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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 generation. These include synthesizing optical waves with
pulse generation using induced-phase modulation between two- frequency equidistancy [5], generating phase-controlled high-
color carrier-phase-locked femtosecond pulses is presented. For g qer harmonic XUV waves [6], and employing the interaction
the generation of a short pulse with a quasi-linear chirped white- bet f lect b ' d a hiah femt d
continuum spectrum, it is found to be important that the large € Ween airee electron ea.m, an. _a Igh-power remtosecon
spectral broadening of each input pulse after fiber propagation Optical beams [7]. However, it is difficult to demonstrate these
is as similar as possible and the total spectral intensity of the methods experimentally because of the requirements of highly
synthesized wave at the fiber output is as homogenous as possibleprecise techniques and a complex system.

As a result, it is shown that a 2.2-fs 1.3-cycle pulse is generated. In this paper, we propose another approach using induced-

Index Terms—nduced-phase modulation, monocyclical optical phase modulation (IPM) between two femtosecond pulses
pulse, nonlinear propagation, optical wave synthesis, quasi-linear with a constant carrier phase difference (hereafter we refer
chirped white-continuum spectrum, spatial phase modulation, to this approach as the mutual IPM method), instead of
two-color carrier-phase-locked femtosecond pulses. '

SPM. These pulses are generated by the fundamental wave
(wo1: the carrier angular frequency of thie pulse) and its
I. INTRODUCTION second-harmonic (SH) waveid = 2wo;: the carrier angular

N AN EFFORT to generate ultrashort optical pulses, marfjgauency of thel> pulse) from one common femtosecond
I studies have been carried out by a pulse compressmse 91_‘ a commermally avallat_)le Ti: sapphire Ia_ser system.
technique in which dispersive self-phase modulation (SP I_ ad_dltlon, output nonlinear chirp _from a short single-mode
in a single-mode fiber and chirp compensation with dispersi{/@€" IS compensated for by a spatial phase modulator.
lines are utilized. In 1987, amplified dye-laser pulses were '° find the optimum input pulse parameters for monocycle-
compressed to 6 fs [1]. Recently, there have been two sigrm(-e pulse generation, detailed computer calculation is carried
icant developments based on mode-locked Ti: sapphire laS8f- AS @ result, it is shown that 1.3-1.4 cycle pulses corre-
technology for ultrashort pulse generation. That is, 13-fs §Ponding to 2.2-2.3-fs pulsewidths are generated.
MW output pulses from a mode-locked cavity-dumped laser
have been compressed to 5 fs using a conventional fused- II. SYSTEM CONCEPT AND ANALYSIS
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 !N Fi9- 1, @ schematic of a system concept for the generation
SPM in the capillary fiber with a low nonlinear refractive inde’ monocycle-like optical pulses is illustrated. In the mutual
n» requires high input peak power, and hence has the probl&RM method for monocyclization, the following points are
that optical breakdown occurs due to multiphoton ionizatiogSSential. First, when the SH waug, = 2wo (L2 pulse) is
and single-mode propagation converts easily to multimode degeduced using the common fundamental femtosecond wave
to self-focusing [3], [4]. wo1 (Il. pulse), the carrier phase difference between their
On the other hand, recently various methods without utili¥YaVes is kept constant according to an equaiign— ¢o, =
ing SPM in a fiber have been proposed for ultrashort pulé& +1)7/2+ ¢o1 Wherego,; denotes the carrier phase of the
I; pulse { = 1-2; n is an integer) [8]-[11]. This is because the
_ , , conditions of phase matching and frequency conservation are
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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 TABLE |
output the broadened frequency bandwidth of the deduced INPUT PULSE AND FIBER PARAMETERS
spectrum of each pulse becomes almost equal to one another 1st Pulse 1, 2nd Pulse /,
and each pulse spectrum slightly overlaps and interferes with @ @3onf2  on=2oy
one another at each spectral edge. For the estimation of equal 'nputFulse
. . . . Ay, [nm] 750 500 375
broadening, the ratio of the dispersion length of fhepulse o[ 30~50 124707
to that for thel; pulse is one of the useful parameters. Finally, Py [lcW] 500~ 1000 500~ 1000
moderate nonlinear chirp at the fiber output, i.e., the sum of the o o [f5] 0 ~-B1.7
two linear chirps, is effectively compensated for by a spatial - n, [V 122%10%
phase modulator [15]. d [um] 2
zo [mm] ~0.9
. . k [s* 4.036x10% 10.741 %102
B. Fundamental Equation and Analytical Method P [;sa/r;]] 2.6052104( 3.248;041

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 analyticildex ones were neglected because their polarizations do
procedures using similar notation. The coupled equations in it generally contribute significantly under the condition of
normalized group-velocity coordinaf€;, 1) of the I; pulse, nonphase-matching in four-wave-mixing processes in single-
which describe the nonlinear propagation of the normalizeflode fiber [12]. In addition, two different values of the linear

electric field envelop(_ea@)(gl, 1) of the two pulsesl;(i = refractive indexno;, wavenumberky;, the reciprocal of the
1-2) ywth the normalized parametefy; of the initial pulse group velocityk;, the group-velocity dispersion (GVD)o;
durationt,, ;, are as follows: and the third-order dispersidn o; (3o; is its normalized one)
(&, 1) at the carrier angular frequencyy; of each input pulse;

are applied as representative values in the ultrabroad-band
2 (1) 3 (1) frequency regiory,,., = 1. The first and second terms of the
O ut (&, 1) Bor Fut (&, 1) equations represent the GVD and the third-order dispersion,
orf ot} respectively, the third term in (2) represents the group-velocity
L a 2 2 2] o mismatching between th& and I, pulses, the third term in
N Uu( (& Tl)‘ + ZQIQ‘U( (& Tl)‘ }u( (& m) (1) and the fourth term in (2) represent SPM, and the fourth
(1) termin (1) and the fifth term in (2) represent IPM.
We solve numerically the above coupled equations for a

91

= —é Sgn(%l)

P (&, m) fused-silica fiber with a core diamater of2n and a nonlinear
&1 refractive indexny, = 1.22 x 10712 (m/V)? [17] using the

i . *u (&, 1) split-step Fourier method [12], under the assumption that the
=73 sgni(koz) 512 o initial pulse shaped;(r;) aresech? at ¢; = 0. Typical input

Pu® e pulse parameters employed for the cglculations are shown in
% + S35 w Table I. They are chosen by taking into account the output
"1 ) 1 ) pulse characteristics obtained from a commercially available
+4iS Uu(z) T ‘ 19 ‘u(l) 7 ‘ }u@) _7,) Ti:zsapphire laser system. )
o (&, m) 2 ) (&, m) At the fiber output,zo(= (To1)*¢10/|ko1]), the ampli-
(2) tude Ar(zg, t) of the total electric fieldEr(zg, t) = 271
Ar(zo, t) exp[—j3wo1t/2] + c.c. of the composite wave is
2 — 2 — ’
where )(51, ) = l )(a2£17 bomi + 2 +2d2£1), by = described as follows by regarding, = (wo2—wo1)/2+wor =
To1/To2, c2 = —t20/To2, d2 = (ko1 — ko2)T 5, /(Loz2|ko1l), i .
; . A 2/-01 3we1/2 as a carrier angular frequency:
5;2 = _|/€02|/|/€0;|, Sz = /302|k02|T02/|(/€01|T01), Sza =
ko1 — ko2)To1/|ko1|, a2 = Sz = |ko2| T /(|ko1|TS,), and .
o = oo T onfors T2, G th oqua: 4700 =t /10)" (o, 0 explont/2+ )
tions, the following assumptions were made. The third-order + (”02/”0c)1/2A2(207 t —ta0)
nonlinear polarization terms other than the nonlinear refractive - explj(—wo1t/2 + Pr2)] (3)

+ S22
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0.5 mm Fig. 3. An example of (a) the total intensity spectruf(r), (b) the
frequency-dependent phaser(»), (c) the compensated phase(r), and
(d) the compressed pulsk(t).
[Xx3] . . .
0.55 mm 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 widhQ; =

2Frequ:ncy f[xﬂ?OTHz}o 2x Avr of the pulse spectrum is divided by the number of

o2 A  of ution of the total intensit - channels so that the frequency-dependent phase component
d:Jgrmg fiberr] ;ﬁ?)glgoa?ioon (igeegwoeutéi? cgnce?ni(r)m;i thlg Sglsuleysz?fﬁerpgggneté@f.(gi)(l_ = 1-256) at t_he different angular_fr_equenmés
are spatially arrayed with a frequency equidistank$, =

‘ AQr/256. The effect of the gap size between the channels is
where A;(z0, t — tio) = (VPoi/Nsor,i)u®(&,7:) is the neglected. The modulator independently controls each channel
electric field envelope of thd; pulse at the fiber outputto give a phase shifts,,(©2;) with an accuracy of 12 bits
70, tio is the initial delay time of thel; pulse ¢ # 1) so that the phase differencg.(2;) = ¢7(2) — dm(%)
relative to thel; pulse, F,; is the input peak powerN;,; ; after modulation becomes as small as possjbiepractice,
is the soliton number, ando. is the linear refractive index ¢.(,) = ¢ () — (2nm — ¢ (2))]. A numerical result
at woe. ¢r1 = koizo + ¢o1 and ¢ra = ko2zo + Po2 + for ¢.(Q;) for the above example is also shown in Fig. 3,
2woit20 Which represent the phase constants. The Fourighich shows that the compensated phagé?;) is kept almost
transform Ar (&1, ) = |Ar(&10, Q)] explidr (10, Q)] constant. Accordingly, the temporal intensity shapér)
of the total envelopeAr(&io, 71) at the normalized fiber of the chirp compensated pulse is calculated by the inverse
output distanceéo in the &, 71 coordinate is obtained Fourier transform of A;(£10, )| exp[ig.(2)]. A result for
from the linear combination of the shifted Fourier transforrthe example above is also shown in Fig. 3. The FWIM
UD (&0, Q + 8w Ti0/2) (6; = —1,1 for ¢ = 1,2) of of the intensity pulse duration of 2.63 fs corresponding to
u(&10, 71). Consequently, the intensity spectrum($2) and  1.57 cycles for the carrier frequency &fy; /2 almost agrees
the frequency-dependent phase(Q)(= ¢r(&10, 2)) of the  with ¢, . = 2.56 fs for the pulse duration in the case of ideal
fiber output pulse are calculated fromcno.| Ar(€10, 2)]?/2  chirp compensationd(.(€2) = const). This result means that
andtan™! (Im(Az(&10, ©2))/Re(Ar(£10, 2))), respectively. the spatial phase modulator is suitable for compensation of
Fig. 2 shows an example of the evolution of the intensityonlinear chirp composed of two different linear chirps.
spectrum during propagation along the fiber. In addition, It was found that the initial phase differeneg, — ¢o1
Fig. 3 shows an example of the intensity spectrum and thetween thel, and I; pulses does not influence the
frequency-dependent phase at the fiber outgut 0.55 mm, output-pulse intensity and phase spectfa(?) and ,(£2)),
where Py; = Fpz = 900 kW, ¢, 1 =50 fs, t, o = 70.7 fs, except for the small interference part where the highest
wor = 2.513x 10%° rad/s Qo1 = 750 nm), we2 = 5.027x 10*®  frequency edge of thé; spectrum and the lowest frequency
rad/s Qg2 = 375 nm), to9 = —53.7 fs, ¢o1 = 0, and edge of thel, spectrum slightly overlap. Consequently, the
¢Po2 = —n/2. From this figure, it is seen that the spectrum ismall variation is compensated for by a small change of
extremely broadened over the near-infrared, the visible, atit phase modulation and the compressed pulse duration
the near-ultraviolet wavelengths from 320.6 to 1426.4 nm not affected by the phase difference. Furthermore, it was
which corresponds to the spectral full width &f, - = 725 confirmed that the addition of the higher order dispersion
THz. Also, the chirp is moderately nonlinear and is composedfect of d*ko;(w)/dw* and d®ko;(w)/dw® to (1) and (2)
of two linear chirps having different slopes. also do not influence the calculated results.
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(tp71 = 30 fs, tp,2 = 42.4 fs, Py1 = Pya = 700 kW, Ag1 = 750 nm,
Aoz = 375 nm).

22
I1l. COMPRESSEDPULSE CHARACTERISTICS [THz]

To find the optimum input pulse condition, the behavior 800
of the compressed pulse for the different initial delay times N
a0, peak powersP;, durationst, ; and fiber lengthz, are <
investigated in detail. 5

First, we consider the effect of the initial delay time of the % 700
1> pulse relative to thd; pulse. In the normal GVD region §
without the nonlinearity of IPM and SPM, in general, the &
I, pulse at the fiber output, is delayed byzy(ko1 — koz)
relative to thel; pulse. Then, for simplification, we introduce 800555600 7608009001550

a parameter of the delay ratig = —tz0/[20(ko1 — ko2)] tO

TABLE I
TypPicAL ReEsuLTS OF COMPRESSEDPULSES AT THE OPTIMUM DELAY
RATIO 5 AND FIBER LENGTH zg FOR Ag; = 750 nm AND
Aoz = 375 nm (SEE THE TEXT CONCERNING THE NOTATIONS)

Input Pulse Duration and Power Compressed Pulse
[ 7% Py Zo " bhe (e 1/le)  Avr
[fs] [fs] [kW]  [mm] [fs] [cycles] [THz]
500 0.90 0.5 2.60 1.56 115 714

600 0.50 0.2 241 1.44 12.5 723

[fs]

g
@®

A®t,=30fs
* B O tp’1= 50 fs

N
)}

2.4

Compressed Pulse Duration ¢ ¢

Input Peak Power Py  [kW])

examine the delay time effect. Fig. 4 shows typical delay-

ratio dependences of the compressed pulse durafionand
the intensity spectral widtl\vr for Py = Fpe = 700 KW,
tp71 = 30 fs, tp72 = 424 fs, )\01 = 750 nm, )\02 = 375 nm,

and zo = 0.5 mm. The compressed pulse duration becomés
longer with increasing- from 0.1 to 0.6, while the spectral

width becomes less broadened. In the range;o& 0.1 and

Fig. 5. Input peak power dependence of the compressed pulse dutation
and the total spectral widthD at the optimum delay ratio and fiber length
for the combination of the shorter input-pulse durations [{p) = 30.0 fs,
t, 2 = 42.4 fs] and the combination of the longer ones [(B); 1 = 50 fs,

2 = 70.7 fs] for Ag1 = 750 nm andAg2 = 375 nm.

is different from that for thel/; pulse. The spectral width of

ro > 0.6, the large subpulses (when the ratio of the subpulsige latter increases and then decreases more rapidly than that
peak to the main-pulse peak is larger than 0.1) appear asfdhe former with the increase of thg. This is based on the

the pulse duration is broadened due to the significantly |dfiact that the latter GVD and hence dispersive IPM and SPM
intensity of the central frequency parts of the spectrum afe larger than those of the former.

the output synthesized wave. This is because the time area dilext, let us discuss how the input peak power and pulse
the overlap between thé& and I, temporal profiles during duration affect the compressed pulse. Fig. 5 shows the depen-
propagation and hence IPM is not sufficient to get largdencies of the compressed pulse duration and spectral width

spectral broadening before thle pulse leaves thd, pulse
behind forr; < 0.1, and after both peak intensities of tlie
and /> pulses decrease owing to dispersive SPMrfor- 0.6.
The ro-dependence of the spectral broadening of theulse

on the input peak poweF,; = Py, at the optimum delay ratio
and fiber length as a parameter of two different combinations
of input pulse durationg?, 1 = 30 fs, £, o = 42.4 fs,
case A, andt, 1 = 50 fs, ¢, » = 70.7 fs, case B for
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Py = Pya = 500-1000 KW, Xg; = 750 nm, andXigx = 375 compression system: Generation of multigigawatt sub-5-fs pulsggl.

i i Phys. B,vol. 65, pp. 189-196, 1997.
nm. The results are summarized in Table II. In case A, th‘?S] T. W. Hansch, “A proposed sub-femtosecond pulse synthesizer using

shortest pulse of,,, e = 2.24 fs corresponding to 1.34 cycles separate phase-locked laser oscillato®pt. Commun.yol. 80, pp.
(Avy = 819 THz) is generated ally; = Fyo = 700 kW, 71-75, 1990.

tso = —10.6 fs, and 2, = 0.5 mm. Around the smaller [© ';msBe's?oor;f“Eéti\"vg' f;’gett'lggg_'\l"ég' '1‘8"‘9’110"' Subfemtosecond
input power (500 kW), the intensity spectral shape becomes7] A. C. Melissinos, “QED at 16’ W/cm,” in Ultrafast Phenomena VIl

more split-like because of the longer propagation distance and Berlin, Germany: Springer-Verlag, 1993, pp. 34-40.

. . . . - [8] J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan,
hence the more dispersive phase modulation. This results in 4 “Interactions between light waves in a nonlinear dielectriRiys. Rev.,

longer compressed pulse with larger subpulses. On the other vol. 127, pp. 1918-1939, 1962.
hand, around the higher input powerX000 kW), both the [9] G. D. Boyd and D. A. Kleinman, “Parametric interaction of focussed

. Gaussian light beamsJ. Appl. Phys.yol. 39, pp. 3597-3639, 1968.
deduced; and/> spectra broaden asymmetrically because @fo; a. variv, Optical Electronics. Philadelphia, PA: Saunders, 1991, pp.

more rapid up-chirping. Accordingly, the total spectral width ~ 285-308.

becomes a little narrower and the compressed pulse duratib R: Wynands, O. Coste, C. Rembe, and D. Meschede, "How accu-
rate is optical second-harmonic generation®pt. Lett.,vol. 20, pp.

becomes a little wider. 1095-1097, 1995.
These results imply that not only the large spectral broadel2] G. P. Agrawal,Nonlinear Fiber Optics. San Diego, CA: Academic,

. . . : 1989, pp. 44-48, 172-179.
ing but also the intensity homogeneity of the output SpeCtruH@] M. Yar?lgshita and K. Torizuka, “Numerical study on femtosecond

and the similarity of the broadened spectral-shape of each pulse compression by induced phase modulation with group-velocity
pulse are important for the generation of ultrashort pulses. _ _ dispersion effects,dpn. J. Appl. Physyol. 29, pp. 294-298, 1990.
[14] M. Yamashita, K. Torizuka, and T. Uemiya, “Observation of induced
phase modulation of femtosecond pulses in glass and organic fibers,”
in Ultrafast Phenomena VII. Berlin, Germany: Springer-Verlag, 1990,

IV. CONCLUSION pp. 193-195.
. . [15] A. M. Weiner, D. E. Leaird, J. S. Patel, and J. R. Wullert, “Programmable
Optical pulse monocyclization by an IPM SPM method shaping of femtosecond optical pulses by use of 128-element liquid

using two-color carrier-phase-locked femtosecond pulses has crystal phase modulator,JEEE. J. Quantum Electron.yol. 28, pp.
been analyzed numerically in detail. As a result, it has be g 908-919, 1992,

. M. Yamashita, H. Sone, and R. Morita, “Proposal for generation of a
found that a 2.24-fs 1.34-cycle pulse is generated by means of coherent pulse ultra-broadened from near-infrared to near-ultraviolet and

nonlinearly interactive propagation in a 0.5-mm fiber between its monocyclization,”Jpn. J. Appl. Phys.yol. 35, pp. L1194-11197,

. 1996.
a 30-fs 750-nm pUISéll) and its frequency-doubled 42'4'fs[17] W. J. Tomlinson, R. H. Stolen, and C. V. Shank, “Compression of optical

pulse ({5) with equal power of 700 kW. pulses chirped by self-phase modulation in fibeds,Opt. Soc. Amer.
This technique for generation of quasi-linear chirped white- B, vol. 1, pp. 139-149, 1984.

spectral pulses can be applied for realization of independently

synthesized, multicolor femtosecond beams which are syn-

chronized, as a neW_ th'cal_ Source_ such as a femtosecmo Yamashita, photograph and biography not available at the time of
photon factory. In addition, this technique can be extended t@uablication.

gas-containing capillary glass fiber for high-power monocyclic
pulse generation.

Hiroyasu Sone photograph and biography not available at the time of
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