-collimation possesses inherent 
robustness with respect to short-scale disorder and this work presents an important step toward 
enabling flexible high density optical interconnects. 
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Micromachining using femtosecond laser pulses is a powerful and versatile technique for 
fabricating photonic devices. It is capable of writing three-dimensional structures and has the 
potential for high-density integrated photonic circuits, thus providing enhanced functionality not 
possible in planar geometries. In contrast to the conventional semiconductor-based fabrication 
process, the micromachining process utilizes relatively simple equipments, allowing for rapid 
construction of a variety of devices. Important elements of the fabrication system consist of a 
femtosecond laser and computer controlled three-dimensional stages. 
 
Specifically, we are using a three-axis air-bearing stage system that provides nanometer 
resolution and full three-dimensional computer control. Typically glass samples are located on top 
of the stages and moved according to software commands, while femtosecond pulses are 
focused inside the samples. In our case, those pulses are emitted from a homemade extended 
cavity Kerr-lens-modelocking Ti:Sapphire laser with ~150-nJ energy. The repetition rate and 
pulse duration of the oscillator are 5.85 MHz and 45 fs, respectively [1]. In contrast to amplified 
lasers, it has the repetition rate high enough to accumulate heating effects, which enables device 
fabrication approximately three orders of magnitude faster than the amplified laser case. 
Moreover, generally MHz-range lasers are advantageous for fabricating waveguide devices since 
the photomodification is caused mainly by thermal diffusion, resulting in symmetric cross-sections 
of modified regions, while kHz amplified lasers cause elliptical cross-sections due to nonlinear 
absorption and plasma generation highly dependent on the focal volume [2]. Finally, the relative 
high energy in our laser system enables us to overcome the restriction to very high numerical 
aperture objectives, thus giving greater flexibility and versatility to the machining process.  
   
Since the first demonstration for modifying refractive indices in glass materials [3], various 
structures have been fabricated via direct writing using femtosecond lasers [4-17]. They include 
not only a wide variety of planar devices, such as several types of couplers [4-7], interferometers 
[8, 9], and active waveguides [10, 11] but also three-dimensional structures, such as optical 
splitters [12, 13], interconnections [14], wavelength-division multiplexing couplers [15], and 
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directional couplers [16, 17]. In following sections, we will discuss the telecom-wavelength 
characterization of waveguides and measurement results of 3x3 couplers we recently fabricated.  
 
 
1. Basic Characterization of Waveguides 
 
After photonic devices are directly written in a glass substrate, usually its surfaces where the 
beam is coupled are polished for efficient light coupling. Then, it is located on a waveguide 
manipulator sandwiched between two XYZ stages holding fibers. Either amplified spontaneous 
emission (ASE) from an Erbium-doped fiber amplifier (EDFA) or the light emitted from a 1.5µm 
tunable laser source is coupled into waveguides written in the substrate. Another butt coupled 
fiber at the other side of the substrate picks up waveguide outputs, enabling readings from an 
optical spectrum analyzer or power meter. To minimize coupling losses, index matching oil is 
applied between the fiber tips and waveguide surfaces. A charge-coupled device (CCD) camera 
with a microscope objective is used for alignment. 
 
To analyze basic properties of direct written waveguides, we fabricated the structure shown in 
Fig. 1(a), consisting of straight and curved waveguides, in soda lime glass substrates (Corning 
0215, n=1.515), while varying the parameters, such as laser power, beam polarization, bending 
radius, and writing speed. When the writing speed was too fast and the writing power was too 
low, we observed weaker confinement of light, leading to larger output beam profiles. On the 
other hand, when the exposure is too high, i.e., in the case of high power and low speed, 
multimode guiding occurs. Typically, nicely guided single-mode beam profiles, as shown in Fig. 
1(b), were observed when the pulse energy is approximately ~15 nJ and the writing speed ranges 
from 5 mm/s to 20 mm/s. 

 
Figure 1. (a) Layout of the structure for measuring basic properties of direct written waveguides. (b) Typical 
near-field beam profile at the waveguide exit 
 
 
One important property of a waveguide is its loss. We measured losses of straight and curved 
waveguides for different parameters. In the straight waveguide case (bottom part in Fig. 1(a)), 
while varying the beam polarization and writing speed, we measured insertion losses for different 
lengths of waveguides to find out propagation and coupling losses. Fig. 2(a) shows the losses as 
functions of writing speed when the pulse energy was ~18 nJ. For both polarizations, the 
propagation loss was the lowest with the speed of 10-20 mm/s and the coupling loss got slightly 
lower when the speed decreased. Typical propagation and coupling losses were approximately 
0.4dB/cm and 4 dB, respectively. In the curved waveguide case, we fabricated the S-type bend 
consisting of two arcs with identical bending angles of 15 degrees but radii of curvatures opposite 
in sign, as shown in Fig. 1(a). We used radii of 5, 10, 20, 50, and 100 mm. When the insertion 
loss is measured for the waveguide, it will include transition losses between straight and curved 
parts and between the arcs. However, the loss caused by radiation along the curved parts 
dominates. Fig. 2(b) shows the insertion loss as a function of bending radius, as measured for 
different writing speeds. As well known, the bending loss increases as the radius gets smaller. 

(a) (b) 
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Also, the plot shows that as the writing speed decreases, the bending loss gets lower, indicating 
that the curves with higher refractive-index cores have reduced radiation.  

 
Figure 2. Losses as functions of writing speed (a) for straight waveguides with transverse-magnetic (TM) 
and transverse-electric (TE) polarized fields and (b) for S-bends with speeds of 2, 5, 10, and 20 mm/s 
 
2. 3x3 Couplers 
 
One of the important applications of optical, symmetric 3x3 directional couplers [18] is optical 
interferometer-based sensors because they enable the detection of the direction of an 
interferometer arm phase change caused by an analyte. A Michelson interferometer-based low-
coherence reflectometer and optical coherence tomography have already been demonstrated via 
symmetric 3x3 couplers for optical signal processing [19, 20]. Although those couplers were 
based on fiber optics, the integrated optical type is preferable because it offers such advantages 
as flexibility in photonic circuit configuration and mass production. Even in an integrated optic 
form, it is important to maintain the symmetry of the waveguide arrangement in the coupling 
region in order to be able to detect the direction of phase change efficiently in Mach-Zehnder 
interferometer-based sensors. In contrast to conventional waveguide fabrication techniques 
utilizing photolithography and dry etching, direct writing via femtosecond lasers is suitable for 
realizing three-dimensional devices such as symmetric 3x3 directional couplers. 
 
 

 
Figure 3. (a) Schematic configuration of a 3x3 directional coupler, and (b) Typical coupling characteristics of 
an optical, symmetric 3x3 directional coupler. 

 
 

We demonstrated and characterized symmetric 3x3 three-dimensional directional couplers. Fig. 3 
shows the schematic configuration of a symmetric 3x3 coupler and its typical coupling 
characteristics. The coupler consists of three input waveguides, a transition region, a coupling 
region, a second transition region, and output waveguides. Fig. 3(b) shows the calculated 
coupling characteristics of an ideal symmetric coupler, where an optical signal is launched into 
input port waveguide 1. It should be noted that the optical power of waveguide 1 gradually 
couples with waveguides 2 and 3 at the same ratio, but it never falls to zero. This is because part 
of the input optical signal, which couples with waveguide 2, is transferred back to waveguides 3 
and 1. The same is true of the part of the input signal that couples with waveguide 3, and is 
transferred back to waveguides 2 and 1. In other words, if we launch an optical signal from input 
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port 1 and monitor output 1, then the coupler becomes an asymmetric directional coupler. 
Therefore, output 1 does not fall to zero.  
 
The center-to-center separations between the input and output waveguides were fixed at 80 µm, 
while the separation in the coupling region was varied between 15, 20, and 25 µm in order to 
investigate the coupling characteristics. The horizontal length of the transition waveguide regions 
was fixed at 5 mm. Therefore, the junction angles between the transition waveguide regions and 
the input and the output, and the coupling waveguide region, varied from 0.43 to 0.36 degrees, 
according to the waveguide separation and the length of the coupling region. This variation in 
angle has a negligible effect on the coupling characteristics. Fig. 4 shows the coupling 
characteristics of the various 3x3 directional couplers at a wavelength of 1530 nm. The solid and 
dotted lines represent the coupling characteristics for TM and TE polarized modes, respectively. 
Only a small polarization dependence of 11 % in the coupling ratio is observed in the coupler with 
a separation of 25 µm and a coupling interaction length of 7.2 mm. This fact supports the idea 
that a waveguide fabricated with a high-repetition-rate ultra short pulse laser does not show 
polarization dependence [21]. The measured losses were 6.6 dB and varied only by 0.2 dB as the 
separation distance was varied from 25 µm to 15 µm. The excess loss includes propagation loss 
as well as fiber coupling loss. The small loss variation of 0.2 dB with waveguide separation 
distance was caused by the discontinuities between waveguides, implying that the effect of the 
nonadiabatic connection along transition waveguide was negligible. As shown in Fig. 4, the 
separation S between the waveguides in the coupling region clearly affected the coupling 
characteristics. Fig. 4(a) illustrates that almost no coupling occurred for a coupling length of 0 µm 
for a separation of 25 µm. On the other hand, with separations of 20 and 15 µm, a nonzero 
amount of power has already been transferred when the straight waveguide interaction length is 0 
µm, as shown in figures 4(b) and (c). This is because the coupling between the waveguides in the 
transition region becomes dominant. In either case, the measured coupling characteristics 
oscillated as a function of the straight waveguide interaction length. This indicates that, despite 
some errors, it is possible to realize coupled mode functions that are sinusoidal. However, it 
should be noted that the optical power of waveguide 1 falls to zero for interaction lengths of 7000, 
3000, and 800 µm for separations of 25, 20, and 15 µm, respectively. Through numerical 
calculation, we found that this error resulted from deviations from symmetry dominated by vertical 
position errors of the coupling waveguide.  
 

 
Figure 4. Coupling characteristics of a fabricated 3x3 directional coupler with an optical signal incident from 
input port 1. The separation S were designed to be (a) 25 µm, (b) 20 µm, and (c) 15 µm. The solid lines and 
dotted lines correspond to TM and TE polarization modes, respectively. 
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