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Quasi-Automatic Phase-Control Technique for Chirp
Compensation of Pulses With Over-One-Octave
Bandwidth—Generation of Few- to Mono-Cycle

Optical Pulses

Mikio Yamashita, Keisaku Yamane, and Ryuji Morita

(Invited Paper)

Abstract—This paper introduces our self-recognition type of the
computer-controlled spectral phase compensator (SRCSC), which
consists of a greatly accurate phase manipulator with a spatial
light modulator (SLM), a highly sensitive phase characterizer us-
ing a modified spectral phase interferometry for direct electric
field reconstruction (M-SPIDER), and a computer for phase anal-
ysis and SLM control operating in the immediate feedback (FB)
mode. The application of the SRCSC to adaptive compensation
of various kinds of complicated spectral phases such as nonlinear
chirped pulses with a weak intensity, induced-phase modulated
pulses, photonic-crystal-fiber (PCF) output pulses, and nonlinear
chirped pulses exceeding a 500-rad phase variation over-one-octave
bandwidth demonstrated that the SRCSC is significantly useful for
compensation of arbitrary nonlinear chirp and hence enables us
to generate quasi-monocycle transform-limited (TL) pulses with a
2.8-fs duration. To the best of our knowledge, this 1.5-cycle pulse is
the shortest single pulse with a clean temporal profile in the visible
to near-infrared region.

Index Terms—Complicated nonlinear chirp compensation,
optical pulse compression, over-one-octave bandwidth, quasi-
automatic spectral phase control, quasi-monocycle pulse
generation.

1. INTRODUCTION

HEN one needs extremely short optical pulses such as

few- to mono-cycle pulses, an optical pulse compression
technique is usually employed. In such short-pulse compression,
ultrabroadband pulses after being phase-modulated strongly ex-
hibit often complicated nonlinear chirp, unlike ordinary linear
chirp. Such nonlinear chirp is not compensated for by conven-
tional passive dispersion elements (for example, a grating pair,
a prism pair, chirped mirrors, and their combinations) because
of interrelation between second-order and higher order phase
dispersions of their compensators and their bandwidth limita-
tions. In addition, few- to mono-cycle pulses generated as a
result of pulse compression cannot be characterized correctly
by a conventional technique of fringe resolved autocorrelation
(FRAC) owing to the so called filter effect in second-harmonic
generation (SHG) processes [1].
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In recent years, high-powered pulse compression to few cy-
cles was reported using a gas-filled hollow fiber, chirped mir-
rors, and an SHG frequency-resolved optical gating (SHG-
FROG) measurement [2]. Other groups reported cascaded pulse
compression using two hollow fibers, chirped mirrors, a spa-
tial light modulator (SLM) technique (see Section II), and a
conventional spectral phase interferometry for direct electric
field reconstruction (SPIDER) [3] measurement [4], [5]. These
compressed results, however, were limited to pulses with a band-
width narrower than one octave, and hence with a duration
longer than two-optical cycles because of the bandwidth limita-
tion of SHG-FROG and chirped mirrors and the low sensitivity
of the conventional SPIDER. On the other hand, we reported
pulse compression to the time region of the monocycle having
an over-one-octave bandwidth using a single hollow fiber and a
self-recognition type of the computer-controlled spectral-phase
compensator (SRCSC; see Section IT), where a combined system
of the SLM technique, the modified SPIDER (M-SPIDER) [6],
and the computer analysis and feedback (FB) technique was em-
ployed [7], [8]. The SLM technique, which is usually employed
for pulse shaping [9], has advantages of the over-one-octave
bandwidth, the programmable compensation for arbitrary spec-
tral phase, and the quasi-real-time operation, while it has a dis-
advantage of the low throughput compared with that of chirped
mirrors. And, it seems that the maximum bandwidth, the energy
limitation, and the maximum group-delay compensation of the
present SLM technique are 390—1200 nm, several 10 uJ/pulse,
and several picoseconds, respectively. The acoustooptic modula-
tor (AOM) technique [10] and the flexible mirror technique [11],
both, are also employed for programmable phase compensation.
However, the former cannot be applied for the compression of
pulses shorter than 10 fs due to high dispersion of a long AOM
crystal [10]. The latter has low spatial and phase resolutions,
cumbersome and imperfect phase calibration of membrane de-
flection, and high deflection losses [11]. The first closed-loop FB
control of the spectral phase by the SLM technique was done by
monitoring the SHG intensity [12]. However, the time required
to run the chirp compensation experiment for the generation of
11-fs pulses after about 1000 iterations was roughly 15 min. In
addition, for shorter pulse compression in the near-octave band-
width and few-cycle region, the SHG intensity cannot be the
unique target and cannot always define a minimized pulse [1].

1077-260X/$20.00 © 2006 IEEE
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Fig. 1.

Basic concept for SRCSC. SLM, spatial light modulator; M-SPIDER, modified spectral phase interferometry for direct electric field reconstruction. First,

the spectral phase ¢p1(w) of ultrabroadband pulses passing through a phase manipulator with SLM-off is measured by M-SPIDER. Then, the first measured
spectral phase is fed back negatively to the manipulator (¢c1(w) = —¢nm1(w)) and the output spectral phase @2 (w) is measured. The closed loop is repeated
(pc2(w) = —¢m1(w) — dnz(w)). Finally, the measured output spectral phase ¢n3(w) indicates TL pulses (¢nis(w) = ¢rr(w)).

The purpose of this paper is to introduce our recently devel-
oped SRCSC [7], [8], [13]-[17]; that is, the paper shows that its
quasi-automatic active compensator enables us to compensate
for various kinds of nonlinear chirps of pulses with near- or
over-one-octave bandwidths from different types of fibers. As
a result, shortest compressed pulses are reported to be in the
monocycle region, which will be useful for a direct study on
the interaction dynamics between the matter and the temporal
electric field wave packet (not the temporal intensity pulse), in-
cluding the visualization and control of the electron motion [18].

II. BASIC CONCEPT AND PRACTICAL SYSTEM: COMBINATION
OF PHASE MANIPULATION, PHASE CHARACTERIZATION, AND
COMPUTER ANALYSIS AND CONTROL

Fig. 1 shows a schematic of basic concept of the self-
recognition type of the computer-controlled spectral-phase com-
pensator (SRCSC). The “self-recognition type” implies that the
SRCSC has two main functions of not only the computer control
phase compensation but also the quasi-automatic measurement
and FB of the unknown spectral phase. The function of the
quasi-automatic compensation for the unknown spectral phase
is significantly useful for users who are not familiar with op-
tics. The SRCSC consists of a combination of a greatly accurate
phase manipulator with an SLM [19]-[21], a highly sensitive
phase characterizer using an M-SPIDER [6], [13], and a com-
puter for phase analysis and SLM driving. The principle of the
SRCSC is based on the precise measurement and manipulation
of the spectral phase ¢(w) of nonlinear chirped pulses in the
frequency w(z) region projected to a spatial coordinate x, uti-
lizing the temporal (time ¢)-spatial [frequency w(x)] Fourier
transform (FT) by a spectroscopic dispersion system. In prin-
ciple, arbitrary nonlinear chirp is compensated for by only the
one immediate FB of the negative of the measured ¢(w) over
the entire spectral range without the need of the cumbersome
Taylor expansion with different orders of phase dispersions, and
hence the transform-limited (TL) pulse is accomplished.

Since the first experimental demonstration of the SRCSC
was carried out for self-phase modulated pulses with a weak
intensity from a fused-silica fiber in 2002 [13], the SRCSC
has been applied for pulses with different nonlinear chirps [7],
[8], [14]-[17]. Fig. 2 shows a practical system of the improved

Feedback controller
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reference pulses

D
BBO
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Fig. 2. Practical system of the SRCSC. Nonlinearly chirped pulses pass
through the phase manipulator with gratings (G1, G2), concave mirrors (CM1,
CM2), and an SLM. Output spectral phase under SLM-off is measured by M-
SPIDER with intense cross-reference pulses, which are chirped by a dispersive
glass (GDD). M-SPIDER consists of a Michelson interferometer to make a
delay time 74, thin nonlinear crystals (BBOs), and an ICCD camera attached
spectrometer. Feedback controller using a PC analyzes SPIDER signals to get
the spectral phase and feeds its negative phase to SLM. FM, flipped mirror.

SRCSC, which was employed for the first generation of quasi-
monocycle pulses with a 3.3-fs duration in 2003 [7]. The phase
manipulator with the so-called 4- f configuration [9], [21] con-
sists of a specifically designed liquid-crystal SLM (with a pixel
number of 648, width of 97 um, a gray-scale resolution of 192, a
transmission of 80% at 800 nm), two aluminum-coated gratings
(G1 and G2: a blaze wavelength of 500 nm, a groove density
of 150 lines/mm), and two aluminum-coated plane and concave
(CM1 and CM2: focal length of 350 mm) mirrors. The typical
throughput is about 30%. The input temporal chirped pulse is
spatially Fourier transformed along the z-axis (see Fig. 2) at
the SLM plane by G1 and CM1. Then, each phase ¢(w;) of
different frequency components w; of the transformed electric
field E(w) is shifted independently by passing through the lig-
uid crystal in each pixel, which was applied by a dc electric field
so as to compensate for the chirp. Subsequently, the phase mod-
ulated pulse is inversely Fourier transformed by CM2 and G2
to get the temporal TL pulse. The influence of the second-order
diffraction from gratings was avoided by suitable selection of
the blaze wavelength [7]. The use of a prism pair [19] instead
of a grating pair has advantages of no influence of the second-
order diffraction and the better throughput, and a disadvantage
of large higher-order dispersions due to prism glasses.
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For the quasi-real-time measurement of the spectral phase
¢(w), the output pulse from the phase manipulator is injected
into the M-SPIDER, where two replicas with delay time 74 are
produced by a Michelson interferometer. The replicas are up-
converted with the external reference chirped pulse in a 20-pm
thick (3-barium borate crystal (BBO type II, 45°). The interfer-
ogram [the SPIDER signal D(w)] with a spectral shear /27 is
measured by a highly wavelength-resolved spectrometer (1200
lines/mm; resolution less than 0.05 nm at 400 nm) with an in-
tensified charge-coupled device (ICCD). The availability of the
external intensified reference pulse in the M-SPIDER, unlike the
conventional SPIDER, provides the dramatically higher sensi-
tivity [6]. The synchronously gated ICCD is cooled to —25°C
to increase the signal-to-noise ratio. The addition of the SH arm
for independent measurement of the SH interferogram permits
highly reproducible measurements.

The inverse FT of the SPIDER signal D(w), which is the
interference between two sum-frequency waves with slightly
different frequency by /27, enables us to have the so-called
+ac component D ,.(7) containing the phase difference term
of ' (w) = d(w) — Pp(w — Q) + Tqw [3]. After the subtraction
of the Tqw term, the integral of the 0(w)/Q 2 [¢(w) — Pp(w —
2)]/€ with respect to w gives the required spectral phase ¢(w).
This analytical process is performed directly by a computer.
The negative phase —¢(w) is then programmably fed back to
the SLM driver by the computer.

Accordingly, first, the spectral phase ¢y (w) of input chirped
pulses passing through the phase manipulator with the SLM-
switch off is measured by the M-SPIDER. Then, the first mea-
sured spectral phase is fed back negatively to the manipulator
(¢c1(w) = —émi(w)) and the output spectral phase dp2(w)
is measured. The closed loop is then repeated (¢dco(w) =
—¢dm1(w) — dmz(w)). Finally, the measured output spectral
phase ¢ns3(w) indicates TL pulses (¢nms(w) = ¢rr(w)). Typ-
ically, it takes few minutes for one closed loop because of the
need of several automatic rotations of the grating in the spec-
trometer for ultrabroadband pulses.

The sophisticated SRCSC operates quasi-automatically but
not completely. This is due to the fact that in the FT analysis
of the SPIDER signal, the manual decision of the minimum
Tmin and maximum 7y« values for the squared filter function
is always needed for ultrabroadband pulses with fine spectral
structures when the +ac component of D ,.(7) is extracted.
To overcome this problem, recently it has been demonstrated
that the application of the wavelet transform (WT) method for
the SPIDER signal analysis [22] instead of the conventional
FT method enables us to operate in the complete automatic
mode [23].

III. APPLICATION FOR DIFFERENT NONLINEARLY
CHIRPED PULSES

A. Conventional Glass Fiber Experiments: Self-Phase
Modulation (SPM) and Induced-Phase Modulation (IPM)

1) SPM: The experiment of the first demonstrative SRCSC
was carried out for self-phase-modulated pulses with low energy
of 8.2 nJ/pulse at a 1-kHz repetition rate (this pulse measure-
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Fig. 3. SPM experiment. SLM-off case. (a) 800-nm glass—fiber output spec-
trum; (b) SPIDER signal; (c) replica spectra.

ment sensitivity corresponds to that of the conventional FRAC
method), which were the output from a 3-mm-long fused-silica
fiber [13]. Fiber input pulses of a 80-fs duration and 41-nJ en-
ergy at 800 nm were broadened from 730 to 870 nm [Fig. 3(a)].
Fig. 3(b) and (c) shows the measured SPIDER signal and the
corresponding replica spectra from 380 to 420 nm before FB
(SLM-switch off), respectively, using external reference pulses
with energy of 1.2 pJ/pulse. Intensified reference pulses were
obtained from the same amplifier as that for fiber input pulses
and were chirped strongly by passing through a highly disper-
sive glass. The measured spectral envelopes [Fig. 3(b) and (c)]
were similar to the fiber output spectrum [Fig. 3(a)], as expected
from the principle of the SPIDER [3]. Using these results with a
delay time 74 of 960 fs and a spectral shear /27 of 5.23 THz,
the spectral phase was reconstructed [see the dashed curve in
Fig. 4(a)], and the corresponding negative phase was applied
directly and quickly to the SLM by the computer (SLM-switch
on). The FB closed loop was repeated twice for better phase
compensation. Reconstructed spectral phases and temporal in-
tensity profiles after first and second FBs are shown in Fig. 4(a)
and (b), respectively. These results indicate that the asymmet-
rical phase variation over 25 rad before FB becomes flat after
the second FB, and the asymmetrically broadened pulse profile
with a duration of over 200 fs before FB is compressed to 22 fs.
The compressed pulse is very close to the 20-fs TL pulse [see
the inset of Fig. 4(b)].

2) IPM: We also demonstrated that the SRCSC is signif-
icantly useful for compensation of induced phase modulated
pulses [15]. An IPM technique based on nonlinear copropaga-
tion of two different color ultrashort pulses with a carrier-phase
locking in a fiber enables us to broaden the spectral width more
efficiently than that in an SPM technique [24]-[29]. However,
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Fig. 4. SPM experiment. (a) Reconstructed spectral phase before (dashed
curve) and after first (dotted curve) and after second FB (solid curve). A thin
solid curve is pulse spectrum after second FB. (b) Corresponding reconstructed
temporal intensity before (dashed curve) and after first FB (dotted curve) and
after second FB (solid curve). Inset shows 19.8-fs Fourier TL pulse.

the spectral phase of the ultrabroadband pulse generated by the
dispersive IPM effect is complicated greatly owing to the com-
bined effect of the two-pulse interaction and fiber dispersion. In
addition, the peak power is relatively low. Therefore, it is dif-
ficult to characterize precisely and compensate for the spectral
phase over the whole frequency range.

The experiment for IPM pulse compression was carried out
using 800-nm, 80-fs pulses with energy of 64 nJ/pulse, and
670-nm, 80-fs pulses with energy of 65 nJ/pulse, which were
generated from a combined system of the regenerative ampli-
fier and the optical parametric amplifier operating at a 1-kHz
repletion rate, respectively. The delay time of the 800-nm fun-
damental pulse with respect to the 640-nm signal pulse was
adjusted to overlap in the middle of a fused-silica fiber with
a 4-mm length and hence to yield the most efficient IPM ef-
fect. The fiber output efficiency was 20%. The output pulse was
spectrally broadened from 530 to 880 nm [Fig. 5(a)] and was
directed to the similar SRCSC as that in Fig. 2. Spectral phases
and temporal intensity profiles reconstructed from SPIDER sig-
nals before FB [Fig. 5(b)] and after the third FB with values of
T4 = 960 fs and /27 = 5.58 THz are shown in Figs. 6 and 7,
respectively. In addition, the group delay as a function of the
frequency before FB is shown by a dashed curve in Fig. 6(a). Re-
sults indicate that the fiber output pulse has a significantly large
and complicated phase variation over 150 rad. Correspondingly,
the frequency-dependent group delay varing over 500 fs indi-
cates an effective discontinuity (~50 fs jump) around 740 nm,
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Fig. 5. IPM experiment. (a) Pulse spectrum and (b) [and (b’)] SPIDER signal

in the SLM-off case.

where the two input pulses spectrally overlap at the fiber output.
This is mainly due to the delay time between two pulses at the
fiber input and due to their group-velocity mismatch as well as
the IPM + SPM effects [15], [27], [30]. In general, such novel
behavior of the spectral phase is not compensated for by con-
ventional passive compensators. However, the third FB result
(Fig. 7) suggests that even the novel complicated phase behav-
ior is successfully compensated for. That is, the multistructured
asymmetric output pulse with a duration of about 500 fs from
the fiber was compressed to 7.8 fs, which is close to the 4.4-fs
TL pulse. The difference is mainly due to imperfect compensa-
tions at the low-and high-frequency edges. These occur because
the applied phase shift per 1 pixel at the edges exceeds 7 ra-
dians. These problems, which resulted in the experiment using
the first SRCSC but are not the proper ones in the IPM effect,
can be solved using the sophisticated SRCSC where the applied
phase is optimized so that the phase modulation load per each
pixel is greatly reduced (see Sections III-B1 and Sections III-
C). This experimental result is the first demonstration of optical
pulse compression for the white light continuum generated by
the IPM effect.

B. Experiments of Photonic Crystal Fiber (PCF) and
Tapered Fiber (TF)

1) PCF: The PCF with unusual dispersion properties
enables us to generate efficiently ultrabroadband pulses, using
low peak-power pulses produced directly from a laser oscillator
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operating at a 75-MHz repetition rate. However, the PCF output
pulse exhibits a complicated spectral phase because several
nonlinear phenomena occur simultaneously, such as SPM,
parametric four-wave mixing, stimulated Raman scattering,
high-order soliton formation and collapse, and self-steepening,
as well as unusual dispersion profile. Therefore, conventional
passive elements such as a combination of a prism pair and
chirp mirrors could not compensate for its spectral phase [31].
But, we recently demonstrated that the SRCSC enables us
to compensate for such complicated spectral phase and the
12-fs input pulse was compressed to 6.6 fs [16], as shown
below.

The pulse beam from a mode-locked Ti:sapphire laser (12-fs
duration, 600-mW average power, 75-MHz repetition rate, and
790-nm center wavelength, with a spectrum from 680 to 920
nm) was split with a 1:3 beam splitter. The lower intensity pulse
(150 mW) was passed through a loose-focusing lens for colli-
mation and then directed into the M-SPIDER as an intensified
reference chirped pulse. The higher intensity pulse (450 mW)
was coupled into the 3-mm-long PCF [2.6-um core diameter,
900-nm zero dispersion wavelength (ZDW)]. The effective cou-
pling and transmission efficiency was 20%. The fiber output
pulse with a 60-mW average power and a spectral broadening
from 620 to 945 nm [Fig. 8(a)] was directed into the simi-
lar SRCSC as shown in Fig. 2 [16]. Fig. 8(b)—(d) shows the
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structed temporal intensity (solid curve) and temporal phase (dashed curve). A
dotted curve shows temporal intensity of fiber output pulse before compensation.
(c) Calculated TL pulse profile.

SPIDER signal and the two corresponding replica spectra be-
fore compensation (delay time 74 = 850 fs and spectral shear
/27 = 8.24 THz). Fig. 9(a)—(d) shows reconstructed spectral
phases, a pair of the reconstructed temporal intensity and phase
profiles before FB, a pair of that after the first FB, and after the
second FB, respectively. These results show that the PCF output
pulse, which broadens temporally over 150 fs with the com-
plicated spectral phase variation over 30 rad, was compressed
to 7.1 fs after the first FB and to 6.6 fs after the second FB.
The 6.6-fs compressed pulse almost corresponds to the 6.3-fs
TL pulse. This is the first complete pulse compression using
the PCF in the two-cycle region. The compressed pulse after
the second FB was also confirmed by the independent FRAC
measurement (Fig. 10).

After the first experiment, the further pulse compression to
5.8 fs (for the 5.0-fs TL pulse) was done using the PCF with a
shorter ZDW of 853 nm and a shorter length of 2 mm [17].

More recently, a computer simulation study on PCF pulse
compression pointed out that degradation of the fiber out-
put coherence between phases from pulse to pulse brings
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about a severe limit to its compressibility [32]. That is, in the
negative-dispersion region, a high-order soliton breaks up to
give a fine and complicated spectral structure and a low spec-
tral intensity part. This process is very sensitive to the intensity
fluctuation from pulse to pulse of the input and so the spectral
phase coherence can easily be degraded. To clarify this problem
which becomes more severe for the more efficient compression
by the shorter-ZDW PCF, an experiment using the improved
SRCSC has been carried out [17]. The main improved point is
the reduction of the phase-modulation load per pixel of the SLM
by using of a pair of gratings with a larger number of grooves,
a shorter blaze wavelength, and a broader bandwidth of silver
coating. The 12-fs pulse with a 480-mW average power was
injected into the 1.5-mm long PCF with a 744-nm ZDW, and
the 60-mW output pulse was broadened spectrally from 480 to
1000 nm [curve (i) in Fig. 11(a)]. Measured SPIDER signals
before FB and after the first and second FBs (74 = 873 fs and
Q/2m = 8.20 THz) are shown in Fig. 11(b)—(d), respectively.
However, the fringe visibility in the SPIDER interferograms in
the spectral region from 833 to 902 nm (region B) after the
first and second FBs was destroyed. This negative-dispersion
region corresponds to the region of the aforementioned soli-
ton breaking up. Therefore, the fine spectral structure and the
low-intensity part in this region, where degradation of the phase
coherence easily occurs, make it difficult to obtain a good spec-
tral inter-ferogram. This difficulty is greatly enhanced by the
deep phase modulation applied by the SLM for phase compen-
sation. This is because the large phase-modulation difference
between neighbor pixels results in an artificial sharp modula-
tion of the electric field amplitude spectrum of the fundamental
pulse according to the Kramers—Kronig relation. This yields a
more complicated structure of the SPIDER signal and hence
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Fig.9. PCF experiment. (a) Dashed—dotted, dotted, and solid curves are recon-
structed spectral phases before compensation and after first FB and after second
FB compensations, respectively. A thin dashed curve is SLM-output spectrum
after second FB. (b)—(d) Reconstructed temporal intensity profiles (solid curves)
and phases (dotted curves) for (b) before compensation and after (c) first FB
and (d) second FB compensations. A dashed—dotted curve in (d) is 6.3-fs TL
pulse.

the low visibility. That is, visibility in some wavelength region
is destroyed. Accordingly, for the undecided part of the spec-
tral phase to be measured in the first and second FB cases we
assumed the following: the corresponding spectral phase has
the same group-delay dispersion (GDD) as the GDD averaged
between the GDD at the lowest frequency edge vy, of region B
and that at the highest frequency edge vy. In addition, a con-
stant group delay and a constant phase are added at vy, so that
the spectral phase becomes continuous at v, and vy. Spectral
phases and temporal intensity profiles obtained for the first and
second FBs under such assumption are shown by curves (iii) and
(iv) in Figs. 11(a) and 12(b) and (c). The result from Fig. 12(c)
indicates that the duration of the main pulse is 4.0 fs, while the
TL pulse duration is 2.7 fs. We also confirmed that a clean 4.9-fs
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Fig. 10. PCF experiment. FRAC traces of direct measurement (solid curve)
and retrieved from M-SPIDER data (dotted curve).

pulse is generated in the spectral region from 480 to 694 nm,
where the spectral phase was correctly measured without any
assumption [Fig. 12(d)]. The 4.9-fs duration is very close to the
corresponding TL pulse duration of 4.7-fs.

2) TF: Another candidate as the highly efficient pulse com-
pressor is a tapered fused-silica fiber (TF), which has also un-
usual dispersion properties. We also carried out an experiment
of TF pulse compression using the similar SRCSC [14]. The
employed TF had a length of 74 mm, a waist length of 32.5 mm,
a waist diameter of 2 um, 9-um long core diameters at in-
put and output sides, and an evaluated ZDW of 710 nm. The
185-fs pulse beam, which has an average power of 100 mW
and a center wavelength of 785 nm at a 100-MHz repetition
rate, was compressed to 16 fs after the first FB compensation.
Furthermore, more recently, shorter pulse compression to 8.4 fs
was demonstrated for 12-fs input pulses with an average power
of 200 mW at a repetition rate of 75 MHz [33].

C. Gas-Filled Hollow Fiber Experiment: Quasi-Monocycle
Pulse Compression

High pressure noble gas filled hollow fiber (HF) is an at-
tractive way of producing an ultrabroadband spectrum (over
one octave) with intense laser pulses. We demonstrated that the
improved SRCSC enables us to compress to sub-3 fs in the
monocycle region [7], [8].

The experimental setup is shown in Fig. 13. The 30-fs,
135-1J pulse from an amplifier operating at a 1-kHz repeti-
tion rate (a center wavelength of 790 nm) was propagated in a
34-cm long hollow fiber (a core diameter of 100 pm) filled with
3.0-atm argon gas. The ultrabroadband output pulse [curve (iv)
in Fig. 14(b): 460-1060 nm corresponding to a 369-THz band-
width, a center wavelength of 580 nm] produced by the SPM
was guided into the SRCSC. The output pulse energy from the
hollow fiber and that from the phase manipulator were 18 uJ
and 0.5 pJ, respectively. The reason why the throughput is small
is the use of several reflections of Al-coated mirrors for output
beam guides. The throughput can then be improved. The pulse
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Fig. 11. PCF experiment. (a) Dashed—dotted (ii), dashed (iii), and solid

(iv) curves are reconstructed spectral phases before compensation, after first
and second FB compensations for a PCF (ZDW 744 nm, length 1.5 mm, core
diameter 1.8 ;1m), respectively. The dotted-curve parts in (iii) and (iv) are es-
timated spectral phases. The thin curve (i) is the SLM-output spectrum after
second FB. (v) Schematic drawing of spectral phase difference 6(w) for unde-
cided part. SPIDER signals for (b) before FB compensation and after (c) first
and (d) second FB compensations.

with an energy of 3.7-uJ, which was obtained by splitting the
pulse from the same amplifier, was employed as an external
intensified reference pulse for the M-SPIDER.

To compensate for the spectral phase perfectly and to get
a clean TL pulse in the monocycle region, we directed our
attention to the phase manipulator with the SLM regarding the
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Fig. 12. PCF experiment. Reconstructed temporal intensity profiles (solid
curves) and phase (dotted curves) for (a) compensation and after (b) first and (c)
second FB compensations in the experiment of PCF with ZDW of 744 nm. The
dashed—dotted curve in (c) is the 2.7-fs TL pulse. (d) Reconstructed temporal
intensity profiles (solid curve) and phase (dotted curve) in spectral region from
480 to 694 nm after second FB. The dashed—dotted curve is the 4.7-fs TL pulse.
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Fig. 13. HF experiment. Experimental setup for the generation of 2.8-fs 1.5-
cycle TL pulses.

following [8]. First, the initial alignment of the 4- f configuration
was performed in accuracy of |Az| < 0.1 mm, where Az is the
difference between the twice of the focusing length f of CM1
or CM2 and the sum of the distance between G1 and CM1
and that between CM2 and G2, to avoid spatial dispersion for
the over-one-octave spectrum. This was done by observing the
pattern of the interference between second-order and third-order
diffracted beams from G2 [8]. Second, the phase modulation
load per pixel of the SLM was greatly reduced by selecting a
suitable combination of a constant phase ¢ and a group delay
bc(wp) in the spectral phase ¢ (w), which was applied to the
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Fig. 14. HF experiment. Generated 2.8-fs TL pulses with a single, clean 1.5-
cycle waveform. (a) Observed M-SPIDER signal over the spectral range from
280 to 480 nm with a good signal-to-noise ratio before phase compensation. (b)
Reconstructed spectral phase (i) and temporal intensity profile (v) before phase
compensation, reconstructed spectral phases after the first [(ii) after first FB] and
second [(iii) after second FB] FB phase compensations, and intensity spectrum
I(X\) (iv) with a spectral width from 460 to 1060 nm (a center wavelength of
Ao = 580 nm) corresponding to a bandwidth of Av = 369 THz. The spectral
phase after second FB is flat over the whole spectral region. (c) After the second
FB, reconstructed temporal intensity profile I(t) (ii) with an FWHM of 2.8 fs
and its corresponding spectral phase (i) which is the enlarged version of curve
(iii) in (b). A dotted line is a Fourier-TL ideal pulse with an FWHM of 2.75 fs,
which is calculated from the intensity spectrum of curve (iv) in (b). Generated
1.5-cycle pulses indicating a single, clean waveform are extremely close to TL
pulses. This means that perfect compensation over the one-octave bandwidth
was performed successfully.

SLM for compensation [8]. These efforts allow us to manipulate
the spectral phase over the more-than one octave very accurately.

Fig. 14(a) shows the SPIDER signal with a high signal-to-
noise ratio in the whole spectral range from 280 to 460 nm,
which was measured before phase compensation. The spectral
shear 2/27 and the delay time 74 were 4.24 THz and 930 fs,
respectively. Fig. 14(b) shows reconstructed spectral phases be-
fore compensation (over 500-rad variation) and after first and
second FB compensations. In addition, the reconstructed tem-
poral intensity profile before compensation is shown to be com-
plicated and broadened from —500 to 4500 fs [curve (V) in
Fig. 14(b)]. Furthermore, the spectral phase after the second FB



YAMASHITA et al.: QUASI-AUTOMATIC PHASE-CONTROL TECHNIQUE FOR CHIRP COMPENSATION OF PULSES

E(n)  E() E()E(0) E() Ey0) E)

E(m):%e.u,r)A.(r,r)exp{i [0~ k(61 £+, (D]} e, e,

Fig. 15. Intuitive concept of optical-wave musical instrument and/or optical
function generator, that is, arbitrary time-sequential, automatic manipulator of
optical electric field wavepackets.

is almost completely flattened [curve (iii) in Fig. 14(b); curve (i)
in Fig. 14(c) is its enlarged version]. The corresponding tempo-
ral intensity profile [curve (ii) in Fig. 14(c)] indicates that sub-
pulses are completely eliminated and the duration (a full-width
at half-maximum) is 2.8 fs. This corresponds to 1.5 optical cy-
cles of the carrier wave with a 580-nm center wavelength, and the
single clean profile is almost the same as its ideal TL pulse with
a 2.75-fs duration [dotted curve in Fig. 14(c)]. To the best of our
knowledge, this is the shortest TL pulse with a single clean pro-
file, which was achieved in the visible to near-infrared region.
Recently, we applied the locking technique of the carrier-
envelope phase (CEP) to the aforementioned optical system
generating quasi-monocycle pulses [34]. The result of the pre-
liminary experiment using our home-made locking device has
showed that the CEP of 3.3-fs, 1.7-cycle optical pulses ata 1-kHz
repetition rate is significantly stabilized within 7 /2 rad for 20 s.

IV. OUTLOOK

Our extensive results suggest that the developed sophisticated
spectral-phase feedback technique making the method of the
cumbersome Taylor expansion unnecessary can be applied for
nonlinear chirp compensation of any unknown or fluctuated
spectral phase even exceeding a one octave bandwidth in the
quasi-real-time mode. Furthermore, the self-recognition type
of the technique has potentialities of a useful tool in generating
monocycle pulses and in engineering optical electric field wave
packets time sequentially (such as acoustic waves by a musical
instrument; optical-wave musical instrument: [35, Fig. 15], even
for those who are not familiar with ultrafast optics. We believe
that the SRCSC will become a trigger to bring about a new
field where spatiotemporal manipulation and synthesis of the
phase, amplitude, frequency, polarization, and beam direction
of temporal electric field wave packet play an essential role. For
example, the control of the electric-field wave packet but not the
pulse intensity envelope is significantly important for the pro-
duction of single attosecond pulses by the high-order harmonic
generation using CEP controlled high-intensity pulses [36].
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