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Nonlinear Propagation of a-Few-Optical-Cycle
Pulses in a Photonic Crystal Fiber—
Experimental and Theoretical Studies Beyond
the Slowly Varying-Envelope Approximation

Xiaojun Fang, Naoki Karasawa, Ryuji Morita, Robert S. Windeler, and Mikio Yamashita

Abstract—The evolution of spectral and temporal profiles of 4.5 of the third-order nonlinear polarization induced by the inter-
optical-cycle pulses propagating near zero-dispersion wavelength action among electric fields with the same frequency compo-

(ZDW) in a.photonic crystal fiber is invgstigated experimentf’illy nents, from the point of view of the frequency domain. That is,
and theoretically beyond the slowly varying-envelope approxima-

) , certain spectral bands inside the broad-band spectrum of one
tion. The excellent agreement between the experimental and the- . .

oretical results suggests that the observed gap in the spectral pro- PUlS€ are selected and grown as a result of mixing of intrapulse
file, the most distinctive feature, originates from the self-steepening different-frequency components satisfying phase matching and
effect. This effect intensifies the spectral component shorter than others cannot be frequency mixed in an efficient way. In this
the ZDW with the decay of higher order solitons and consequently |etter, we take notice of intrapulse FWM.

induces the intrapulse four-wave mixing (FWM). As a result, the | 2000, the authors of [1] first demonstrated that the com-
anti-Stokes and Stokes components produced by the FWM enables

US 10 generate a supercontinuum from 480 to 1020 nm bined effects of SPM and SRS in the long length of the fiber
9 P ' (75 cm) produced SC from 390 to 1600 nm, where 100-fs input
Index Terms—A-few-cycle pulse propagation, four-wave mixing pulses with 8-kW peak power and a center wavelength (790 nm)

(FWM), optical solitons supercontinuum generation, photonic slightly longer than ZDW (767 nm) were propagated. In 2001,
crystal fiber, self steepening (SST), slowly varying envelope

s another group [2] reported that the experimentally generated SC
approximation (SVEA) free. from 400 to 1000 nm with two spectrally sharp peaks near the
center wavelength was due to the combined effects of SRS and
|. INTRODUCTION conventional FWM with a negligible contribution from SPM in

HOTONIC crystal fibers (PCFs) have attracted significarg“zIi)/cger Ilfngth of thi fiber (t10 m), vvlhereth60é2§ pulsesl. leh

research attention in recent years for their zero-dispersi -t ?ﬁa E%V\\ﬁr 295 a center wave engt é M nm) slig " y
wavelength (ZDW) shifted into the visible range and hence riorter than ( 'nm) were propagated. Viore recently,
ficient supercontinuum (SC) generation [1], [2]. However, tlf% a theoretical analysis fqr optical pulse propagation in the
mechanism in SC generation is not yet well understood due otr_t-lefngth AP,(S:OFtUi%C():(r)n)' It _ha:js betenthsh?wn thatftne hSC gen-
the complicated interactions among many nonlinear optical pl%r-? lon fotm q %.ﬂ d fnrr(;ls uet :) Ft 'Ss'ongbl'g -?]rfte(rj
cesses such as self-phase modulation (SPM), stimulated Ram@HOns Into red-shitted fundamental solitons and blue-shifte
scattering (SRS), parametric four-wave mixing (FWM), solito _onsolltomc radiation, where 100-fs input pulses with several-
formation, and self-steepening (SST), as well as the unusual gng;t[tjs\t/eal;l%ower and a centertwc?vg Ierllgtr:h(830 nm) longer
persion profile. As for the parametric FWM in a PCF, there at an .( n.m)'are propagated [3]. Furthermore, numer-
two types, conventional FWM and intrapulse FWM. Conveﬁgal analysis has mdlcated_that 17.5-fs short-pulse p_ropagano_n
tional FWM is based on the third-order nonlinear polarizatioﬁ\Oes hot cause the dramatic s_pectral broadenln.g. In its analysis,
induced by the interaction among optical electric fields with di nowever, the employed equation QOes not CO”S'deF the effect of
ferent frequency components. That is, one pump wave crea delayed Raman response, which h_as charact9r|st|c constants
two new waves with different frequency bands from the spoﬂ- severa_l-ten femtoseco_”ds [4], and in general is not valid for
taneous-emission noise outside the pump—pulse spectral pBfppagation of'smgle optical-cycle pulses and ulirabroad-band
only if the phase matching condition is satisfied. On the oth8H'S€S exceeding an.octave bandwdth [4]. [5]. .
hand, intrapulse FWM describes the effective SPM on the basisThe purpose of this letter 1S tq clarify both gxperlmentally

' and theoretically the mechanism in SC generation for propaga-

tion of a-few-cycle pulses in a PCF by obtaining systematic in-

formation on spectral and temporal evolutions of the pulses at
Manuscript received April 8, 2002, revised September 4, 2002. different propagation distances.
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Fig. 1. (a) Experimental spectra generated from 4.5-cycle optical pulses in Wavelength (nm)

different-length PCFs. (b) Numerically simulated intensity and phase spectra

with SEWA (solid lines), SVEA (dotted lines), and SVEA plus all-order

dispersion (dashed lines). Fig. 2. (a) Numerically simulated temporal-intensity profiles with SEWA
(solid lines) and with SVEA (dashed lines). The insets are the experimental
intensity autocorrelation traces (solid lines) with the corresponding calculated

from a mode-locked Ti:sapphire laser at the repetition rafesults (dashed lines) with increasing propagation distance. (b) Effect of the
of 75 MHz. The corresponding spectrum ranged from 700 fglf'smepenmg in spectral broadening.
910 nm with 69-nm width (full-width at half maximum), as
shown in Fig. 1(a)—(1). near 660 nm. After the 15-mm distance with the further asym-
PCFs with different lengths (4, 8, 15, 61 mm) were carenetric broadening, the peak at the blue edge (580 nm) grows in
fully cleaved to produce both pristine and undamaged surfasi&ze and the red edge extends to 965 nm. In addition, the spec-
Pulses were then coupled into those PCFs by a reflective objeal gap (650 nm) becomes more clear. Finally (the 61-mm dis-
tive of 36x magnification to avoid additional dispersion fromtance), the spectrum broadens the most (480-1020 nm) with two
transmission in a dielectric medium. The fibers were rotated peaks on the blue side (530 and 610 nm) and several peaks on
make the polarization axis of the linearly polarized pulses coithe red side.
cide with one of the principal axes in the fibers. Outputs from To understand the mechanism of the experimentally gener-
the fibers were collimated by another identical reflective olated SC, we employ a theoretical equation beyond the slowly
jective. The spectra of the pulses before and after propagatigtying-envelope approximation (SVEA), which is based on an
[Fig. 1(a)] were measured by a calibrated spectrometer. In adéiktension [6] of the generic nonlinear envelope equation (NEE)
tion, their corresponding pulse durations [the insets of Fig. 2(a)] the first-order in the propagation coordinate. The NEE was
were characterized by an intensity autocorrelator. The typiagdrived from Maxwell's wave equation by effectively taking
input and output average powers were 400 and 60 mW, respigte account the second derivative in retarded tifen the
tively. group-velocity coordinate and the first derivative in positfon
From Fig. 1(a) we find that the evolution of the intensityunder the condition of a small difference between the group and
spectra during propagation has the following notable featurghase velocities. This is called the slowly evolving wave ap-
At first (4 mm), the spectrum broadens asymmetrically (625 froximation (SEWA) [5]. Its validity for the description of op-
915 nm) to form a shoulder on the blue side. With an increatieal pulse propagation down to the single-cycle region was con-
in propagation distance (8 mm), the asymmetric spectrum cdinmed for a conventional glass fiber [5], [6]. The extended NEE
tinues to broaden (590 to 950 nm) with small peaks at the bl[6 includes the contribution of the delayed Raman response to
(625 nm) and red (915 nm) edges and the spectral gap appeanslinear polarization and the exact SST term, besides the all
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orders of terms for effective linear dispersion of a PCF [1]. Thatduced short-wavelength component in the positive GDD re-
is, the extended NEE [6, eq. (12)] for the complex amplitudgion (<767 nm) efficiently causes the intrapulse FWM. This is
of the pulse electric fieldi(¢, T') is numerically solved by the because the intensified wavelength component, slightly shorter
split-step method [7] using input pulse and fiber parameters sttan ZDW, plays the role of the punip,) for the FWM pro-
isfying the experimental conditions (the same notations as thamsses [for example,, (766 nm}H-w, (766 nm)— w; (930 nm)
in [6]) +wqs (610 Nnm)], and phase matches intrinsically with intrapulse
The calculated evolution of the spectral and temporal profil&tokes(ws) and anti-Stoke$w,s) components [2], as well as
as a function of the propagation distance is shown in Fig. 1(baving the nearly group-velocity matching and the parametric
and 2(a). The agreement between the experiment and the cafrain. As a result, the anti-Stokes and Stokes wavelength compo-
lation is excellent. nents appear and the spectral gap is yielded. The further prop-
The conventional equation in the SVEA case with inclusioagation [(4) of Fig. 1] extends their wavelength regions to try
of the SST effect and the delayed-nonlinear Raman effecttie phase matching. However, the degree of the wavelength-de-
different from (1), as follows: 1) up to the third-order lineapendent group-velocity matching worsens and the wavelength-
dispersion (TOD) forD; 2) no D..,, term; and 3) the approx- dependent parametric gain is reduced [2], [7]. The result of
imate SST coefficient o’ = 1/wp, (wo: the center angular spectral broadening gives rise to the temporal pulse broadening
frequency of the input pulse). The calculated result indicatéol form the wings because of the large dispersion in their re-
that the spectral broadening at shorter wavelength is mugions. In addition, the large TOD causes the oscillatory struc-
larger than compared with the experimental result, especiallye near the trailing edge of the pulse. Finally [Fig. 1 (5)], the
at the longest propagation distance, as shown by dotted limetensified anti-Stokes and Stokes waves are spectrally modu-
of Fig. 1(b)—(1)~ (5). Furthermore, we find that even if welated due to the wavelength-dependent group-velocity matching
take account of rigorous linear dispersion terms, the spectaad parametric gain, with reduction of the spectral-broadening
broadening at the short wavelength is still larger, as shown bgeed of the anti-Stokes component by thg,, effect. Con-
a dashed line for the longest distance. The difference is maislgquently, the ultrabroad-band pulse from 480 to 1020 nm is
due to neglect of thé,,., term rather than the approximategenerated. These findings suggest that the SST effect, intensi-
SST coefficient, unlike the conventional glass-fiber case [@}ing the spectral component shorter than ZDW with the decay
The Dcm term, which results from no neglect of the secondf higher order solitons and hence causing the intrapulse FWM,
derivative in retarded time, describes the effective ratio betweisressential for the existence of the spectral gap. This spectral be-
the square of the sum of the higher order linear dispersionavior is the most striking feature appearing in propagation of
than the GDD and the sum of up to the first-order linea-few-cycle pulses with a center wavelength slightly longer than
dispersion in the frequency domain, and varies largely in tZ®W in a PCF. Fig. 2(b), indicating the comparison between the
shorter wavelength region than around 600 nm (especially ttaculated results without and with the SST term, gives evidence
effective TOD variation) for the present PCF. Consequentlfigr this point. We also confirmed that neglect of the delayed
the D.,.. term provides the excellent agreement between tRaman response worsens the agreement with the experimental
theory and the experiment concerning a relationship betwesult for the propagation evolution of the whole spectral profile,
the spectral-broadening width after long propagation and thepecially for the spectral shift of the anti-Stokes component.
propagation distance. In conclusion, the evolution of the SC, generated by PCF
From Figs. 1 and 2, the mechanism in SC generation fpropagation of a-few-cycle pulses, has been well explained by
PCF propagation of a-few-cycle pulses with several-ten-kile- numerical analysis based on the extended NEE beyond the
watt peak power (67 kW: the soliton numh&r = 5.7) and a SVEA.
central wavelength (795 nm) slightly longer than ZDW (767 nm)
is found out as follows. At first (up to several millimeters), the
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