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We use self-phase modulation in a single-mode fiber to produce broadband femtosecond laser pulses. Subsequent amplification
through two Bethune cells yields high-energy, tunable, pulses synchronized with the output of an amplified colliding-pulse-mo-
delocked (CPM) laser. We routinely obtain tunable 200 pJ pulses of 42 fs (fwhm) duration with a nearly perfect gaussian spatial
profile. Although self-phase modulation in a single-mode fiber is widely used in femtosecond laser systems, amplification of a
fiber-generated supercontinuum in a Bethune cell amplifier is a new feature which maintains the high-quality spatial profile while
providing high gain. This laser system is particularly"well suited for high energy dual-wavelength pump = probe experiments and

time-resolved four-wave mixing spectroscopy.

The rapid developments in nonlinear laser spec-
troscopy and ultrafast phenomena have created a
need for laser systems satisfying stringent require-
ments. First of all, many four-wave mixing spectro-
scopic techniques require a synchronized source of
two different frequencies w, and w,. Furthermore, at
least one of these two frequencies must be tunable so
that the difference frequency w, —w, can be matched
with the resonance of interest. Pulse energies greater
than 100 pJ are required to study the dynamics of
highly excited materials. To probe these dynamics
on a subpicosecond time scale, pulse widths must be
on the order of 100 fs or less. Finally, because all of
these techniques involve the overlap of two or more
beams, a smooth spatial beam profile is essential.
Thus, progress in nonlinear laser spectroscopy and
ultrafast phenomena will be greatly enhanced by laser
systems with the following six characteristics: (i) two
beams at different frequencies, (ii) tunability, (iii)
time synchronization, (iv) high pulse energy, (v)
femtosecond pulse width, and (vi) excellent spatial
profile.

Previous attempts at such a laser system suffer from
one of two main problems: time jitter and poor spa-
tial profile. The synchronously pumped dye laser
system can produce femtosecond pulses, but the time

jitter between the two beams is a few picoseconds,
severely limiting the temporal resolution [1,2]. The
synchronization problem can be solved by using part
of one beam to generate a continuum in a nonlinear
medium which then becomes the source for the sec-
ond beam [3-5]. However, this method is accom-
panied generally by self-focusing in the nonlinear
medium which leads to the spatial breakup of the
beam into random light filaments *! [6].

We use continuum generation in a single-mode,
polarization-preserving fiber to solve the synchro-
nization problem while completely avoiding self-fo-
cusing effects [7]. The output of our fiber is ampli-
fied in a Bethune cell dye amplifier which preserves
the nearly perfect gaussian spatial profile of the fiber
output while achieving a final output energy of 100-

#1 To generate high energy pulses, we use a low repetition rate
system. Although in a high repetition rate system the input
energy for white light generation can be controlled such that
it is above the threshold for self-phase modulation but below
that for self-focusing, the same does not hold for low repeti-
tion rate systems. The energy fluctuations of low repetition
rate systems make it impossible to maintain the input energy
within the narrow energy window between the threshold for
self-phase modulation and that for self-focusing. For details
on self-focusing and self-phase modulation, see ref. [6].
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200 uJ [8]. Efficient amplification results from tem-
poral pulse broadening in the fiber due to positive
group velocity dispersion > [9]. The broadened
spectrum and linear frequency chirp of the amplified
output allow temporal pulse compression to a pulse
width shorter than that of the input to the fiber [10-
12]. Our pulses are compressed by a grating pair to
42 fs (fwhm).

Although single-mode fibers are used in other ul-
trafast laser systems for continuum generation and
pulse compression purposes, none of these systems
exhibits all six of the above characteristics [13]. The
combination of the single-mode fiber and the Be-
thune cell amplifier is a novel and potentially very
useful to designing a laser system particularly well
suited to the fields of nonlinear laser spectroscopy
and ultrafast phenomena.

Fig. 1 shows a schematic diagram of the fiber-am-
plifier setup. An amplified colliding-pulse-mode-
locked (CPM ) system ** [ 14] pumped with a 10 Hz,
300 mJ, frequency-doubled Q-switched Nd:YAG
laser produces 600 pJ, 150 fs (fwhm) pulses cen-
tered at 620 nm. Most of this output is used without

#2 This effect is similar to the chirped pulse amplification dis-
cussed in ref. [9].
# Our amplifier is similar to the one described in ref. [14].
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Fig. 1. Schematic diagram of the fiber-amplifier setup. BS, beam
splitter; 4/2, broadband half-wave plate; P, polarizer; PT, pho-
totube; GL, gradient index lens; A1, first amplifier stage; L, lens,
SF, spatial filter; A2, second amplifier stage; GP, grating pair.
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further modification as a pump beam for pump-probe
experiments or split into two w, beams for four-wave
mixing techniques. The remainder of the energy is
used in a second beam to generate a pulse train at a
tunable frequency w, that is synchronized with the
w, beam.

This second beam is sent into a 20 mm, single-
mode, polarization-preserving fiber with a 3.3 um
core diameter to provide a supercontinuum. To pre-
vent damaging the fiber, a half-wave plate and a po-
larizer cube are used to limit the input energy to ap-
proximately 1.5 pJ #*. The polarization of the laser
beam is matched to the birefringent axis of the fiber
with another half-wave plate, and two gradient index
rods couple the beam into and out of the fiber.

The output from the fiber is amplified in two Be-
thune prism dye cells, which preserve the Gaussian
spatial profile. To amplify the long-wavelength re-
gion of the fiber output we use DCM dissolved in
methanol with the dye concentration optimized for
uniform pumping ** [15]. The first dye cell has a 2
mm bore diameter and is pumped with 40 mJ laser
pulses from the same Nd: YAG laser that pumps the
main amplifier. The second cell, with a 3 mm bore
diameter, is pumped with 50 mJ pulses produced by
doubling the residual infrared energy from the
Nd:YAG laser. A spatial filter with an 80 pm pin-
hole between the two dye cells suppresses amplified
spontaneous emission. The amplified pulses are re-
compressed temporally by two 600 grooves/mm dif-
fraction gratings, which provide negative group ve-
locity dispersion to counter the positive dispersion
in the fiber-amplifier setup [16].

The amplified output has a broad spectral range
and high energy, and exhibits a shorter pulsewidth
and cleaner spatial profile than the input to the fiber.
The fiber produces a useful spectral range greater than
200 nm, compared to the 5 nm bandwidth of the in-
put pulses. The single-shot spectrum in fig. 2 cor-

# Our coupling efficiency into the fiber is less than 10% because
the input beam cannot be focused tightly enough, so most of
the 1.5 uJ is lost at the front face of the fiber. However, the
relatively large size of the input beam allows for easier align-
ment, so the low coupling efficiency is actually a practical
advantage.

5 Uniform pumping of a dye solution with an absorption coef-
ficient « at the pump frequency in a Bethune prism cell with
hole radius r occurs for ar=0.75. See ref. [15].
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Fig. 2. Single-shot spectrum of the fiber output obtained at an
input energy of 1.27 wJ. The narrow spectrum centered at 620
nm is that of the output of the CPM.

responds to a fiber input energy of 1.27 uJ, which is
about 13 times the threshold for self-phase modu-
lation in the fiber. We measured the input energy de-
pendence of the spectral broadening and found that
the width of the broadened spectrum is independent
of input energy above a critical value of 10 times the
threshold. Thus, shot-to-shot stability in the band-
width of the spectrum is assured by maintaining the
input energy above this critical value. Following am-
plification, the bandwidth is determined by the spec-
tral range of the amplifying dye (cf. figs. 2 and 3).
Note that the single-shot amplified pulse spectrum
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Fig. 3. Single-shot spectrum of the output from the two-stage am-
plifier using DCM dissolved in methanol. The width of the spec-
trum reflects the gain-bandwidth of the dye.
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shown in fig. 3 exhibits significantly less structure
than the single-shot unamplified pulse spectrum in
fig. 2. This spectral smoothening is due largely to gain
saturation in the amplifier, which also gives shot-to-
shot spectral and energy stability.

The amplifier after the fiber has a first-stage gain
of 5000 and a second stage gain of 40, yielding a total
energy of 100-200 wJ, less than 1% of which is am-
plified spontaneous emission. This efficient ampli-
fication is possible because of the spectral and tem-
poral broadening of the pulse by the fiber. In
addition, the broadened spectrum and the linear fre-
quency chirp allow compression of the pulse to a
shorter duration than that of the input pulse to the
fiber. With a perpendicular distance of 55 mm sep-
arating the two gratings, we obtain a single-shot
pulsewidth of 42 fs (fwhm); a deviation of 5 mm in
the grating separation distance results in a 35% in-
crease in the pulsewidth. The main benefit of Be-
thune cell amplification of the output from a single-
mode fiber is the smooth and stable spatial profile
that results. Fig. 4 shows the far-field pattern of the
amplified beam photographed using a CCD camera
at a distance of 3 m from the last amplifier stage, as
well as profiles along the x- and y-axes which are al-
most perfect gaussians. Moreover, the spatial profile
shows very little shot-to-shot fluctuation, which is a
distinct advantage for techniques involving beam
overlap.

The flexibility of the system can be increased by
placing the fiber immediately after a one- or two-stage
pre-amplifier rather than splitting off the input to the
fiber from a high-energy beam. Then, a beamsplitter
can be placed after the fiber resulting in two super-
continuum beams, each sent through a separate dye
amplifier to provide two broadband, high-energy
pulse trains at different wavelengths. About 350 mJ
of frequency-doubled Nd: YAG pulse energy should
be sufficient to pump the pre-amplifier as well as a
three-stage amplifier and a two-stage amplifier fol-
lowing the fiber with respective outputs of 1 mJ and
200 wJ per pulse. We are currently implementing such
a design. Both beams will then be independently tun-
able and compressible to 40-50 fs. Furthermore, the
nearly perfect spatial profile of the two beams should
greatly reduce experimental noise caused by fluctua-
tions in beam overlap at the sample. With a broader
gain-bandwidth amplifier, such as a Ti:sapphire-
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Fig. 4. Single-shot far-field spatial profile of the amplified pulse. The image was taken using a CCD camera. The dots in the horizontal
and vertical profiles are data points; the solid lines are gaussian fits; r is the correlation coefficient of the fit.

based amplifier, this technique could produce even
shorter pulsewidths while maintaining high energies.

In conclusion, we present a versatile femtosecond
laser system producing two beams at different fre-
quencies and synchronized in time. Tunability, high
energy and excellent spatial profile are provided by
the combination of supercontinuum generation in a
single-mode fiber and amplification in a two-stage
Bethune cell amplifier. The output from this fiber-
amplifier combination, which is compressed by a
grating pair to 42 fs pulse width (fwhm), has a tun-
ing range greater than 200 nm and pulse energies of
100-200 pJ. Because the shortcomings of time jitter
and poor spatial profile are eliminated, this system
is particularly well suited for high-energy dual-wave-
length pump-probe experiments and ultrafast non-
linear laser spectroscopy.
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