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Band-Gap Dependence of the Ultrafast White-Light Continuum
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We report an investigation of white-light continuum generation during self-focusing in extended
transparent media using 140-fs Ti:sapphire laser pulses. A band-gap threshold is found above which
the width of the continuum tends to increase with increasing band gap and below which there is no
continuum generation. This is, to our knowledge, the first report of a parameter predicting the width
of the continuum in condensed media. Multiphoton excitation of electrons into the conduction band is
proposed as the primary mechanism reponsible for the observations. [S0031-9007(98)06156-0]

PACS numbers: 42.65.Re, 32.80.Rm, 42.65.Ky

A powerful ultrashort laser pulse focused into a trans- This Letter provides new insight into continuum genera-
parent medium can be transformed into a white-light contion by femtosecond Ti:sapphire laser pulses in extended
tinuum ranging from the UV to the near IR [1-10]. This condensed media. Measurements with a new experimen-
well-known phenomenon occurs in a wide variety of con-tal technique confirm that continuum generation is trig-
densed media [1-6,9,10] and in gases [2,7,8]. Among thgered by self-focusing and reveal a strong dependence of
continuum’s numerous applications we find time-resolvedhe continuum on the band gap of the medium. A band-
broadband absorption and excitation spectroscopy [2], oggap threshold is found below which the medium cannot
tical pulse compression [2], optical parametric amplifica-generate a continuum and above which the width of the
tion [11], and characterization of laser-induced structuratontinuum increases with the band gap. This is, to our
transitions [12]. knowledge, the first report of a parameter predicting the

Despite its widespread use, the white-light continuumwidth of the continuum in condensed media. We pro-
remains far from being well understood. Particularlypose MPE as the primary mechanism responsible for the
intriguing is the mechanism determining its spectralobservations.
width. At present, it is generally accepted that the main A Ti:sapphire laser system (Clark-MXR CPA-1) is used
mechanism in ultrafast continuum generation is strondo generate 140-fs (FWHM) transform-limited pulses cen-
self-phase modulation (SPM) enhanced by self-steepenirtgred atA, = 796 nm, with beam diameter 2.2 mni (>
of the pulse [6]. A shortcoming of this theory is its of intensity). A new technique, shown in Fig. 1(a), is used
prediction of stronger SPM in media with higher Kerr to measure the evolution of the pulse spectrum, pulse en-
nonlinearity, a trend that is not observed [2,9]. Forergy, and beam profile during propagation [16]. The beam
instance, the continuum generated in water (a widely used
medium) is among the broadest observed despite the loy- : 25 :
Kerr nonlinearity of water. il @) (b)

Self-focusing is believed to play a part in continuum /
generation in extended media. Indeed, it was found L
experimentally that the power threshold for continuum ' L
generation in gases coincides with the critical power for filters P 5
self-focusing [4,7,8]. This is not surprising, considering = f=65mm N ¥
that the onset of catastrophic self-focusing at critical power 0=, =
leads to a drastic increase in intensity [13]. Self-focusing ]| tiquia ﬁ &
can also lead to the generation of free electrons, whichz
contribute negatively to the index of refraction and can
ultimately stop self-focusing by canceling the Kerr index
[3,14]. The connection between continuum generation anc —/, -
self-focusing suggests that free electrons may be involver .
in continuum generation. Such a mechanism was firsi LI _/_J

. . beam splitter
proposed by Bloembergen [3] to explain the picosecond fi=125mm 4030 20 10 0 10 20 30 40
continuum, in the form of SPM enhancement by avalanche __©" ™or @) x (am)

ionization. With femtosecond pulses an important mecha}'-:lG_ 1. (a) Experimental setup. (b) Beam diametdr

nism of free-elgctr_on generation in condensed media I?FWHM) at the geometrical focus, as a function of input peak
multiphoton excitation (MPE) from the valence band to thepower. ~ Squares: iCl; (trichloroethylene); circles: water.

conduction band, where electrons are essentially free [15(c) Beam profile with diametet,,;, at P = Py, in water.
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is focused with leng into the solid or liquid (contained in  Py,, and then increases [see Fig. 1(b)] [1#:, which is
a stainless-steel cell equipped with two 3-mm fused-silicalefined as the peak power at the entrance of the medium,
windows), where it propagates vertically upward. The in-corresponds to the critical power for self-focusing [13].
put energy is measured with calibrated photodiode PDThe beam profile with diametetk,;, measured in water at
detecting the pellicle reflection. Only pulses withiri%  input peak poweP = Py, is shown in Fig. 1(c). When
of the desired input energy are measured. The output spettie power is increased abowv®; the position where
trum and beam profile are measured by imaging with leng,,;, occurs moves closer to the entrance of the medium
f> the output surface of the medium onto the entrance sli¢~500 um before the geometrical focus in all media
of the spectrograph (magnification 22 To measure whenP = 1.1Py,). Above Py, dnin remains practically
the pulse at various stages of propagation in the mediurconstant. For instance, in watéy;, remains within 0.5
focusing lensf; is moved on a translation stage, such thatof 10 um fromP = 1.1Py, to P = 2Py,.
the desired stage of propagation coincides with the output Self-focusing is accompanied in most media by white-
surface of the medium. Single-shot images are capturelight continuum generation. This occursiat= Py, thus
by a cryogenic 2D charge-coupled device (CCD) detectoconfirming that self-focusing triggers continuum genera-
at the image plane of the spectrograph. The beam prdion. Examples of continua generated in water, NaCl, and
file (spectrum) is measured by setting the spectrograph tbhiF are shown in Fig. 2(a). Typical features are modu-
zero (first) order. Filters are used to isolate different partdation near the laser wavelength and very strong Stokes/
of the spectrum: BG18 fon < 630 nm and RG850 for anti-Stokes asymmetry: the extehi ;. of the anti-Stokes
A > 850 nm. The spectra are corrected for filter, grating,pedestal reaches10000-20 000 cm~', depending on the
and CCD responses. The total transmitted pulse energyedium, while the extenrA w_ of the Stokes pedestal is
(hence energy loss) is measured with calibrated photodiodanited to a modest-1000-2000 cm™!. In some media
PD2 detecting light scattered by a (removable) Mgii-  there is no continuum generation; the spectra are com-
fuser and averaged over 50 shots. Energies are correctpdratively much narrower and nearly symmetric. In all
for the photodiode’s spectral responsel{o overestima-
tion in the worst case). The media listed in Table | are A (nm)
investigated. _ _ 900800 700 600 500 400 300

Let us first consider the effect of self-focusing onthe (o™ 7 1 ~ ' ' ]
diameterd (FWHM) of the beam at the geometrical & (a)
focus. This is measured by first positioning lgfissuch 2 10¥
that the geometrical focus is at the output surface of 5 19’k
the medium and then varying the input power. At low S

its)

=
T

powerd = 27 um in all media. With increasing power f 10 i
decreases, reaches a minimdg, at the threshold power g,) 105;- 3
> 10%
TABLE I. Anti-Stokes broadening\w+ and self-focal char- A : 3
acteristics measured @& = 1.1Py: minimum beam diameter [0 S S S U Rt I B
dmin (FWHM) (0.5 um), maximum fluenceF ., (£10%), 10000 15000 20000 25000 30000
and energy los€ s (£1%). Py, is accurate within=20%. @(cm)
E.,p is obtained from the medium’s absorption spectrum, which i
generally exhibits a sharp absorption edge in the UV corre- L Measured (b)
sponding toE ). Si o . L
L) VYV - imulation: SPM with moving-focus
Egap Aw. dinin Frax Eloss P L N\ Simulation: Simple SPM
Medium  (eV) (em™) (um) (J/em?) (%) (MW) =4
LiF 11.8 19800 10.8 1.3 13 8.8 2 e o R
Cah 10.2 18300 104 1.0 11 7.4 £
Water 75 14600 9.8 0.62 4 44 3 FERWIT IR
D,0 7.5 14600 10.6 0.46 4 3.6 L Y o
Fused silica 7.5 13500 104  0.57 3 43 E
Propanol 6.2 14200 9.1 0.57 3 33 O ——
Methanol 6.2 14500 102 054 4 3.9 12000013000 (IC‘I‘;I)Q‘)) 15000 16000
NacCl 6.2 9000 9.9 0.29 3 2.0
1,4-Dioxane 6.0 10200 9.3 0.44 3 27 FIG.2. (a) White-light continuum spectrum generated in
Chloroform 5.2 11200 10.0 0.29 1 2.2 water, LiF, and NaCl atP = 1.1Py. Only A < 630 nm is
CCly 4.8 10400 8.7 0.44 2 2.5 shown for LiF and NacCl, for clarity. (b) Continuum spectra
C,HCl4 4.7 950 14.6 0.08 <1 1.2 generated in water @& = 1.1P, in the experiment (solid line),
Benzene 45 600 14.0 0.07 <1 0.90 in a 1D simulation including the moving-focus dynamics under
cS 3.3 400 15.6 0.01 <1 0.23 MPE conditions (dashed line) and in simple SPM (dotted line).

SF-11 Glass 3.3 340 15.6 0.03 3 0.52 The simulations use, = 2 X 10716 sz/W, estimated from
: : : : the measured,,.
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media there is usually an energy loss of a few percent aif laser-induced breakdown of water [18] have shown that

P = P, occurring through the self-focus over a distancea 100-fs pulse with a peak intensity §fx 10> W/cn?

of typically 200—350um. The continuum develops con- can generate a free-electron density = 10'® cm™3

currently with this energy loss. mainly by MPE. In our experiment we estimateX
The investigation revealed that continuum generatiori0'’ < N, < 1 X 10! cm™3, based on the measured

depends on the band gal.., of the material. The energy loss and self-focal dimensions. These values are

dependence of\w; on Ey, at P = 1.1Py, is shown consistent withVs'P = 10'® cm™ required to stop self-

in Fig. 3(a) and in Table I, along with various measuredfocusing [3,14]. It is thus reasonable to assume that in

self-focal characteristics. The most striking observatiorthis experiment self-focusing is stopped by MPE.

is that continuum generation requirgs,, larger than the The ultrafast continuum can be explained by reviv-

threshold valueE®™ = 4.7 eV. One can see in Table | ing Bloembergen’s model of ionization-enhanced SPM

gap .
that di, also exhibits a discontinuity &' . Typically, [3,4] in the context of femtosecond pulses and MPE.

media with Ey,, < EN yield diin fi‘g'ﬂm, while  During self-focusing a sharp intensity spike develops
media with Ey,, > Eg;p yield dmin ~ 10 gm. Another [3,1(?,19,20], which is limited by MPE up to a density
sto
surprising feature of the continuum is a trend of increasing™ Ve - Most of the MPE occurs at the very peak of the
Aw. with increasingE,,,. One can see thaky, also spike, during the half-cycle (1.3 fs) when the electric field
tends to increase WithEg,,. This implies thatAw. is maximum (collisional ionization should be negligible
increases with decreasing Kerr nonlinearity, since thd this short-duration spike and more important towards
critical power for self-focusing is inversely proportional the back of the pulse). The appearance of free electrons
to the Kerr index [13]. t_)y MPE during the intensity spike causes a Sl_Jdden nega-
The observed continua cannot be explained by SPNjve index change and thus a sudden drop in nonlinear
theory alone: First, given the modesi»_ observed in all phase. This translates into a large anti-Stokes broaden-
media, the SPM theory of Ref. [6] predicisw, = Aw- mg_by SPM [3] (since the anti-Stokes _broadenlng can be
(even when self-steepening is taken into account). This idefined aS—_(achL_/aT)mm, where ¢y is the nonlinear
clearly not the case; in water, for instance, we measurBnase and is the time [13]). , ,
Aw; = TAw_. Second, the observation of increasing This mec_hanl_sm was simulated in a 1D calculat_lon
Aw, with decreasing Kerr nonlinearity is contrary to the ©f Propagation in water. The pulse is segmented into
prediction of SPM theory. In this light, it is clear that a discrete temporal slices which self-focus independently
complementary mechanism should be invoked. We wil@ccording to the moving-focus model [13,19,20]. The

consider MPE, in view of the continuum’s dependence orfotal index change (a combination of the Kerr and free-
band gap. electron indices) at a point in the medium where a slice

The self-focal intensity achieved in water @& —  Self-focuses is assumed to have the following temporal
1.1Py, is greater tharg X 10'2 W/cn? (estimated from distribution [21]: a slow increase during 100 fs, followed

the fluence and,,;, measurements [17]). Recent studiesPY @ maximum lasting 10 fs and a drop to zero over
1.3 fs due to MPE. It is assumed that only slices in the

leading half of the pulse suffer a significant index change,

Eyop! Ficty Egp! Rty since self-focusing of the trailing half is attenuated by
2 3 4 5 67 23 1 5 6 7 free electrons generated by the leading half [18,19].
200000 @ gt b aj 10%®) g The accumulated nonlinear phase throughout the pulse is
> ¢ - & obtained from the index changes associated with all the
~ 15000t g g ki slices, and the resulting spectrum is computed by fast-
P = 09 — ’
8 io° g 10% I 3 Fourier transform. Setting the peak power to 1.1 times
5" 10000 !i h g — 2 critical power and assuming a maximum intensltyx
< g ; 10" W/cn? yields the dashed-line spectrum in Fig. 2(b)
5000L | HJ """""" 1018 (for comparison the corresponding simple-SPM spectrum
. - is shown as a dotted line). The general shape of the
e . ... R dashed-line spectrum is similar to that of the measured
3456789101112 3456789101112 spectrum, with a long but weak anti-Stokes wing. This
Egap (V) Egap (V) simplified model thus reproduces the principal features of

FIG.3. (a) Anti-Stokes broadenindw, vs band gap in the obseryed spectrum. The main dlscrgpancy is the anti-
various media. a, LiF; b, Cak: ¢, water: d, D,O: e, Uv-  Stokes wing which falls off faster in the simulation than in
grade fused silicaf, 1-propanol;g, methanol;h, NaCl;i, 1,4-  the experiment. A better description would require more
dioxane; j, chloroform; k, CCl; I, GHCl;; m, benzene; rigorous calculations, which are beyond the scope of the
n, CS; o, SF-11 glass. (b) Intensity required for MPE at rate present Letter.

=108 e 3 fg ! i id i
TV-Vhe C{J?vegr?orv{? — ?317%#@%29? ;rfdt;?,ni ?38 C(%qlﬂsllr?e)' Now that we have established MPE-enhanced SPM as

are displayed for comparison. In both graphs the top axig Plausible mechanism of continuum generation, let us
shows the band gap normalized to the laser photon energy. see how it can explain the observed dependenckwf
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