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Supercontinua extending from the ultraviolet to the infrared are observed from high-pressure (1-40
atm) Ar, Kr, Xe, H2, N2, or CO2 illuminated with 2-psec or 70-fsec, 0.6-pm pulses with an energy +500
pJ. The blue spectral component is sho~n to display a nearly universal behavior for all gases and pulse
durations. Although the maximum intensity of the focused, femtosecond pulse in an evacuated cell was
—10'3 W/cm2, continuum generation was only observed with the femtosecond pulse when the threshold
for self-focusing was exceeded.

PACS numbers: 42.65.3x, 32.80.—t

Discovered' in 1970, supercontinuum generation has
now been demonstrated in a wide variety of solids and
liquids. Self-phase modulation, four-wave mixing, and
plasma production (for the blue spectral component) are
the processes most commonly invoked to explain continu-
um generation. z Recent plane-wave theoretical models
based on cubic nonlinearities~ 3 describe continuum gen-
eration in terms of a parameter Q rizFzz/cr, where riz
is the nonlinear refractive index, E is the incident laser
field amplitude, z is the interaction length, z is the pulse
duration, and c is the speed of light. For small Q, the
continuum bandwidth is given by dtu-Qto. A value of
Q~ 1 is required for the generation of a broad (bv-v)
supercontinuum.

Experimentally, self-focusing (the spatial analog of
self-phase modulation) is difficult to avoid. Self-focusing
limits the validity of current tlz continuum theories to

Q & (4/z) (rlzP/c'aott) 'i',

where P is the laser power. Equation (1) is obtained by
the requirement that the interaction length be less than
the self-focusing length for a Gaussian beam and by the
assumption of only full-beam self-focusing. Microfila-
mentation lowers Q even further. Although no
continuum-generation experiments have clearly satisfied
the inequality in Eq. (1), the parameter Q is used as a
guide to estimate the expected spectral broadening.
Based on this parameter, gases are not likely to be
sources of supercontinua. For example, xenon, a highly
nonlinear gas, has a nonresonant riz 4X10 m /Vz at
atmospheric pressure (riz of water is 1.5X10 m /V ).
If we consider the maximum field that can be applied to
Xe in the absence of breakdown (I—10'3 W/cm ) then,
even with a 100-fsec (2 psec) pulse, an interaction length
of z -6 x 103 cm (1.2X 10 cm) is required for Q = 1 in
1-atm xenon. It is not surprising that supercontinuum
generation has not been predicted for gaseous media.

This Letter is the first report of supercontinua from
gases. Significant spectral broadening has been previous-
ly observed by use of 350-fs, 308-nm pulses, and, in in-

dependent work, supercontinua have recently been pro-
duced in high-pressure gases by this group as well. 7 We
observe continua extending from the ultraviolet to the in-
frared when picosecond or femtosecond 0.6-pm pulses are
focused into high-pressure gases. Continua are produced
in the rare gases Ar, Kr, and Xe and the molecular gases
Hz, Nz, and COz. Supercontinua are seen with input
powers as low as 6 x 107 W in 40-atm Xe and at pressures
as low as 1-atm Xe with an input power of 3X10
Within the parameter range of our experiment, we see no
continuum from neon. Neon is the only gas that we have
investigated in which continuum generation was absent.

The ultrashort 2-psec or 70-fsec pulses used in this ex-
periment are described elsewhere. s The pulses were
focused into a 90-cm-long high-pressure cell with an

f/170 lens to an estimated focal-spot diameter of 100
pm. Allowing for optics losses, the incident 70-fsec (2
psec) pulse had a maximum energy of 350 pJ (500 lt J),
with 70% of this energy in the Airy disk. The transmit-
ted beam was recollimated and dispersed with either (i) a
1-nm/mm spectrograph and recorded on Polaroid film, or
(ii) a 10-nm/mm spectrograph and displayed on an opti-
cal multichannel analyzer (OMA). Figure 1 shows typi-
cal continuum spectra obtained by use of the 70-fsec
pulse with a cell pressure of 30-atm xenon (crosses) and
using the 2-psec pulse with a cell pressure of 15-atm xe-
non (circles) or 40 atm of Nz (squares). The curves
represent the average of 25 shots. Corrections have been
made for the spectral characteristics of all components.

The similarity of the blue spectral component under
these widely different conditions is striking. In fact, the
blue spectral component is nearly universal for all gases
which produce continua and for all (above-threshold)
pressures and intensities.

Because of the limited range of our photocathode the
uv component of the continuum was investigated on film.
Again there is remarkable uniformity, with the minimum
resolvable wavelength varying from 330 nm in CO2 to
290 nm in Xe. In all gases this "cutoff" wavelength was
independent of the intensity. Only for Xe did we see a
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FIG. I. Continuum spectra. Xenon: P 30 atm, P ~70
fsec (crosses); P 15 atm, P 2 psec (circles). N2. P 40
atm, i 2 psec (squares).

third-order hyperpolarizability y of the different
gases. y~ determines the threshold for continuum gen-
eration in all gases except for CO2 and N2 ~ith the pi-
cosecond pulse. (For CO2 there is some evidence of the
importance of the Raman active mode. )

%e account for the sharp threshold by the assumption
that self-focusing is essential for continuum generation
[see Eq. (1)]. Then the self-focusing threshold, occurring
at a power P, moc3/rlqr02 for a diffraction-limited
Gaussian beam, would equal the threshold power for con-
tinuum generation at a given pressure. Experimentally,
the two thresholds agree within 20% Th. e absence of
self-focusing in low y gases accounts for the lack of
continuum generation in neon.

Although self-focusing correlates with continuum gen-
eration, the beam divergence of the continuum does not
increase very much from the beam divergence of the in-

put beam. Figure 3 shows the increase in the beam

weak density dependence, varying from 290 nm at 1 atm
to 330 nm at 35 atm.

As can be seen from Fig. 1, the red spectral component
varies from gas to gas and for different intensities and
pressures. The maximum wavelength obtained using 30-
atm COq illuminated with the 70-fsec pulse, exceeded the
limit of an Sl photocathode (1.3 pm). We did not inves-
tigate the maximum wavelength of the other gases.

In all cases, supercontinuum generation showed a
sharp threshold, below which only modest broadening oc-
curred and above which full spectra were produced. Fig-
ure 2 is a plot of the threshold (pP)Th as a function of the
laser power (P) for different gases under femtosecond il-
lumination, where p is the gas pressure. The product
(PP)Th remains constant as the laser power is changed by
a factor of as much as 30 and is proportional to the
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FIG. 2. Pressure times power at threshoM, plotted as a func-

tion of the inverse of the laser power for different gases.

FIG. 3. Spatial distribution of the blue spectral component
500 nm & k (300 nm (lower trace), the transmitted beam with
the gas cell evacuated (middle trace), and the red spectral com-
ponent 1.1 pm&A, &0.65 pm (upper trace). Both the upper
and 1ower traces were taken with 15-atm xenon and a 2-psec in-

put pulse with a power of 350X10 W. The width is propor-
tiona1 to the beam divergence.
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divergence for the 2-psec pulse in xenon. The measure-
ments were made by placing the OMA at the output of
the high-pressure cell in place of the rccollimating lens

(approximately 75 cm from the beam waist). The beam
cross section was sampled with use of a 250-pm-wide slit
in front of the OMA. Figure 3 (middle trace) shows the
incident beam diameter measured at the output of the
cell. Figure 3 also shows the diameter of the red (upper
trace) and blue (lower trace) components with a Xe pres-
sure of 17 atm. Both traces were obtained with use of
appropriate cutoff filters and represent the average of
about 50 shots. The operating pressure was approximate-
ly four times the threshold pressure. From Fig. 3 we see
that the beam diameter (and consequently the beam
divergence) of the red or blue components is appoximate-
ly twice that of the incident beam. (On a single shot the
beam divergence can be as low as the incident beam
divergence. )

In addition to the above results, any theory of continu-
um generation in gases must be consistent with the nearly
full transmission of the energy through the cell
(transmission &90%).

If we postulate that the same mechanism(s) is respon-
sible for the low- and high-pressure results and for the
long- and short-pulse results, then we can judge possible
explanation(s) against the experimental extremes. We
have already discussed continuum generation due to
plane-wave riz processes and noted that even at the ac-
cepted breakdown intensity in Xe they were far short of
accounting for the continuum bandwidth. In addition,
our experimental data do not show the expected depen-
dence of the continuum bandwidth on tIz and r ' This.
relationship is fundamental to the theory.

The second mechanism usually suggested as contribut-
ing to the formation of the continuum is plasma genera-
tion. In condensed media plasma formation is thought to
play two roles: First, it limits the size of self-focusing fil-
aments or foci and second, it is an important source of
the blue component of the continuum. 9 We demonstrate
that the maximum intensity of our 70-fsec pulse cannot
be limited at 10'3 W/cmz by plasma formation and that
plasma production cannot directly account for significant
spectral broadening for any pulse duration until an inten-
sity in excess of I—10' W/cm is reached.

As in Ref. 9, we assume that stabilization occurs when
rt2Ez equals the plasma nonlinearity' 2 (N, /N, ), where

N, is the electron density and N, is the critical electron
density. " It is possible to express N, and Ez in terms of
measurable quantities. Under the assumption of Gauss-
ian optics, the beam waist mo is related to thc confocal
parameter zo by zo xmP ', where A, is the laser wave-

length. The experimental parameters place an upper
bound of mo ( (pcs(p r/SnrtzN, aEO)'tz on the waist of a
Gaussian beam stabilized over 2zo. P is the fraction of
energy extracted from the incident beam, Eo is the ioni-
zation energy, and a is a fraction, greater than 1, which
allows for hot-electron production. 'z Using p 0.1 and

(2)

where rto is the linear refractive index (rto- I for gases).
We can express d/Ct fN, (t) dl, which we do not mea-
sure, in terms of the beam intensity I(t). Then Eq. (2)
can be rewritten as

~ no pI(t)
~ &c +Eo' (3)

and is valid for any medium and any pulse duration.
Substituting hm m, aEO 15 eV, and P 0.1, we obtain
I(t) 6x10'5 W/cm, much larger than the multiphoton
ionization threshold intensity of I 10'3 W/cmz, and de-
focusing intensity of I—10' W/cmz. Aside from the
above reasons, we can eliminate plasma production as the
direct cause of the blue spectral component because plas-
ma production, even combined with four-wave mixing,
cannot account for a spectrum predominantly shifted to
the red.

Our introductory analysis was based on the expected
breakdown threshold in Xe, a number that has not been
confirmed experimentally for such a short pulse. The
measurements reported here imply that the threshold is
either much larger than 10' W/cm or that other non-
linear processes become important at intensities lower
than the ionization threshold. Ho~ever, an ionization
threshold of even 10' W/cm would not alter the basic
conclusion that current plasma or q2 theories cannot ac-
count for continuum generation in gases.

%e11-controlled experiments are required to determine
ionization rates with femtosccond pulses' in both low-
and high-pressure gases. Aside from their intrinsic in-
terest, these are important because continuum generation

aEO 15 eV, we calculate coo&40 p.m for 1-atm Xe. For
an input po~er of 2X10 %', plasma stabilization is only
consistent with experimental parameters for a breakdown
threshold at I & 10' W/cm . If the same calculation is
made for high-pressure Xe (gases) or for HzO (con-
densed media) the stabilization diameter would be much
smaller and the breakdown threshold much higher.

The assumption that the beam remains stabilized over
a 2zo may seem restrictive since plasma production could
defocus the beam. However, for plasma to modify the
beam divergence of a 0.6-pm pulse by only one
diffraction-limited beam divergence (equivalent to a tt
phase change) an integrated plasma density of JN, dl

I.gx10'7 cm 2 is required. By use of P 0.1, aEO
15 eV, and r 70 fsec, the beam intensity for measur-

able defocusing must be I 6x 10' W/cm . Thus, plas-
ma stabilization (or defocusing) is incompatible with the
Xe multiphoton ionization threshold of -10'3 W/cmz.
We will now show that the high plasma-production rate
required for significant frequency shifting is also incom-
patible with the experimental observations.

The frequency shift due to plasma production'3 is given
by
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may well result from very high-order nonlinear processes
similar to those that manifest themselves in multiphonon
ionization. Many experiments' indicate that at I~10'
Wlcm, the perturbation expansion of multiphoton ioni-
zation converges only weakly, if at alL Since the theory
of nonlinear optics is similar to that of multiphoton tran-
sitions (ionization), we must also expect the traditional
perturbation expansion of nonlinear optics to converge
weakly, if at all. Qualitatively, multiwave mixing is as
likely, or more likely, than four-wave mixing. Thus
high-order effects should dominate spectral broadening
at very high intensities. Inhibited ionization' would only
accentuate this process.

In conclusion, continuum generation is a ubiquitous
response of most and probably all materials to very high-
power short pulses. Whatever theory is eventually
developed, it will not depend upon the detail spectroscopy
of the medium, but will have a very general form.
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G. Berry throughout this experiment.
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