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Abstract. We present results on carrier-envelope phase stabilization of
mode-locked lasers. The carrier-envelope phase of femtosecond optical pulses
becomes important when they are used to probe attosecond physics. We
demonstrate that long-term carrier-envelope phase stability is possible to
achieve. Using phase-stable lasers it is possible to combine the output of
different lasers phase coherently. It is also possible to load them phase
coherently into a cavity, yielding the prospect of high-intensity experiments
without an amplifier. Finally, we present quantum interference control of
injected currents in semiconductors, which provides a solid-state phase detector
of the carrier-envelope phase.

All current techniques for accessing attosecond time scales rely on processes
that are sensitive to the electric field of femtosecond pulses. Control of the electric
field at an attosecond level requires control of the phase of the femtosecond pulse,
specifically the phase of the carrier wave with respect to the envelope, which is
known as the carrier-envelope phase ¢cg. For example, changing ¢cg by 0.1 rad
shifts the electric field by 45 as for an 800 nm pulse. This clearly implies that
techniques to stabilize ¢cg have an impact on attosecond science.

The application of techniques for precision stabilization of single-frequency
continuous-wave (CW) lasers to mode-locked lasers has enabled control of the
evolution of the carrier envelope phase of the intracavity pulse. The evolution of
the carrier-envelope phase is manifest as an overall frequency shift in the output
spectrum of the lasers. By using a self-referencing technique, this frequency shift
can be measured and used in a feedback loop to stabilize the phase evolution.
Furthermore, similar concepts and techniques can be used to cross-lock two mode-
locked lasers coherently, thereby ‘stitching’ their output spectra together.

In this paper, we first introduce the basic concepts of carrier-envelope phase
evolution in mode-locked lasers. Using these concepts, we then present results
on stabilization of ¢cg and on locking two femtosecond lasers to obtain a
single coherent output. Building on the same concepts, we demonstrate results
on coherent addition of femtosecond pulses using a passive optical cavity for pulse
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amplification. These discussions are followed by the demonstration of quantum
interference control of injected photocurrents in semiconductors, which can be
used to detect ¢cp. We finish by briefly mentioning the impact that these
techniques are having on the field of optical frequency metrology and optical
atomic clocks.

The concept of the carrier-envelope phase is based on the decomposition of
the pulses into an envelope function E(t) that is superimposed on a continuous
carrier wave with frequency ., so that the electric field of the pulse is written
E(t) = E(t)el®'. The carrier-envelope phase ¢cg is the phase shift between the
peak of the envelope and the closest peak of the carrier wave. In any dispersive
material, the difference between group and phase velocities will cause ¢cg to evolve
as the pulse propagates.

Mode-locked lasers generate short optical pulses by establishing a fixed-phase
relationship between all of the lasing longitudinal modes. (For a textbook level
discussion, see [1].) Mode locking requires a mechanism that results in a higher net
gain for short pulses compared with CW operation. This mechanism can be either
an active element or implemented passively with saturable absorption (real or
effective). Passive mode locking yields the shortest pulses because, up to a limit,
the self-adjusting mechanism becomes more effective as the pulse shortens [2].
Real saturable absorption occurs in a material with a finite number of absorbers,
for example a dye or semiconductor. The shortness of the pulses is limited by the
finite lifetime of the excited state. Effective saturable absorption typically uses the
nonlinear index of refraction of some material together with spatial effects,
polarization or interference to produce higher net gain for shorter pulses. The
ultimate limit on minimum pulse duration in such a mode-locked laser is due to
the interplay between the mode-locking mechanism, group velocity dispersion
(GVD) and net gain bandwidth [2].

Currently, the generation of ultrashort optical pulses is dominated by the Kerr-
lens mode-locked T'i:sapphire laser because of its robust performance, ultrawide
bandwidth and relative simplicity. Kerr-lens mode locking (KLLIM) is based on a
combination of self-focusing in the T'i:sapphire crystal and an aperture that selects
the spatial mode corresponding to the presence of self-focusing. The T'i:sapphire
crystal is pumped by green light from either an Art-ion laser or a diode-pumped
solid-state laser, which provides far superior performance in terms of laser stability
and noise. The Ti:sapphire crystal provides gain and serves as the nonlinear
material for mode locking. Prisms or dispersion-compensating mirrors compensate
the GVD in the gain crystal [3]. Since the discovery of KLLM [4, 5], the pulse
width obtained directly from mode-locked lasers has been shortened by approxi-
mately an order of magnitude by first optimizing the intracavity dispersion [6] and
then using dispersion-compensating mirrors [7, 8] to create pulses that are less
than 6 fs in duration, that is less than two optical cycles. Recently, output spectra
that span an octave (factor of two in optical frequency) have been obtained directly
from a mode-locked laser [9, 10], which is an important accomplishment for phase
stabilization.

To understand how frequency-domain techniques can be used to control
mode-locked lasers, we must first connect the time- and frequency-domain
descriptions [11, 12]. To start, we ignore the carrier-envelope phase and assume
identical pulses; that is, ¢¢cg is a constant. If we just consider a single pulse, it will
have a power spectrum that is the Fourier transform of its envelope function and is
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centred at the optical frequency of its carrier. Generally, for any pulse shape, the
frequency width of the spectrum will be inversely proportional to the temporal
width of the envelope. For a train of identical pulses, separated by a fixed interval,
the spectrum can easily be obtained by a Fourier series expansion, yielding a comb
of regularly spaced frequencies, where the comb spacing is inversely proportional
to the time between pulses; that is, it is the repetition rate f,., of the laser that is
producing the pulses. The Fourier relationship between time and frequency
resolution guarantees that any spectrometer with sufficient spectral resolution to
distinguish the individual comb lines cannot have enough temporal resolution to
separate successive pulses. Therefore, the successive pulses interfere with each
other inside the spectrometer and the comb spectrum occurs because there are
certain discrete frequencies at which the interference is constructive. Using the
result from Fourier analysis that a shift in time corresponds to a linear phase
change with frequency, we can readily see that the constructive interference occurs
at frequencies nf,.,, where n is an integer.

When ¢cg is evolving with time, such that from pulse to pulse (at a time
separation of T = 1/f,.,) there is a phase increment of A¢cg, then in the spectral
domain a rigid shift will occur for the frequencies at which the pulses add
constructively. This shift is easily determined to be (1/2m) A¢cg/T. Thus the
optical frequencies v, of the comb lines are v, = nf.., +fy, where n is a large
integer of the order of 10° that indexes the comb line and fo 1s the comb offset due
to the pulse-to-pulse phase shift. The comb offset is connected to the pulse-to-
pulse phase shift by fo = (1/2n)f.p Apce. The relationship between time- and
frequency-domain pictures is summarized in figure 1. The pulse-to-pulse change
in the phase for the train of pulses emitted by a mode-locked laser occurs because
the phase and group velocities inside the cavity are different. Thus, A¢cg can be

expressed in terms of the average phase velocity v, and group velocity v, inside

P
the cavity. Specifically, A¢cg = (1/vg — 1/vp)l 0., where [ is the round-trip length
of the laser cavity and w, is the ‘carrier’ frequency.

From this discussion, we see that stabilizing the evolution of the carrier-
envelope phase, that is fixing the value of A¢cg, is equivalent to fixing the value
of fo. Although it is possible to measure A¢cr directly by comparing successive
pulses [13, 14], measurement of f;, in the frequency domain is much more sensitive
as it effectively samples pulses with much greater temporal separations.

The most common method for measuring f is self-referencing [14—16], which
is shown schematically in figure 2. In self-referencing, the low-frequency wing of
the spectrum is frequency doubled and compared with the high-frequency wing
by heterodyning them against one another. The heterodyne beat provides the
difference frequency, which by simple arithmetic is just fy. The key challenge to
self-referencing is obtaining sufficient spectral breadth so that spectral overlap
occurs between the doubled low frequencies and the original high frequencies;
this overlap obviously requires that the original frequencies are a factor of two
apart (i.e. the spectrum spans an octave). An octave span can be achieved by
spectral broadening external to the laser, typically in a microstructure optical fibre
[17, 18]. However, octave-spanning spectra have also been obtained directly from
mode-locked T'i:sapphire lasers [9, 10]. It is also possible to use an auxiliary CW
laser [19-21]; however, this technique is more commonly used in optical frequency
metrology experiments.
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Figure 1.  Summary of the time—frequency correspondence for a pulse train with

evolving carrier-envelope phase.
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Figure 2. Schematic diagram of the self-referencing technique used to determine the
offset frequency fy of the spectral comb.
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Measurement of the carrier-envelope phase coherence characterizes how well
the stabilization is working. This is done by closely examining the frequency- and
phase-noise power spectral densities (PSDs) of fy. Physically, the carrier-envelope
phase coherence simply reflects how well we can tell what the carrier-envelope
phase is of a given pulse in the train if we know the phase of an earlier pulse.
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Knowing the carrier-envelope phase of a given pulse is important, however, for
coherent pulse synthesis because we need to maintain carrier-envelope coherence
between the two lasers. For experiments sensitive to ¢cg, it is important that ¢cg is
well determined during the measurement process in order to reveal how ¢cg affects
the outcome.

The evolution of the carrier-envelope phase is directly related to the laser offset
frequency via ¢cg = 2nfot + ¢o. If fo is stabilized to a frequency derived from
the laser repetition rate, the value of f; fixes the pulse-to-pulse phase shift in the
carrier-envelope phase, A¢cr = 2nfy/fep. The constant offset ¢y, often termed the
‘absolute phase’, determines the initial phase shift (at # = 0) between the carrier
and the pulse envelope, making it an important parameter in field-sensitive
experiments [22, 23]. The residual fluctuations of f, around its mean value,
as manifested in the frequency- or phase-noise PSD around the carrier, allow
determination of the stability of ¢cg, which in turn determines the duration of
a phase-sensitive measurement for ultrafast experiments. To address the feasibility
of phase-sensitive experiments, we present coherence time measurements of
a stabilized Ti:sapphire laser. These measurements, aside from determining
the time scale over which the light pulses remain coherent, also give the quality
of the servo system and aid in identifying various noise contributing sources within
the stabilization loop.

Knowledge of the stability of the offset frequency directly yields that of the
carrier-envelope phase. The stability of the offset frequency is determined from
its frequency-domain lineshape. The noise analysis is straightforward since the
spectrum of noise side bands at frequency offsets f relative to the carrier yield the

PSD, S(f), of the phase noise [24]:

0 172
A, = <2J S(f)df) . (1)

1/(2mTobs)

Integration of the noise spectrum yields the total accumulated phase error A¢,ms
on ¢¢cg. Specifically, integration of S(v) up to an observation time T, over which
A¢.ms accumulates about 1 rad is generally taken to define the coherence time t.p,.

We determine the carrier-envelope phase coherence time of a stabilized Kerr-
lens mode-locked T'i:sapphire laser capable of producing 10fs pulses. The laser
uses prisms for intracavity dispersion compensation [3]. The laser baseplate is
temperature controlled and the laser itself is encased in a pressure-sealed box.
Negative feedback is obtained with a bandwidth of about 18 kHz via tilting the laser
end mirror using a piezoelectric actuator. To perform an out-of-loop measurement
of the offset frequency phase noise, we utilize two v-to-2v interferometers to
implement the self-referencing scheme shown in figure 2 [25]. One interferometer
stabilizes the laser, while the second determines the carrier-envelope phase noise
from a phase-sensitive measurement of f;. The phase noise PSD is obtained by
mixing fo down to the base band where the noise side bands are measured using
a fast-Fourier transform spectrum analyser (figure 3).

Figure 4 presents the results of the coherence measurement. Measurement of
both the unstabilized offset frequency and the frequency f; used for locking are
included; comparison of the two indicates the noise suppression by the stabiliza-
tion loop. The latter provides an in-loop phase noise measurement that is used
only to determine the effectiveness of the stabilization circuitry. The difference
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Figure 3. Experimental set-up showing how the coherence of ¢cp is measured. One
interferometer is used to stabilize the laser while the second v-to-2v interferometer
determines the phase coherence. The noise of the second interferometer is minimized
by making the v-to-2v comparison as common mode as possible by using prisms for
spectral dispersion.
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Figure 4. Phase PSD S(v) (left axis) for the in-loop (—) and out-of-loop spectra (- - -) of
the comb offset frequency (bottom axis). Integration of S(v) yields the accumulated
phase error (right axis) as a function of observation time (top axis).

between the out-of-loop and in-loop spectra yields the extracavity phase noise
present within the stabilization loop (e.g. from the feedback electronics, the v-to-2v
interferometer, the microstructure fibre, etc.) and the differential noise between
the two loops. This noise is written on to the output of the laser, as the servo
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system uses the laser to compensate for extracavity noise. Integration of the phase
noise PSD out of loop (in loop) in figure 4 results in an accumulated phase error of
0.109 rad (0.08 rad) over the interval 102 kHz down to 488 mHz (which is resolu-
tion limited). Given that the out-of-loop accumulated phase error is less than 1 rad,
the lower frequency integration bound determines a lower limit of the coherence
time T.,, = 1/(2n x 244 pHz) = 652s. This indicates that phase coherence is
maintained for more than 65 x 10” pulses.

We would like to emphasize that carrier-envelope phase coherence is not the
same as optical coherence. A process that shifts the temporal position of the pulse
without changing the ¢cg of the pulse destroys the optical coherence but does not
affect the carrier-envelope phase coherence.

Aside from the problems posed by fibre-induced phase fluctuations, stabiliza-
tion of Ti:sapphire laser using microstructure fibre presents challenges to short-
pulse experiments due to fibre dispersion. Additionally, complexities in the fibre
alignment often lead to loss of fibre coupling and degradation in the f, signal over
time. This degradation hinders optical frequency metrology since long-term
averaging is necessary to increase the measurement precision. Thus, a laser that
directly generates an octave is preferable. We present an octave-spanning conven-
tional-geometry Ti:sapphire laser using intracavity prisms and negatively chirped
mirrors. This has the advantage over a previously demonstrated octave-spanning
laser [9, 26] in that the laser does not require precise intracavity dispersion
compensation, nor does it require the use of an auxiliary space and time focus.
We support the definition of octave spanning by demonstrating stabilization of the
carrier-envelope phase using the bandwidth from the laser alone.

The octave-spanning laser presented here is an x-folded cavity that utilizes
CaF, prisms and commercially available negative-chirped mirrors for intracavity
dispersion compensation (figure 5). The generation of intracavity continuum is
obtained via optimization of self-phase modulation in the laser crystal. The latter is
obtained by strong misalignment of the curved mirrors away from the optimal CW
position, which results in the production of a highly asymmetric and highly
focused CW beam. When pumped with 5.5 W of 532 nm light, the mode-locked
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Figure 5. (a) Experimental schematic diagram of the octave-spanning Ti:sapphire laser
and the v-to-2v interferometer used for measurement of the laser offset frequency.
The inset shows the rf spectrum of fy at a 100 kHz resolution bandwidth. (b) Phase-
noise PSD (left axis) of the stabilized f, versus frequency (bottom axis) and the
integrated phase error (right axis) as a function of observation time (top axis).
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laser spectrum spans from 580 to 1200 nm (about 40 dB down from the 800 nm
portion of the spectrum) with an average power of 400 mW (100 mW CW) at an
approximately 100 MHz repetition rate [10].

To demonstrate that the spectrum is indeed octave spanning, we measure f,
using the laser output directly, that is without external broadening. This is done
with a v-to-2v interferometer that uses prisms for spectral dispersion (not for
compression) as shown in figure 5. The beat signal is detected using a fast
photomultiplier tube and yields a maximum signal-to-noise ratio of about 30 dB
at 100 kHz resolution bandwidth. This signal is then used to stabilize the laser
using the piezoelectric actuator scheme described earlier. Figure 5 (b) presents the
stabilization results. The phase noise PSD presented is an in-loop measurement of
the offset frequency, which, as explained previously, may not reflect the total noise
on the laser output. However, the use of the octave spanning laser eliminates
microstructure fibre noise. Interferometer noise is also minimized by making the
V-to-2v comparison as common mode as possible. As a result, the main contribu-
tion to the out-of-loop phase noise should be less than that shown in figure 4.

An interesting aspect of the generated continuum is the laser beam spatial
profile as a function of wavelength [27]. Because of the extreme breadth of the
spectrum, light generated in the spectral wings is not resonant in the laser cavity
and thus is not forced to obey the cavity transverse spatial mode conditions. This
results in the production of non-Gaussian modes (figure 6), which cause poor
mode matching between the v and 2v portions of the spectrum. The change in spot
size of the beam as a function of wavelength, observed in figure 6, is the result of
a sudden decrease in waist size for light in the wings of the spectrum.

Being able to combine the characteristics of two or more mode-locked lasers
working at different wavelengths certainly provides an ultimately flexible approach
to coherent control. The capability of synchronizing the repetition rates and phase
locking the carrier frequencies of multiple mode-locked lasers opens many
applications. Working with two independent femtosecond lasers operating in
different wavelength regions, we have synchronized the relative timing between
the two pulse trains at the femtosecond level [28, 29] and also phase locked the two
carrier frequencies [30], thus establishing phase coherence between the two lasers.
By coherently stitching optical bandwidths together, a ‘synthesized’ pulse has been
generated [31]. With the same pair of Ti:sapphire mode-locked lasers, we have
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Figure 6. The laser beam profile for selected wavelengths. A 10-90 knife-edge fit was used
to determine the spot sizes in the sagittal (ll) and tangential ([1) planes, displayed on
the right of the figure. (Some of the diffraction rings observed for the larger beam
modes may result from aperturing of the laser mirrors.)
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demonstrated widely tuneable femtosecond pulse generation in the mid- and far-
infrared using difference-frequency generation [32]. The flexibility of this new
experimental approach is evidenced by the capability of rapid and programmable
switching and modulation of the wavelength and amplitude of the generated
infrared pulses. A fully developed capability of producing phase-coherent visible
and infrared pulses over a broad spectral bandwidth, coupled with the capabil-
ity of an optical waveform synthesizer with arbitrary control in amplitude and
pulse shape, represents the ultimate instrumentation for coherent control of
molecular systems [33]. For frequency metrology and precision molecular spectro-
scopy in the infrared region, we note that the difference-frequency generation
approach produces an absolute-frequency-calibrated infrared comb when the two
Ti:sapphire lasers are synchronized and share a common offset frequency f.

To establish phase coherence among independent ultrafast lasers, it is necess-
ary to first achieve a level of synchronization among the lasers so that the
remaining timing jitter is less than the oscillation period of the optical carrier,
namely 2.7 fs for lasers centred around 800 nm. In the push for greater stability
and precision of femtosecond optical combs, a number of effective techniques for
ultralow-jitter synchronization have emerged. They include an all-electronic
approach for active stabilization of repetition rates [28, 29, 34], cross-phase
modulation to synchronize passively two mode-locked lasers that share the same
intracavity gain medium [35], linking repetition rates of lasers to the same optical
standard [36], and optical cross-correlation between the pulse trains to be
synchronized [37].

Detecting timing jitter should be carried out at a high harmonic of f,, to attain
much enhanced detection sensitivity. The harmonic order can range from 10 to
10°. This approach has enabled tight synchronization between two independent
mode-locked Ti:sapphire lasers with a residual rms-timing jitter of the order of
1fs or less, integrated over a bandwidth of a few megahertz. Of course, enhanced
detection sensitivity comes with the price of reduced dynamic range for the change
in the nominal value of f,.,. This problem can be alleviated by invoking another
control loop that works with lower harmonics of f.,. The low-frequency control
loop can be used to achieve a desired timing offset between the two pulse trains.
The high-stability loop can then be activated to achieve the ultimate level of
synchronization at the preset value of timing offset. For example, in the all-
electronic implementation of laser synchronization, we use two phase-locked loops.
One phase-locked loop compares and locks the fundamental repetition frequencies
(100 MHz) of the lasers. The second high-resolution phase-locked loop compares
the phase of the 140th harmonic of the two repetition frequencies at 14 GHz. A
transition of control from the first to the second phase-locked loop is implemented
smoothly to allow synchronization at the femtosecond level to be maintained for
any timing offsets within the entire dynamic range, for example one pulse period of
10 ns [29]. The synchronization lock can be maintained for several hours.

The present level of pulse synchronization would make it possible to take
full advantage of this femtosecond time resolution for applications such as high
power sum- and difference-frequency mixing [32, 38], novel pulse generation and
shaping [31], new generations of laser- and accelerator-based light sources, or
experiments requiring synchronized laser light and X-rays or electron beams from
synchrotrons [39]. Indeed, accurate timing of high-intensity fields is essential for
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several important schemes in quantum coherent control and extreme nonlinear
optics such as efficient X-ray generation.

Phase locking of separate femtosecond lasers requires a step beyond tight
synchronization of the two pulse trains. One needs effective detection and
stabilization of the phase difference between the two optical carrier waves under-
lying the pulse envelopes [30, 40]. After synchronization matches the repetition
rates (frep 1 = frep 2), Phase locking requires that the spectral combs of the indi-
vidual lasers are maintained exactly coincident in the region of spectral overlap so
that the two sets of optical frequency combs form a continuous and phase-coherent
entity. We detect a coherent heterodyne-beat signal between the corresponding
comb components of the two lasers. Such heterodyne detection yields information
related to the difference in the offset frequencies of the two lasers, Afy = fo 1 —fo 2,
which can then be controlled. By phase locking Afy to a frequency of a mean-zero
value, we effectively demand that A¢cr; — Agcrr = 0, leading to two pulse trains
that have nearly identical phase evolutions. When stabilized, fluctuations associ-
ated with the recorded beat-frequency signal Af, can be suppressed to just a
few millihertz with an averaging time of 1s. This is shown in figure 7. Such
a capability has already been used to transfer optical clock signals from a
Ti:sapphire mode-locked laser to mode-locked laser sources operating at 1.5 um
for precise and accurate transfer of timing signals over a long-distance optical fibre
network [40, 41].

The established phase coherence between the two femtosecond lasers can also
be revealed via a direct time-domain analysis. For example, as shown in figure 8,
spectral interferometry analysis of the joint spectra of the two pulses produces
interference fringes that correspond to phase coherence between the two pulse
trains persisting over the measurement time period. A cross-correlation measure-
ment between the two pulse trains also manifests phase coherence in the display of
persistent fringe patterns. A more powerful and straightforward demonstration of
the ‘coherently synthesized’ aspect of the combined pulse is through a second-
order autocorrelation measurement of the combined pulse. For this measurement,
the two pulse trains are maximally overlapped in the time domain before the
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time. (b) Allan deviation is determined from the frequency-counting record, showing
the long-term instability of the beat frequency.
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Figure 8.  Spectral interferometry measurement of the established coherence between the
two phase-locked femtosecond lasers: (——), two curves representing the spectra of
the individual laser’s; (- - - ), combined spectrum of the two lasers when they are not
phase locked; (—), clear interference fringes between the two laser spectra when they
are phase locked.

autocorrelator. When the two femtosecond lasers are phase locked, autocorrelation
reveals a clean pulse that is often shorter in apparent duration and larger in
amplitude than the original individual pulses. A successful implementation of
coherent light synthesis has therefore become reality; the coherent combination of
output from more than one laser where the combined output can be viewed as a
coherent femtosecond pulse being emitted from a single source [31].

The capability to control pulse timing and the pulse-carrier phase precisely
allows one to manipulate pulses using novel techniques and achieve unprecedented
levels of flexibility and precision. Here we point out another powerful experi-
mental approach that utilizes this capability. Simultaneous control of timing
jitter and carrier-envelope phase has now been used to superpose phase coherently
a collection of successive pulses from a mode-locked laser. By stabilizing the
two degrees of freedom of a pulse train incident to an optical cavity acting as a
coherent delay, constructive interference of sequential pulses will be built up.
The coherently enhanced pulse stored in the cavity can be switched out using a
cavity-dumping element (such as a Bragg cell), resulting in a single phase-coherent
amplified pulse [42]. Such a scheme is illustrated in figure 9, showing the matching
of the pulse repetition period with the cavity round trip time. The build-up
factor is determined ideally by the cavity finesse and the cavity input-coupling
coefficient, when appropriate intracavity dispersion compensation has been
implemented.

The use of a passive cavity also offers the unique ability to amplify pulses
effectively in spectral regions where no suitable gain medium exists such as for
the infrared pulses from difference-frequency mixing or the ultraviolet light from
harmonic generation. Unlike actively dumped laser systems, the pulse energy is
not limited by the saturation of a gain medium or the requirement for a saturable
absorber for mode locking. Instead, the linear response of the passive cavity allows
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Figure 9.  Principle of the coherent pulse amplification scheme with the aid of an optical
cavity, showing the matching of the pulse repetition period with the cavity round-trip
time. The intracavity pulse is switched out when sufficient energy is built up in the
cavity. The build-up factor is given ideally by the cavity finesse, with appropriate
intracavity dispersion compensation.

the pulse energy to build up inside the cavity until limited by cavity loss and/or
dispersive pulse spreading. Therefore storage and amplification of ultrashort
pulses in the femtosecond regime require precise control of the reflected spectral
phase of the resonator mirrors and the optical loss of the resonator. While the
reflected group delay of the mirrors only changes the effective length of the
resonator, the group delay dispersion (GDD) and higher-order derivatives of
the group delay with respect to frequency affect the pulse shape. The net cavity
GDD over the bandwidth of the pulse needs to be minimized to maintain the
shape of the resonant pulse and to allow for the coherent addition of energy from
subsequent pulses.

The combination of ultrashort pulse trains and optical cavities will provide
opportunities for a variety of exciting experiments. An immediate impact is on
precision stabilization of ultrafast lasers [43, 44]. Similar to the state-of-art
stabilization of CW lasers, a cavity-stabilized ultrafast laser is expected to
demonstrate superior short-term stability of both the pulse repetition frequency
and the carrier-envelope phase. The improved stability is beneficial in particular
for time-domain applications where the signal-processing bandwidth is necessarily
large. Another attractive application lies in broadband and ultrasensitive spectro-
scopy. The use of high-finesse cavities has played a decisive role for enhancing
sensitivity and precision in atomic and molecular spectroscopy. We expect a
dramatic advancement in the efficiency of intracavity spectroscopy by exploiting
the application of ultrashort pulses. In other words, high detection sensitivity is
achievable uniformly across the broad spectrum of the pulse. Applying cavity
stabilization techniques to femtosecond lasers, the comb structure of the probe
laser can be precisely matched to the resonance modes of an empty cavity, allowing
an efficient energy coupling for a spectroscopic probe. Molecular samples located
inside the high-finesse cavity will alter the cavity-transmitted pulse spectrum in a
sensitive manner. Preliminary data on spectrally resolved time-domain ring-down
measurement for intracavity loss over the entire femtosecond laser bandwidth are
already quite promising. T'o develop sources for ultrafast nonlinear spectroscopy,
a properly designed dispersion-compensated cavity housing a nonlinear crystal will
provide efficient nonlinear optical frequency conversion of ultrashort optical pulses
in spectral regions where no active gain medium exists. Furthermore, by simul-
taneously locking two independent mode-locked lasers to the same optical cavity,
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efficient-sum and/or difference-frequency generation can be produced over a large
range of wavelengths. Extreme nonlinear optics experiments may be carried out
inside the passive optical cavity where samples of interest are located to interact
with a high-repetition-rate pulse train with much enhanced peak powers.

We have applied the coherent pulse-stacking technique to both picosecond and
femtosecond pulses. Initial studies have already demonstrated amplification of
picosecond pulses of greater than 30 times at repetition rates of 253 kHz, yielding
pulse energies greater than 150 nJ [45]. With significant room left for optimization
of the cavity finesse (current value of about 350, limited by the cavity input-
coupling mirror), we expect that amplifications greater than one hundred times
are feasible, which would bring pulse energies into the microjoule range. Such a
passive picosecond-pulse ‘amplifier’, together with the synchronization technique
that we developed for pulse synthesis, has made a strong impact on the field of
nonlinear-optics-based spectroscopy and imaging of biomolecular systems, show-
ing significant improvements in experimental sensitivity and spatial resolution
[46, 47]. With the enhanced detection sensitivity comes the capability of tracking
real-time biological dynamics.

While the use of picosecond pulses allows us to separate out complications
arising from intracavity dispersion, for sub-100 fs pulses, dispersive phase shifts
in the cavity mirrors become an important topic. Preliminary results in enhancing
low-individual-pulse energies for sub-50fs pulses illustrate the importance of
GDD control. The external enhancement cavity incorporated specially designed
negative-GDD low-loss mirrors to compensate simultaneously for 3 mm of fused
silica in the Bragg cell and to provide high finesse. The input-coupling mirror
transmission was about 0.8% with a measured cavity finesse of 440. An intracavity
energy build-up ratio of about 130 is expected, leading to single-pulse amplifica-
tions of approximately 52 for the current set-up, given the 40% dumping efficiency
of our Bragg cell. The negative-GDD mirrors were designed to compensate only
partially for the total cavity dispersion. The remaining cavity GDD was estimated
at between +20 and +30 fs?. Controlling the intracavity pressure allows fine tuning
of the net cavity GDD to zero. Experimental results are in good agreement with
independent numerical calculations. The input pulses of 47 fs duration are experi-
mentally enhanced by a factor of about 120 inside the passive cavity, with the
output pulses broadened only to about 49 fs. These results are shown in figure 10.
Our recent experimental results have extended this femtosecond pulse amplifica-
tion by a passive optical cavity into the sub-40 fs regime, with a net out-of-cavity
amplification factor of the order of 50 [48].

Control of molecular reactions is a central goal of chemistry. The development
of the laser led to the proposal that light fields could be used to control reaction
pathways (for recent reviews, see [33] and [49]). Many techniques are sensitive to
the phase of the applied fields and thus dubbed ‘coherent control’. To date, only
the relative phase between two laser fields, or the relative internal phase of a
femtosecond pulse (i.e. its chirp), has been demonstrated to have physical impacts.
Some new schemes explore interference between pathways involving n-photons
and m-photons. When n and m have opposite parity, a dependence on ¢cp will
occur for excitation by a single ultrashort pulse. Early studies demonstrated the
interference phenomenon by using a pair of pulses, which had their relative phases
controlled, to ionize rubidium [50] and to control electrical currents in bulk
semiconductors [51, 52]. In both cases, there is a connection between spatial
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Figure 10.  Coherent evolution of a 50 fs pulse inside the cavity. (a) Frequency-resolved
optical-gating measurement of the amplified pulse switched out of the passive cavity
shown a full width at half-maximum (FWHM) of 49 fs, slightly wider than the input
pulse width of 47 fs. (b) Comparison of the input and output pulse spectra, showing
no significant distortion to the input pulse spectrum after the intracavity power is
built up by a factor of 112.

direction and the relative phase. The latter system has recently been shown to be
sensitive to ¢cg [52].

In a semiconductor, the phase sensitivity can be understood by considering the
k dependence of the transition amplitudes. In GaAs, when the phase is such as to
produce constructive interference between one- and two-photon absorption at —k,
it produces, to a good approximation, destructive interference at k. This effect is
schematically shown in figure 11. For an octave-spanning pulse, the frequency
components for one-photon absorption come from the high-energy tail of the
spectrum, while for the two-photon absorption they come from the low-frequency
tail. Thus ¢cg determines their relative phase in a manner analogous to the beat
signal that occurs in a standard v-to-2v interferometer. The non-interfering carrier
populations do not contribute to the signal, which makes it intrinsically balanced
and thus insensitive to amplitude fluctuations [53]. This insensitivity provides an
advantage over the standard v-to-2v interferometer, which relies on an ordinary
photodiode for conversion of the light to an electrical signal.

The experimental demonstration of quantum interference control of the
injected photocurrent in a semiconductor is shown in figure 12 [52]. The carrier-
envelope evolution of the laser is stabilized so that f; = 2400 Hz using a standard
¢cr interferometer in a servo loop. A portion of the resulting phase-stabilized
pulse train is then used to illuminate a low-temperature-grown GaAs sample with
gold electrodes. The electrodes are used to collect the resulting photocurrent,
which also oscillates at f.

We use lock-in detection to demonstrate the sensitivity of quantum interfer-
ence in a semiconductor to small static shifts in the carrier-envelope phase, which
show up as a change in ¢. Lock-in detection of a stable amplitude signal, owing to
the narrow detection bandwidth, is strongly affected by the coherence of the laser
offset frequency. As a result, for lock-in detection of injected photocurrents,
coherence in the carrier-envelope phase is a prerequisite.

To change ¢, we insert a 176 pm zinc borosilicate plate after the microstruc-
ture fibre and before the interferometer used to lock the laser offset frequency. The
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small phase difference due to dispersion of the glass plate facilitates fine tuning
of ¢y. Rotation of the glass plate results in shifts in ¢¢cg, which are measured by the
v-to-2v interferometer. The stabilization loop compensates for the ensuing phase
error by adjusting ¢y of the laser output, which is then measured as an offset in
the phase of the interference signal (figure 13 (a)). The measured phase shifts in
figure 13 (a) versus plate rotation are compared with those calculated using the
dispersion and thickness of the glass plate (see figure 13 (b)). The measured and
calculated changes correspond well up to a plate rotation angle of 30°, where the
observed discrepancy may be the result of beam misalignment into the v-to-2v

interferometer.
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Figure 13.  (a) Phase of the quantum interference control signal as measured relative to the
reference used for laser stabilization. The time record of the quantum interference
control phase (100 ms time constant) shows the phase jumps associated with rotations
of the glass plate from 0° to 6 and back again for eight different rotation angles.
(b) Comparison between the phase change measured in (a) () and the calculated
carrier-envelope phase change (---).

These results provide an interesting route to a simple solid-state detector of the
carrier-envelope phase. Recent measurements show that the measurement of S(v)
using quantum interference gives comparable results with using a standard v-to-2v
interferometer and that there is no conversion of amplitude fluctuations to phase
[53]. The first step is to use it simply to stabilize f,. However, this requires a
significant improvement in signal-to-noise ratio and bandwidth. This technique
does not suffer from the arbitrary offsets that plague detection using a standard
v-to-2v interferometer and thus may allow measurement of the ‘absolute’ ¢pcg [54].
Shifts due to dispersion in the GaAs detector still need to be considered.

The ability to stabilize the carrier-envelope phase evolution of mode-locked
lasers has also had tremendous impact on the fields of optical frequency metrology



Phase stabilization of mode-locked lasers 217

and optical atomic clocks. Both fields require that a phase-coherent connection be
established between rf frequencies and optical frequencies. Previously this con-
nection was made using complex frequency chains [55, 56]. However, it is now
possible to do this with a single mode-locked laser because controlling A¢cr means
that the optical frequencies of the comb are completely defined in terms of the two
rf frequencies fy and f,.,. This relationship enables the measurement of optical
frequencies relative to caesium clocks [14, 19, 57]. The process can also be reversed
locking the comb to an optical transition allows it to serve as a clockwork to
establish a microwave output; that is, it is an optical atomic clock [21, 58, 59]. For a
recent review of these fields, see reference [60].

The ability to control the carrier-envelope phase evolution in mode-locked
lasers has resulted from a remarkable synergy between ultrafast techniques and
those developed for precision laser stabilization. It is having a significant impact on
a number of fields, not the least of which is the generation attosecond pulses and
measurement of processes on attosecond time scales.
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