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Observation of Pulse Splitting in Nonlinear Dispersive Media
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We investigate experimentally the nonlinear dynamics of a femtosecond pulse undergoing self-
focusing in a normally dispersive medium. Above a certain threshold power, we observe that the pulse
splits into two pulses, and measurements of the pulse spectra provide evidence that supercontinuum
generation is closely connected with the temporal splitting. We also observe that the split pulses can
undergo additional splittings. Our observations are in good agreement with the predictions of the the-
oretical model based on the nonlinear Schrddinger equation describing self-focusing in dispersive media.
[S0031-9007(96)01571-2]
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The self-focusing of a light beam is one of the of the formation of three-dimensional solitons has been
most fundamental nonlinear optical processes. In a maonsidered [20].
terial with an index of refraction that increases with In parallel with the research on self-focusing, exten-
intensity (i.e.,n = ny + noI, wheren, > 0), a steady- sive studies have shown that the interaction of intense,
state analysis predicts that a laser beam will self-focusiltrashort light pulses with matter can result in the gen-
if the power P in the beam is greater than the criti- eration of optical radiation over an extremely broad
cal powerP., = 7(0.61A)?/8ngn, [1]. The steady-state spectral range [21]. This phenomenon, known as su-
paraxial wave-equation model predicts that for a suffi-percontinuum generation (SCG) or white-light genera-
ciently long interaction length anfl > P, a singularity  tion, was first observed [22] in 1970, and since then
results which corresponds to catastrophic self-focusingt has been observed in many different solids [23], lig-
Under these conditions, several optical processes (otheiids [24], and gases [25,26] under a wide variety of
than optical damage to the material) can occur, whickexperimental conditions. The shape of the spectra gen-
can lead to the arrest of catastrophic self-focusing, t@rated in various media are strikingly similar, which sug-
filament formation [2], or to the production of multiple gests that SCG is a universal feature of laser-matter
foci [3]. These processes may include avalanche brealnteractions. Nevertheless, the underlying mechanisms of
down [4], saturation of the nonlinear index [5], nonlin- SCG are still not well understood. Corkum, Rolland, and
ear absorption [6], or diffraction in the nonparaxial limit Srinivasan-Rao [25] first noted the connection between
[7,8]. In the absence of material dispersion, the steadyself-focusing and SCG, and, more recently, it was sug-
state model of self-focusing can be extended for pulsegested [27] that SCG may occur as a result of the interplay
through the use of the moving-focus model [9]. In ad-between self-focusing, self-phase modulation, and GVD.
dition, it was shown [10] that self-focusing can lead toAlthough numerical studies [11,13] using the NLSE ap-
temporal shortening of the transmitted pulse when thgear to support this hypothesis, there has not been any
length of the medium is nearly equal to the self-focusingexperimental verification of the main predictions of this
length. model.

For pulses in the femtosecond regime, the effects of In this Letter, we describe the results of an experimental
material dispersion might be expected to play an im-study of self-focusing in a normally dispersive medium.
portant role in self-focusing. Recent theoretical studiesn agreement with the theoretical predictions of the NLSE,
[11-18] demonstrate that the inclusion of group-velocitywe observe that an ultrashort pulse undergoes pulse split-
dispersion (GVD) dramatically modifies the dynamicsting for input powers that are above the critical power.
of the process. Using the nonlinear Schrédinger equaAbove the threshold power for pulse splitting, the pulse
tion (NLSE) in the positive GVD regime, it is found spectrum undergoes significant broadening which eventu-
that above a certain threshold power the pulse undemlly develops into SCG at higher powers. We also find
goes temporal splitting which can arrest catastrophi¢hat, under suitable conditions, the split pulses can them-
self-focusing. At higher powers, it is still an open selves undergo further splitting. We have concentrated
question as to whether these split pulses can undergmur studies over a range of input powers that are near
additional splittings [14,17-19]. Remarkably, the pulsethe threshold for temporal splitting, since, in this regime,
splittings are predicted to occur even when dispersiorromparisons with numerical simulations of the NLSE can
might be thought to be negligible as compared to thébe made.
nonlinearity. Additional analyses [15,20] in the negative The proposed theoretical model for describing self-
GVD regime have been undertaken, and the possibilityocusing of femtosecond pulses in a dispersive medium
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is based on the following NLSE for the slowly varying ral profile at the onsetH/P., = 1.4) of pulse splitting.
amplitudeA(r, r) of an optical pulse centered at frequencylt is apparent that the chirp is highly nonlinear and that

w: the center frequency of the leading (trailing) pulse is
9A ; By 024 o downshifted (upshifted) from the initial frequency of the
Z oA+ i - i 20%1424, (1) incident pulse [12,13]. The broadening of the on-axis
dz 2k 2 or? 27 spectrum [Fig. 1(b")] is apparent, and the spectrum be-

where 3, is the GVD, k = nyw/c is the wave-vector gins to develop oscillatory structure with a period of os-
amplitude, andr = ¢ — z/v, is the retarded time for ciIIat'ion inversely related to the pulse separation [11].
the pulse traveling at the group velocity. This equa- At higher powers £/P., = 1.5), the pulses become well
tion has been studied primarily for the case in which theSéparated in time and are considerably shorter than the
beam has radial symmetry (.82 = a2/ar> + a/ror). initial p_ulse .[Flg. 1(c)]. The corre_spondmg spectrum
For the case in which the input pulse is Gaussian irfhown in [Fig. 1(c’)] shows dramatic broadening with
space and time such thatr,r) = A, exp{—rz/zw(z) _ clear evidence of oscillations. As the power is increased

12/272], three length scales can be used to charactefurther, the split pulses become shorter in time, which in-
- thpe interaction, the diffraction lengthps = kwg /2 dicates that the inclusion of higher-order dispersion terms
the dispersion Ien’gtILDS — 72/|B,|, and the nonline,ar is necessary and may also S|gnal_ a breakdown of the
length Ly — (n2n0w|A0|2/27TP)_1. ']'he ratio Lpp /Ly slowly varying envelope approximation. It has been pro-

; . posed that the extremely short duration of these pulses is
can be related to the ratio of the input peak powrer .
10 P, through the expressioR/Pe = 1.885Lps /Lt responsible for SCG [11,13]. As a result of the enormous

. : : computing resources required by these types of simu-
Elzal' _We mi?e”c%”y Ir;t_egrfltti Ea. (dl') tuzlng St"’.md.ardlations, we are not able to determine whether or not
echniques [13], and in r1g. € predicted on-axis ("e'the split pulses will continue to self-focus and undergo
at r = 0) temporal profile, frequency chirp, and spec-

trum of the transmitted pulse are shown for increasin further splittings.
. pu : 9 We have carried out a series of experiments to test the
input powers. For these simulations the lendtlof the

medium isL = 1.5Lpp and Lpg/Lps — 0.04. At low predictions of the nonlinear Schrodinger equation model.
- L. DF DF DS — Y.Us.

. . . The pulses were produced by a Ti:sapphire regenerative
powers @/P.. = 0.5), the temporal profile [Fig. 1(a)] is ) : : i
nearly identical to the input pulse sinde< Lps. The laser system (Clark-MXR) operating at 800 nm. This sys

shape of the frequency chirp is similar to what WouIOItem generated 1-mJ pulses at a 1-kHz repetition rate and

be expected from pure self-phase modulation. The corith a duration in the range 85-90 fs. The shot-to-shot

responding spectrum [Fig. 1(a’)] is slightly broader thanfluctuations of the pulse energy were less than 6%. The
that of the input pulse. Figure 1(b) shows the tempo beam was apertured slightly which resulted in a near-

‘Gaussian transverse profile. A small fraction of the output
was focused to &5 um spot size near the front face of
L0 ) LR a BK7 glass window, which served as the nonlinear dis-

e
1=

§ 04 os £ Eprn (w_ persive medium. The value of the GVD parameter for
3 o F E BK7 is B, = 446 fs?/cm, and the value of the nonlin-
3% os g 30T 1 ear index coefficient [28] i, = 3.45 X 10~!¢ cm?/W

0 -10 o L which corresponds t&., = 1.8 MW. In the studies pre-

T T T sented here, we used both 0.5- and 1-in.-thick samples.

g £ 3 ® Using a series of lenses and apertures, we analyzed the
j% % LT ’ temporal and spectral behavior of the central part of
£ 2 % 0% - the transmitted beam as the power was increased above
3 H &

the threshold power for temporal splitting. The temporal
autocorrelation of the pulses was taken using a scanning

10° C1 11 1 1 1 1]

7 2 LI S B B R R

z - ©) (~1-sec-long scan) autocorrelator in a noncollinear ge-
g g St W- ometry with a300-um-thick BBO crystal. Our system is
2 g g w2k | capable of accurately measuring transform-limited input
E i g pulses as short as 25 fs. The spectrum was acquired con-
107 L L currently using a fiber-coupled 0.275-m spectrometer with
fme (/%) frequency (R,) 0.5-nm resolution.

_ o . Figure 2 shows the autocorrelation and the correspond-
FIG. 1. Theoretical predictions for the on-axis temporal pro-ing spectrum of the transmitted pulses as the incident

file (solid line) and chirp (dashed line) (a)—(c) and for the specy,q\yer was increased from well below to above the thresh-
trum (a’)—(c’) of the transmitted beam as the input power is

increased. The ratio of the peak power of the incident pulse t(?l_d power for pulse splitting. These Qata were taken
the critical power in each pair of plots is (a),(a’) 0.5; (b),(b’) With the 1-in. glass sample, and the input-pulse dura-
1.4; and (c),(c’) 1.5. tion was 85 fs. At relatively low power? = 0.6 MW,
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above the threshold for pulse splitting exhibits substantial
broadening and a shape that is characteristic of the spectra
FIG. 2. Experimentally measured temporal autocorrelationsf SCG observed in other media [21,23-26], and the
(a)-(c) and power spectra (&')—(c) of the pulses transmitteheneration of white light around the transmitted beam can
through a 1-in. BK7 glass sample as the input power i . -
increased. The peak power for each set of plots is (a),(afge seen CIe.arIy by eye. At_sllghtly hlghe_r powers, the
0.6 MW: (b),(b) 3 MW; and (c),(c) 4.8 MW. The dotted Proadening increases explosively. We believe that these
curve in (c) is the autocorrelation of the transmitted beam aftepbservations confirm that supercontinuum generation is
it is passed (unfocused) through an additional piece of BK7a result of the nonlinear dynamics of self-focusing in
glass. From the increase in the pulse separation, we infer thgthich the temporal and spatial degrees of freedom are
the central wavelengths of the split pulses differ by 16 nm. .
coupled by the presence of GVD. However, treating
theoretically the problem of supercontinuum generation
far above threshold will require a model in which neither
P/P.. = 0.33), the temporal profile [Fig. 2(a)] and the the paraxial assumption nor the slowly varying envelope
spectrum [Fig. 2(3] of the transmitted pulse are nearly approximation are made.
identical to those of the incident pulse. The appearance of We also investigated the issue of whether the split
shoulders on the autocorrelation shown in Fig. 2(b) is thepulses could themselves undergo temporal splitting.
signature of the threshold@® = 3 MW, P/P.. = 1.7) for ~ With the 1-in. sample, we did not observe clear evi-
pulse splitting. The observed threshold power for pulselence of additional splittings. However, by using the
splitting is within 15% of the predicted value for our ex- 0.5-in. sample, we were able to demonstrate that the split
perimental conditions. The spectrum [Fig. 9{lof the  pulses can undergo further splittings, as evidenced by the
pulse is seen to exhibit broadening and an oscillatory’-peaked autocorrelation shown in Fig(/8 = 7.6 MW).
structure. In their studies in high-pressure noble gasesn this case, the duration of the incident pulse was 90 fs,
Corkum and Rolland [29] also observed oscillations inand the threshold power for the initial splitting was
the spectrum of the transmitted pulse. At higher powersneasured to be 3.3 MW.
(P =48 MW, P/P.. = 2.7), clear evidence of the pulse  These results are relevant for a range of applications
splitting is observed as illustrated by the three-peaked awsuch as Kerr-lens mode locking [30], the amplification
tocorrelation [solid curve in Fig. 2(c)]. Each of the peaksof femtosecond pulses using regenerative laser ampli-
is considerably narrower than the autocorrelation of thdiers, and the optical compression of femtosecond pulses
initial pulse, which is consistent with theoretical predic-[31]. Since supercontinuum generation is used as a source
tions. We also performed a cross correlation with a split-of broadly tunable femtosecond pulses for spectroscopic
off portion of the 85 fs beam from the laser system andapplications, understanding the mechanisms that lead to
found that the split pulses in the transmitted field haveSCG may make it possible to tailor the characteristics
the same peak power. In order to verify that the pulsesf the generated light for a particular application. Fur-
are at different central frequencies, we passed the tranthermore, the results shown here demonstrate that small
mitted beam (unfocused) through a 0.5-in. piece of BK7amounts of dispersion may also lead to dramatic changes
glass, and measured the temporal autocorrelation of thie the dynamics of intense laser-matter interactions under
beam [the dashed curve in Fig. 2(c)]. The temporal sepazonditions in which a plasma is generated [32].
ration of the split pulses is seen to increase, as would We gratefully acknowledge discussions with G. Luther,
be expected for pulses having different group velocitiesJ. Rothenberg, J. Squier, and G. Sucha. This work was
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