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Abstract. We demonstrate cycle-slip-free electronic control
of the carrier-envelope phase evolution of few-femtosecond
light pulses, optical access to its sub-cycle fluctuations and
suppression of the amplitude noise of a mode-locked laser
by phase control. As a result, few-cycle light waveforms can
now be synthesized with electric and magnetic fields repro-
ducible to within a known phase error (< 0.3 rad) and an un-
precedentedly low amplitude error (< 3%). The exploration
of phase-sensitive light–matter interactions can be tackled.

PACS: 42.65.Re; 42.65.Ky; 42.25.Bs; 32.80.-t; 52.35.Mw

The synthesization of electromagnetic waveforms can be rou-
tinely accomplished by radio-frequency (rf) signal genera-
tors but has not been feasible in the optical region so far.
Extending this capability to light frequencies by generating
few-cycle light waves with a reproducible evolution of the
electric and magnetic fields would, beyond its fundamental
significance, open the door for unprecedented control of the
evolution of ultrafast microscopic processes on a time scale of
the light oscillation period [1].

Phase-coherent locking of beat notes of a mode-locked
laser to radio-frequency (rf) local oscillators has recently al-
lowed direct electronic control of both the repetition ratef r
and the carrier-envelope-offset frequencyfceo, which not only
resulted in a simple and powerful ‘frequency ruler’ with lines
at fceo+n fr spanning a full octave [2–4] but also offered the
potential for reproducible optical waveform synthesis in the
time domain. In this work we exploit this potential for the first
time.

Whereas laser mode locking is capable of generating
a pulse train En(t) = An(t) exp(−iω0t + iϕn) + c.c. with
a nearly identical complex envelopeAn(t)1 of the electric
field En(t), i.e. An+k(t) ≈ An(t), it is not able to stabilize
the carrier-envelope phaseϕn [5]. This is because a pulse-
to-pulse shift∆ϕn, arises from a difference between the
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1 An(t) = |An(t)|e−iγ(t) accounts for amplitude and possibly frequency mod-
ulation with the chirpγ(t) being a nonlinear function oft.

round-trip phase and group delay in the laser, which is subject
to minor variations,∆ϕn = ∆ϕ0 + δn, resulting in

ϕn = ϕ0 +
n∑

k=1

∆ϕk = ϕ0 +n∆ϕ0 +
n∑

k=1

δk. (1)

The deviation ofϕn from the predictable valueϕ0 + n∆ϕ0
may accumulate to many times 2π over extended meas-
urement timesTm � f −1

r . Owing to the relationshipfceo=
(∆ϕ/2π) fr [6–8], phase locking offceo can substantially re-
duce this random deviation. Whereas the avoidance of cycle
slips of the stabilized beat notes with respect to rf clocks war-
rants stable optical frequency synthesis, the requirement for
reproducible waveform synthesis is much more stringent: the
carrier-envelope phase jitter

σϕ(Tm) = 〈(ϕn −ϕ0 −n∆ϕ0)
2〉1/2

N (2)

(where the angle brackets denote the average overN = f rTm)
must not exceed a tiny fraction ofπ. This requirement was not
addressed before and is the focus of this paper. The extent to
which it can be fulfilled determines the feasibility of generat-
ing reproducible light waveforms at predictable instants.

In this paper, we report the emergence of this new ex-
perimental capability owing to: (i) full electronic control of
the evolution ofϕn without cycle slips over extended periods
of time in a few-femtosecond pulse train; (ii) measurement
of σϕ with a sub-cycle precision; and (iii) suppression of the
amplitude noise of a mode-locked laser by means of phase
control. This is achieved by exploiting optical nonlineari-
ties for both closing the servo loop and as a diagnostic tool,
for determining the sub-cycle jitter ofϕn, which is indis-
pensable for a reproducible waveform generation. As a re-
sult, we demonstrate the generation of 5.8-fs light pulses (at
λ0 ≈ 0.8µm, where the field oscillation period is≈ 2.7 fs)
with their carrier-envelope phase locked to within 0.3 rad of
an electronic oscillator and their field amplitude stabilized
to within 3% for extended periods of time. Althoughϕ0 is
still unknown, few-cycle light waveforms can be reproducibly
synthesized for the first time, creating ideal conditions for
measuringϕ0 by phase-sensitive nonlinear effects [1].
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Figure 1 shows the schematic of our optical pulse gener-
ator. In contrast with previous work [2–4], the mode-locked
spectrum emitted by a Ti:sapphire oscillator is broadened in
a standard (rather than photonic-crystal) single-mode fiber to
span more than an octave (500–1100 nm). Chirped mirrors
compress the pulses exiting the fiber [9], hence the system de-
livers sub-6-fs pulses (see right inset in Fig. 4 and left inset in
Fig. 6) with a peak power exceeding 1 MW at a repetition rate
of 24 MHz. The wings of the spectrum (left inset in Fig. 4) ex-
tend from 500 to 1100 nm, spanning a full octave. A dichroic
chirped mirror in the compressor (CM4 in Fig. 2) transmits
the spectral components near 1080 nm and 540 nm towards
a nonlinear interferometer generating the carrier-slip beat sig-
nal, which is schematically illustrated in Fig. 2. A dichroic
mirror (DM) transmits the infrared components at 1080 nm,
which are frequency-doubled in a 1-mm-thick BBO crystal
and recombined with the 540-nm beam propagating through
the other arm of the Mach–Zender interferometer at the beam
splitter (BSP; SM represents the silver-coated steering mir-
rors). The spatial and temporal overlap of the two wave
packets are ensured by the telescope formed by the lenses
L1–2 and by the wedged glass plates W3–4, respectively. In-
terference between the orthogonally polarized 540-nm wave
packets is enforced by a polarizer (P) aligned to yield a max-
imum beat signal atfceo. The optimized carrier-slip beat sig-
nal exhibits an improved signal-to-noise ratio (> 30 dB in
a 100 kHz bandwidth), as compared to our previously used
setup [9].

Fig. 1. Schematic of the few-cycle optical pulse generator and the servo
loop used for carrier-envelope phase locking

Fig. 2. Schematic of the optical setup used for generating the carrier-slip
beat signal at≈ 540 nm (for explanations see text)

We have phase locked the carrier-slip beat note tof local =
1 MHz (synthesized by a stabilized local oscillator) by ad-
justing the pump power with an electro-optic modulator
(EOM) [4]. This servo loop relies on nonlinearities (Kerr
phase shift, Raman frequency shift [5]) translating a minor
change ofW into a significant change of∆ϕ and hence that
of fceo, as shown in Fig. 3. Oncefceo is manually adjusted
by translating a thin fused-silica wedge (W2 in Fig. 1) to be
within flocal±100 kHz, the servo loop pullsfceo to flocal and
phase-locks the carrier-slip beat note to the signal of the local
oscillator. The rf spectrum of the in-lock carrier-slip beat note
is shown in Fig. 4, depicting the average of 20 scans. With the
loop interrupted,fceo fluctuates over the full frequency range
shown in Fig. 4 during the same measurement time (≈ 10 s).

Measurement of the ratio of the frequency of the in-
lock carrier-slip beat signal to that of the local oscillator
with a two-channel frequency counter yields no deviation of
fceo from flocal to within the gate-time-limited resolution of
100 mHz up to the maximum gate time ofTm = 10 s allowed
by our frequency counter. This implies that the servo loop
suppresses the carrier-envelope phase jitter toσϕ < 2π for
Tm ≥ 10 s, i.e.ϕn is locked to the signal of the local oscillator
firmly enough to prevent uncontrolled cycle slips from occur-

Fig. 3. Measured dependence of the carrier-envelope offset frequencyfceo
(and the pulse-to-pulse phase shift∆ϕ) on the intracavity pulse energyW
(dots) and a linear regression to the depicted experimental data

Fig. 4. Power spectral density of the in-lock carrier-slip beat signal at
540 nm recorded with a 1-kHz-resolution bandwidth. Spectrum (left in-
set) and interferometric autocorrelation (right inset) of the pulses exiting
the pulse compressor consisting of the single-mode fiber SMF and chirped
mirrors
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ring. It is important to note that this degree of control can be
achievedwithout stabilizing fr to an rf oscillator. Minor vari-
ations in fr merely shift the instants at which a pulse exits
the laser without affecting phase locking, because the latter
is performed atflocal � fr and is hence incapable of resolv-
ing this event. With fr ‘freely floating’ merely the absence
of synchronism of the pulse train withf local has some nega-
tive implication. The selection of phase-stable pulses from the
train by triggering the pulse picker using the local oscillator is
tainted with a ‘sampling’ uncertainty ofδϕerror ≤ 2π( fceo/ fr)
due to desynchronism. This source of carrier-envelope phase
uncertainty can be fully eliminated by simply derivingf local
from fr via frequency division,without the need for stabiliz-
ing fceo and fr separately.

As discussed above, cycle-slip-free operation is necessary
but not sufficient for synthesizing reproducible waveforms in
the time domain. To gain direct optical access to the sub-cycle
jitter of ϕn, we utilize the fact that the parameter primarily
controlled by the servo loop, namely the pulse energyWn:
(i) can be directly and permanently monitored; and (ii) is di-
rectly connected to∆ϕn (see Fig. 3). As a consequence, the
carrier-envelope phase jitterσϕ(W ) that accumulates overTm
due to (controlled or random) variation ofWn can be deter-
mined from the power spectral densitySW ( f ) of pulse energy
variations [5] as

σϕ(W)(Tm) = W0√
2π

∣∣∣∣∂∆ϕ

∂W

∣∣∣∣
W0




fr/2∫

1/Tm

SW ( f )
f 2
r

f 2
d f




1/2

, (3)

where W0 is the average intracavity pulse energy and we
have made use of the approximately linear dependence of
∆ϕ on ∆W/W with a slope ofW0|∂∆ϕ/∂W |W0 = 2 rad at
W0 = 60 nJ2. The higher weight of low-frequency contribu-
tions toσϕ(W ) is due to the increased time over which a devi-
ation with frozen sign can accumulate.

Figure 5 depicts the measuredSW ( f ) at low frequen-
cies and the calculatedσϕ(W )(Tm) for phase-locked as well
as unlocked operation. The increase ofσϕ(W ) with Tm well
beyond 2π for Tm < 1 s can be reconciled with the observa-
tion of cycle-slip-free operation (over periods ofTm ≥ 10 s)
by assuming substantial carrier-envelope phase jitter originat-
ing from effects other than pulse energy fluctuations below
frequencies of several tens of Hz. Hence, in this range a sig-
nificant fraction of the pulse energy fluctuations have to be
‘rephased’ by the control loop to compensate a jitter from
other sources andσϕ(W ) mirrors this jitter.

Although the phase jitter originating from effects other
than energy noise rapidly increases withTm up to our longest
measurement times (see upper thick grey line in Fig. 5),
energy-noise-induced phase jitter becomes vastly dominant
for Tm > 1 s, as indicated by the dramatic noise reduction
under locked conditions at frequencies below 1 Hz. This leads
to a root mean square of the residual pulse energy fluctuations
of σW ≈ 0.01% over the spectral range 0.1 Hz− 0.1 MHz
at the output of the carrier envelope-phase-locked oscillator,

2 σϕ(W ) here is defined in the same way asσϕ in (2) except that perturba-
tions to ϕ here results, by definition, from pulse energy fluctuations only.
Expression (3) is obtained by replacing in (3) of [5] the lower boundary of
integration with 1/Tm, rather than the higher boundary, as mistakenly stated
in the context of Fig. 3 in [5].

Fig. 5. Lower traces: Power spectral densitySW ( f ) of the pulse energy
fluctuations or its controlled variations at the output of the sub-10-fs
Ti:sapphire laser with the servo loop interrupted (thin black line) and closed
(thick grey line), shown for f < 10 Hz, where the two spectra conspicuously
deviate.Upper traces: Carrier-envelope phase jitterσϕ(W ) as a function of
Tm introduced by pulse energy variations, with the servo loop interrupted
(thin black full and dashed lines) and closed (thick grey full and dashed
lines), as calculated from (3) by using the respectiveSW ( f ). The dashed
lines representσϕ(W )(Tm) obtained from a different data set, recorded with
a somewhat ‘noisier’ laser. Nevertheless, the servo loop suppresses the
phase jitter (by dampening the energy fluctuations) to a comparable level
as in the ‘quiet’ laser (full lines), providing evidence for the robustness of
phase locking. The arrow indicates the phase jitter level (≈ 0.2 rad) at which
the servo loop starts responding

which is, to our knowledge, an unprecedented value. This is
enhanced by somewhat less than a factor of 10 at the fiber out-
put (due presumably to mechanically induced beam pointing
instabilities at the fiber input), resulting in a reproducibility
of the field amplitudes to within less than 3% in the sub-6-fs
pulse train.

As compared to the sub-Hz regime, smaller but clearly
notable and reproducible dampening of pulse energy fluctu-
ations is caused by the servo loop in the sub-kHz range, as
is evident from a corresponding suppression ofσϕ(W ), indi-
cating the dominance of energy noise in this range. In re-
peated measurements (see also the dashed lines),σϕ(W ) gets
reproducibly suppressed at frequencies where it approaches
≈ 0.3 rad for increasingTm. The highest frequency at which
the suppression ofσϕ(W ) sets in has ranged from 500 Hz to
1000 Hz in our experiments, depending on the relevant noise
level (with the loop opened), which has varied somewhat
in repeated measurements. Because energy-noise-induced jit-
ter appears to dominate forTm < 10 ms, from these obser-
vations we may infer that the jitter of the carrier-envelope
phase is kept safely below 0.3 rad by the servo loop. This
value is comparable toδϕerror ≈ π/12 and it will be inter-
esting to see, whether the carrier-envelope phase jitter can
be further lowered by derivingf local from fr in the fu-
ture.

Using the SPIDER technique [10] for determining the
amplitude envelope and frequency chirp, we can determine
the range of waveforms our light generator can ‘synthe-
size’ reproducibly at regular times. The full line depicts
such a waveform in Fig. 6, which is reproduced within
the thickness of the line in each pulse following the trig-
ger edge of a clock signal from the local oscillator. Shift-
ing the phase of this trigger edge with respect to the sig-
nal controlling the servo loop results in a corresponding
shift of the carrier with respect to the amplitude enve-



376

Fig. 6. Electric field E(t) = A(t) exp[−iω0t + iϕ]+c.c. of awaveform (full
line) emitted by our carrier-envelope-phase-locked few-cycle pulse gener-
ator at a particular setting of the trigger phase from the local oscillator
yielding ϕ = 1.25 rad[γ(0) = 0], as obtained from a SPIDER measurement.
The intensity envelopeI(t) ∝ A(t)2 in the inset has a half-width of 5.8 fs.
Contrasting this with the computed 3.5-fs duration of the pulse in the
absence of phase errors indicates the presence of a significant chirpγ(t) car-
ried by the electric field oscillations. Thewaveform is reproduced with an
accuracy represented by its thickness at a repetition rate offlocal = 1 MHz

lope (and chirp). Although the absolute phase is still un-
known and hence no definite relation between the trigger
phase and a particular waveform can be established, the
presented optical waveform generation, due to its unique
reproducibility, opens the door for exploring nonlinear op-
tical effects sensitive to the absolute phaseϕ [1]. In spite
of the similarities in the techniques appliedno previous ex-
perimental work warrants these claims, indicating the need
for a different approach to synthesizing frequencies and
waveforms.

Upon their observation, phase-sensitive nonlinear opti-
cal effects can immediately be exploited for determining the
absolute value ofϕ and assigning it to the corresponding

trigger phase in the demonstrated few-cycle waveform gener-
ator. This step will, in combination with shaping the ampli-
tude envelope and tailoring the chirp using frequency-domain
techniques [11], allow the synthesis of few-cycle light with
arbitrary waveforms. Extending this capability from radio fre-
quencies to the optical regime opens up new prospects in
a number of fields where light is used for triggering, tracing
and controlling microscopic processes.
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