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We investigate the effect of delayed nonlinear response time on pulse compression, using an organic crystal-cored
fiber in the normal dispersion region. With up to third-order phase compensation, a 100-W, 100-fs hyperbolic-
secant pulse is compressed to -10 fs with a delayed nonlinear response time as well as without it. It is shown
that third-order phase adjustment can compensate for the phase asymmetry in the frequency domain that is
induced by the effect of the delayed nonlinear response.

Organic materials are attractive for potential ap-
plications in electro-optical switching and frequency
conversion because of their large optical nonlinear-
ities. Organic materials are also used for optical
pulse compression. For example, efficient compres-
sion of femtosecond laser pulses by use of a fiber cored
with the organic material 4-(N, N-dimethylamino)-3-
acetamidonitrobenzene (DAN) was demonstrated.'

Most analyses of pulse compression in the nor-
mal dispersion regime are performed without taking
into account the delayed nonlinear response, whereas
in the soliton-effect compression regime this delayed
response is taken into account.2 3 This is because
fused-silica fibers are usually utilized for pulse com-
pression, and in many cases their response time,
which was evaluated to be 2-4 fs,4 is much shorter
than the input pulse widths. However, when pulse
widths are comparable with the response time the
nonlinear response time becomes significant.

From our recent experiment on nonlinear femto-
second optical pulse propagation the response
time of DAN was evaluated to be several tens of
femtoseconds,5 causing us to consider the effect of
the response time for femtosecond optical pulse com-
pression with a DAN fiber.

In this Letter we investigate numerically the effect
of the delayed nonlinear response time on pulse com-
pression, using a DAN fiber in the normal dispersion
region, as well as those of second- and third-order dis-
persion, self-steepening, initial frequency chirping,
and propagation loss.

The modified nonlinear Schrbdinger equation that
we use here is
au ± u+i a2U a3U

8{+ ru + I -@,. - a -7
2 ar2

- +aX3

= UJ(T; TI?) ± is a- [uJ(,r; rR)]J' (la)

J(r; TR) = dr' exp(-r'/T-R)Iu(r - (lb)

where u is the normalized complex amplitude of the
pulse envelope6 and

6 = 1/82 IZ/To2 ,

8 = / 3/61,f2ITo,

F = aLD/2,

r = (t - Z/vg)/To I

s = 2/cooTo,

LD = To2/13 2 1

TR = TR/To,

(/2 > 0)-

z is the distance along the fiber, r is the normalized
retarded time measured in a frame of reference mov-
ing along the fiber at the group velocity vg, w0 is the
central frequency, To is the initial pulse-width param-
eter [FWHM T, = 2 ln(1 + J2)To = 1.763TO], a is the
propagation loss, and /2 and 63 are the second- and
third-order dispersions, respectively. The nonlinear
refractive index n2 is included in the definition of the
normalized amplitude u. Here the response function
is assumed to be an exponential form specified by a
response time TR in Eq. (lb), and the instantaneous-
response part of the nonlinear refractive index is as-
sumed to be negligible.

If TR << TP (i.e., TR << r, = T/To), then J(r; TR)
can be approximated by the form of the Taylor expan-
sion, and the right-hand side of Eq. (la) becomes

ilu(T)[ IU(T) -R12 a IU(T)1 + 2R a2 2 -

a~~~r ~

+ is a u(T)Iu(T)1r | TRRU(r)- I U(T)12 + * (2)

where the first term represents the self-phase modu-
lation, the second term represents the self-frequency
shift, and the fourth term represents the self-
steepening. This approximated form is usually ap-
plied in most analyses of nonlinear pulse propagation;
however, this approximation is no longer valid when
TR - T, or TR > TP. Therefore we use Eqs. (la) and
(lb) in our calculation of a DAN fiber, which has a
large delayed response time.

The fiber input pulses are assumed to have an
amplitude shape given by

u(6 = 0, T) = sech(T)exp(- iCT2/2), (3)

where C is the parameter representing initial linear
frequency chirp.
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Table 1. Dependence of the Compressed
Pulse Width Tp, and the Optimum

Propagation Length z0 ,t on the Response
Time TR and the Chirp Parameter C

Compressed Pulse Optimum Propagation
Width T,, (fs) Length z,,pt (mm)

Response Time TR (fs) Response Time TR (fs)
C 0 10 20 30 0 10 20 30

-2 12.1 10.5 10.3 10.4 0.552 0.460 0.500 0.401
-1 11.5 10.9 10.9 9.54 0.493 0.487 0.474 0.454
-0.4 11.3 10.5 9.77 10.4 0.516 0.493 0.431 0.426

0 11.1 9.85 10.5 11.2 0.460 0.572 0.401 0.421
+0.4 10.9 10.8 11.0 8.99 0.447 0.379 0.416 0.516
+1 10.6 11.2 9.13 9.72 0.454 0.368 0.506 0.500
+2 9.92 9.85 9.17 8.67 0.546 0.513 0.473 0.651

The parameters that we used for a DAN crystal-
cored fiber are central wavelength AO = 630 nm, core
diameter = 2.5 jnm, n2 = 2.1 X 10-18 m 2/V 2 ,7 /32 =

1.85 x 10-24 s2 /m, /3 = 3.79 X 10-39 s3/m, 7'8 a =
14 dB/cm (8 = 6.0 X 10-3, F = 2.8 X 10-l), and in-
put pulse width Tpim = 100 fs (To = 56.7 fs).

After solving relations (1) by using the split-step
Fourier method,9 we carry out the calculation of up
to third-order phase compensation for output pulses
from fibers to obtain compressed pulses. That is, we
determine the compensated phase ad in the frequency
domain

O> = -0(co) - [a2 (cO - co0 )2 + a3(CO - coo)3],

of the delayed response. This behavior is explained
as follows: since the red components travel faster
than the blue components in the normal dispersion
regime, the red shift that is due to the delayed re-
sponse corresponds to the forming of a small peak
in the leading edge in the time domain. The com-
pressed pulse shape is slightly asymmetric, and the
compressed pulse quality Q, (the ratio of compressed
pulse energy to precompensated energy) is -0.73.

Figure 2 depicts the precompensated phase 0(co)
of the fiber output pulse in the frequency domain at
C = 0 with or without the delayed response (TR = 0,
10, 20, and 30 fs). It is clearly seen that the shape of
0(co) becomes more asymmetric with increasing TR.
Therefore efficient pulse compression with the de-
layed response requires third-order phase compensa-
tion. By sufficient adjustment of third-order phase
compensation, pulses are efficiently compressed with
the delayed response, as shown in Table 1, confirm-

C',

46
A-

C',

a)~

(4)

where qs(c) is the precompensated phase of the fiber
output pulses, so that the compensated pulse widths
are minimized by the adjustment of parameters a2
and a3. This adjustment is usually performed with
prism and grating pairs in a practical experiment.

Table 1 shows the dependence of the compressed
pulse with TPC and the optimum propagation length
Zopt on the response time TR for the DAN crystal-cored
fiber (the input peak power Po = 100 W, the input
pulse width Tp,m, = 100 fs, and the chirp coefficient
C =0, 0.4, +1, +2). Itisfoundthat,evenwiththe
delayed response, a 100-W 100-fs hyperbolic-secant
pulse is compressed to -10 fs. The same compres-
sion is also seen without the delayed response, in the
range of ICI • 2. As Table 1 shows, the optimum
propagation lengths zopt are =0.5 mm, for which the
propagation loss is low enough.

Figure 1(a) shows output spectra from the fiber at
TR = 0 and 30 fs, along with an input spectrum.
The blue-side broadening in the spectrum that is
due to self-steepening is clearly seen at TR = 0 fs,
whereas the frequency down shift (corresponding to
the red shift) occurs as a result of the delayed re-
sponse effect and suppresses the blue-side broadening
at TR = 30 fs. In addition, the effect of third-order
dispersion may result in the spectral asymmetry for
both To? values. Figure 1(b) shows one of the typi-
cal compressed pulse profiles (TR = 30 fs) with fiber
input and output pulses (TR = 0 and 30 fs) in the time
domain. The precompensated pulse at TR = 30 fs
has a small peak in the leading edge as a result
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Fig. 1. (a) Typical fiber output spectra for response time
TR = 30 fs (solid curve) and TR = 0 fs (dashed curve) at
the distance z = 0.421 mm. The dotted-dashed curve
represents the spectrum for the input pulse (input power
P0 = 100 W, pulse width Tp on = 100 fs, and chirp parame-
ter C = 0). (b) Typical fiber output pulses for TR = 30 fs
(solid curves: A, the precompensated pulse; B, the com-
pensated pulse) and TR = 0 fs (dashed curve, the precom-
pensated pulse) at z = 0.421 mm. The dotted-dashed
curve represents the input pulse. T is the time in the
coordinate system moving at the average group velocity
of the pulse.
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Fig. 2. Fiber output phase 0 (w) in the frequency domain
at the optimum propagation lengths zpt. The parame-
ters are P0 = 100 W, Tp,,i = 100 fs, and C = 0.
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Fig. 3. Dependence of (a) the compressed pulse width
TP,, and (b) the optimum propagation length zopt (filled
circles) and the pulse quality Q, (open circles) on the input
power P0 . The parameters are Tpmi, = 100 fs, TR = 0 fs,
and C = 0.

ing that third-order phase compensation is essential
for efficient pulse compression with the delayed re-
sponse. It was believed that the delayed response
degrades pulse compression. This is because only
second-order phase compensation has been taken into
account so far. Third-order phase adjustment ac-
companied by second-order compensation is efficient
for pulse compression when a delayed response time
is involved.

At TR = 0 fs there is an enhancement of com-
pression with positive initial chirp and a degrada-
tion of compression with negative initial chirp, as
shown in Table 1. This is also seen in soliton-effect
compressions; however, it is not generalized when
TR # 0.

Next, let us consider the effect of the propagation
loss. Figure 3 shows the dependence of the com-
pressed pulse width TP,,, the optimum fiber length
Zopt, and the compressed pulse-quality factor Q, (the
ratio of compressed pulse energy to input pulse en-

ergy, including the effect of propagation loss) on the
input power P0 when C = 0 and TR = 0. It is found
that zopt and TPC decrease with increasing Po. On
the other hand, Q, increases with the P0 value. This
is because the effect of the propagation loss reduces
the pulse quality Q, as the propagation length in-
creases. Because of the high propagation loss of
14 dB/cm for the DAN fiber, an input power of more
than -10 W is needed for efficient pulse compres-
sion. Therefore we require higher-quality DAN crys-
tals for efficient pulse compression, using relatively
low-power and long-pulse lasers such as laser diodes.

In contrast, high-power light sources such as a
Ti:sapphire laser do not need the long propagation
distance. For example, an -100-,um-thick DAN
film, which is much easier to fabricate, may be
promising for efficient pulse compression with -1 kW
of input power.

In conclusion, we have numerically investigated
effects of delayed nonlinear response and propaga-
tion loss on pulse compression, using an organic
crystal-cored fiber in the normal dispersion region.
By use of third-order phase compensation, even when
a delayed nonlinear response time is involved, a
100-W 100-fs hyperbolic-secant pulse is compressed
to -10 fs. It must be emphasized that the third-
order phase adjustment can compensate for the phase
asymmetry in the frequency domain that is induced
by the effect of the delayed nonlinear response. Fur-
thermore, a thin DAN crystal film is promising for

7< efficient pulse compression at high power, whereas a
reduction of the propagation distance by an improve-
ment in crystal quality is needed at low power.
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