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Objective of the Proposal

To perform the research necessary for the development of future ultrafast photonic technology.

Accomplishments

Over the three years of work under this contract we have made significant progress in the
development of new ultrashort pulse lasers and ultrafast techniques, in the application of ultrafast
optics to novel materials and material structures, and to the development of microphotonic
devices. Some of these key advances are summarized in sections entitled:

Ultrashort Pulse Laser Technology

Multi-pass Femtosecond Laser Cavitie

High-repetition-rate Semiconductor, Microchip and Fiber Lasers
Studies of Ultrafast Phenomena in Materials and Devices
Femtosecond Nonlinear Material Processing

SESRot-FS

A list of publications acknowledging this contract is appended at the end.




Ultrashort-pulse Laser Technology

Ultrashort pulse laser technology is an active field of research that has had a powerful impact in many
areas of science. Applications of ultrafast technology range from biomedical optical imaging such as
optical coherence tomography (OCT), to high-speed communications, investigation of ultrafast nonlinear
process in semiconductor materials and devices, optical frequency metrology, the design of optical clocks,
and micro-machining,.

Kerr-lens modelocking (KLM) has been the most successful technique for the generation of ultrashort
pulses. The performance of these laser systems depends critically upon the ability to compensate
dispersion over broad bandwidth ranges. Over the last three years our group has developed several new
ultrashort pulsed KLM lasers based on the use of double-chirped mirrors (DCMs) for dispersion
management, covering the wavelength range from 600 nm to 1500 nm. This range is of particular interest
because it includes the first three telecommunication windows as well as biological chromophores such as
the hemoglobin and water absorption bands, making our sources useful not only for the investigation of
fibers and photonic devices but also for biomedical imaging. One important direction has been the
development of ultrabroadband sources capable of producing octave-spanning spectra. These sources
enable direct optical frequency referencing using the 1f — 2f technique [1] which is critical for frequency
metrology and optical clock design. Another direction has been the use of multiple-pass cavities to scale
laser pulse energies, enable low threshold laser operation, and compact cavity design. High pulse energy
lasers are used for micro-machining photonic devices. High energies also improve the efficiency of
nonlinear processes such as frequency generation, frequency broadening in nonlinear fibers, and pump
probe measurements.

In the design of ultrashort sources one of the most important considerations is proper dispersion
management. The use of prism compressors (prism pairs) has been the most popular technique for
intracavity dispersion compensation and has been able to provide sub-10 fs pulses [2], but has not been
able to break the 8 fs mark due to unbalanced higher order dispersion. To generate even shorter optical
pulses a broader bandwidth dispersion compensation approach is required. This technology was invented
only a few years ago in the form of chirped and double-chirped mirrors.

Singly chirped mirrors, shown in Figure 1(b), were designed by Szipdcs et al. [3, 4] based on the Bragg
mirror structure shown in Figure 1(a). They consisted of dielectric layers of increasing thickness that
offered both high reflectivity at a range of wavelengths and different penetration depths to the different
wavelength components. In particular, they helped compensate dispersion by making the longer
wavelengths travel a greater distance than the shorter wavelengths. However, because impedance
matching between layers was not taken into account, they suffered from multiple reflections and
wavelength dependent oscillations in the dispersion compensation.

Further investigation and an exact coupled-mode theory for multilayer devices [5] led to the recent
invention of “double-chirped mirrors” (DCMs) [6, 7], shown in Figure 1(c). In DCMs better impedance
matching by chirping not only the Bragg wavelength but also the thickness of the high index material,
helped smooth out the undesired oscillations and led to much better performance. Our group has applied

DCM technology to many solid state materials to achieve record pulse duration and bandwidth
performance.
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Figure 1. Schematic of the layer sequence for various dielectric mirrors: (a) standard quarter wave Bragg
mirror, (b) simple chirped mirror, (c) double chirped mirror (DCM).

Ultrabroadband Ti:sapphire laser

Dispersion management techniques using DCMs can be applied to a wide range of solid state materials
and wavelength ranges. Using this new technology, our group has recently demonstrated the generation of
5 fs pulses and spectral bandwidths greater than one octave directly from a Ti:sapphire laser [8]. These
are the shortest pulses ever generated directly from a laser without any external compression. The
schematic of our laser is shown in Figure 2. It has a 2.7 mm Ti:sapphire crystal placed in a double Z-fold
cavity. A second focus is created between mirrors M4 and M5 where a 2.4 mm thick plate of BK7 is
placed. This plate provides enhanced self phase modulation (SPM) and increases the laser bandwidth.
Eight bounces on the DCM pairs and traveling through the prism pair per round trip compensates all of
the intracavity dispersion and helps provide an octave of bandwidth extending from 600 to 1350 nm
above the noise floor, as shown in Figure 3(b). The interferometric autocorrelation of the output pulses is
shown in Figure 3(a). Using a phase retrieval algorithm to reconstruct the actual pulse shape from this
data [9] we found these pulses to be 5 fs in duration (FWHM).

Figure 2. Schematic of the double Z-fold Ti:sapphire laser cavity that generates an octave bandwidth and 5
fs pulses. A 2.7 mm crystal is placed the first fold and a second focus in the second fold is used to increase
the laser bandwidth via SPM. A prism pair and DCMs are used to compensate the intracavity dispersion.
The laser is optically pumped by continuous wave light at 532 nm.
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Figure 3. (a) Interferometric autocorrelation matches a fit corresponding to a 5 fs pulse. (b) Octave
spanning spectrum of the Ti:sapphire laser plotted on linear and logarithmic scales

Complementary pair DCMs for ultrabroadband Ti:sapphire laser

The DCMs designed in our group provide very high reflectivity and well controlled dispersion
compensation over 400 nm of bandwidth. These mirrors were used in our earlier work to generate pulses
shorter than 5.4 fs at a repetition rate of 90 MHz, center wavelength of 800 nm, and with average output
power of 200 mW, using a Kerr-lens mode-locked Ti:sapphire laser. Pulses this short correspond to an
output bandwidth greater than 350 nm. Broad spectral bandwidths are important for biomedical optical
imaging, ultrafast instrumentation, and other applications in femtosecond optics.

Ti:sapphire has a gain bandwidth extending from 600 nm to almost 1200 nm which, coupled with self
phase modulation, should permit the generation of even shorter pulses with durations in the single cycle
regime. However, this was not achieved in our earlier work because of the limited bandwidth over which
each DCM could compensate the intracavity dispersion. It is possible to design the DCMs to provide
larger bandwidths, but these extreme bandwidths also increase the oscillations in the group delay
dispersion (GDD). To help overcome this bandwidth limitation we recently developed an analytic theory
for the design of dispersion compensating mirrors and used it to fabricate specially matched double-
chirped mirror pairs, for which the excess GDD oscillations of the first mirror are exactly out of phase
with those of the second mirror. Such “complementary pair” DCMs can provide dispersion compensation
over a much broader bandwidth than possible using a single mirror set. In particular, they can provide an
octave of bandwidth [10], enabling the generation of unprecedented pulse durations.

Figure 4 shows the reflectivity and GDD curves of one of our complementary mirror pairs. These mirrors
were designed to compensate intracavity dispersion up to sixth order and to transmit the pump light at 532
nm. They provide greater than 99.8% average reflectivity and cancel the GDD oscillations. These mirrors
are high sensitive to design and fabrication parameters and fabrication requires careful process control.
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Figure 4. Group delay and reflectivity curves for the complimentary pair DCMs. The calculated reflectivity
is shown by the solid curve with the scale to the left, and is shown in greater detail in the plot above. The
group delay design goal for perfect dispersion compensation is shown by the dash-dotted line with the scale
to the right. The group delay of each of the designed mirrors is shown with rippled solid curves and the
measured group delay (the average of the two) is given by the solid curve between them. Note that the
measured dispersion very closely follows the design goal over the 650-1100 nm range. The measurement
was limited to 1100 nm because of the Si detector used.

Ultrabroadband prismless Ti:sapphire laser

Although prisms can be used together with DCMs to compensate intracavity dispersion, using a prism
sequence prevents a compact laser layout and also increases the laser susceptibility to long term drifts
because of beam variations in the prism pair. To avoid these drawbacks the laser must be built without
intracavity prisms. Our most recent design of a prismless compact Ti:sapphire laser is shown in Figure 5.
This laser has a 2 mm Ti:sapphire crystal placed in a standard Z-fold cavity and uses the novel
complementary pair DCMs for all of the intracavity dispersion compensation. There are four bounces on
the DCM pairs in the short arm and eight bounces on DCM pairs in the long arm per round trip. The
additional BaF, plate in the short arm and BaF, wedge pair in the long arm permit fine adjustment of
dispersion and to balance dispersion before and after pulse transit through the crystal. BaF, is chosen
because it has the lowest third order dispersion compared to other fluorides and glasses that are
transparent in the visible to near infrared region. This laser generated an average power output of 100 mW
(for 3.7 W of pump power) at a repetition rate of 150 MHz.

1.5 mm BaF2
N £ \
Vo1 e
— L7 g
a
L1
K ] ‘[j
« oc2

Base Length = 35cm for 150 MHz Laser

Figure 5. Schematic of the prismless Ti:sapphire laser Z-fold cavity using a 2 mm crystal and
specially matched DCM pairs for all of the intracavity dispersion compensation. This laser
produces an octave spanning spectrum.




The prismless design enables a compact system footprint of only (35%x30 cm). The output spectrum is
shown in Figure 6. Note that it is octave spanning at approximately 20 dB below the peak level. This
enables this laser to be used for direct carrier envelope optical frequency referencing using the 1f — 2f
technique [1]. Earlier studies showed that bandwidth limitations in this laser were not due to the mirrors
but rather to roll-off in the output coupler. Increased output at the short and long wavelengths was
possible using a new 2% broadband TiO,/SiO, output coupler, OC1 in Figure 5. The other cavity end
mirror, OC2, is a broadband silver mirror.

Obtaining well-shaped octave spanning spectra from these lasers is vital for future progress in frequency
metrology, the design of optical clocks, and numerous other applications.
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Figure 6. Octave spanning spectrum of the prismless Ti:sapphire laser plotted on linear and
logarithmic scales. The octave of spectrum is obtained at approximately 20 dB below the peak level.

Ultralow-threshold, low-cost, broadband femtosecond laser technology

While solid-state femtosecond lasers provide outstanding performance, one of the major disadvantages of
this technology is its high cost. The development of low-cost femtosecond broadband sources would
enable a wide range of applications of femtosecond technology outside the research laboratory.

A standard KLM laser operating with a 5 W pump can produce output powers in the 500 mW range and
bandwidths in excess of 150 nm [2]. However, the large size and high cost associated with these lasers
has severely limited their widespread use. The large size is due to the standard use of intracavity prisms.
The high cost, is the result of pump power requirements. In particular, typical ultrashort pulse sources
require diode pumped solid-state lasers capable of providing powers in the 5 W range which typically cost
$50,000. Pump laser costs increases with power, and pump sources generating several hundred mW are
available for under $10,000.

We have recently demonstrated an ultra-low threshold modelocked Ti:sapphire laser with a record low
modelocking threshold of only ~160 mW pump power [11]. This laser was built without DCMs, using all
commercially available components so that it could be easily copied by other groups. Pulse durations as
short as 14 fs with 100 nm bandwidths could be achieved. This laser can be built for a cost of 4-5x less
than conventional laser sources. Using higher pump powers and DCMs pulse durations of ~10 fs and
bandwidths of up to 160 nm could be achieved.

In order to demonstrate the feasibility of using these new lasers for practical applications outside the
research laboratory, we recently developed a low-threshold modelocked Ti:sapphire laser suitable for
clinical ultrahigh-resolution OCT imaging. The schematic of this laser is shown in Figure 7. It has a 2.05
mm Ti:sapphire crystal placed in a standard Z-fold cavity and uses DCMs to compensate all of the
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intracavity dispersion. The entire cavity including pump source has been placed on a single lightweight
breadboard measuring 19” by 45”.

I

Figure 7. Schematic of the low-threshold prismless Ti:sapphire laser using a 2.05 mm crystal
and double chirped mirrors for intracavity dispersion compensation and tuning.

M2 L=945cm oC

This laser is pumped by a compact and low-cost 1.0 W pump laser. The Ti:sapphire laser generates 50
mW of average output power and 124 nm of bandwidth (FWHM). Ophthalmic OCT imaging was
performed in the clinic of the New England Eye Center. Figure 8 shows an example comparing ultrahigh-
resolution OCT imaging using the femtosecond light source versus standard resolution imaging using the
commercial OCT instrument, the StratusOCT, from Carl Zeiss. Image resolutions can be improved from

10 pum to better than 3 pum. This yields a dramatic enhancement in image quality. Over 200 patients have
been imaged to date.

Figure 8. Comparison of standard resolution and ultrahigh resolution ophthalmic OCT image of a
patient with a full thickness macular hole. Imaging was performed in the clinic of the New England
Eye Center using our low threshold TiSapphire laser. Image resolution can be improved from 10
pm to better than 3 pm. Over 200 patients have been imaged to date.




Many disciplines will benefit from the availability of high-performance, low-cost femtosecond
technology. Optical coherence tomography (OCT) is a rapidly emerging research area with applications in
a wide range of clinical specialties. The availably of low-cost ultrabroadband laser sources will
dramatically enhance image resolution as well as enabling spectroscopic imaging. Octave spanning
femtosecond lasers can be carrier envelope stabilized, enabling a wide range of frequency metrology and
optical clock applications. These sources will also enable the development of versatile and low-cost
ultrafast measurement systems for spectroscopic characterization of materials and devices.

Ultrafast Cr*":YAG laser

Cr*":YAG is a promising laser crystal with broad emission from 1300 to 1600 nm. It provides access to
one of the more interesting spectral ranges, centered around 1.5 um, which falls into the third
telecommunications window. Previously, the shortest pulses available from a Cr*":YAG laser were 43 fs
pulses [12], generated by a laser using a fused silica prism pair to compensate the group delay dispersion
(GDD) of the Cr*":YAG crystal. In general, uncompensated higher order intracavity dispersion from the
crystal, prisms, and mirrors limits the laser bandwidth and pulsewidth {13].

Double-chirped mitrors are a powerful technology for femtosecond pulse generation because they can
compensate higher order intracavity dispersion. Using DCMs for dispersion management, our group
recently demonstrated an all-solid-state, Kerr-lens modelocked Cr**:YAG laser producing ~20 fs pulses
with 190 nm of bandwidth at 1450 nm. This is the shortest pulse duration ever generated by a Cr*":YAG
laser [14]. An average output power of 200 to 400 mW (for 9 W of absorbed pump power) at a repetition
rate of 110 MHz was achieved. A schematic of our Cr**:YAG laser is shown in Figure 9.
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Figure 9. Schematic of the Cr*":YAG laser Z-fold cavity using a 2 cm crystal and DCMs for
intracavity dispersion compensation. The laser is optically pumped by a Nd:YVOj laser emitting
continuous wave light at 1064 nm.

The Cr*":YAG crystal is 2 cm long and is placed in a standard Z-fold cavity designed to maximize KLM
while simultaneously compensating for astigmatism. Six round-trip bounces on the DCMs are used to
compensate the GDD and the higher-order dispersion. The output spectrum of the laser and the
interferometric autocorrelation are shown in Figures 10(a) and (b) respectively. In collaboration with
Leslie Kolodziejski’s group at MIT we have been designing, fabricating and testing novel ultrabroadband

oxidized mirrors with integrated semiconductor saturable absorbers to facilitate self-starting and more
stable operation.
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Figure 10. a) Spectrum of the Cr*":YAG laser plotted on linear and logarithmic scales. The output has a
spectral bandwidth of 190 nm (FWHM). b) Interferometric autocorrelation matches a fit corresponding to
a 19.5 fs pulse. This is a record pulse duration. ‘

Preliminary results [15] demonstrated stable self-starting operation with such a mirror albeit with slightly
longer, 32 fs, pulse durations. We believe that this was due to peak-power-limiting by two-photon
absorption in the small mirror surface. Very recent progress toward uniformly oxidized mirrors with
larger areas promises to permit the generation of much shorter pulses. Figure 11 shows the structure of
such a mirror as well as the ultrabroad bandwidth that is achievable with only 7 layer pairs.
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Figure 11 a) Top and cross-section view of an oxidized GaAs/AlGaAs mirror stack, showing oxidation
uniformity over more than a 500pm diameter. b) The ultrabroad reflectivity band of such a high-index
contrast stack

High-performance Cr:forsterite lasers

Cr:forsterite is another very promising laser material. Like Cr*":YAG it provides access to an important
spectral range, centered around 1.3 um, which falls into the second telecommunications window. This
wavelength range is also used in biomedical imaging because optical scattering is low and penetration of
light into tissue is enhanced relative to shorter wavelengths. Dispersion compensation in the 1.3um range
is particularly difficult because many optical materials have their dispersion zeros in this range and
therefore higher order dispersion becomes dominant. Therefore, DCMs provide one of the only methods
for achieving broadband operation in this important laser system.

Our group recently demonstrated an all-solid-state, Kerr-lens modelocked Cr:forsterite laser using a
combination of DCMs (except for the output coupler) along with a prism pair to tune the intracavity
dispersion. A schematic of our Cr:forsterite laser is shown in Figure 13. The Cr:forsterite crystal is 5 mm
long and is placed in a standard Z-fold cavity. Five bounces on the DCMs and traveling through the prism
pair each round trip were used to compensate the intracavity dispersion. The prisms were made of PBH71
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(SF58) glass which was chosen because its zero dispersion wavelength is 2 um and therefore it has
smaller residual third order dispersion relative to second order dispersion. The laser output spectrum and
interferometric autocorrelation are shown in Figures 13(a) and (b) respectively. This laser produced 14 fs
pulses with 250 nm bandwidth at 1.3 pum, which are the shortest pulses ever generated by a Cr:forsterite
laser [16]. An average power output of 80 mW (for 6 W of pump power) at a repetition rate of 100 MHz
was achieved.

DCM

N

DCM

P Faraday-
rotator
Nd:YAG i

Figure 13. Schematic of the Cr:forsterite laser Z-fold cavity using a 5 mm crystal, DCMs for intracavity
dispersion compensation and a prism pair to fine tune the dispersion.
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Figure 12. (a) Spectrum of the Cr:forsterite laser plotted on a linear scale. The output has a
spectral bandwidth of 250 nm (FWHM). (b) Interferometric autocorrelation showing a pulse
duration of 14 fs. This is a record pulse duration.

The development of a prismless Cr:forsterite laser would enable a compact and high-stability laser design.
Recently, Thomann et al. demonstrated a Cr:forsterite ring laser using chirped mirrors that generates 30 fs
pulses at a 420 MHz repetition rate with approximately 500 mW of average output power [17].
Dispersion compensation over a broad spectral range is challenging due to higher-order dispersion. The
bandwidth was only 59 nm (FWHM), resulting in a relatively long pulse duration. Singly chirped mirrors
such as those used by Thomann et al. are not capable of correcting for higher-order dispersion.

Our group has recently designed third generation DCMs which can compensate third-order as well as
second-order dispersion. This technology should enable the construction of compact and high-stability
Cr:forsterite lasers with broader spectra than previously reported [16]. Such a source would useful for
direct optical frequency referencing using the 1f — 2f technique [1]. Applications would include optical
frequency metrology, optical clock design, and the locking of this laser with other broadband sources
such as Ti:sapphire lasers to provide extremely broad bandwidths. These lasers would also be useful for
ultrahigh-resolution OCT imaging as well as high-resolution pump-probe characterization of materials
and devices in the telecom wavelength range.



Multi-pass Femtosecond Laser Cavities

Herriott-type multi-pass cavities (MPC) enable the development of a wide range of new femtosecond
laser designs. MPCs enable the laser pulse energy to be increased by extending the cavity path length and
decreasing the repetition rate. MPCs also enable the development of very compact lasers while preserving
standard repetition rates and pulse energies. In its simplest form, an MPC consists of a stable two-mirror
resonator. A schematic is shown in Figure 14, where beam injection and extraction occur by use of
notches. When the MPC parameters are properly adjusted, the incident beam injected with the correct
offset and tilt, undergoes multiple bounces before exiting. The successive bounces of the beam viewed in
a given reference plane (for example on one of the end mirrors) form an elliptical or circular spot pattern.
Using appropriate design conditions, the MPC can leave the Gaussian beam ¢ parameter invariant. This
means that diffractive beam spreading effects are exactly cancelled as a result of the periodic focusing
inside the cavity. First introduced by Herriott et al.[18,19], MPCs have long been used in many
applications such as accurate optical loss measurements [18], stimulated Raman scattering [20,21], long-
path absorption spectroscopy [22], and high-speed path-length scanning [23].

Figure 14. Schematic of a multi-pass cavity (MPC). With careful design, the q parameter of the
beam is left invariant. MPCs can be used to increase pulse energy or reduce cavity size.

Previous studies have demonstrated improvements in laser pulse energy using low repetition rate
femtosecond lasers created by extending the laser cavity with relaying imaging [24]. Recently high pulse
energy, KLM femtosecond lasers using MPCs for extending the cavity length have been demonstrated
[25,26]. Increasing the overall cavity path length lowers the pulse repetition rate while maintaining the
same average output power and thereby increases the output pulse energy. Furthermore, since amplifiers
or cavity dumpers are not required, the system design is simplified and the overall cost is significantly
reduced. These laser sources are attractive in many applications such as pump-probe studies where high-
energy pulses at reduced average powers obviate undesirable effects such as thermal loading.

Formulating general design rules for multi-pass cavities

Several issues need to be addressed in the practical design of MPCs for high-energy ultrafast lasers. In
general, the cavity operating point is very important for Kerr lens modelocked operation and modelocking
is only possible in a small subset of the cavity stability region. If the cavity repetition rate is increased by
extending the length of a standard four-mirror cavity, the cavity operating point, including the stability
region and spot sizes change dramatically. This makes re-establishing KLM operation very difficult.
These problems are solved by keeping the q parameter invariant. In addition, even if the pulse energy
changes as a result of using an MPC, keeping the same q parameter operating point is important if the
laser is modelocked in the soliton pulse regime. In this case, the cavity dispersion is proportionally scaled
up as the pulse energy is increased to enable the generation of pulses with approximately the same
duration. For these reasons, maintaining the same q parameter is desirable. This is guaranteed if the MPC
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is designed in such a way that the exiting beam has the same q parameter as the beam incident on the
MPC. We refer to this as the “q preserving” configuration of the MPC.

Recently, we have developed general guidelines for the design of g-preserving MPCs which enable the
design of a wide range of lasers [27]. Here, we will briefly review the general results of this analysis. In
an MPC, a single round trip can be represented by a ray transfer matrix My

M A B M
"“lc pJ
The stability requirement is similar to that of a 2-mirror resonator, and the elements A and D of My must
satisfy the inequality
A+D
5 <1, )

in order for the MPC to be stable. In this particular case, the matrix M that describes n roundtrips inside
the MPC can be written in the form

A-D sinné sinn@
5 snd +cosné B— 7
no_ sin sin
My = sinné D—Asinn@ ' 3)
C— — +cosnd
sin @ 2 siné

Here, 0 can be calculated from the relation

cosl9=A+D.

@

When the initial offset and the tilt of the incident beam are adjusted to obtain a circular spot pattern as the

beam bounces between the mirrors, 6 corresponds to the angular advance of the spot after one round trip.
This is sketched in Figure 15.
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Figure 15. Spot-pattern formed on one of the mirrors of a multi-pass cavity.
0 corresponds to the angular advance of the beam after each round trip.

If the MPC is g-preserving, the q parameter of the returning beam equals that of the incident beam. This
requires that after n round-trips, M, be I, where I is the unity matrix. Inspection of Equation 3 shows

that M, = (—— l)m I whenever

né=mr. ®

Here, n and m are any two integers, where n denotes the number of round trips that the beam has
undergone and m designates the number of semicircular arcs that the spot pattern produced by the
bouncing beam completes on one of the mirrors. As an example, if m=3, then the bouncing beam
traverses three semicircular arcs, giving a full angular sweep of 540 degrees before the beam exits the
MPC. Equation 5 summarizes the most important design rule for the construction of g-preserving MPCs.

Compact femtosecond MPC Ti:Al,O; laser

We recently developed a compact femtosecond Ti:Al,Os laser based on a novel g-preserving multi-pass
cavity design [27]. The laser is all-solid-state, has prismless dispersion compensation with double-chirped
mirrors (DCM) [6, 28], a multi-pass cavity (MPC) design to increase the effective cavity length, and tight
focusing geometry to enable efficient low-threshold operation.

Figure 16 shows a schematic of the compact MPC Ti:Al,O; laser. A 2-mm-thick Brewster-angled
Ti:Al,O5 crystal (xtal) was placed in an X cavity between two curved high reflectors (R = 3 c¢m) and was
end-pumped at 532 nm by using a frequency-doubled, diode-pumped Nd:YVO;, laser. The cavity length
was extended by including a MPC that consisted of high-reflectivity curved (M6, R = 2 m) and flat (M7)
Bragg reflectors. The beam entered the MPC through a notch on the curved mirror and exited through a
second notch on the flat mirror. The MPC was aligned so that the beam bounces formed a circular spot
pattern on each mirror. The mirror separation was 23.4 cm, resulting in successive spots separated by 40
degrees along the circular pattern. Starting at the input reference plane indicated as zg; in Figure 16,
calculations show that when the bouncing beam makes 9 full round trips during a single transit through
the MPC, the q parameter of the Gaussian beam upon exit is preserved and the KLM operating point
remains invariant. Because notches were used for coupling the beam into and out of the MPC in our
design, only 8 full round trips are completed during a single pass. The remaining round-trip can be
completed by retro-reflecting the exiting beam with a curved mirror located at a distance equal to the
MPC mirror separation. The radius of curvature of this mirror must be R/2 where R is the radius of
curvature of the curved MPC mirror (1-meter curved mirror in Figure 16). This design, scalable to any
value of R, always gives a g-preserving MPC, guaranteeing that the parameter of the Gaussian beam
returning from the MPC is identical to that at the reference plane zgy,. The overall size of the laser was 30

-14 -




cm x 45 cm. The effective round-trip cavity length was 9.6 m, corresponding to a pulse repetition rate of

31.25 MHz.
DCM's,R=3cm
pump
Figure 16. Schematic of the compact prisimless femtosecond Ti:AlLO;
laser based on a novel g-preserving multi-pass cavity design.
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Figure 17. (a) Autocorrelation and (b) spectrum of the femtosecond pulses obtained
from the compact prismless MPC Ti:Al,O; laser.

With 1.5 W of pump power, up to 88 mW of mode-locked output power was obtained, corresponding to
2.8 nJ of pulse energy at 31.25 MHz repetition rate. This pump power was chosen because compact, low-
cost pump lasers operating with this output power are now available. Figures 17 (a) and (b) show the
spectrum and the autocorrelation, respectively, of the pulses obtained with 1.5W of input pump power.
The pulse duration (FWHM) was measured to be 23 fs, assuming a sech® pulse profile. The spectrum is
centered around 790 nm with a spectral bandwidth of 40 nm and the time-bandwidth product was 0.45.
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Figure 18. Efficiency data for the MPC Ti:Al,O; laser.

Figure 18 shows the power efficiency curves taken with the MPC Ti:AL,O; laser up to an input pump
power of 3 W. Cavity alignment for optimum KLM (shown as open circles) and optimum cw (solid
squares) operations are slightly different. As the pump power is increased, the output pulse energy for
KLM operation saturates at 4 nJ with 2.3W of input pump power. When the mode-locked operation was
stopped, the resulting cw oscillation of the resonator at the KLM operating point is shown as solid
triangles in the figure.

Generation of 150 nJ pulses from a multi-pass cavity Ti:sapphire laser

The pulse energies from typical femtosecond Ti:sapphire lasers are limited to a few nanojoules. Higher
pulse energies can be obtained by using a cavity dumper within the oscillator, or through external pulse
amplification. However, these approaches add complexity and cost to the Ti:sapphire system. A simple
and economical approach is to simply scale the laser cavity length and reduce the repetition rate of the
laser, resulting in higher pulse energies. For reasons described above, we used a multi-pass cavity laser
design to develop a high-energy, extended cavity prismless Ti:sapphire laser [30]. This MPC laser
produces pulses at 5.85 MHz repetition rate, with energies as high as 150 nJ and 43 fs pulse duration,
which corresponds to 3.5 MW peak power.

Figure 19 shows a schematic of our high-pulse energy laser. The pump is a frequency-doubled
Nd:vanadate laser that produces up to 10 W at 532 nm. Unabsorbed pump light is retroreflected back into
the crystal to increase the average output power. The laser cavity uses a standard x-folded configuration,
with the addition of the MPC within which the beam bounces 48 times.
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Figure 19. Schematic of the high-pulse energy laser cavity. The shaded mirrors are

double-chirped mirrors. Repetition rates of 5 MHz can be achieved using a Multiple Pass
Cavity.

The MPC produced a g-preserving transformation to maintain the Kerr-lens modelocking operating point
of the unextended laser cavity. The increased pulse energy leads to enhanced self-phase modulation in the
crystal, which can lead to instabilities. To balance the self-phase modulation, we increase the negative

dispersion by using double-chirped mirrors for the MPC, leading to a net dispersion of -1250 fs* after
accounting for an additional air path of 48 m.
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Figure 20. Laser output of the 150 nJ Ti:sapphire MPC laser, measured with a fast
photodiode and oscilloscope (a), spectrum (b), and intensity autocorrelation (c).

Figure 20a shows the laser output measured with a fast photodiode and oscilloscope. The oscilloscope
trace shows spikes separated by 171 ns, which corresponds to a repetition rate of 5.85 MHz. Figure 20b
shows the output spectrum as measured by an optical multichannel analyzer. The spectrum has a
bandwidth of 16.5 nm FWHM and is centered at 788 nm. Figure 20c shows the intensity autocorrelation

performed with a thin KDP crystal. The autocorrelation shows a FWHM of 67 fs, which corresponds to a
43 fs pulse duration.

This laser could be useful for applications that benefit from high pulse energies, such as harmonic
generation, continuum generation, and photonic device fabrication using nonlinear materials processing.




An extended cavity Cr:LiSAF laser pumped by low-cost diodes

In order to make femtosecond solid-state lasers more widely available outside the laboratory, methods of
reducing cost while maintaining performance must be developed. A substantial part of the cost of these
lasers comes from the solid-state lasers that are used to pumped femtosecond lasers. This problem can be
addressed by using materials that are directly diode pumpable. Recent studies have demonstrated
Cr:LiSAF as an attractive laser material which can be pumped by very low-cost single-spatial-mode
diodes [31,32]. Single-mode laser diodes which emit 50-60 mW at 660-690 nm wavelengths cost only
about $20-$50 each. Previous researchers have demonstrated such single-mode diode-pumped Cr:LiSAF
lasers; however, the highest pulse energy previously achieved was only 0.14 nJ [31].

We demonstrated a single-spatial-mode diode pumped Cr:LiSAF that uses a multi-pass cavity to obtain
higher pulse energies [33]. Two different designs using prisms versus double-chirped mirrors were used
for dispersion compensation. This laser achieved pulses of 39 fs duration, 20 nm bandwidth, 8.6 MHz
repetition rate, and 0.75 nJ pulse energy using double-chirped mirrors. When prisms were used, the laser
produced pulses of 43 fs duration, 18.5 nm bandwidth, and 0.66 nJ pulse energy at 8.6 MHz repetition
rate.

Figure 21 shows the schematic of the extended-cavity Cr:LiSAF. Two 50 mW diodes at 663 nm and one
50 mW diode at 685 nm were used to pump the crystal. The diodes were microlensed to produce a
circular output beam. The three diodes were collimated and multiplexed by a polarizing beam splitter,
yielding a pump beam with a total power of 137 mW incident on the crystal when each diode was driven
with only ~120 mA current. The multi-pass cavity consists of one plane double-chirped mirror (DCM)
and one 4 m ROC curvature DCM separated by 2 meters, with DCM pickoff mirrors to introduce and
extract the beams. The beam made 16 bounces on the MPC mirrors. A saturable Bragg reflector (SBR),
similar to that described in [34], was used to start and stabilize modelocking.

D3 D2

SBR

Figure 21. Experimental setup of the extended cavity Cr:LiSAF laser. The components
are: pump diodes D1-D3, dichroic mirror DM, wave plate WP, polarizing beam splitter
PBS, lenses P1-P2, mirrors M1-M10, output coupler OC.,

Figure 22 shows the pulse intensity autocorrelation (a) and spectrum (b) of the extended cavity Cr:LiSAF
laser with prisms. The results from the prismless configuration are shown in Figure 23 (a) and (b). This
laser could be used for applications requiring moderate pulse energies and short pulses.




Because of the low cost of the diode pump source, the extended cavity Cr:LiSAF laser could potentially
be a low-cost alternative to conventional Ti:sapphire lasers. This type of laser technology could also be
extremely power efficient.
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Figure 22. Intensity autocorrelation (a) and spectrum (b) of pulses from the extended
cavity Cr:LiSAF laser with prisms.
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Figure 23. Intensity autocorrelation (a) and spectrum (b) of pulses from the extended
cavity prismless Cr:LiSAF laser.

Continuum generation using multi-pass cavity lasers

High pulse energies enable a wide range of nonlinear processes. A high-intensity pulse focused into a
transparent medium will experience spectral broadening due to nonlinear effects such as self-phase
modulation and Raman scattering. The resulting white light continuum is a promising broadband light
source for applications such as ultrafast spectroscopy [35], optical coherence tomography [36], and
optical frequency metrology [1]. The continuum pulses can also be compressed to yield ultrashort high-
energy pulses [37].

Recently, there has been considerable interest in using microstructured fibers or tapered fibers for
continuum generation. These fibers have small core diameters as well as a shifted zero dispersion
wavelength or flattened dispersion that increases the nonlinear conversion efficiencies. The advantage of
these fibers is that relatively low pulse peak powers are sufficient to generate ultrabroadband continuum.
Continuum can thus be produced directly from the laser oscillator and without the aid of external pulse
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amplification. Microstructured fibers typically have an array of air holes that run down the length of the
fiber and surround a small silica core. Ranka et al. have used pulses of 100 fs duration and 0.8 nJ pulse
energy (8 kW peak power) launched into a microstructured fiber to generate continuum from 390 nm to
1600 nm [38]. A tapered fiber is structurally similar to a microstructured fiber that has large air holes
surrounding the core. Tapered fibers are fabricated from standard telecommunications fibers, which are
more widely available than microstructured fibers. Using a Ti:sapphire laser, Birks et al. have
demonstrated 370-1545 nm continuum generation from tapered fibers [39]. However, tapered fibers are
relatively fragile and need to be protected from dust and damage.

If the laser oscillator directly produces high-energy pulses, then there is greater flexibility in the material
choice for continuum generation. For example, Baltuska et al. used 40 nJ, 13 fs (3.1 MW peak power)
pulses from a cavity-dumped Ti:sapphire laser to generate continuum spanning 500-1000 nm from a
single-mode fiber [37. We propose to use the 150 nJ, 43 fs (3.5 MW peak power) MPC laser discussed in
the previous section to generate broadband continuum. As in the examples cited above, this approach
would not require external pulse amplification to generate continuum. Furthermore, using higher pulse
intensities it should be possible to achieve broader bandwidths with lower noise and improved phase
coherence.

However, as pointed out in reference [37], pulses of higher energies (on the order of a few tens of nJ for
13 fs pulses) tend to damage standard single-mode fibers. To avoid such damage, we will explore hollow-
core fibers to generate continuum. A hollow-core fiber has the advantage of allowing a large diameter
mode to propagate, and can therefore withstand higher input intensities. For example, Nisoli et al. have
used 4 GW peak power pulses from an amplified Ti:sapphire laser launched into argon-filled hollow
fibers to generate a continuum that spans over 300 nm [40]. This result suggests that it may be possible to
generate continuum in hollow-core fibers using pulses from our current MPC laser or future MPC designs
that generate higher pulse energies.

Increasing pulse energy in MPC lasers: cavity dumping and thermal management

Our current MPC laser can produce record pulse energies of 150 nJ at repetition rates of ~6 MHz.
However, for many applications, it is desirable to have even higher pulse energies. We propose to explore
methods for increasing pulse energies. We believe that it should be possible achieve pulse energies
approach the pJ range.

Cavity dumping is a technique that uses a thin intracavity acoustic-optic element to switch out the laser
pulse at regular intervals. The cavity dumper can diffract out a significant fraction of the intracavity pulse
energy, greater than possible using standard output coupling, thereby increasing the output pulse energy.
Previous work on cavity-dumped, modelocked solid-state lasers has yielded promising results. Our group
performed the first demonstration of cavity dumping in a modelocked Ti:sapphire laser several years ago.
The cavity dumped laser generated 100 nJ pulses of 50 fs duration [49]. Subsequently, Pshenichnikov et
al. demonstrated 60 nJ, 13 fs pulses, also from a modelocked Ti:sapphire laser [50].

The MPC laser has features that overcome many of the limitations which occur with cavity dumping
standard lasers. Double-chirped mirrors can be used to compensate for the additional dispersion
introduced by the AOM material. Since Bragg diffraction occurs when the optical pulse and the acoustic
wave interact, the cavity dumping rise time is governed by the time the acoustic wave takes to traverse the
spatial extent of the optical beam. Standard modelocked lasers operate at high repetition rates, so it is
necessary to tightly focus the beam onto the AOM in order to reduce the acoustic wave’s traversal time
through the optical beam. At high energies such tight focusing can damage the AOM material, which
limits the achievable pulse energy. The low repetition rate of the MPC laser is especially suitable for




cavity dumping because it relaxes the requirement on the acoustic wave transit time and tight focusing of
the beam into the AOM is not necessary.

Pulse energies in our current MPC laser are limited by multiple pulse instabilities that occur at higher
intracavity pulse energies [51]. However, this process requires multiple transits of a high-energy pulse in
the cavity. With a cavity dumper, the intracavity pulse energy can be allowed to build up to a level that
transiently exceeds the stable cw modelocking energy and then switched out before the onset of multiple-
pulsing instabilities. Since the MPC laser already has higher intracavity energy than standard lasers,
cavity dumping should result in very high-pulse energies generated directly from a laser oscillator. We
believe that this strategy could increase the pulse energy achievable from an MPC laser by up to one order
of magnitude, approaching the pJ range.

Pulse energy performance might be enhanced by thermal management of the laser crystal. In addition to
multiple-pulsing, thermal effects also limit the power that is achievable from solid-state lasers. Since a
typical solid-state laser is pumped with a high-intensity beam, there is a significant amount of heat
deposited in the laser crystal. The laser mode suffers from thermal lensing, distortions, and stress-optic
effects related to thermal expansion. Thermally-induced optical distortions are directly proportional to
dn/dT, which is the refractive index variation on temperature, and inversely proportional to the thermal
conductivity [52,53]. Thermally-induced stress-optical aberrations are directly proportional to the thermal
expansion coefficient and also inversely proportional to the thermal conductivity [52]. Cooling the crystal
would reduce these detrimental thermal effects. For example, when sapphire is cooled from 300 K to 77
K, the thermal conductivity increases more than 30 times, dn/dT is reduced by a factor of about 7 and the
thermal expansion coefficient decreases by more than an order of magnitude [52].

Experimentally, it was shown by Schulz and Henion that a liquid nitrogen-cooled Ti:sapphire laser’s
output energy increased from 20 mJ to 80 mJ when the crystal was cooled from 273 K to 93 K [52]. The
output power of this laser increased by more than two orders of magnitude when the crystal was cooled
from 300 K to 93 K. A study on a cryogenically cooled Ti:sapphire crystal by Zavelani-Rossi et al.
experimentally showed that there is a critical temperature, which depends on the pump parameters, below
which a probe He-Ne beam’s spot size and wave front distortions do not change with temperature [53]. At
this critical temperature the probe spot size and distortions converge to the values for which the
Ti:sapphire crystal was not pumped. Hence we expect that cooling techniques could substantially increase
the output powers and energies produced by MPC lasers.




High-repetition-rate Semiconductor, Microchip and Fiber Lasers

Applications such as high-precision optical sampling systems, microwave signal generation, timing
distribution and clocking, and ultrahigh bit-rate optical communication systems require high-repetition-
rate sources of transform-limited picosecond and sub-picosecond pulses. Modelocked semiconductor
lasers, solid-state microchip lasers and modelocked fiber lasers are all potentially well suited for such

applications. They can generate streams of ultrashort pulses at multi-GHz repetition rates with low
amplitude and timing jitter.

External-cavity modelocked semiconductor laser

Our modelocked semiconductor laser experiments have utilized diodes fabricated for us by collaborators
at NEC. The active chips consist of two sections, a 500-pm gain section and a 50-pm saturable absorber
section that is reverse-biased to achieve pulse shortening and that is also modulated electrically to control
the pulse timing. In an external cavity approximately 1.5 cm in length this laser produces pulses at a
repetition rate of 10 GHz. The configuration is illustrated in Figure 24.
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Figure 24: 10 GHz modelocked semiconductor laser
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Depending upon the bandwidth of the bandpass filter (BPF), this laser emitted transform-limited pulses
with durations in the range 3 - 6 ps at a repetition rate of 10 GHz and an average power of several
milliwatts. Following success in obtaining such nice operating characteristics, a principal goal of our
experiments has been to reduce the timing jitter in the laser output to the femtosecond level. This required
additional cavity stabilization, optimization of the various bias currents and an ultraquiet drive oscillator
(Poseiden Shoe Box Oscillator with 5.6 fs jitter). The result has been the achievement of quantum-limited
jitter of 86 fs integrated over the full range of 10Hz -5GHz. [54] Recent experiments performed in
collaboration with Jun Ye's group at the University of Colorado, in which the cavity was piezo-stabilized
to an atomic reference line have further reduced the jitter value to 22fs over the range 1Hz-100MHz. [55]

We have carried out extensive theoretical analyses of how the semiconductor gain and index dynamics
influence the noise. [56] It is found that a complicated interplay of dynamics, nonlinearity and dispersion
can either increase or decrease jitter by a factor on the order of two. There is also excess quantum noise
that results from dynamic non-Hermitian time evolution, similar to that associated with Petermann’s K-
factor in gain-guided amplifiers. We have also carried out detailed analyses of how perturbations due to
spontaneous emission evolve and are controlled by the laser modulation. Lower jitter is achieved with
higher cavity Q, higher pulse energy and longer pulses. In general, harmonic modelocking increases
supermode noise; but our theory now also predicts that by coherently locking the multiple pulses in such a
cavity a higher energy supermode can be created with dramatically reduced jitter. Ultralow jitter would

have important implications for rf clocking and the transmission of frequency references over optical fiber
communication systems.




Modelocked microchip laser

Solid-state microchip lasers offer perhaps the greatest promise for generating femtosecond pulses at
high rep rate. Our approach towards a compact and reliable source of potentially sub-100 fs pulses at
greater than 10 GHz repetition rate is a modelocked Cr:YAG microchip laser, as shown in Figure 25. We
have already demonstrated continuous wave operation of such a laser, with more than 300 mW of output
power from 4W of absorbed pump power and we have shown Q-switched modelocking of this laser using
Kerr-Lens or semiconductor saturable absorber modelocking. [57] In this project we propose to develop ~
an optically controlled semiconductor saturable absorber, where in addition to the saturable absorber layer
also a modulation layer is integrated, which introduces an externally controllable intracavity loss. We
have chosen as a loss modulator free carrier absorption in an InGaAs layer on top of a conventional
saturable absorber. The free carrier absorption is broadband and can be controlled by 800 nm light, where
Cr:YAG is transparent. Thus the control light can be multiplexed together with the pump light via a
dichroic mirror (see Figure 1). Recently, we have demonstrated that the undesired Q-switching can be
suppressed by using an active feedback scheme that controls the intracavity loss via the lasers output
power [58, 59]. The principle has been demonstrated via feedback to the pump diode current; but it
cannot be applied to high-repetition rate lasers. To achieve our goal of a stable, high repetition rate (>10
GHz), cw modelocked microchip laser, we have just begun to use an optically controlled semiconductor
element, as indicated in Figure 24, to accomplish both Q-switch suppression and timing control for
locking to an rf reference.
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Figure 25: a) Setup of the modelocked femtosecond microchip-laser with feedback loop and optically
controlled intracavity loss modulation. b) Absorption spectrum of Cr:YAG.

Harmonically modelocked fiber lasers

Fiber lasers also produce transform-limited picosecond pulses locked to an external frequency reference
at GHz repetition rates with low amplitude and timing jitter. They have a potential advantage over
semiconductor lasers because of the inherently lower spontaneous emission noise and because of the
considerably larger internal pulse energies. To understand and demonstrate this comparison, we have
developed a theory for the quantum-limit of timing jitter, identified the characteristic retiming constants
that govern the timing jitter for the case of amplitude (AM) and phase (PM) modulation [60], developed a
timing-jitter measurement scheme using a balanced microwave homodyne detection scheme with high
dynamic range, and built an actively modelocked fiber laser that produces picosecond pulses at 10 GHz
whose timing jitter is in fact quantum limited. [61]
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The fiber laser setup shown in Figure 26 is arranged in a sigma-type configuration in which only the
linear portion is composed of non-polarization-maintaining elements. [62] A faraday rotator at the end of
the linear segment ensures that the backward-propagating pulse travels along the orthogonal polarization

axis with respect to the forward-traveling pulse. This undoes any polarization rotation and ensures
environmental stability.
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Figure 26. Harmonically modelocked sigma laser with quantum-limited jitter. The OSC is a low
noise Poseiden Shoe Box Oscillator

Due to the low gain per unit length of the erbium-doped fiber and the long lengths needed to establish
soliton nonlinearities, fiber lasers are generally very long. High repetition rate is achieved by
modelocking the cavity at some harmonic, N, of the laser cavity frequency, resulting in N pulses per
round trip. This results in a timing jitter spectrum that is more complicated than that for a fundamentally
modelocked laser and depends strongly on the pulse-to-pulse correlations. Previous work in the literature
on measuring and interpreting the timing jitter has not properly taken these correlations into account. We
have shown how the pulse-to-pulse correlations are related to the total timing jitter, developed a
theoretical model, and demonstrated experimental confirmation of the model.

The laser produces transform-limited, hyperbolic-secant pulses at 1.5 pm at repetition rate of 10 GHz
with pulsewidths from 900 fs to 2 ps, depending on the optical filtering and pump power. The
suppression of supermodes in the RF spectrum is typically greater than 70 dB, indicative of excellent
laser stability. The laser is locked to the external microwave frequency reference by stabilizing the cavity

length using a phase-locked loop (PLL) consisting of a microwave phase detector, control electronics, and
a fiber-wound piezoelectric transducer.

The measurement of the laser timing jitter achieved using a residual phase-noise measurement technique
is shown in Figure 27.
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Figure 27: Timing jitter spectrum for the case of amplitude modulation. Upper solid curve, data;
lower solid curve, measurement noise floor; dotted curve, theory.




The characteristic spectrum of the jitter at low frequencies (f < 250 kHz) is well understood. However,
the significance of, and complete explanation for, the features appearing at harmonics of the fundamental
round-trip frequency, referred to as supermodes, had not been previously explained. We have shown that
the supermodes are, in fact, aliased versions of the baseband mode and contribute to the overall timing
jitter by a factor of YN, where N is the harmonic number. This is consistent with the explanation that
pulses within the laser cavity are uncorrelated with each other. We confirmed this by measuring the
timing jitter by comparing the accumulated timing jitter from one pulse to the next using optical cross-
correlation and comparing it with the integrated timing jitter. With this understanding we are now armed
to pursue considerable lower jitter. By correlating all of the pulses in the laser cavity by using an etalon
or GTI, we should be able to take advantage of the total intracavity energy and reduce the timing jitter
reduce by a factor of VN.

To further improve our fiber laser pulse source, we are investigating a new higher gain, broader-gain-
bandwidth type of fiber amplifier: Bi,Os-based erbium-doped glass. With it, we have achieved gain
greater than 12 dB over a wavelength range from 1520 to 1600 nm in a fiber only 22.7 cm long. We have
also already demonstrated picosecond pulse amplification without pulse broadening, tunable over the full
80 nm range.[63] Sub-picosecond pulses should be more easily achievable with this fiber than with
conventional fiber. Shorter overall laser lengths will also make fully coherent, ultralow jitter, harmonic
supermodes easier to obtain.

Studies of Ultrafast Phenomena in Materials and Devices

In order to improve designs of devices for applications in lasers, opto-electronics and
telecommunications, it is necessary to understand the fundamental properties of materials and device
structures. Our focus has been on material and device responses in the wavelength range between 1400
nm and 1600 nm for which we use a tunable, synchronously-pumped, high rep-rate optical parametric
oscillator (OPO), producing 150 fs pulses. With the pump-probe technique we obtain information about
gain, absorption and index changes, as well as the dynamics of their recovery. Our setup, used with low
frequency chopping for heterodyne as well as amplitude modulation, has a measurement sensitivity of ~
10 for changes on a femtosecond timescale.

Objects of current studies are: crystalline germanium on undoped silicon, novel quantum well saturable
absorbers on semiconductor mirrors (both oxidized and unoxidized) and highly nonlinear calgogenide
glass fiber. Pump-probe experiments performed on non-epitaxially grown saturable absorbers are also
described in detail in the later section. We propose to continue each of these studies, extend them to
integrated structures and to the shorter timescales made possible by our 20 fs Cr:YAG laser or by OPO
pulse compression in fiber. We also propose to revisit active waveguides and to study dynamics in novel
integrated semiconductor optical amplifier (SOA) circuits.

Germanium saturable absorbers on silicon mirrors

A 543-nm-thick film of crystalline germanium on an undoped silicon wafer was characterized to
determine its suitability for use as a broadband ultrafast saturable absorber. The maximum absorption of
the film at 1540 nm is ~ 8.5%. Pump-probe traces as a function of incident fluence are shown in Figure
28. The fast component, due to spectral hole burning and thermalization of carriers, recovers quickly and
is a large percentage of the overall signal. However, there is still a long-lived component of the signal,
due to recombination and thermal effects. Future studies of these effects as a function of growth and
fabrication conditions will help determine the optimum design for a broadband saturable absorber. These
novel materials are fabricated for us by Prof. Fitzgerald’s group at MIT. The development of a such a




saturable absorber material, compatible with silicon technology, would be particularly valuable because
the combination of silicon and SiO, also provides the basis for a variety of high index contrast devices.
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Figure 28: Pump-probe trace of 543 nm Germanium film at 1540 nm and as a function of fluence.
InP-based SBRs

High-modulation-depth InP-based saturable Bragg reflectors (SBRs), designed for use in a high repetition
rate laser systems, were fabricated by Professor Kolodziejski’s group. They consist of 12 InGaAs
quantum wells in a A—-thick layer of InP. This is grown on top of an MOCVD-grown mirror consisting of
a 22-pair GaAs/AlAs Bragg stack, centered at 1550 nm with a 100 nm bandwidth. Additional InP was
overgrown on the structure to enhance two-photon absorption, which we have found can help stabilize
lasers against Q-switching instabilities [64]. Structures with either antireflection or resonant coatings to
enhance the modulation depth have been investigated. Figure 29 shows a pump-probe trace of the
resonantly coated structure, in which a maximum modulation depth of 20% has been achieved.
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Figure 29: Pump-probe trace of a high-modulation-depth SBR at 1575 nm.

The recovery time of this device is ~ 43 ps, due to the high lattice mismatch between the InP and the
GaAs. New structures are now being grown for the purpose of achieving an enhanced ultrafast
component and faster overall recovery.

Two-color pump-probe
We have also performed a variety of two-color pump-probe studies, using the 800 nm pump pulses as

well as the OPO output. Because the OPO is synchronously pumped, these two colors have less than 20
fs of timing jitter [65] between them. In addition, it is possible to perform two-color pump probe with
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the OPO signal and idler. Microstructured fiber [66] and a Fabry-Perot device have been studied using
this technique. The Fabry Perot device consisted of 1 um of polysilicon on a 1 mm quartz substrate,
forming a Fabry Perot. The Ti:sapphire laser was used as the pump and the OPO as the probe. The
Ti:sapphire generated free carriers in the sample, causing the index to change slightly. This in turn, leads
to a shift of the resonances of the Fabry-Perot, causing a change in transmission as a function of
wavelength. From this pump-probe experiment, a carrier density of 3 x 10" /em® produced an index
change of ~0.15%, a number that agrees well with values in the literature. Further experiments will be
directed toward demonstrating the utility of such structures as rapidly, all-optically switchable filters.

Semiconductor optical amplifiers are also being revisited for all-optical switching applications. They
known to have large optical nonlinearities and rapid response times that make them attractive for a variety
of wavelength shifting and optical logic gate applications. We have previously performed extensive
studies of both index of refraction dynamics and gain dynamics in standard cleaved facet device.[67]
Typical results are shown below. They show promising ultrafast components as well as not so rapid
components related to carrier population dynamics.
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New integrated devices are being designed and fabricated by collaborators Rajeev Ram and Leslie
Kolodzjieski at MIT. Both Mach-Zehnder and Ultrafast Nonlinear Interferometer (UNI) [68] geometries
will be fabricated and tested in multi-gate configurations.

Calcogenide glasses and Omniguide fiber

The incorporation of highly nonlinear calcogenide materials into Omniguide fiber [69] promises to
greatly reduce the powers and fiber lengths needed for nonlinear switching. We have begun a
collaboration with colleagues at Omniguide Communications, who are developing this novel fiber
technology, to study the ultrafast nonlinear characteristics of the key materials. Onmiguide fiber consists
of concentric cladding layers that act as perfect mirrors for light of all wavelengths in the core. The
design of the particular layer dimensions can also be used to tailor the dispersion characteristics of the
fiber guide. We have begun initial experiments on Ges3As|,Sess whose constituent ratios have been
chosen to set the bandgap of the material close to, but far enough above to avoid losses from, the two-
photon energy of pulses at 1.5um. We will study the nonlinear index n, and the two-photon absorption
coefficient B as a function of wavelength. Experiments re being carried out using spectral interference
pump-probe as well as the Z-scan method. As Omniguide fibers with GeAsSe cores are fabricated we
will evaluate their performance in all-optical switch configurations.




Phase sensitive nonlinear optics

With the arrival of laser pulses consisting of only a few optical cycles, attention has been drawn to effects
that not only depend on the electric field envelope, but also on the phase between the rapidly oscillating
carrier wave and the envelope. Different approaches have been used for detecting this carrier-envelope
(CE-) phase @cg. Recently, it has been shown that a promising candidate is carrier-wave Rabi flopping
[70]. Carrier-wave Rabi flopping is defined as the regime in which a resonant excitation of a two-level
system is so strong, that significant inversjon is generated during one optical cycle [71]. This regime
occurs when the Rabi frequency approaches the carrier frequency. It has been demonstrated that the
corresponding Mollow sideband radiation emitted from the two-level system at different harmonics can
interfere with each other or with the bulk or surface generated second harmonic radiation, producing a
CE-phase sensitive photocurrent in a detector [72]. Here, we want to investigate the off-resonant
excitation of a two-level system, i.e., in the weak-field limit there is no excitation of the system at all,
which may lead to a phase sensitive inversion after passage of the pulse in the strong field limit. The
phase sensitive inversion can be directly probed optically or it can be read out electronically by an applied
field, resulting in a compact electronic phase detector. A portion of the detector current is directly
proportional to the carrier-envelope phase.

Figure 31 shows the inversion left in a two-level atom after irradiation with a Trwiy =5fs long, sinc-
shaped pulse, which is a fairly good description of recently generated few-cycle laser pulses [4]. The
result is shown for two values of the carrier-envelope phase @ce=0 in (a) and @cg=-n/2 in (b) for a
detuning of the laser pulse from the resonance of A=0.886/Trwuy and a maximum field strength of E, =6
V/nm. The dynamics of the two-level system is found by numerically solving the Bloch equations.
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Figure 31: Inversion w for a two-level atom interacting with a 5 fs optical pulse: (a) time
evolution for ©~+=0. (b) time evolution for ©~==-1/2. (¢) phase dependence of the remaining

Figure 31(c) shows the phase dependent population after passage of the pulse, and it shows that the
inversion remaining in the system is modulated with twice the CE-frequency. This occurs because the
Bloch equations are invariant with respect to simultaneous inversion of the electric field and the dipole
moment. Thus, the inversion is invariant.

The inversion can be detected optically, either by an additional probe beam or by the short wavelength
spectral components of the pulse itself that are resonant with the two-level system and delayed from the
excitation part of the pulse. It is even more appealing to extract the modulated inversion from a diode-like
structure in form of an external current. Experimental investigations of these possible novel electronic
phase detection schemes are in progress.




Nanoscale scanning probe spectroscopy

We have recently been developing a scanning probe microscope apparatus with capability for apertured-
tip near-field microscopy, apertureless probe scanning for photon-tunneling microscopy and
topographical surface force microscopy. The ultimate goal is to use these techniques to study ultrafast
effects with nanoscale spatial precision. Initial projects have focused on developing and calibrating the
methods. A recent objective was to study perturbations of microphotonic circuits by scanning tips. In
particular, we studied perturbations on the guided mode of a microphotonic ring resonator. A near field
microscope was used to control the distance between a flat-tipped micro-fiber and an unclad ring
resonator (see Figure 32a). As the microtip fiber optic approaches the ring resonator, it produces a shift
of the center frequency of the ring (see Figure 32b). This tuning mechanism provides a calibration of the
effects of a tip on guided and/or resonant modes. It is already proving useful for characterizing

microphotonic chips being fabricated by other groups at MIT and for testing novel micro-mechanical
electro-optic device designs.
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Figure 32. (a) Simple schematic of tuning apparatus. Tuning fork signal is monitored to maintain the
distance of probe from surface of ring. (b) Transmission data from the through port of ring resonator for
various positions of the probe. The left-most resonances are those with no perturbation, while the
progression of red-shifted resonances demonstrate increasing perturbation of the ring resonator.

For the purpose of studying micro-photonic circuits the near-field microscope can also be used in photon
scanning tunneling microscopy mode (PSTM). Since the light in a waveguide is generally totally
internally reflected, it cannot be directly observed in the far field. However, if a probe is brought in the
near field of the waveguide, its evanescent field can be detected since a small amount of the guided light
will “tunnel” into the probe. Combined with interferometric techniques, this allows us to detect the phase
and amplitude of the guided mode inside of the waveguide. Such newly accessible information about the
modes inside of the waveguide may help to resolve questions of coupling and loss in complex devices

such as multi-stage ring resonator filters. The transmission third-order ring resonator filter can be seen in
Figure 2.
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Figure 33. Schematic and transmission spectrum of third order ring resonator. The through-port and
drop-port signals are displayed in red and blue respectively.
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The double-peaked characteristic of the through port was unexpected and has led to new understanding
and a reevaluation of multi-ring filter design. Additionally, correlation of the topography of the
waveguide with the mode amplitude of a waveguide can help to pinpoint problematic artifacts in such
devices.

Photonic crystal devices can also benefit from such studies. PSTM can help to reveal the physics behind
complex defect states and the Bloch waves excited in photonic crystals. Figure 34 shows a collection
mode image of a two-dimensional photonic crystal light emitting diode consisting of a hexagonal lattice
of 100nm diameter holes. These holes are clearly resolved with the near field microscope demonstrating
the high spatial resolution achievable. Propagation in such structures is characterized by complicated
“photonic crystal bands.” PSTM will make it possible to map the photonic bandstructure directly and to
study the resonance and propagation of light, especially short pulses in a variety of interesting photonic
devices. Preliminary 2-D resonators, slow wave structures and superprisms are currently being fabricated
by the Kolodziejski group for future studies. We will use our scanning probe, and once we have
successfully fabricated and tested photonic crystal waveguides PSTM studies will be a possibility.
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Figure 34: a) Sub-wavelength near-field image of PBG LED taken in oblique reflection/collection

geometry. b) The corresponding SEM image of the same sample. The hexagonal lattice formed by the
holes can be clearly seen.




On a molecular scale we are also using the different near-field modalities of our instrument to study the
properties of nanotubes and nanotube devices. An important feature of the near-field microscope in this
case is its ability to correlate topographical information with optical signals. This is helpful in order to
resolve a change in physical properties along the nanotube. In Figure 35 the topography of a 3-nm-
diameter single wall carbon nanotube, acquired using the near-field probe. The lateral resolution of the
nanotube is consistent with approximately S0nm spatial resolution. Next we perform photocurrent and
Raman studies of such nanotubes.

Figure 35: Topography image of a 3nm diameter single wall carbon nanotube. NSOM
topography measurement of 2.8 +/- 0.5nm is consistent with AFM measurements of
diameter.

Non-epitaxially grown saturable absorber devices for laser mode locking

Epitaxially grown semiconductor saturable absorbers are part of a well-established technology for
generating stable, self-starting pulses in solid-state lasers. These devices, known as semiconductor
saturable absorber mirrors (SESAM) or saturable Bragg reflectors (SBR), typically consist of
semiconductor quantum wells grown in a semiconductor mirror structure by molecular beam epitaxy
(MBE) [34,73,74]. SESAMs and SBRs have been very successful in mode-locking solid-state lasers,
helping to start and support few cycle pulses in a Ti:sapphire laser[75]. However, they suffer from some
disadvantages, such as lattice matching constraints that limit the choice of semiconductor materials as
well as the need for a complicated, expensive fabrication system. In addition, the bandwidth of these
devices is typically limited and extensive post-processing is required to fabricate broadband devices.

Non-epitaxially grown saturable absorbers based on semiconductor nanocrystallites doped into silica
films are a low-cost, simple, and versatile technology for mode-locking applications. In our initial
experiments, we developed non-epitaxially grown, RF sputtered saturable absorber devices and applied
them to self-starting Kerr lens mode-locking (KLM) in a Ti:sapphire laser[76]. The saturable absorber
devices consist of InAs nanocrystallites doped into SiO; films and deposited on sapphire substrates using
magnetron and non-magnetron radio frequency (RF) sputtering systems.

RF sputtering is an inexpensive, simple device fabrication technique that offers flexibility in the choice of
semiconductor dopant and substrate materials. [77-79] This technique allows the deposition of
semiconductor-doped silica films onto almost any substrate with no lattice matching constraints. A
variety of semiconductors can be chosen as the dopant. Changing the semiconductor dopant and
nanocrystallite size enables control of the optical absorption edge. The linear absorption coefficient is
directly proportional to the doping density, and the total absorption can easily be scaled by changing the
film thickness. The broad nanocrystallite size distribution leads to a broad bandwidth of operation.
Finally, these semiconductor-doped silica films can be deposited with much higher doping densities than
bulk semiconductor-doped glasses, enabling simple deposition in a thin layer on a variety of substrates
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including mirror structures. It was found that rapid thermal annealing (RTA) in nitrogen from 500-750°C
was an effective method of controlling the absorption saturation dynamics of the saturable absorbers [80].
In Ti:sapphire, self-starting 25 fs pulses were obtained with a bandwidth of 53 nm and tuning range of 80
nm. The saturation fluence of these devices was measured to be 25 mJ/cm?, which is too high to enable
saturable absorber mode-locking without KLM and also limits the minimum achievable pulsewidth.

More recently, the focus of our investigations was to comprehensively characterize the linear and
nonlinear optical properties of these devices in order to develop guidelines for designing semiconductor-
doped silica film saturable absorbers with optimized saturation fluence for a given solid state laser
system. The influence of fabrication parameters on the optical properties of the saturable absorber devices
was measured using linear transmission and pump probe experiments to determine the most important
factors impacting device performance.

Measurement of nonlinear absorption cross-section and dynamics

Preliminary investigations examined the influence of nanocrystallite size on the absorption saturation
dynamics in InAs-doped silica films. It has been shown [71,81,82] that varying the ratio of semiconductor
to glass on the target can be used to control the nanocrystallite size in the sputtered film. Larger
semiconductor to glass ratios result in larger nanocrystallite sizes in the deposited film, shifting the optical
absorption edge to longer wavelengths. The effect of varying the ratio of InAs to SiO, on the size of the
InAs nanocrystallites in the silica films was tested. We collaborated with Paul Mak and Professor Michael
Ruane at Boston University to deposited films with ratios of 3% InAs/97% SiO,, 10% InAs/90% SiO,,
and 40% InAs/60% SiO, on sapphire substrates using a magnetron RF sputtering system. The films were
subsequently annealed in nitrogen at 600°C. Linear transmission measurements (Figure 36) revealed a
shift of the absorption edge to longer wavelengths for higher InAs/SiO, ratios, as expected. The
absorption edge is ~950 nm for the 3% InAs/97% SiO, film, ~1200 nm for the 10% InAs/90% SiO, film,
and ~1700 nm for the 40% InAs/60% SiO, film. Varying the semiconductor to glass ratio is a simple and
effective way of controlling the nanocrystallite size in the sputtered films, enabling fabrication of films
for operation at different laser wavelengths over a broad range with only a single semiconductor material.

Pump-probe experiments were performed on these films to examine the dependence of the saturation
fluence on nanocrystallite size. A novel pump-probe system with independently tunable pump and probe
wavelengths from 700 to 1000 nm was developed, based on our 5.5 fs Ti:sapphire laser. The time
resolution of this system was 17 fs. The magnitude of the measured pump-probe signals can be shown to

be inversely proportional to the saturation fluence. The results of pump-probe measurements at 800 nm
are shown in Figure 37.
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Figure 36. Linear transmission measurements for films with different InAs/SiO, ratios,
revealing a shift of the absorption edge towards longer wavelengths with higher ratios of
semiconductor to glass.
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Figure 37. Degenerate pump-probe measurements at 800 nm on InAs-doped silica films
with different InAs/SiO, ratios. The black lines show the results of fitting the data with
exponential or double exponential functions, and the relaxation time constants are labeled
for each curve.

From this figure, it can be seen that the 10% InAs/90% SiO, film has the lowest saturation fluence at 800
nm (29.5 mJ/cm®). This motivated experiments to explore the wavelength dependence of the saturation
fluence in these films with the tunable Ti:sapphire-based pump-probe system. We examined the saturation
fluence near the absorption edge of a 10%InAs/90% SiO, film in a degenerate pump probe measurement
at wavelengths of 750, 800, and 925 nm (Figure 38). The saturation fluence of this film decreased with
increasing wavelength (decreasing to 9.3 mJ/cm” at 925 nm), demonstrating that operation close to the
absorption edge is desirable to minimize the saturation fluence.

A pump-probe system operating at 1.5 um was subsequently used to measure the dynamics of the 40%
InAs/60% SiO, films near their absorption edge of ~1.7 um. The pump-probe system was based on a
Ti:sapphire-pumped OPO generating 150 fs transform limited pulses at an 82 MHz repetition rate, with

wavelengths tunable between 1.4 and 1.6 pm. The results of these measurements are depicted in Figure
39.
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Figure 38. Degenerate pump probe measurement of a 10% InAs/90% SiO, film as a
function of wavelength, showing a decrease in saturation fluence with excitation closer to
the absorption edge.
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Figure 39. Tunable degenerate pump-probe measurements at wavelengths of 1.54 pm,
1.48 pm, and 1.43 pum on a 40% InAs/60% SiO2 film. A saturation fluence of 640
pl/em?2 at 1.54 pm was measured.

These measurements show that the saturation fluence decreases with wavelength in this longer
wavelength range as well. A saturation fluence of 640 pJ/cm?® at 1.54 pum was measured in these
experiments, significantly lower than the 72 mJ/cm? saturation fluence measured on the same film at 800
nm. This is expected since the 1.54 pm wavelength is much closer to the absorption edge. However, this
saturation fluence is also significantly lower than the 9.3 mJ/cm? saturation fluence measured at 925 nm
on the 10% InAs/90% SiO, films, even though the wavelengths are at similar distances from the
absorption edge. The increase in nanocrystallite size between the 40% InAs/60% SiO, films and the 10%
InAs/90% SiO, films is responsible for the decrease in saturation fluence; the mechanism by which this
occurs will be discussed further below.

Influence of Materials Fabrication Parameters on Absorber Performance

The annealing temperature of 10%InAs/90% SiO, films was varied to determine the effect of RTA on the
nonlinear absorption saturation dynamics. Annealing is expected to modify the surface properties of the
nanocrystallites; nanocrystallites with better surface properties are anticipated to have lower saturation
fluence. Figure 40 depicts the changes in the measured pump-probe signal at 800 nm as a function of
annealing temperature for 10% InAs/90% SiO, films annealed for 60 seconds in nitrogen.
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Figure 40. Degenerate pump probe measurement of a 10% InAs/90% SiO2 film at 800
nm as a function of rapid thermal anneal temperature. Discrete changes in the dynamics
as a function of annealing temperature are observed.

Distinctive changes in the absorption saturation dynamics were observed as the annealing temperature
was varied from 350-700°C, including a large decrease in the saturation fluence between 500 and 550°C.
Overall, higher annealing temperatures seem to be effective in improving the surface quality of the
nanocrystallites and thereby reducing the saturation fluence, as previously demonstrated [80].
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The glass matrix surrounding the nanocrystallites is expected to strongly affect their surface properties
and ultrafast dynamics, and therefore experiments to investigate the dependence of the saturation fluence
on the glass matrix composition were performed. Films with InAs nanocrystallites doped into a
borosilicate glass matrix in a 10% InAs/90% borosilicate glass ratio and deposited on sapphire substrates
were fabricated to test the dependence of the absorption saturation dynamics on the glass matrix
composition. Pump-probe measurements on these films demonstrated that unlike the SiO,-based films,
the pump probe signal did not change discretely with annealing temperature, instead increasing
continuously as the RTA temperature increased (Figure 41). However, at high annealing temperatures the
dynamics were very similar to those measured with a SiO, matrix, and there was no significant
improvement in the saturation fluence.
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Figure 41. Degenerate pump probe measurement of a 10% InAs/90% borosilicate glass
film at 800 nm as a function of rapid thermal anneal temperature

We believe that the difference in annealing temperature dependence between films fabricated with InAs
doped into a SiO, matrix and films fabricated with InAs doped into a borosilicate glass matrix can be
explained by examining the different melting points of the composite films and their relation to the
annealing temperature. The surface properties of the nanocrystallites are expected to vary differently with
RTA temperature for the two film compositions, influencing the ultrafast dynamics. This demonstrates
that the choice of glass and annealing temperature has an effect on the absorption saturation dynamics that
must be considered when designing non-epitaxially grown semiconductor-doped silica films.

Guidelines were formulated from the above experimental results to optimize the saturation fluence of
semiconductor-doped silica film saturable absorbers for a given laser system. By comparing the minimum
saturation fluence of 10% InAs/90% SiO, films with 40% InAs/60% SiO, films, it can be seen that films
with larger nanocrystallites have significantly lower saturation fluence than those with smaller
nanocrystallites. It is also clear that the films should have an absorption edge close to the laser
wavelength, since this also lowers the saturation fluence (Figure 38). Therefore, the semiconductor
material and semiconductor/glass ratio should be chosen to satisfy these two criteria for a certain
operating wavelength. Finally, the annealing temperature should be above 550°C for strong absorption
saturation based on the results displayed in Figures 40 and 41; however, the optimum temperature may
vary for different semiconductor and glass materials. The carrier relaxation time can also be tailored for a
particular application by varying the annealing temperature.




These guidelines were applied to design semiconductor-doped silica film saturable absorbers for self-
starting mode-locking in a Cr:forsterite laser operating at 1.26 um [76,83]. The linear and nonlinear
optical properties of the 40%InAs/60% SiO, films described above were suitable for this application.
Films with a saturation fluence of 1.07 mJ/cm® at 1.26 um were fabricated, enabling self-starting KLM
with 91 nm bandwidth and pulse durations of 25 fs measured by interferometric autocorrelation (Figure

42).
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Figure 42. Interferometric autocorrelation (a) and spectrum (b) of self-starting KLM in
Cr:forsterite using non-epitaxially grown InAs-doped silica films. Self-starting 25 fs
pulses with a bandwidth of 91 nm were generated.
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We believe the relatively high saturation fluence in semiconductor-doped silica films can be explained by
their fast polarization dephasing times. It has been shown that the dephasing time in quantum dots
increases with the nanocrystallite size and surface quality, excitation wavelength relative to the band edge
and temperature.[84] From our experimental results, a dependence of the saturation fluence on the
nanocrystallite size, annealing temperature (which should influence surface quality) and the excitation
wavelength relative to the absorption edge was observed. This indicates that the fast polarization
dephasing time in RF sputtered semiconductor-doped silica film saturable absorbers may be the primary
limitation in achieving lower saturation fluences and better self-starting performance.

Saturable Absorber Device Design

Sapphire layer-107 nm
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ickness Sapphire layer-107 nm
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Figure 43. Schematic of the reflective saturable absorber device.

Limitations in saturation cross section can be overcome by implementing novel device designs to reduce
the saturation fluence. One method is to. design a reflective saturable absorber device incorporating
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semiconductor-doped silica films. A standing wave is formed in a laser cavity when an electromagnetic
wave is reflected from a mirror; by placing the semiconductor-doped film at the peak of the standing
wave, the effective saturation fluence can be reduced by a factor of four.

A promising design is based on sandwiching an InAs-doped film between sapphire spacer layers on top of
a gold mirror, all deposited by rf sputtering. Devices based on this design (Figure 43) were previously
fabricated in the non-magnetron sputtering system at Lincoln Laboratories, but were not successful in
self-starting mode-locking in a Ti:sapphire laser, most likely due to lack of precision in the thickness of
the deposited layers as well as possible problems with the morphology of the sapphire-gold interface that
reduced the reflectivity of the devices. We expect that we can control the layer thickness much more
precisely by using the magnetron sputtering system at Boston University, eliminating errors in device
fabrication. Novel device designs similar to those described in ref.[85] can also be used to overcome the
problems associated with the sapphire-gold interface and increase the reflectivity of the devices. Finally,
the guidelines developed in the previous work for optimizing semiconductor-doped silica films for a
given laser system can be used to select a different semiconductor material optimized for Ti:sapphire
mode-locking. We expect that by combining the knowledge gained from our characterization of the linear
and nonlinear optical properties of semiconductor-doped silica films with novel device designs and
improved fabrication techniques, reflective semiconductor-doped silica film saturable absorbers can be
developed and applied to self-starting mode-locking in solid-state lasers. This would be a major advance
in ultrafast solid-state laser technology, enabling many applications that require inexpensive, compact
ultrafast laser systems.




Femtosecond Nonlinear Material Processing

Femtosecond nonlinear materials processing is a powerful and versatile technique for fabricating photonic
devices. Waveguides can be fabricated directly inside transparent materials by using a focused laser beam
of femtosecond pulses. This technique promises to enable high-density photonic devices, since multiple
layers of waveguides can be fabricated on a single substrate. Three-dimensional geometries, where
waveguides interact in multiple dimensions, open the door to a wide range of new devices. Fabrication
techniques are extremely versatile because devices are written simply by scanning the incident laser beam
or the substrate. Thus, a wide range of different devices can be immediately fabricated under computer
control. Devices can be designed, fabricated, and tested rapidly, streamlining the device development
process.

The ability to produce structures inside materials requires the use of fabrication techniques that are
mediated by nonlinear interaction of the laser pulses with the material. Therefore, nonlinear materials
processing requires high-intensity pulses. Initial studies in this area relied on the use of laser amplifier
systems in order to produce enough intensity to initiate the absorption process. [86] While this method
does allow for processing of transparent materials, the speed and versatility is limited due to the low
repetition rate of the laser systems in the kHz range. Because the interpulse arrival time exceeds the
relaxation time of the material, structures are the result of the accumulation of many single shot
interactions. For this reason, this fabrication method requires either very slow scanning, on the order of
several tens of microns per second, or repeated scans of higher speed over the same area.

Recently, processing of transparent materials by using high-repetition-rate femtosecond oscillators has
been reported. [87] In these studies, pulse energies of only ~10 nJ were used in conjunction with very
tight focusing (~1.4 NA) to produce permanent structural changes in glass. Because of the high pulse
repetition rate available from laser oscillators (MHz), the modification process is a multiple shot effect.
Cumulative heating results from many pulses being deposited inside the focal volume at a rate faster than
the material relaxation time. In addition to reducing the cost and complexity of the laser system, this
method of material modification means that waveguides can be written at speeds that are significantly
faster (~10 mm/s) than would possible with femtosecond amplifiers. Fabrication using laser oscillators
has the additional advantage that scan speed can be modified to further optimize the exposure parameters.

During the previous contract period, our group developed a high-pulse energy, high-repetition-rate laser
for femtosecond material processing using a multiple-pass cavity (MPC). Using prisms for dispersion
compensation and a saturable-Bragg reflector (SBR) to stabilize pulses, our first generation multiple-pass
cavity (MPC) laser generated maximum pulse energies of 90 nJ [88]. This increased performance enabled
devices to be fabricated with less restrictive focusing at ~ 0.6 NA and was sufficient for many of our
preliminary studies. Since then, we have developed a second generation MPC that eliminates the need for
intracavity prisms by using double-chirped mirrors (DCM) for dispersion compensation [89]. The laser
achieves significantly higher pulse energies, 150 nJ pulses at a repetition rate 50% higher than before (6
MHz vs. 4 MHz) with approximately 50% shorter pulse durations (43 fs vs. 80 fs) and peak powers up to
3.5 MW. Laser stability has also been significantly improved. This advance promises to lead to more
reproducible fabrication with enhanced freedom to explore additional materials such as crystalline solids.

Waveguide fabrication and characterization

The characterization of the laser-induced changes in the material as well as waveguide device
performance is a critical element of photonic device fabrication. In our initial investigation of waveguide
fabrication we characterized the waveguide size as well as index change with respect to scan speed [90.
Figure 44(a) shows a phase contrast image of waveguides fabricated at several scan speeds using an




effective 0.6 NA. There is a clear correlation between the diameter of the structure and the writing speed.

Figure 44 (b) shows the transition from single-mode operation to higher-order modes as the waveguide
size increases.
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Figure 44. (a) Microscope image of fabricated waveguides at various scanning speeds, (b)
output CCD image of waveguides showing transition from single-mode to higher order
modes as scan speed is decreased (first images is for ~10 mm/s scanning)

As a compliment to waveguide size and mode dependence, we further characterized fabricated structures
with Optical Coherence Tomography (OCT). OCT used low coherence interferometry to generate cross
sectional images of backscattered or back-reflected light with high resolution and sensitivity. Because
OCT has sensitivity to reflected signals as small as 10" of the incident beam as well as a high dynamic
range, very accurate measurements of even a very small index change is possible. Figure 45 (a) shows a
schematic representation of OCT imaging with the incident light reflecting from the top and bottom
surface of the waveguide. The high longitudinal resolution (> 2 um) of OCT enables the top and bottom
of waveguide structures to be resolved. Figure 45 (b) shows the log signal with the peaks from the index
difference at the waveguide interface separated by 4.6 um from a representative waveguide, with the
tomographic reconstructed image shown in (c). Figure 45 (d) shows the comparison with an end view
from a phase-contrast microscope image.
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Figure 45. (a) Schematic representation of OCT imaging with light reflecting from the top and
bottom surface of the waveguide, (b) log-demodulated signal showing peaks at the waveguide
interfaces, (c) reconstructed tomographic OCT image compared to (d) end on view from a
phase-contrast microscope.

In our future work, we plan to continue the investigation of waveguide fabrication in glass materials.
While fabrication is often done with extremely tight focusing in order to get the modest pulse energy from
standard oscillators to high enough intensity, our high-energy MPC allows this constraint to be relaxed.
By varying the numerical aperture, scanning speeds, and exposures, we will examine the threshold for
high-repetition-rate micro-machining. We will further characterize the waveguides fabricated under
different parameters by examining waveguide size, index of refraction changes, and waveguiding
properties.

Since waveguides are the building blocks of functional photonic devices, it is essential to conduct a
comprehensive characterization of the waveguide structure and performance. To date we have been able
to measure the index differential at the interface of our fabricated structure and the surrounding glass.
While this is an important first step, a more in-depth study is necessary to fully characterize the index
profile.

As a further study of fundamental structural changes in transparent materials, we plan to complete a two-
color fabrication study. While fabrication studies at high-repetition rate have been performed [91] at UV
wavelengths generated by nonlinear frequency conversion, data has been limited due to low pulse
energies available in the UV wavelength regimes. Because our MPC laser can generate high-energy
pulses, it will be possible to perform high-efficiency second-harmonic generation to obtain wavelengths
in the 400 nm region. Comparing fabrication thresholds and material effects generated by IR versus UV
pulses will provide important insight into the underlying nonlinear processes that produce the structural
modifications. In addition, fabrication at shorter wavelengths should enable the fabrication of smaller
structures than possible using IR pulses.
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Figure 46. (a) Schematic of Mach-Zehnder interferometer with phase contrast image of x-
coupler, (b) Input spectrum (gray) and output spectrum (gray) and, (¢) normalized output
spectrum (black) with sinusoidal fit for path length difference of 9.3 um.

Photonic device fabrication in glass

We have demonstrated the fabrication of several photonic device structures including x-couplers, and
coupled mode devices. As an example of a more complex and usable device we have fabricated a Mach-
Zehnder interferometer. [92] Interferometers are important in practical devices such as sensors and
switches. Figure 46 (a) shows a schematic for the interferometer consisting of two back-to-back x-
couplers with arms that differ in designed length by 10 um. An interferometer with unbalanced arms acts
as a wavelength dependant filter. When broadband radiation from a mode-locked laser is coupled into the
interferometer (Figure 46 (b)), the normalized output (Figure 46(c)) shows a full modulation of the
spectrum due to interference effects between the two arms.

Wavelength selective devices such as filters and resonators require complex structures. These devices are
essential in WDM optical communication systems. In the fabrication techniques of such devices, not only
simple linear waveguides, but also two- or three-dimensional structures, such as a rings or combinations
of rings, are required. With the use of a computer controlled elliptically interpolating 3-D positioning
system, we will be able to fabricate structures with high precision, uniformity, and reproducibility.

It will be possible to fabricate and characterize a wide range of new devices that depend on three-
dimensional structures that cannot be built using standard techniques. We have previously demonstrated
the ability to fabricate 3-D waveguides. [90] The fact that material interaction is mediated by nonlinear
effects without linear absorption means that devices can be fabricated either above or below existing
structures without producing collateral damage effects. Figure 47 (a) shows a cross sectional view of 3-D
waveguides with mode coupling between adjacent guides shown in part (b). Figure 47 (c) shows a




schematic representation of several layered devices written one below the other in the same bulk material.
By exploiting the 3" dimension, a higher device density is achievable with the promise of increased
functionality and greater compactness.
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Figure 47. (a) Phase contrast image of layered waveguide structures. (b) CCD view of
mode coupling between adjacent guides, and (c) schematic of layered photonic devices
that are possible high-repetition rate femtosecond nonlinear material processing.

Micro-machining in other materials

Nonlinear material processing by femtosecond laser irradiation is not limited to glasses. The multi-photon
nature of this fabrication technique can produce micron scale changes in wide variety of materials. We
propose to investigate fabrication techniques in several different types of materials, such as doped glasses,
semiconductors, and crystals.

The opportunity to integrate fabrication across several material choices promises to enable the
development of novel devices such as active waveguides. Recently, optical amplification through
waveguides fabricated in glass laser materials using femtosecond laser processing has been reported. [93]
We will explore techniques for waveguide fabrication in laser gain media, and investigate their
fluorescence and amplification performance. Efficient optical emission localized in a single-mode
waveguide will be a promising light source as a high intensity illuminator, useful for a variety of
applications including biomedical imaging. Moreover, by the integration of photonic devices such as
gratings, amplifiers, and filters, a compact laser could be achieved.

We will explore approaches for fabricating waveguides in crystalline materials. This is especially
challenging since it is necessary to preserve the crystalline order in the waveguide region. A variety of
techniques such as treating regions adjacent to the waveguide to produce lower index amorphous regions
will be investigated. If successful this fabrication technique would permit the development of waveguide
lasers in a wide range of solid state materials. This fabrication technique would also have applications for
nonlinear frequency conversion in nonlinear crystals.
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