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Generation of Monocycle-Like Optical Pulses Using
Induced-Phase Modulation between Two-Color
Femtosecond Pulses with Carrier Phase Locking

Mikio Yamashita, Hiroyasu Sone, Ryuji Morita, and Hidemi Shigekawa

Abstract—Detailed numerical analysis of monocyclical optical
pulse generation using induced-phase modulation between two-
color carrier-phase-locked femtosecond pulses is presented. For
the generation of a short pulse with a quasi-linear chirped white-
continuum spectrum, it is found to be important that the large
spectral broadening of each input pulse after fiber propagation
is as similar as possible and the total spectral intensity of the
synthesized wave at the fiber output is as homogenous as possible.
As a result, it is shown that a 2.2-fs 1.3-cycle pulse is generated.

Index Terms—Induced-phase modulation, monocyclical optical
pulse, nonlinear propagation, optical wave synthesis, quasi-linear
chirped white-continunm spectrum, spatial phase modulation,
two-color carrier-phase-locked femtosecond pulses.

I. INTRODUCTION

N AN EFFORT to generate ultrashort optical pulses, many

studies have been carried out by a pulse compression
technique in which dispersive self-phase modulation (SPM)
in a single-mode fiber and chirp compensation with dispersive
lines are utilized. In 1987, amplified dye-laser pulses were
compressed to 6 fs [1]. Recently, there have been two signif-
icant developments based on mode-locked Ti:sapphire laser
technology for ultrashort pulse generation. That is, 13-fs 3-
MW output pulses from a mode-locked cavity-dumped laser
have been compressed to 5 fs using a conventional fused-
silica fiber [2]. Furthermore, another group has reported that
20-fs 1-GW near-infrared pulses have been compressed to
4.5 fs using a noble-gas-containing capillary glass fiber [3].
However, for shorter pulse generation, this method utilizing
SPM in the capillary fiber with a low nonlinear refractive index
o requires high input peak power, and hence has the problem
that optical breakdown occurs due to multiphoton ionization
and single-mode propagation converts easily to multimode due
to self-focusing [3], [4].

On the other hand, recently various methods without utiliz-
ing SPM in a fiber have been proposed for ultrashort pulse
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generation. These include synthesizing optical waves with
frequency equidistancy [5], generating phase-controlled high-
order harmonic XUV waves [6], and employing the interaction
between a free electron beam and a high-power femtosecond
optical beams [7]. However, it is difficult to demonstrate these
methods experimentally because of the requirements of highly
precise techniques and a complex system.

In this paper, we propose another approach using induced-
phase modulation (IPM) between two femtosecond pulses
with a constant carrier phase difference (hereafter we refer
to this approach as the mutual IPM method), instead of
SPM. These pulses are generated by the fundamental wave
(wo1: the carrier angular frequency of the 7; pulse) and its
second-harmonic (SH) wave (wg2 = 2wgs: the carrier angular
frequency of the J» pulse) from one common femtosecond
pulse of a commercially available Ti:sapphire laser system.
In addition, output nonlinear chirp from a short single-mode
fiber is compensated for by a spatial phase modulator.

To find the optimum input pulse parameters for monocycle-
like pulse generation, detailed computer calculation is carried
out. As a result, it is shown that 1.3-1.4 cycle pulses corre-
sponding to 2.2-2.3-fs pulsewidths are generated.

II. SYSTEM CONCEPT AND ANALYSIS

A. System Concept for Monocycle-Like Pulse Generation

In Fig. 1, a schematic of a system concept for the generation
of monocycle-like optical pulses is illustrated. In the mutual
IPM method for monocyclization, the following points are
essential. First, when the SH wave wge = 2wq; (/2 pulse} is
produced using the common fundamental femtosecond wave
wpm (I pulse), the carrier phase difference between their
waves is kept constant according to an equation gz — o1 =
(20 + 1)w /2 + ¢g1 where ¢y; denotes the carrier phase of the
I; pulse (i = 1-2: n is an integer) [8]~[11]. This is because the
conditions of phase matching and frequency conservation are
satisfied to ensure cumulative in-phase addition of the radiation
power in the second-order nonlinear processes. This enables
us to synthesize constructively two spectrally broadened waves
at the fiber output after dispersive IPM and SPM in the short
fiber. Second, the mutual IPM is spectrally broadened two
times more efficiently than SPM only [12]-[14]. Third, the
relative values of input pulse durations between the two pulses
and the propagation distance are chosen under the condition
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Fig. 1. An experimental system concept for monocyclical pulse generation. SH, FB. and SPAPM denote second-harmonic generation, a short single-mode

fiber, and a spatial phase modulator, respectively.

of equal input peak powers between them so that at the fiber
output the broadened frequency bandwidth of the deduced
spectrum of each pulse becomes almost equal to one another
and each pulse spectrum slightly overlaps and interferes with
one another at each spectral edge. For the estimation of equal
broadening, the ratio of the dispersion length of the 7, pulse
to that for the J; pulse is one of the useful parameters. Finally,
moderate nonlinear chirp at the fiber output, i.e., the sum of the
two linear chirps, is effectively compensated for by a spatial
phase modulator [15].

B. Fundamental Equation and Anaiytical Method

The basic analysis for nonlinear propagation of different
color pulses and chirp compensation by spatial phase mod-
ulation was described in [16]. We summarize the analytical
procedures using similar notation. The coupled equations in the
normalized group-velocity coordinate (£1, 71} of the 1, pulse,
which describe the nonlinear propagation of the normalized
electric field envelopes u(9)(£;, 1) of the two pulses I;(i =
1-2) with the normalized parameter 7y; of the initial pulse
duration £, ;, are as follows:
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Tor /Toe, {> = —"J[J/TUJ, iy = (»‘-m - Am 13,/ (e ko
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Jan = |.f.(,n|w{,mT,,m/[U.,,,,,iw,,,,fm] In deriving the equa-
tions, the following assumptions were made. The third-order
nonlinear polarization terms other than the nonlinear refractive

=1

TABLE 1
INPUT PULSE AND FIBER PARAMETERS
1st Pulse /, 2nd Pulse fp
@y =3y /2 wp=2ay,
Input Pulse
2y, [nm) 750 500 375
1, [fs] 30~50 42.4~70.7
Py (kW] 500-1000 500~1000
ta [f5] a ~-87.7
Fiber
1y [miv?) 1.22%10%
¢ [pm] 2
z, [mm] ~0.9
£ [s*m] 4,036 %103 10.741% 10%
E Im]  2.605%10¢ 3,248% 10

index ones were neglected because their polarizations do
not generally contribute significantly under the condition of
nonphase-matching in four-wave-mixing processes in single-
mode fiber [12]. In addition, two different values of the linear
refractive index ng;, wavenumber kg;. the reciprocal of the
group velocity kg, the group- velomty dispersion (GVD) ko
and the third-order dispersion k 0i (B: 1s its normalized one)
at the carrier angular frequency wq; of each input pulse I;
are applied as representative values in the ultrabroad-band
frequency region gmn = 1. The first and second terms of the
equations represent the GVD and the third-order dispersion,
respectively, the third term in (2) represents the group-velocity
mismatching between the [; and > pulses, the third term in
(1) and the fourth term in (2) represent SPM, and the fourth
term in (1) and the fifth term in (2) represent IPM.

We solve numerically the above coupled equations for a
fused-silica fiber with a core diamater of 2 gm and a nonlinear
refractive index no = 1.22 x 10712 (m/V)* [17] using the
split-step Fourier method [12], under the assumption that the
initial pulse shapes I;(;) are sech? at & = 0. Typical input
pulse parameters employed for the calculations are shown in
Table I. They are chosen by taking into account the output
pulse characteristics obtained from a commercially available
Ti: sapphire laser system. .

At the fiber output, zp{= (Ty1)%E10/]k01|), the ampli-
tude Ar(zp, t) of the total electric field Er(zo, t) = 27*
Ar(zo. t) exp[—j3wo1t/2] + c.c. of the composite wave is
described as follows by regarding wo, = (woa—wp1)/2+wo =
3wy /2 as a carrier angular frequency:

— (wm/,,m(:)l/?‘,ql(xw 1) expli(wort/2 + ¢r1)]
+ (71-0-3/”%1«)1/2442(30- £ —t20)
cexpli(—wort/2 + do)) 3)

Ar(zp, 1)
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Fig. 2. An example of an evolution of the total intensity spectrum fy-(1)
during fiber propagation (see the text concerning the values of the parameters).

where _41‘(20, it = tl‘()} = (\/I)_gi/ngg_‘,')H[i)(&,Ti) is the
electric field envelope of the I; pulse at the fiber output
zy, tip Is the initial delay time of the I; pulse (i # 1)
relative to the I, pulse, F,; is the input peak power, N,y ;
is the soliton number, and ng. is the linear refractive index
at woe. ¢r1 = Fko1zo + do1 and dre = koazo + doz +
2wpitap which represent the phase constants. The Fourier
transform Ar(£19, Q) = |Ar(E10, )| expli¢r(E10, )]
of the total envelope Ar(&1p. 1) at the normalized fiber
output distance &g in the &7, m; coordinate is obtained
from the linear combination of the shifted Fourier transform
Uil&g, O + SiwnTiof2) (8 = —1,1 for i = 1, 2) of
4l (€19, 7). Consequently, the intensity spectrum I7(£2) and
the frequency-dependent phase ¢ (Q)(= dr(E19, 2)) of the
fiber output pulse are calculated from epene|AT (€10, 2)]2/2
and tan™! (Im(Ax(&10, Q))/Re{Ar(E10, £2))), respectively.
Fig. 2 shows an example of the evolution of the intensity
spectrum during propagation along the fiber. In addition,
Fig. 3 shows an example of the intensity spectrum and the
frequency-dependent phase at the fiber output z = 0.55 mm,
where Py, = Py = 900 kW, £, 1 = 50 fs, 1, » = 70.7 fs,
wor = 2.513% 105 radfs (Ag; = 750 nm), wgs = 5.027 x 1019
rad/s (Agpe = 375 mm), tog = —53.7 fs, ¢pg1 = 0, and
g2 = —7/2. From this figure, it is seen that the spectrum is
extremely broadened over the near-infrared, the visible, and
the near-ultraviolet wavelengths from 320.6 to 1426.4 nm
which corresponds to the spectral full width of A,r = 725
THz. Also, the chirp is moderately nonlinear and is composed
of two linear chirps having different slopes.
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Fig. 3. An example of (a) the total intensity spectrum Jp{i), (b) the
frequency-dependent phase ¢ (), {c) the compensated phase ©.(w), and
(d) the compressed pulse I.(?).

Next, let us describe chirp compensation by means of
a frequency synthesizer utilizing a spatial phase modulator
of 256 channels and 12 bits [15]. The full width AQ; =
2w Avy of the pulse spectrum is divided by the number of
channels so that the frequency-dependent phase component
¢ ()i = 1-256) at the different angular frequencies §};
are spatially arrayed with a frequency equidistancy Ay =
Afdr /256, The effect of the gap size between the channels is
neglected. The modulator independently controls each channel
to give a phase shift ¢,,(£2;) with an accuracy of 12 bits
so that the phase difference ¢.(;) = ¢r () — dm(fk)
after modulation becomes as small as possible [in practice,
$() = o7 (%) — (2nw — &, (£2,))]. A numerical result
for ¢.(€2;) for the above example is also shown in Fig. 3,
which shows that the compensated phase ¢.(£2;) is kept almost
constant. Accordingly, the temporal intensity shape I.(m1)
of the chirp compensated pulse is calculated by the inverse
Fourier transform of |Ar(&10, §2)] exp[7¢.(€2)]. A result for
the example above is also shown in Fig. 3. The FWHM ¢,
of the intensity pulse duration of 2.63 fs corresponding to
1.57 cycles for the carrier frequency of 3wy /2 almost agrees
with ¢, . = 2.56 fs for the pulse duration in the case of ideal
chirp compensation (¢.(2) = const). This result means that
the spatial phase modulator is suitable for compensation of
nonlinear chirp composed of two different linear chirps.

It was found that the initial phase difference ¢g2 — ¢o1
between the I, and I, pulses does not influence the
output-pulse intensity and phase spectra (I7(Q2) and $7(£2)),
except for the small interference part where the highest
frequency edge of the {; spectrum and the lowest frequency
edge of the Iy spectrum slightly overlap. Consequently, the
small variation is compensated for by a small change of
the phase modulation and the compressed pulse duration
is not affected by the phase difference. Furthermore, it was
confirmed that the addition of the higher order dispersion
effect of dlkp,(w)/dw? and d®kgi(w)/dw® to (1) and (2)
also do not influence the calculated results.
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Fig. 4. The typical delay-ratio dependence of the compressed pulse duration
ty,. - and the total spectral width 8Dy for the fiber length zp = 0.5 mm
(tp. 1 = 30 fs, t, 2 = 424 fs, Py = Fya = 700 kW, Ag, = 750 nm,
)\(]-_: = 375 nm)‘

III. COMPRESSED PULSE CHARACTERISTICS

To find the optimum input pulse condition, the behavior
of the compressed pulse for the different initial delay times
tag, peak powers FPy;, durations £, ; and fiber length zp are
investigated in detail.

First, we consider the effect of the initial delay time of the
I pulse relative to the I; pulse. In the normal GVD region
without the nonlinearity of IPM and SPM, in general, the
I pulse at the fiber output zy is delayed by zg(ko1 — ko2)
relative to the [y pulse. Then, for simplification, we introduce
a parameter of the delay ratio ro = —#a2g/[z0{ko1 — Ko2)] to
examine the delay time effect. Fig. 4 shows typical delay-
ratio dependences of the compressed pulse duration t, . and
the intensity spectral width App for Py; = FPpz = 700 kW,
fp1 =30 fs, £, o = 42.4 fs, Ay = 750 nm, Mgz = 375 nm,
and zy = 0.5 mm. The compressed pulse duration becomes
longer with increasing ro from 0.1 to 0.6, while the spectral
width becomes less broadened. In the range of ro < 0.1 and
rq > (.6, the large subpulses (when the ratio of the subpulse
peak to the main-pulse peak is larger than 0.1) appear and
the pulse duration is broadened due to the significantly low
intensity of the central frequency parts of the spectrum of
the output synthesized wave. This is because the time area of
the overlap between the [; and [» temporal profiles during
propagation and hence IPM is not sufficient to get large
spectral broadening before the I, pulse leaves the [5 pulse
behind for 7» < 0.1, and after both peak intensities of the I
and [, pulses decrease owing to dispersive SPM for 75 > 0.6.
The ra-dependence of the spectral broadening of the I, pulse

TABLE 11
TvpicaL REsSULTS OF COMPRESSED PULSES AT THE OFTIMUM DELAY
RATIO ra AND FIBER LENGTH zp FOR Agr = 750 nm AND

Agz = 375 nm (SEE THE TEXT CONCERNING THE NOTATIONS)

Iaput Pulse Duration and Power Compressed  Pulse

[ lpa Po o n lpe Ad=tpftp)  Avr
[fs] [fs] [kW]  [mm] [fs] {eveles] [THz]
500 030 0.5 2.60 1.56 115 714
600 0.50 0.2 241 1.44 12.5 ?23__

[

800 0.3 0z 2.26 1.35 133 152

900 0.23 0.3 2.30 1.7 13.1 142

1000 0.19 0.4 2.35 141 128 733

500 0.0 0.3 230 1.62 18.6 623

600 0.70 0.2 2,53 1.51 198 682

50 0.7 700 0.60 02 243 145 206 716

0.35 0.3 2.36 141 212
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Fig. 5. Input peak power dependence of the compressed pulse duration #;,.
and the total spectral width 8D at the optimum delay ratio and fiber length

for the combination of the shorter input-pulse durations [(A) tp | = 30.0 fs,
tp.2 = 42.4 fs] and the combination of the longer ones [(B): t,, .1 = 30 fs,
ty.2 = TO.7 fs] for Apy = 750 nm and Agy = 375 nm.

is different from that for the I» pulse. The spectral width of
the latter increases and then decreases more rapidly than that
of the former with the increase of the 7-. This is based on the
fact that the latter GVD and hence dispersive IPM and SPM
are larger than those of the former.

Next, let us discuss how the input peak power and pulse
duration affect the compressed pulse. Fig. 5 shows the depen-
dencies of the compressed pulse duration and spectral width
on the input peak power Py; = Py at the optimum delay ratio
and fiber length as a parameter of two different combinations
of input pulse durations (t, 1 = 30 fs, f, 2 = 424 fs,
case A, and t,; = 50 fs, £, » = 70.7 fs, case B) for
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P(M = I){);g = 500-1000 kW, Agl = 750 nm, and /\02 = 375
nm. The results are summarized in Table II. In case A, the
shortest pulse of ¢, . = 2.24 fs corresponding to 1.34 cycles
(Avr = 819 THz) is generated at Py; = FPyy = 700 kW,
fap = —10.6 fs, and zy = 0.5 mm. Around the smaller
input power (~500 kW), the intensity spectral shape becomes
more split-like because of the longer propagation distance and
hence the more dispersive phase modulation. This results in a
longer compressed pulse with larger subpulses. On the other
hand, around the higher input power (~1000 kW), both the
deduced /; and [ spectra broaden asymmetrically because of
more rapid up-chirping. Accordingly, the total spectral width
becomes a little narrower and the compressed pulse duration
becomes a little wider.

These results imply that not only the large spectral broaden-
ing but also the intensity homogeneity of the output spectrum
and the similarity of the broadened spectral-shape of cach
pulse are important for the generation of ultrashort pulses.

I'V. CONCLUSION

Optical pulse monocyelization by an [PM -+ SPM method
using two-color carrier-phase-locked femtosecond pulses has
been analyzed numerically in detail. As a result, it has been
found that a 2.24-fs 1.34-cycle pulse is generated by means of
nonlinearly interactive propagation in a 0.5-mm fiber between
a 30-fs 750-nm pulse (/) and its frequency-doubled 42.4-fg
pulse (12} with equal power of 700 kW,

This technique for generation of quasi-linear chirped white-
spectral pulses can be applied for realization of independently
synthesized, multicolor femtosecond beams which are syn-
chronized. as a new optical source such as a femtosecond
photon factory. In addition, this technique can be extended to a
gas-containing capillary glass fiber for high-power monocyclic
pulse generation.
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