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Abstract Broadband chirped-pulse four-wave mixing and
a pulse compressor consisting of a prism pair and a grat-
ing pair are used to generate 10.3-fs deep-ultraviolet pulses.
A large proportion of the dispersion up to 1000 fs2 is com-
pensated without inducing third-order dispersion, which to-
gether with the smooth spectral and temporal profiles of the
pulses makes them suitable for ultrafast spectroscopy. Un-
expected spectral narrowing is observed when short input
pulses were used for four-wave mixing. This narrowing is
explained in terms of other third-order nonlinear phenom-
ena, namely self-phase and cross-phase modulations, which
occur simultaneously with four-wave mixing.

1 Introduction

Real-time vibrational spectroscopy using pulses shorter than
molecular vibration periods has been extensively used to
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study relaxation of electronically excited states and vibra-
tional dynamics of molecules [1, 2]. Simultaneous measure-
ments have made it possible to study the molecular structural
changes that occur during chemical relaxations [3–5]. Such
experiments have been performed using ∼5-fs visible pulses
from a noncollinear optical parametric amplifier. Ultrashort
(∼10 fs) deep-ultraviolet (DUV) pulses are anticipated to be
useful for investigating DUV photochemistry in biologically
important molecules that absorb DUV such as DNA and pro-
teins, which cannot be excited by visible pulses. However,
sub-10-fs DUV pulses have not yet been applied to spec-
troscopy despite 10-fs and shorter DUV laser pulses hav-
ing been generated by several approaches [6–10]. The main
difficulty in applying short DUV pulses is the large group-
delay dispersion (GDD) generated even in transparent media
such as air and the sample cell windows used in pump–probe
spectroscopy. This problem is more acute in the DUV region
than in the near UV and visible regions. This GDD needs to
be compensated for without inducing third-order dispersion
(TOD), otherwise satellite pulses will be generated in the
temporal profile.

Several approaches have been used to simultaneously
compensate for GDD and TOD, including methods based
on using a prism and grating compressors [11, 12], a de-
formable mirror [13–15], and an acousto-optic programm-
able dispersive filter [16, 17]. Of these methods, the pulse
compressor consisting of prism and grating pairs has su-
perior cost effectiveness and it has been utilized to gen-
erate few-cycle pulses [11, 12]. A broadband DUV light
source is required for generating 10-fs and shorter DUV
pulses. A technique based on broadband chirped-pulse four-
wave mixing (BCP-FWM) has been proposed for this ob-
jective [18]. BCP-FWM can compensate positive group-
velocity dispersion in transparent media; however, to com-
pensate for positive GDD as large as 1000 fs2, the pulse en-
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ergy of the DUV pulse generated by BCP-FWM becomes
very low.

This communication reports the generation of 10-fs DUV
pulses by compensating a GDD of about 1000 fs2. The laser
system used is based on BCP-FWM and a pulse compres-
sor consisting of a prism pair and a grating pair. This sys-
tem is capable of producing both a smooth broadband spec-
trum and single pulses. By using short input pulses for BCP-
FWM, a conversion efficiency into DUV pulses was ob-
tained that was nine times greater than that obtained in a
previous study [18]. As a result, a DUV pulse that was suit-
able for ultrafast spectroscopy was generated with a pulse
energy of 150 nJ (even after lossy pulse compressors). De-
pending on the spectral width of the input idler pulse, nar-
rowband DUV pulses were generated despite the use of a
broadband input idler pulse. The origin of this undesirable
phenomenon is explained in terms of the frequency chirps
of the input pulses and energy conservation in the four-wave
mixing (FWM) process.

2 Experimental

Similar to a previous study [18], a near-infrared (NIR)
pulse with a pulse duration of 35 fs, a repetition rate
of 1 kHz, and a center wavelength of 800 nm was gen-
erated by a Ti:sapphire chirped-pulse amplifier. A por-
tion of the pulse energy was used to generate a broad-
band NIR pulse (idler pulse) through self-phase modulation
(SPM) in a hollow fiber (length: 600 mm; core diameter:
250 μm; 0.5-mm-thick fused-silica windows) filled with Kr
gas (0.80 atm). The remainder of the pulse energy was con-
verted into a second-harmonic near-ultraviolet (NUV; wave-
length: 400 nm) pulse in a 0.2-mm-thick β-BaB2O4 crys-
tal. The broadband NIR pulse was reflected six times off
chirped mirrors (Layertec) with a negative GDD of −40 fs2,
whereas the NUV pulse (pump pulse) was compressed to a
nearly transform-limited pulse by a prism pair. The positive
frequency chirp in the NIR pulse was not completely com-
pensated for and the NIR pulse was broader than the pump
pulse. After being combined collinearly by a 0.5-mm-thick
dichroic mirror (fused silica substrate, Laser Components
GmbH), the idler and pump pulses were focused into a hol-
low fiber (second hollow fiber; length: 550 mm; core diam-
eter: 140 μm; 0.5-mm-thick MgF2 windows) filled with Ar
gas (0.09 atm) using an aluminum-coated concave mirror
with a focal length of 750 mm. The second hollow fiber was
550 mm long and had a core diameter of 140 μm. The pump
and idler, respectively, had pulse energies of 90 and 60 μJ in
front of the second hollow fiber chamber. After collimation
by another concave mirror with a focal length of 750 mm,
the generated p-polarized DUV pulse passed through a grat-
ing compressor and a prism compressor. These compressors

consisted of two gratings (blaze wavelength: 240 nm; groove
density: 240 lines/mm; incidence angle: 5°) and two cal-
cium fluoride prisms with low-dispersion dielectric mirrors
(for s-polarization, Lattice Electro Optics). The apex sepa-
ration between the two prisms was 89 mm and the separa-
tion between the two gratings was 535 mm. This introduces
a GDD and TOD of −950 fs2 and −460 fs3 at 267 nm, re-
spectively. This amount of GDD is difficult to be obtained by
the use of only one of the compressors without substantial
satellite-pulse generation. The DUV pulse emerging from
the compressor was characterized using a dispersion-free
self-diffraction frequency-resolved optical-gating (FROG)
[19] that used a 100-μm-thick sapphire plate as the nonlin-
ear medium.

3 Results and discussion

The two input beams into the second hollow fiber were care-
fully aligned collinearly, and the coupling of the beams was
optimized by maximizing the output signal energy. The cen-
ter wavelength of the signal depended on the time delay
between the idler and pump pulses because of the positive
chirp of the input idler. The delay was adjusted to lead to
maximum temporal overlap between the two input pulses,
i.e., the pump pulse was overlapped with the center part of
the idler. The center wavelength of the signal depends sen-
sitively on the time delay when the chirp rate of the idler is
large.

The DUV pulse from the hollow fiber had a pulse energy
of 2 μJ, which decreased to 150 nJ after the pulse had passed
through the pulse compressors and been reflected from sev-
eral aluminum mirrors that guide the pulse into the auto-
correlator. The use of the aluminum mirrors was because a
broadband low dispersion mirror was not available for p-
polarization and for a small angle of incidence. The grating
compressor and prism compressor, respectively, had energy
throughputs of 24% and 96%, giving a total energy through-
put of 17%. The resultant pulse energy of 150 nJ is sufficient
for pump-probe spectroscopy. The energy may be improved
by replacing the grating pair by broadband chirped mirrors
when it will be available in the future. In addition, since the
energy conversion efficiency depends nonlinearly on the in-
tensity of the pump pulse, increase in the pump pulse energy
results in substantial increase in the signal pulse energy [20].
As Fig. 1(a) shows, the generated DUV pulse has a smooth
spectrum despite the spectrum of the input idler pulse con-
taining sharp structures [Fig. 1(b)]. This is because the input
idler pulse is slightly longer than the input pump pulse, as
discussed in [20].

Figure 2(a) shows the measured self-diffraction-FROG
trace for the compressed DUV pulse. The trace was analyzed
using commercial software (FROG 3.0, Femtosoft Tech-
nologies). Figure 2(b) shows the retrieved trace from the
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Fig. 1 Spectra of (a) the output
DUV pulse and (b) the idler
pulse

Fig. 2 (a) Measured and (b)
retrieved FROG traces. (c) The
spectrum measured with the
spectrometer (dotted line), the
spectrum (solid line), and the
spectral phase (broken line)
retrieved from the FROG traces
are shown. (d) The temporal
intensity profile of the
transform-limited pulse
corresponding to the measured
spectrum is shown by the dotted
line, and the retrieved temporal
intensity profile and phase are
indicated by the solid and
broken lines, respectively

analysis; the FROG error in the retrieval was 0.007, which
indicates a high retrieval accuracy. Figure 2(c) depicts the
retrieved spectrum; it shows good agreement with the spec-
trum measured using a spectrometer [dotted line in Fig. 2(c);
it is the same as Fig. 1(a)]. The retrieved spectral phase is not
substantially distorted by GDD or TOD with a small varia-
tion of 0.8 rad over the range 262 to 283 nm. The peak inten-
sity of the pedestal component of the retrieved temporal pro-
file is 25 times lower than that of the main pulse. The tem-
poral profile consists of nearly a single pulse with a duration
of 10.3 fs. The transform-limited pulse duration of the pulse
is 8.0 fs, which was calculated using the measured spec-
trum shown in Fig. 1(a). The 29% difference in the pulse
durations may be due to residual high-order dispersion that
could not be compensated by the compressors. However, it
is expected that this 10-fs DUV pulse can easily be used for
ultrafast pump−probe spectroscopy. In DUV ultrafast spec-
troscopy of a sample in solution, it is preferable not to use a
fused-silica cell because two-photon absorption may occur.
Instead, it is better to use a cell with CaF2 windows. Since
the prism compressor used to compress the DUV pulse con-
tains prisms made of CaF2, the group-velocity dispersion in

the sample cell can be easily and precisely precompensated
by simply varying the insertion of the second prism of the
prism-pair compressor.

Using a broader input pulse spectrum might be expected
to generate a signal DUV pulse with a broader spectrum
in the BCP-FWM process. However, the opposite observa-
tion was made in the present experiment. The output DUV
pulse spectrum from the second hollow fiber chamber de-
pended on the Kr pressure in the first hollow fiber, as shown
in Fig. 3(a). When the Kr pressure was <10−4 atm and the
NIR pulse was not spectrally broadened in the first hollow
fiber, the DUV pulse generated by the FWM had a full width
at half maximum (FWHM) of 8 nm. Even though the input
idler pulse bandwidth increased monotonically in the first
hollow fiber when the gas pressure was increased from 0
to 0.78 atm, the spectral width of the DUV pulse decreased
with increasing gas pressure until the FWHM reached a min-
imum of 4 nm (between 0.27 and 0.4 atm), as shown in
Fig. 3(b). At Kr pressures above 0.4 atm, the DUV pulse
bandwidth increased with increasing gas pressure.

This behavior can be explained by energy conservation
in FWM. Energy conservation in the FWM process can
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Fig. 3 (a) Dependence of
spectra and (b) FWHM of the
DUV pulses from the hollow
fiber on the pressure of Kr-gas
in the first hollow fiber.
(c) Spectra of the input (solid
line) and output pump pulses
from the hollow fiber. Dotted
line corresponds to the spectrum
of the output pump pulse
measured when both the pump
and idler pulses were coupled to
the hollow fiber, whereas broken
line was obtained when only the
pump pulse was coupled

be expressed by ωpump + ωpump − ωidler = ωsignal, where
ωpump,ωidler, and ωsignal are the pump, idler, and signal an-
gular frequencies, respectively. When the pump and idler
pulses are linearly chirped, the angular frequencies of the
pump and idler pulses are ωpump(t) = 2ω0 + βpumpt and
ωidler(t) = ω0 + βidlert , respectively. Here, ω0 is the cen-
ter angular frequency of the idler and βpump and βidler are
the chirp rates of the pump and idler pulses, respectively.
Energy conservation gives the DUV signal pulse frequency,
ωsignal(t) = 3ω0 + (2βpump − βidler)t . The frequency chirps
of the idler and pump pulses cancel each other out when
the frequency chirps of the two input pulses have the same
signs. When 2βpump − βidler = 0 is satisfied, no frequency
chirp is induced in the signal pulse. Since the pump pulse
is shorter than the idler pulse, the duration of the temporal
overlap between the two input pulses, and thus the signal-
pulse width, are mainly determined by the pump-pulse du-
ration. By the increase in the gas-pressure in the first hollow
fiber, the chirp rate of the signal changes according to the
increase in the chirp rate of the idler while the signal pulse
duration does not change appreciably. For a given temporal
profile of a pulse, the smaller the chirp rate, the narrower
the bandwidth of a pulse [21]. The narrowest bandwidth is
therefore obtained at a certain gas-pressure at which no fre-
quency chirp is introduced in the signal pulse.

In the present experiment, frequency chirps were induced
in the input pulses by SPM in the first hollow fiber as well as
by the prism pair and the windows of the hollow-fiber cham-
bers. The peak intensity of the input NUV pump pulse was
sufficiently high to induce SPM in the second hollow fiber
and SPM induced a positive chirp in the pump pulse during

propagation, as was also observed in a previous study [6].
Cross-phase modulation due to the interaction between the
pump and idler also slightly broadened the spectral width of
the pump pulse. When only the pump pulse was coupled
to the hollow fiber, the pump pulse spectrum was broad-
ened and the output pump pulse spectrum extended from
390 to 417 nm. On the other hand, the input pulse spectrum
extended from 390 to 410 nm, which is slightly narrower
than the output spectrum of the pump pulse. The pump pulse
spectrum changed when the idler and pump pulses were si-
multaneously coupled to the fiber [Fig. 3(c)], although the
spectral range was similar to that obtained when the idler
pulse was not coupled. The input idler pulse was also posi-
tively chirped. The frequency chirp was induced by the SPM
in the first hollow fiber and was not completely compen-
sated by the chirped mirrors. The chirp rate of the input
idler pulse depended on the SPM efficiency and hence on
the Kr pressure. The pump and idler pulses were thus pos-
itively chirped during the FWM interaction. When the Kr
pressure was lower than 0.27 atm, two times the chirp rate
of the pump pulse, 2βpump, was greater than that of the idler
βidler. For Kr pressures between 0.27 and 0.40 atm, 2βpump

was nearly equal to βidler and the minimum spectral width
of the DUV pulse. At Kr pressures above 0.40 atm, 2βpump

was smaller than βidler, so that the DUV pulse bandwidth
increases monotonically with gas pressure. Based on these
experimental results, we conclude that using a broader NIR
spectrum does not necessarily produce a DUV pulse with
a broader spectrum. The ratio of the frequency chirps of
the idler and pump pulses, including those induced during
FWM, need to be considered for broadband DUV pulse gen-
eration.
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4 Conclusion

Satellite-free 10-fs DUV pulses were generated by BCP-
FWM followed by dispersion compensation using prism and
grating pairs. Positive GDDs induced in transparent media
of up to 1000 fs2 were compensated by the compressor in
the laser system without inducing TOD. A nearly single
pulse structure and smooth broad spectral profile were ob-
tained for the DUV pulse. These features are useful when
DUV pulses are applied to ultrafast spectroscopy. Narrow-
band DUV pulses were also obtained when the frequency
chirps of the two input pulses cancelled out. Both the fre-
quency chirps of the input pulses before the FWM interac-
tion and the frequency chirp induced during nonlinear prop-
agation inside the hollow fiber significantly influenced the
DUV pulse bandwidth. The peak intensities (or pulse en-
ergies) of the input pulses, and thus the efficiencies of the
SPM and cross-phase modulation induced inside the hollow
fiber must be carefully considered when generating broad-
band DUV pulses or short DUV pulses by this approach.
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