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Abstract

‘We demonstrated control of electric fields of optical pulses by combining the pulse shaper with carrier-envelope phase (CEP) stabilized lasers. We
employed spectral phase controller known as the pulse shaper for controlling the pulse envelope and the CEP. In order to evaluate the accuracy of the
device, we measured the CEP shift, and delay shift by the spectral interferometry method and confirmed that the CEP and the delay were precisely
controlled by the pulse shaper independently. We demonstrated control of the CEP and the relative spectral phase of amplified high-intensity laser
pulses by installing the pulse shaper in a CEP stabilized amplifier system. The pulse shaper worked as an ideal CEP shifter because it controlled
the phase of very broad spectrum precisely, and independent control of CEP was achieved.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The carrier-envelope phase (CEP) is the relative phase
between the peak of the pulse envelope and the electric field.
Recently, methods to control the pulse-to-pulse shift of the
carrier-envelope phase that is called carrier-envelope offset
(CEO) phase, have been demonstrated [1,2]. These results
opened a way to control the electric-field shape of optical pulses.
Such laser sources are important for the metrology as well as for
controlling laser—matter interactions. Using a carrier-envelope
offset (CEO) phase stabilized few-cycle laser oscillator, depen-
dence of the photoelectron emission on the CEP was investigated
[3]. Furthermore, using CEP stabilized amplified laser pulses,
control of high-order harmonic generation and attosecond pulse
measurement were demonstrated [4,5], and measurement of the
electric field of optical pulse was demonstrated using the attosec-
ond pulses [6].

CEP stabilization in an amplified laser system was demon-
strated in a chirped-pulse amplification (CPA) system composed
of a material-based pulse stretcher and a prism-based pulse com-
pressor [4], and in a commonly used CPA system employing
grating-based stretcher/compressor and regenerative/multi-pass
amplifiers [7]. There are also passive CEP stabilization schemes
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using an optical parametric amplifier [8] or a difference fre-
quency generation scheme [9].

If one assumes a pump-probe experiment with CEP stabilized
pulses, one has to prepare a set of pulses, one has fixed CEP
and the other has controllable CEP without shifting the relative
delay and without changing the pulse envelope shape. A CEP
shifter that controls only the CEP will be required. The well-
known easiest way to control the CEP of a pulse is to change
the optical path length in a dispersive material. A thin plate,
however, shifts the relative delay of the pulse and it will change
the pulse envelope shape for a very broad spectrum due to the
group velocity dispersion [10].

The pulse-shaping technique [11] that controls the relative
spectral phase allows us to control the shape of the pulse enve-
lope. The technique has been widely used to compensate for the
residual dispersion [12], to optimize the laser—matter interaction
[13], and to control spectral distribution of HHG [14]. In these
experiments, however, the relative phase between the pulse enve-
lope and the carrier field was not stabilized. The shape of the
pulse envelope was controlled precisely, however, the electric
field inside the pulse envelope was not stabilized. If we apply
the pulse-shaping technique for the CEP stabilized pulses, we
can fully control the electric field shape of pulses. We proposed
and demonstrated an active CEP-shifting device employing a
pulse shaper, which is an active CEP shifter with a calibrated
phase shift that can shift the CEP without affecting the delay
and the shape of the pulse envelope [15,16]. We here report a
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Fig. 1. Relation between the spectral phase and the carrier-envelope phase and delay.

chirped-pulse amplification system providing electric-field con-
trolled optical pulses by combining the CEP stabilized laser
system with the pulse shaping devices that works not only as
a pulse envelope shaper but also as a CEP shifter.

2. Theory

Fig. 1 schematically shows the relation between the spectral
phase and the CEP and the time delay. The left shows the spec-
tral phase as a function of the angular frequency and the right
shows the optical waveforms in time domain. We here assume
a transform-limited pulse that has a flat spectral phase (con-
stant value or a linear function of the frequency). In the spectral
domain, the CEP is defined as the intercept of the spectral phase
atzero frequency, and the slope of the spectral phase corresponds
to the delay of the pulse [17]. An ideal CEP shifter that shift only
the CEP without changing the pulse timing (delay) and the pulse
envelope should give constant phase shift to all the frequency
component.

In some experiments, insertion of dispersive material into
the beam path is used as CEP shifting method. The disper-
sive material gives both the delay shift and the phase shift to
the pulse. Because the delay shift is determined by the group
velocity and the phase shift is determined by the phase velocity,
propagation by L=1/(dn/d)) results in CEP shift of 27 from
the difference of the two velocities. For example, propagation
of L=1/(dn/dX)=58 pm for fused-silica plate at 800 nm. This
method is easy and work well for 10fs pulses around 800 nm,

M Spectral phase control
(Relative shape and Absolute value)

time

CEP stabilized Iaser|

however, for pulses having much broader spectrum, the effect of
the higher-order term of the spectral phase can not be neglected.
The higher-order term changes the pulse envelope shape and will
result in error in the CEP shift [10]. The method using the pulse
shaper can control the phase of a broad spectrum [12], therefore,
it can be an ideal CEP shifter.

The schematic of the optical-field controlled laser system is
shown in Fig. 2, which is a combination of a CEP stabilized
laser and a pulse shaper. Such system allows us to control both
the optical phase inside the pulse envelope and the shape of the
pulse envelope.

3. Experimental

The pulse shaper is composed of a liquid-crystal spatial light
modulator (SLM, SLM-S640/12 Jenoptic) placed at the Fourier
transform plane of a 4f optical configuration, two cylindrical
mirrors (f=224 mm), two prisms (SFL03) and folding mirrors
as shown in Fig. 2. Fig. 3 shows the diagram of the laser sys-
tem. We installed the pulse shaper in a CEP stabilized CPA
system [7]. The amplifier system is composed of a CEO stabi-
lized oscillator, a pulse-selection system, a grating-based pulse
stretcher, a regenerative amplifier, a multi-pass amplifier, and a
grating-based pulse compressor. The CEO beat frequency feeo
was stabilized to f,sc/8 with phase-locked-loop electronics. The
pulses possessing the same CEP are selected by a Pockels cell
in the regenerative amplifier. The pulse energy is 3.5 ml] after
the four-pass amplifier, and the compressed pulse is about 1 mJ.

Electric field controlled
(envelope shape, chirp,
CEP controlled) pulse

Fig. 2. Schematic of the laser system generating optical-field controlled pulses.
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Fig. 3. Experimental setup of the optical-field controlled high-intensity laser pulse generation.

The amplified pulse is 20 nm FWHM, which corresponds to a
50fs FWHM transform-limited pulse. The relative CEP of the
amplified pulse was measured by the self-referencing spectral
interferometry method [18,19] and the relative spectral phase
was measured by the Spectral phase interferometry for direct
electric field reconstruction (SPIDER) method [20].

4. Results and discussion
4.1. Control of CEP shift by a pulse shaper

Fig. 4 illustrates the spectral interferometry setup to test the
feasibility of a pulse shaper as a CEP shifter. The pulse-train
from a CEP unstabilized Ti:sapphire laser oscillator (80 MHz,
35 fs FWHM) was split into two pulses, a reference pulse and a
probe pulse. The probe pulse passes through a pulse shaper. We
measured the spectral interference (SI) between the reference
pulse and the probe pulse. Because we measured the relative

CEP shift and relative delay shift in this experiment, the CEP of
the input pulse (¢o) was not stabilized.

First, we measured the spectral interferometry (SI) to obtain
the phase difference ¢1(w) = Pprv,0(w, 1=0) — Pref(w) after giv-
ing a certain initial spectral phase by SLM. Second, we
applied periodic phase modulation by SLM and measured the
time-dependent phase difference ¢2(w, 1) = pprv(w, 1) — Pref(w).
We then calculated the relative phase shift ¢s(w, f)=¢@2(w,
) — ¢1(w), and fit a linear function to ¢s(w, t) in the w—¢ domain
and derived the relative delay shift (slope of the linear function)
and the relative CEP shift (intersect of the linear function) as
shown in Fig. 1.

Fig. 5 shows the relative CEP shift and delay shift for differ-
ent experimental conditions: (a) without phase modulation, (b)
sinusoidal delay shift by a PZT, and (c) sinusoidal CEP shift by
the pulse shaper. Fig. 5(a) gives us information on the stability
of the interferometer and the accuracy of the measurement; the
standard deviation was 0.1 rad rms and 0.06 fs rms in 20s. We
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Fig. 4. Experimental setup to test the pulse shaper as a CEP shifter. CM, cylindrical mirror (f=242 mm) and prisms are made of SFLO3.
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Fig. 5. Change of the CEP shift and delay shift. Measured (a) without mod-
ulation, (b) with sinusoidal delay modulation applied by the delay line in the
interferometer, and (c) with sinusoidal CEP modulation by the pulse shaper.

found that the stability depends on the environmental noise and
that the smallest value can be about one-half of the presented
results. Fig. 5(b) demonstrates that we can separately measure
the relative delay shift and the relative CEP shift. The measured
delay shift of 6.4 fs, agreed with the applied delay shift 7.2 fs,
within the accuracy of the PZT actuator. CEP shift was achieved
by shifting the phase so that the ¢(w, £) shift vertically. Fig. 5(c)
confirms that we can control the relative CEP shift without shift-
ing the relative delay. The measured CEP shift of 4.1 rad agreed
with the applied shift of 4.0rad within the experiment accu-
racy. The results demonstrate that we can clearly distinguish the
CEP shift from the delay shift and that the pulse shaper works
as an active CEP shifter without changing the relative delay
[15,16]. The CEP shifter is a kind of an achromatic phase shifter
as reported using the gratings and mobable optics [21]. Precise
measurements of both the phase shift and the delay shift have
not been reported for the achromatic phase shifters so far.

4.2. Control of CEP of amplification pulses

We measured the relative CEP of the amplified pulses
by the self-referencing spectral interferometry (SI) method,
with modulating the CEP by the pulse shaper to test whether
the relative CEP is really controlled by the pulse shaper.
The “relative CEP” means that the CEP measured by the
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Fig. 6. Self-referencing SI fringe measured with applying sinusoidal CEP mod-
ulation by the pulse shaper at 2 Hz.
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self-referencing SI method has a constant phase shift relative
to the true value at the measurement point [18,19]. After the
spectrum broadening by self-phase modulation in a 150 pm
inner-diameter Kr filled hollow fiber, the second harmonic (SH)
was generated by passing a 300 wm BBO crystal. We measured
the SI between the SH and fundamental of the same pulse. The
exposure time of the spectrometer CCD was set 21 msec, and
about 12 pulses were exposed to one trace (famp =555 Hz). The
self-referencing SI fringe position, which indicate the relative
value of the CEP, was observed around 420 nm. Fig. 6 shows
the temporal evolution of the self-referencing SI signal (95
traces in 2 s). The applied CEP modulation at 2 Hz was clearly
observed in the fringe, which clearly shows that the CEP of
amplified pulse was controlled by the pulse shaper.

4.3. Control of relative spectral phase of amplified pulses
by the pulse shaper

We measured the relative spectral phase of the amplified
pulses by the SPIDER method [20] with applying parabolic
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Fig. 7. (a) Measured spectral phase (grey dots) and fitted second order disper-
sion (solid curve) and the measured SPIDER signal shifted to the fundamental
frequency (thin solid curve) for applied dispersion of —500 fs2. (b) Plots of the
measured second order dispersion as a function of applied dispersion. Dotted
line corresponds to measured value equal to the applied value.
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spectral phase by the pulse shaper. The measured spectral phase
was fitted with a second order function of the angular frequency
to determine the second order dispersion as shown in Fig. 7(a)
for which —500 fs? dispersion was applied. We measured the
spectral phase for different value of applied second order dis-
persion, and plotted as in Fig. 7(b). The measured value agreed
well with the applied dispersion.

5. Conclusion

We demonstrated an active carrier-envelope phase shifter and
pulse envelope shaping using a 4f-pulse shaper. A pulse shifter
was employed with the CEP stabilized CPA system to actively
control the relative CEP and the pulse envelope of amplified
pulses. These results clearly demonstrate the relation between
the spectral phase and the electric field shape of an optical pulse.
The method allows us to control the CEP precisely without
affecting the pulse delay and the pulse envelope shape, which
can not be achieved by using dispersive material such as a thin
fused-silica plate. We also demonstrated that a combination of
a pulse shaper and a CEP stabilized CPA system allows us to
design electric fields of optical pulses.
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