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Comparison Between Theory and Experiment of
Nonlinear Propagation for A-Few-Cycle and
Ultrabroadband Optical Pulses in a Fused-Silica Fiber

Naoki Karasawa, Shinki Nakamura, Naoya Nakagawa, Masato Shibata, Ryuji Morita, Hidemi Shigekawa, and
Mikio Yamashita

Abstract—Wave-propagation equations, including effectively pulse propagation in an optical fiber [1]. However, it is appli-
the second derivative in time under the COhd'It.IOn of a small cable only to pulses whose temporal envelope changes slowly
difference between the group and phase velocities and the first 55 compared with an optical cycle. The other issue is how to de-
derivative in position € in the group velocity coordinate, are . . . . .
derived based on the siowly evolving wave approximation. These sqube correctly the linear dispersion relations when the b_and—
can describe ultrabroadband optical pulse propagation with Width of the pulse becomes large such that the conventional
not only self-phase modulation (SPM), but also induced-phase Taylor expansion at the center frequency and the use of only
modulation (IPM) in the monocycle regime in a fiber. It is shown  the first several terms may not be applicable. For a fused-silica
that linear dispersion effects can be rigorously included in the nu- 4 yic4) fiper, up to the third-order terms are included conven-
merical calculations. Calculations including SPM in a single-mode . - . . ) .
fused-silica fiber with the Raman effect are performed and tionally [11._|t is straightforward to include hlgher.order terms;
compared with experimental results. Also, calculations including however, it is not clear how many terms are required. For some
IPM in the fused-silica fiber are compared with experimental cases, the dispersion relation is given such that the convergence
results. The effects of each term in the calculations on spectra of jts Taylor series expansion is slow. For example, the loss dis-
are analyzed and it is shown that inclusion of the Raman effect persion of the capillary fiber is roughly proportional I¢w2,

and the dispersion of the effective core area is important for h is th lar f o1 H h thod
obtaining better agreement with experiments. It is shown that wherew is the angular frequency [2]. Here, we show a metho

inclusion of more than third-order dispersion terms is necessary t0 rigorously include these linear dispersion relations.
for calculations of monocycle pulse propagation. Recently, we have proposed to use both induced-phase modu-
Index Terms—Nonlinear fiber optics, ultrabroadband and lation (IPM) an(_j self-phase modulat_ion (SPM)to genera_t_e uIt_ra—
monocycle pulse propagation, self- and induced-phase modula- broadband optical pulses using a single-mode fused-silica fiber
tion. [3]-[5] and a capillary fiber filled with noble gas [6], [7]. For
the fused-silica fiber, the Raman effect may become important
when the pulse duration is close to the Raman response time [8],
[9]. Here, equations including these effects are also presented.
HE RECENT development of ultrashort pulse lasers, asTo check the validity of the equations thus derived, we calcu-
well as spectral-broadening and pulse-compression te¢dte spectrum broadening using single-mode fused-silica fiber.
niques, permit us to use optical pulses which have a durationiasaddition, to evaluate the effect of newly added terms in the
short as a few optical cycles with a bandwidth of several hugeuation, calculations without one of these terms are also per-
dred terahertz. To describe the propagation of these pulsesdrmed. The calculated spectra thus obtained are compared with
a nonlinear optical medium, care must be taken to select wiiaé experimental spectra and the effect of each term is evaluated
approximations may be used. The slowly varying envelope aipem this comparison.
proximation (SVEA) has been used widely to describe nonlinearin a recent paper, Brabec and Krausz theoretically showed
[10] that the electric field envelope can describe an optical pulse
Manuscript received July 31, 2000: revised October 31, 2000. whose duration is as short as one optical cycle and they derived
N. Karasawa was with the Department of Applied Physics, Hokkaido Unn equation which they called the slowly evolving wave ap-
versity, Sapporo 060-8628, Japan, and also with CREST, Japan Scien_cegﬂgximation (SEWA). Unlike their equations, ours include the
Technology Corporation (JST), Sapporo 060-8628, Japan. He is now with the .
Chitose Institute of Science and Technology, Chitose 066-8655, Japan. aman effect, IPM, and all order of terms for WaVEgu'de and
S. Nakamura was with the Department of Applied Physics, Hokkaido Unmaterial linear dispersion. Equations including the Raman ef-

versity, Sapporo 060-8628, Japan, and also with CREST, Japan Science gt for SPM are derived by Blow and Wood [11] and Mamy-
Technology Corporation (JST), Sapporo 060-8628, Japan. He is now with t

Department of Media and Telecommunications Engineering, Ibaraki Universiéﬁe\/ and Chernikov [12], where the dispersion of linear terms
Hitachi 316-8511, Japan. is included up to the fourth-order terms for [11] and up to the
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pulses near the zero-dispersion wavelength, and the effectsof have a loss or gain as in the case of propagation in a
the Raman, as well as the steepening terms, on spectra have agillary fiber [2]. Converting the units of to [watt'/?]

elucidated. by multiplying ([ F%(z,y,w)dzdy)?/(2/e0en(w))/?
and using the relationg )( ) = 8n{w)nz(w)/3 and
Il. NONLINEAR OPTICAL PULSE PROPAGATIONEQUATIONS ~ n3(w) = 2n2(w)/eocn(w), Wheren is the linear index of

refraction of the medium, we have
We start from the Maxwell equation and its Fourier transform

1 9% +2iB00. — B2 +¥2(w)) Alz, w —
V2E(z,y,2,t) — —28t2DL(g;7y7z7t) ( > ¢f3o By + (w)) (z,w — wp)
C

~ Sn(w)nf(w)w?
= po0; PNL(2, Y, 2, 1), (1) - 3c2A;( ) Pz w = wo) ©)
ELw w2 ~
<vﬁ_ + a,z + %) E(‘Tvyvsz) Where
= — M WQP (.’L’,y,Z,CU) (2) 2
ow PNL () = ([ F*(z,y,w)dz dy) %

where J Pz, y,w)dx dy

E electric field;

Dy linear electric displacement;
PN nonlinear polarization;

¢ speed of light;

Taking the inverse Fourier transform of (6), we have

(a‘j + 2P0, — B3 + f)Q) Az, 1)

o vacuum permeability; 8g(wo)w? i 2
e(w) linear dielectric constant; =TT 32 <1 + —03t>
w angular frequency; X (14 (0 (I g(w)) | )9 )pxr (4, 1) (®)

Vi =824

and the Fourier transform is defined &(z,y,z,w) whereg(w ) n(w)nd(w) /Aur(w), and we include the disper-

f— (2., 2,t) expliwt) df. We consider propagation to besmn ofg(w) up to the first-order terms in the Taylor expansion
in the = direction and assume that all fields are polarized in th%
wo. D is given by the Taylor expansion of the propagation
angular frequency, and.c. specifies the complex conjugate. D= Z & <ag </3(w) + M)
We also assume that the Fourier transform of the electric field n! 2
E(z,y,z,w) = F(z,y,w)A(z,w — wo) exp(ifoz)  (3) 0u(B(w))]w,) andé = z (8; = 97,0, = 0 — Bodr). Then we
I:)NL(377 Y, %,w) = EOX(?’) (w)Fg(ﬂ?; Yy, W)PNL(%,w — wo) have

« direction and, hence, consider only that component. Théh
we Write E(x, y, z,t) = X[E(z, 1, 2, ) exp(—iwot) + ¢.C]/2, constant as
wherex is the unit vector in ther direction,wq is the center
) a9
wo

E(z,y, z,t) and the nonlinear polarization envelope functions

can be written in the following form: At this point, we convert the time coordinate such that the
pulse center is always at the time originBs= ¢ — 5oz (8o =

x exp(ifpz) (4) fo
02 +2ifo | 1+i20r | (9 —iD') + D" | A(¢,T)
wheree, is the vacuum dielectric constant, afigl= 3(wo) is o
the real part of the propagation constanigtHere, we consider 8g(wo)w3 i 2
only the third-order nonlinear optical effect with the coefficient =TT 32 14+ —dr
(3 - -
x'¥(w). We assume that we can separate the forward-propa P
gating wave and the backward-propagating wave and consider X (1448 g(w))ln )Or)pri(E, T) (10)
only the one propagating forward. Using first-order perturbation . . )
whereD' = D — 8y —if,0r. Applying the operatof2i,(1 +

theory [1] in (2), we obtain ; . i
iBodr/P0))~ 1 to both sides of this equation, we have

(92 + 2B00- — B3 +7*(w)) A(z,w — wo)

-1
WAN(w)x®(w) . 1 Bo 2 A Y
=—#pm,(z,w—wo) (5) %% 1+L/ Or (85 +D )+35—LD A(E,T)
where fy(w)_ = Blw) + z‘g(w)/2 is the propggation 4g(wo)wd o -1 ; 2
constant without the nonlinear terms and is deter- I'LW 1414 [78T 1+ —3dr
mined by the unperturbed cross-section field equation “Ho 0
(V2 + e(w)w?/A)F(z,y,w) = Y (w)F(z,y,w). Also, X (14 i(0u(Ing(w))|wy )Or)pNL(€, T). (11)

N(w) = [ F¥z,y,w)drdy/ [ F*(z,y,w)dz dy. Thus,y(w)
contains both material dispersion and waveguide dispersidine first term on the left hand side of this equation can be ig-
~v(w) can have an imaginary part even if the material doemredif|d: A| <« S|A|, which physically means that the spatial
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variation of the envelope is much slower than the wavelength. IV. EQUATIONS FORIPM

Also, we can show that If two pulses are co-propagating in the same medium, we have

IPM, as well as SPM. For each pulgé; = 1 or 2), we obtain

-1 ) 2 i .
1+ L/_oaT <1 n L8T> the following equation:
Bo wo
. 2 O A; (&, T;
2 Y, (b i
B “\ wo Bo Bo wo ~ 105 Do DAL /)L i (woy)
-1 +i77j |:(1+L818T )S + 70](1+LU,J(9TJ)IJ:|
X 02 1+L/08T 9(wo;)
r Bo (17)

The third term on the right hand side of the above equation c&here
be neglected if the difference between the group veldeity=
1/8o) and the phase velocitf, = wo/f) of the pulse is  S; = [(1 — fr)|A; (&, T))?
small. These two approximations are the same as the SEWA in g , 12
[10], but unlike SVEA, and in these approximations there are _fR/O ha(T)|4;(&;, 15 =TT 4;(&5, 15)
no conditions specifying the slowness of the temporal changq 201 — fr)|As_ (&5 5, Ts )|

of the envelope as compared with the optical cycle time. Thus, 9 00
this equation can be used for pulses as short as a single optical  + ng/ hr(T)H|As_ (¢35, T3 ; — T')|PdT"]
cycle. By using these approximations, (10) becomes 0

A;(&5,T5)-

A&, T) = i(D' + Door)A(E, T)
~4g(wo)wd
362/30

In this equation, i = wiig(woy)/Poj & = z andT; =

(1+isdr)pne (6, T)  (12) t— Bojz. D), Deorr ands; are obtained fromd’, D, ands
by replacmng and 9 (y(w))|w, With wo; and % (y(w))lw,, »

. » . respectively. Also/ij(w) = n(w)nj(w)/O(w,wos—;),u; =

where Deor: = (1 + ifodr /o)™ D" 2% ands = 2/wo = 9,0~ g 180+ ln(h;(w))]wos, and

Bo/Po + Ou(In g(w))]u, -

lII. NONLINEAR TERMS Ofw,wos_ ) = J F*(x,y,w)dady [ F*(x,y,wos_;)dady
J

2 .
The nonlinear ternpyr, may contain both the instantaneous fF @, Y, W) 2, y, wos—; )dady.

Kerr nonlinearity as well as the delayed Raman response. Cairese terms appear because of the difference of the overlap of
sidering only the forward-propagating wave, it can be written @ise spatial modes for induced phase modulation.

1 o>
paL(E,T) = Z/ R(T)[2|A(¢, T — T |2A(E, T) V. NUMERICAL CALCULATIONS
0 . .

, Equations (12) or (17) can be calculated by the split-step

2 ! * , ! !

+AYET = T)AY(E, T) exp(2iwol”)] AT Fourier method [1] where dispersion terms are calculated in the
(13) frequency domain and the nonlinear terms are calculated in the

time domain. Dispersion terms can be evaluated in the frequency

where the response functidi(¢) is given by domain as
R(T) = (1 = fR)8(T) + frhr(T). (14) ﬁwhwwﬂfﬁ”—%—mw—w>(w)
For fused-silica,fr = 0.3 and Deore(w) = DiQ(w) ) (19)
2([30 + /30((4) — wo))
_ 712 + 722 )
hr(T) = oy exp(=T/72) sin(T/71) (15)  In the numerical calculations, we utilize the Sellmeier equa-

tion to model the dispersion relation of the fused-silica fiber
wherer; = 12.2 fs andr, = 32fs[11]. Since changes i are  [14], where the refractive index(\) of the fused-silica as a
much slower than an optical cycleb, (13) can be written as function of wavelength\ in um (0.21 pm < A < 3.71 pm) is

given as
(€T
" (53 ) i n2(0) - 1= 0.696 166 31* N 0.407 94262
= ;A= JRIAET - T7)| T A2 —(0.0684043)2 " A2 — (0.1162414)2
0.897 479 4)

+ ;fR/O hR(T/)|A(£7 T - T/)|2 dT/]A(&T). (16) A2 — (9.896 161)2 .



KARASAWA et al. NONLINEAR PROPAGATION FOR A-FEW-CYCLE AND ULTRABROADBAND OPTICAL PULSES 401

The propagation constant and its derivatives can be calculateat the fused-silica fiber case, we can séb) = wn(w)/ec.
from this equation for anyw. In practice, only the limited The inverse Fourier transformation and the conversion of the
number of frequency points used in the fast Fourier transfoime coordinate yield
routine are used in calculations and (18) and (19) are evaluated
i i i . 4¢' (wo)w
?nn;[ﬁoa:jn;js \S/teor;/egfflir;igr]ﬁ_ memory. Thus, the calculation of HB?A(& T) =i A€, T)+i g (360) O % (1+is' O )pr (€, T)
(25)
VI. COMPARISONWITH THE PREVIOUS DERIVATION
where ¢'(wg) = ni(wo)/Aeq(wo) and s’ = 1/wy +

A. The SVEAE i . ! .
es quation ) _ . 9.,(In ¢'(w))|w, - This equation does not assume eitfierd| <
In tgehSVQE(A,) we};egle;:t(tfzéz) te;rr; m((66))t 'i‘\lsc;: it 'ﬁ as- gy|A| or [9rA| < wo|A|. However, the nonlinear term must
sumed thaty*(w) — 85 = 250 (v(w) — o) in 1]. After these . - N
: L . . . be small to satisfy,/y?(w) + 11 ~ (w) + 1I/(2v(w)). In
operations and dividing both sides of this equatior2h,, we fact, for the present experimental situation, the condition

obtain [lI/v%(w)| < 1 does not hold. However, its form is almost
(8. — i(y(w) — Bo)) Az, w — wo) identical to the equation derived using the SEWA.

4 I 2
= iMﬁNL(z,w — wp)- (20) VII. CALCULATIONS FOR THE FUSED-SILICA FIBER
362Aeﬂ(w)/30
A. 4.5-Cycle Pulse SPM Case
By taking the inverse Fourier transform of this equation, ne-
glecting terms containing powers 6f/wo from the assump-
tion |9, A/wo| < |A], converting to the moving time coordi-
nate(7" = t — Boz), and approximating)’ =~ —/362)8%/2 -
B 93./6 for the fused-silica fibet 35 = 9%(8(w))|.., ), we

Calculations for 4.5-cycle pulses in a single-mode
fused-silica fiber were performed and compared with
experiment. In the experiments, pulses from a Ti:Sap-
phire oscillator (Femtolasers, M-1) were introduced to a
2.5-mm-long single-mode fiber (Newport F-SPV, the core

have radiuse = 1.32 um) by using a reflective objective. The
i a2 L o3) 0 pulse width measured by an autocorrelator was 12 fs and the
QAL T) = <—§/3o 91 + &l aT) A(S,T) input-pulse peak power calculated from the measured pulse
4g(wo)wd energy at the fiber o_utput was 175 kW. 'I_'he input pulse was
+iTﬁopNL(£’T)' (21) obtained by calculating the inverse Fourier transform of the

spectrum of the input pulse. However, the transform-limited

In addition to the assumption8: 4| < fo|A| and|dr A < pulse width (8.6 f;) was smaller .than the e>.<perimentally
wolAl, [7(w) — fo| < |Bo| is conventionally assumed in theMeasured pulse width (12 fs) obtained by a fringe-resolved
SVEA. The latter condition implies thaw — wo| < |wo| for ~autocorrelator. To use the pulse with the correct spectrum
the fused-silica fiber and this condition is clearly not satisfied féi1d the pulse width in the calculation, the temporal duration
the experimental situations considered here. Also in the conv¥s adjusted by adding quadratic spectral phase of the form
tional SVEA, the Raman term is not considere®iny, (fr = 0 #(«) = c(w — wo)” to the experimental spectrum to make the

in (16) and (17)). inverse Fourier transform pulse width the same as that of the
measured one. It gave the value= 9.9 f$'/rad. Both values
B. The Equation by Blow and Wood were used as initial calculations. However, it was found that the

ifference in the spectra was negligible. Thus, in the following,
nly the results with the negative value are shown.
We consider the material dispersion of fused-silica using the

In the paper by Blow and Wood [11], the right hand side of (
is formally defined as-114 using the operatdd and is written

as : : . . . :
Sellmeier equation for the linear dispersion terms with zero
. / - loss. For single-mode fused-silica fiber, it is well known that
70, — 2 11 y
(10z — fo + /7 (w) +11) the effective core area depends on the wavelength and it be-
x (i0. — Bo — \/V2(w) + [ A = 0. (22) comes larger as the wavelength becomes longer compared with

the cutoff wavelength of the fiber [1]. For the fiber used in this
It is identified that the first term corresponds to the forwaréxperiment, the cut-off wavelength and the numerical aperture

propagating wave and only the following equation is considere@e¢ 550 nm and 1.6, respectively, which give the core radius
as 1.32um. It is estimated that at the long wavelength, the
i0. — By + /.2 +MAi=o. 23 effe_ctlve core area becomes quite large. For e>_<amp|e, the ef-
(@ Po 7w ) (23) fective core areal.r calculated from the approximate funda-
o A . mental mode distribution in [1]K = Jo(xr) (r < a) and
By approximating,/v?(w) + 11 >~ v(w)+11/(2v(w)), we have p _ (/)2 Jo(ka)e= =) (7 > a), wherer = (2% +
s . S yHY2 k2 = a2k — g% andn? = B2 — n3k3,ny andng
: ood1A idn(w)nj(w)w? . are refractive indices of the core and the clad, respectively) are
(0. —i(v(w) — Po))A = = PNL
= 2v(w) 3y(w)e? Aegr ' 2.017wa? at a wavelength of 790 nm ar%d68ra? at 1000 nm,
(24) respectively. Thus, it is expected that, at longer wavelength, the
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4.5-cycle N=2.085 Frequency (THz)
o)
1 B, - ~-.500 400 =~ 20 0
\ 1-4') 2-cycle N=1 ) .
Output (ex ' p
= put (&), (P = 204 kW)
s tw - "
8 [=
> >
5 ? & | No Raman (b)
£ Tp(iii) %
Ne Raman (b) . (d) é
0 oz [z~ No A disp
600 800 1000 All (a) (c)
Wavelength (nm)
. . Lol - NS 1
Fig. 1. The experimental and calculated spectra for 4.5-cycle pulse 0
propagation in a 2.5-mm-long fused-silica fiber. The input power is 175 kW 500 WaZ/%?engtl'] (()r?r?w) 2000

(soliton numberN =2.085). (i) Experimental input (thick solid line) and

output (dotted line) spectra. (ii) Experimental spectrum (thick solid line) is
compared with the calculated spectrum including all terms (solid line). (iii)
Calculated spectra: (a) including all terms (solid line); (b) without the Raman

Frequency (THz)
1000 500 0

term (dotted-dashed line); (c) without the effective core area dispersion (dotted 1F (i) 'Mon'ocycl:le Nl=1 B D‘isp. I2nd.'
line); and (d) the SVEA (dashed line). (Po = 815 kW) / Y;\\‘— + 3rd. only
BASC R C)
H \

nonlinear effect becomes smaller since the effective core area

becomes larger. To include this effect in the calculation, the term

d..(In g(w))l., in (12) was calculated at the center wavelength g

and added for the steepening parameters. From the mode equa—’;

tion of the single-mode fiber, the derivative of the effective core 2

area was numerically calculated as a function of wavelength %

and the value at center wavelength (798 nm) was obtained as

—wody(In Aegr(w))]w, = 2.06. We used the value of the non-

linear refractive coefficient] = 2.48 x 10~20 m?/W from [15].
Calculations with different levels of approximations were L oy L I

performed. For case (a), the Raman term as well as rigorous 300 400 500 700 1000 2000

linear dispersion terms are used in calculations [see (16)]. Wavelength (nm)

For case (b), to examine the effect of the Raman term on the

spectrum broadening, the Raman term is omitted [(21) and

fr = 0in (16)]. For case (c), in addition, dispersion of thé&ig. 2. t_Calczuléated slpectr? fo[j: ([)I_ 2-cf)_/gle F#Lses ?Pd (i) mg_npc;;clfe, after

effective core area is or_nlttem (In g(w))[w, = 0in (12)], and Ez)?ﬁa(?:sgsg cdrrergpr)]:)n?j?r?g ltjgeZOLSll—:r?d IBfSr'—kWeinSpoult (:)novr\:grs f?)“rSZ—cyocrle and

for case (d), the SVEA is used [(21) and (16) wjth = 0]. monocycle cases, respectively. (a) All terms are included (solid line). (b)
In Fig. 1, experimental spectra as well as calculated spectt¥et e AT LA B Ci et e order cispersion torms i (2

3vr|(tahst?]2\'\g;J;‘tlsoiiizlhhd‘e};;hgl Iat%f?er?rigt(k;?:;]%et?\;h:x%aelﬁlrﬂzgl?tiﬁncm%ed (dashed line). Iﬁput spe)étre? are shown by shoprt dashed lines.

is good. When the Raman term is omitted (b), spectrum broad-

ening at the short wavelength is larger in the calculations thanfip© In this case, it was found that the spectrum including rig-

the experiment. This is because the optical energy is transferfEgus dispersion terms, and the spectrum including only up to
to that at the longer wavelength by exciting the molecular Vglmrd.—ord(_ar terms are almost |d.ent|cal. Thus, in th|s.cgse, the ap-
brations when the Raman effect is present [1]. When the dispBFoXimation using up to the third-order term is sufficient.

sion of the effective core area is omitted (c), spectral broadening _

at the long wavelength is larger in calculation than in expef®: Calculations of 2-Cycle and Monocycle Pulse SPM Cases
ment. This is because this effect is included as the additionalCalculations of spectra were performed for propagation of
steepening term in the calculation. When the steepening ternb@th 2-cycle pulse and a monocycle pulse. The fiber parame-
present, the trailing edge of the pulse becomes steep due totdre are the same as in the previous subsection. Gaussian input
intensity dependent group velocity [1]. This steep trailing edgrilses are used and the same soliton number of 1 is used in the
generates large positive chirp from SPM. In this way, energydslculations(N = 1). The input pulse width and peak power
transferred to the shorter wavelength when the steepening temma 5.32 fs and 204 kW for 2-cycle pulses and 2.66 fs and 815
is present. For the SVEA (d), spectrum broadening at the lok@/ for monocycle pulses, respectively.

wavelength is larger in the calculations than that in experiment.Calculated spectra are shown in Fig. 2(i) for 2-cycle pulses.
This is because no steepening term is included in the SVEWhen the Raman term s not included (b), the spectrum intensity

—

&=
=
=




KARASAWA et al. NONLINEAR PROPAGATION FOR A-FEW-CYCLE AND ULTRABROADBAND OPTICAL PULSES 403

(a) Exp. (b) Calc.
1t (i) SPM 1F(i) sSPMm
O_ 1 P |‘"- 1 O 1 1 LT I“-’ 1 T 1
1 (ii) IPM+SPM ] 1k (i) IPM+SPM ]
delay O fs delay O fs
g g
3 3
o] o
E O_ L L L 1 I L 1 1 1 :@/ O 1 1 1 1 | 1 Il 1
P 1'(iii) IPM+SPM P 1 L (iii) IPM+SPM ]
2 |ldelay -27fs 2 |ldelay -27fs
2 2
£ £
O_ 1 ] b O L 1
1k (iv) IPM+SPM 11 (iv) IPM+SPM ]
delay -67 fs delay -67 fs l
ot | ' L L i L N n ] 0 1 1 : " I f | "
500 1000 500 1000
Wavelength (nm) Wavelength (nm)

Fig. 3. (a) Experimental and (b) calculated spectra after the fundamental (center wavelength 797 nm, pulse width 79 fs, peak power 225 kW) écetttee idler
wavelength 1087 nm, pulse width 75 fs, peak power 480 kW) pulses from the Ti:sapphire laser amplifier OPA system are propagated in a 3.5—-mnsilaag fused-
fiber. (i) Pulses propagated separately, with input spectra, are shown by dotted lines. (ii) Co-propagation of both pulses where the delayftintanfahtal

pulse with respect to the idler pulse is set to be 0 fs. (iii) Co-propagation with delay tim@dfs. (iv) Co-propagation with delay time ef67 fs.

at the short wavelength is larger than that with all terms (a). Quises was adjusted by an optical delay line with a micrometer
the other hand, when dispersion of the effective core area is mod a position sensor. This delay was calibrated by observing
included (c), the spectrum intensity at the long wavelength tise sum-frequency signal generated by both pulses using a 10
larger than that with all terms. pm-thick 3 barium borate (BBO) crystal. In this experiment,
The calculated spectra for the monocycle case are showrbwoth input pulses were evaluated by a second-harmonic, fre-
Fig. 2(ii). Similar but more pronounced tendencies are observgdency-resolved optical gating (SH FROG) apparatus [16]. The
when the Raman term is omitted (b) and dispersion of the efieasured pulse widths were 75 and 79 fs for the fundamental
fective core area is omitted (c), as compared with the calcuknd the idler waves, respectively. The spectra when each pulse
tions with all terms (a), like the 2-cycle pulse calculations. lwas propagated separately (i) and when both pulses were
this case, the additional calculation is carried out with the saroe-propagated with one of three different delay times of the
terms as in (a) except that only up to third-order dispersion terfumxdamental pulse with respect to the idler pulse (0 fs{iD7
areincluded )’ = —392./2—iBY 93 /6, Deory = 0in (12)]  fs (iii) and —67 fs (iv)) are shown in Fig. 3(a). The effective
is shown (d). There is a difference in spectra between this @)re aread.; and its dispersion-wod.,(In Aeg(w))|., are
and the one with all terms (a). Thus for this monocycle case, tineluded alike in the SPM case, which &®5(4.92)ma? and
inclusion of the dispersion terms only up to third-order termz06(3.80) for the fundamental (idler) waves, respectively.
is not enough. For the 2-cycle calculation, the same calculatibhe cross overlap integral is given é¥wg;,wp2) = 3.30
is performed and no difference was found between these twe? and its dispersions—wd,,(1nO(w,wpz — j))wo; are
spectra. Thus, for the calculation of the monocycle pulse, itéglculated to be 0.837 and 2.19 for fundamefjal= 1) and

important to include more than the third-order term. idler (j = 2) waves, respectively. Due to the difficulty of
separating the propagated output pulse energy from the pulse
C. IPM+-SPM Case energy propagating in the cladding, the input power for each

For the IPM experiments, the fundamental pulses (centewlse was estimated by fitting of the SPM measurements and
wavelength 797 nm) and the idler pulses (center wavelengvs determined to be 225 (480) kW for the fundamental (idler)
1087 nm) from the Ti:sapphire amplifier system with th&vaves. The calculated spectra from (17) are compared with
optical parametric amplifier (OPA) (BMI, alpha-1000 andhe experimental ones in Fig. 3(b). It is shown in both cases of
comet 400s) was co-propagated in a 3.5-mm-long single-mdfé experiment and the calculation that, when these pulses are
fiber (Newport F-SPV). The reflective objective was used tBropagated separately (i), there is no intensity between 880-970
couple pulses in the fiber and the relative delay time betwe8m. When both pulses are co-propagated (ii)—(iv), the spectra
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for the fundamental wave and the idler wave are connected bys] L.Xu, N. Karasawa, N. Nakagawa, R. Morita, H. Shigekawa, and M. Ya-

IPM. The intensity of the middle position (indicated by arrows mashita, “Experimental generation of an ultra-broad spectrum based on
. ia. 3)is the | h he del . i67 f d induced-phase modulation in a single-mode glass fil@pf: Commun.
in Fig. 3) is the largest when the delay time-i§7 fs compare vol. 162, pp. 256260, 1999.

with that when the delay time is O fs. The propagation time [6] N. Karasawa, R. Morita, L. Xu, H. Shigekawa, and M. Yamashita,

difference between these two pulses for a 3.5-mm-long fiber “Theory_of u_Itrabroadl_)and optical pulse g_eneration by induced phase
is 58.6 fs. Th h the del ti is67 fs. both | modulation in a gas-filled hollow waveguideJ: Opt. Soc. Amer. B
IS .0 TS. us, wnen the aelay tuime S, DON puises vol. 16, pp. 662-668, 1999.

overlap near the fiber exit end. For the capillary fiber IPM [7] N.Karasawa, R. Morita, H. Shigekawa, and M. Yamashita, “Generation

using the fundamental and the second-harmonic pulses, we of intense ultrabroadband optical pulses by induced phase modulation in
. . an argon-filled single-mode hollow waveguid®pt. Lett, vol. 25, pp.

have analytically [6] and experimentally shown [7] that the ;g3 7g5 2000.

spectrum overlapping becomes largest when both pulses megt] R. H. Stolen, J. P. Gordon, W. J. Tomlinson, and H. A. Haus, “Raman

near the fiber exit end. The present results indicate that a similar ~ "ésponse function of silica-core fibers,"Opt. Soc. Amer. Bol. 6, pp.

N : 1159-1166, 1989.
tendency holds for the fused-silica fiber. It is observed that thejg) g . stolen and W. J. Tomlinson, “Effect of the Raman part of the
delay time dependence of the spectra between the experiment nonlinear refractive index on propagation of ultrashort optical pulses in

and theory agree qualitatively. fibers,” J. Opt. Soc. Amer. Brol. 9, pp. 565-573, 1992.
[10] T. Brabec and F. Krausz, “Nonlinear optical pulse propagation in the

single-cycle regime,Phys. Rev. Lettvol. 78, pp. 3282-3285, 1997.
VIIl. CONCLUSION [11] K.J.Blowand D.Wood, “Theoretical description of transient stimulated
Raman scattering in optical fiberdBEE J. Quantum Electropvol. 25,
The nonlinear pulse propagation equations for a single pulse  pp. 26652673, 1989.
propagation and for co-propagation of two pulses in a fiber thalt2] P- V- Mamyshev and S. V. Chernikov, “Ultrashort-pulse propagation in
. . . . . optical fibers,”Opt. Lett, vol. 15, pp. 1076-1078, 1990.
include rigorous linear dispersions, the Raman effect and thgs) G. Boyer, “High-power femtosecond-pulse reshaping near the zero-dis-
dispersion of the effective core area that can be used for pulses Eggsgon wavelength of an optical fibe©pt. Lett, vol. 24, pp. 945-948,
in the Smgl.e_cyde regime, were derlved._ These were used i 4] 1. H. Malitson, “Interspecimen comparison of the refractive index of
the calculations for SPM spectral broadening and SPM and IP fused silica,"J. Opt. Soc. Amevol. 35, pp. 12051209, 1965.
spectral broadening in single-mode fused-silica fiber and werf5] A. J. Taylor, G. Rodriguez, and T. S. Clement, “Determinatiom of

compared with the experimental results. For the SPM case with tl’éldz"_el‘"'stlrzefgsggeme”t of the optical phasegt. Lett, vol. 21, pp.

the 4.5-cycle pulse, calculations using the newly derived equaze) . J. Kane and R. Trebino, “Characterization of arbitrary femtosecond
tion gave spectra that agreed well with the experimental spec-  pulses using frequency-resolved optical gatingEE J. Quantum Elec-
trum. The effects of omitting the Raman term and the dispersion " vol. 29, pp. 571-579, 1993.

of the effective core area were investigated. It was found that

when the Raman term was omitted, the relative intensity at the

shorter wavelength became larger and when the dispersioriNe$ki Karasawa, photograph and biography not available at the time of publi-
the effective core area was omitted, the relative intensity at tff&"°™

longer wavelength became larger. The calculations for 2-cycle

and monocycle pulses were performed and it was shown that the

inclusion of up to the third-order dispersion terms was enoughiﬂ_ki Nakamura, photograph and biography not available at the time of pub-
for the 2-cycle pulse but not enough for the monocycle puls&2io™

The co-propagation of the fundamental and the idler waves from

the Ti:sapphire OPA system was experimentally performed and

the spectra from IPM as well as SPM as a function of delay tinﬁ@oya Nakagawa photograph and biography not available at the time of pub-
were measured and compared with calculated spectra. Thelggt-'on'
pendence of the spectra untime delay was shown to be similar to

the capillary fiber case and the calculated spectra agreed quali-

tatively with the experimental spectra. Masato Shibata photograph and biography not available at the time of publi-
cation.
REFERENCES
(1] (dBénF:.i?glrg;v;I,Nonllnear Fiber Optics2nd ed.  San Diego, CA: Aca- Ryuji Morita , photograph and biography not available at the time of publica-

[2] E.A.J. Marcatiliand R. A. Schmeltzer, “Hollow metallic and dielectrictlon

waveguides for long distance optical transmission and lasBed|'Sys.
Tech. J, vol. 43, pp. 1783-1809, 1960.
[3] M. Yamashita, H. Sone, and R. Morita, “Proposal for generation of a co-, o ) ) )
herent pulse ultra-broadened from near-infrared to near-ultraviolet afféflemi Shigekawa photograph and biography not available at the time of pub-
its monocyclization,”Jpn. J. Appl. Phys.ol. 35, pp. L1194-11197, lication.
1996.
[4] M. Yamashita, H. Sone, R. Morita, and H. Shigekawa, “Generation of
monocycle-like optical pulses using induced-phase modulation between
two-color femtosecond pulses with carrier-phase lockingEE J. Mikio Yamashita, photograph and biography not available at the time of pub-
Quantum Electron.vol. 34, pp. 2145-2149, 1998. lication.



