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We report UV four-wave mixing in the LP02 mode of a photonic crystal fiber when pumped by a frequency-doubled
532 nm microchip laser in the normal dispersion regime. A pure LP02 mode was generated for the pump light by a
broadband all-fiber mode converter. Ultraviolet signal wavelengths as short as 342 nm were generated. © 2013
Optical Society of America
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The generation of spatially coherent light in the UV and
visible is important for applications including fluores-
cence spectroscopy and fluorescence imaging. Relatively
few wavelengths in this region are readily available from
laser sources, and many avenues have been explored for
wavelength conversion of existing lasers into this region.
Nonlinearity in optical fibers can fulfil some of the re-
quirements of tunable or selectable wavelengths, and
four-wave mixing (FWM) from 1550, 1064, and 800 nm
sources is well established. Its applications include pulse
generation, broadband optical amplification [1], and op-
tical parametric oscillators [2].
The control over nonlinearity and dispersion that is pro-

vided by photonic crystal fibers (PCFs) [3–5] has enabled
FWM in PCF to be used for high-power red and near-infra-
red sources [6–10]. However, generation of discrete new
wavelengths in the UV range remains difficult. FWM
clearly cannot directly generate wavelengths shorter than
half the pumpwavelength, and it is usually limited tomuch
longer wavelengths. For example, the shortest wave-
lengths available from 1064 nm pumping are beyond
600 nm [9,10]. Although this output may then be frequency
doubled to the UV [11], this adds complexity to the system.
UV generation directly by FWM requires a pump in the

green or blue. Furthermore, for FWM in fiber to generate
signal and idler wavelengths widely separated from the
pump, the pump wavelength must be close to but shorter
than the zero dispersion wavelength (ZDW) of the fiber
[3,4,9–11]. In PCF the ZDW is shortest when the holes are
large, and is then determined mainly by the core diameter
[5]. A core diameter of around 0.9 μm is needed for a
ZDW of 532 nm in the fundamental mode [12,13]. How-
ever, PCFs with such small cores are difficult to draw and
are susceptible to high loss, two-photon absorption, and
damage at high powers [14]. This limits the shortest
wavelength obtainable by FWM.
Alternative phase-matching schemes can overcome

the difficulty of designing fibers for pumping at 532 nm,
including dual-wavelength pumping at 532 and 1064 nm
[15,16] and birefringent or intermodal phase matching
[15,17,18], but none has been able to generate light below
400 nm. Non-FWM UV output has been observed using
femtosecond lasers at 800 nm but in uncontrolled
high-order modes with no scheme for fundamental-mode
output [19]. One may argue that pumping FWM at 532 nm
(from a frequency-doubled laser) requires the same

sequential nonlinearities of second-harmonic generation
(SHG) and FWM as frequency doubling of a 1064-nm-
pumped FWM process, but intracavity SHG is so efficient
and well engineered that 532 nm can in practice be re-
garded as a primary laser. Dispersive wave generation
from ultrashort pulses in gas-filled fibers [20] can yield
wavelengths below 300 nm, but requires a complex mi-
crojoule, sub-100-fs laser source.

Here, we report FWM in PCFs but entirely within the
LP02 higher-order mode. The enhanced waveguide
dispersion of higher-order modes gives short ZDWs even
with relatively large cores. For example, a core diameter
as large as 2.7 μm gives a ZDW of 532 nm for the LP02
mode [12]. FWM in higher-order modes not only permits
the use of 532 nm pump light in robust structures, but the
shape of the dispersion curves makes it easier to target a
particular pump and signal wavelength. To predict the sig-
nal and idler wavelengths as functions of the pump wave-
length and ZDW, phase-matching curves were calculated,
Fig. 1, from momentum and energy conservation [3,6]:

2βp � βs � βi � 2γP (1)

and

2ωp � ωs � ωi; (2)

where βj andωj are the propagation constants and angular
frequencies of the pump, signal, and idler in the
appropriate mode, γ � n2ω0∕cAeff is the nonlinear coeffi-
cient, Aeff is the effective area of the mode and n2 � 2 ×
10−20 m2∕W is the nonlinear refractive index [3]. Here, the
PCFs are approximated by strands of silica surrounded by
air [13], representing the most favorable limit of large
air holes.

For visible wavelength pumping, Fig. 1 shows that the
FWMwavelengths are much more sensitive to both pump
wavelength and core diameter for LP01 than for LP02.
FWM in the LP01 mode in this regime has therefore not
been demonstrated, because it is very difficult experi-
mentally to achieve a combination of pump wavelength
and fiber which gives rise to FWM rather than supercon-
tinuum [13]. As well as being less sensitive to pump wave-
length and diameter, FWM in the LP02 mode also offers
the opportunity to use shorter pump wavelengths (down
to ∼350 nm, compared with 470 nm for LP01), and for a
given pumpwavelength offers shorter signal wavelengths
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(below 300 nm when pumped at 532 nm, compared with
∼350 nm for LP01).
To demonstrate FWM in the LP02 mode experimen-

tally, three few-mode PCFs with similar structures but
slightly different core sizes were drawn from a common
preform. When each fiber was pumped with 532 nm light
in the LP02 mode, FWM peaks were seen at UV (signal)
and near-IR (idler) wavelengths, all outputs also being in
the LP02 mode.
Phase-matching curves for the LP02 mode in the three

PCFs, Fig. 2, were calculated as in Fig. 1 but for an actual
PCF structure rather than a strand-of-silica approxima-
tion. LP02 mode β values were calculated by a plane wave
method [6,21] based on dimensions measured from the
scanning electron microscope (SEM) images of the PCFs.
The hole diameter d, pitch Λ, and inscribed-circle core
diameter were, respectively, 2.03, 2.28, and 2.43 μm for
fiber A, 2.15, 2.39, and 2.49 μm for fiber B, and 2.19,
2.46, and 2.68 μm for fiber C. (The core diameters were
smaller than 2Λ − d because the innermost six holes were
slightly elongated toward the core.)

The phase-matching curves are of similar shape for fi-
bers A, B, and C but with ZDWs at 545, 550, and 567 nm,
respectively. Pump light with a wavelength shorter than
ZDW, where dispersion is normal, will be converted to
widely separated signal and idler wavelengths in the
UV and near-IR, respectively. In this wavelength range,
changing peak pump power in Eq. (1) from 500 to
2000 W has little effect on the predicted signal and idler
wavelengths.

These calculations were tested using a frequency-
doubled Nd:YAG microchip laser as the pump source
(Teem Photonics NG-10320, 0.6 ns pulse duration at
532 nm, 7 kHz repetition rate, 24 mW average power).
The pump pulses were coupled into each fiber via
neutral-density filters, a polarizer, and a half-wave plate
to control input power and polarization, Fig. 3. At the
start of each fiber was a mode filter to ensure a pure fun-
damental LP01 mode, followed by a low-loss all-fiber
broadband LP02 mode converter formed in situ within
the fiber. For details of structures and coupling efficien-
cies see [12], which reports supercontinuum generation
in the same mode. To avoid any nonlinear effects in the
LP01 mode before conversion to the LP02 mode, the dis-
tance of LP01 mode propagation was kept shorter than
20 cm. Mode patterns at the pump and FWMwavelengths
were examined at the output end of the fiber using a
grating and/or bandpass filters. Output spectra were re-
corded with an optical spectrum analyzer (OSA, Ando
AQ6315B), but for wavelengths shorter than the 350 nm
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Fig. 1. Calculated phase-matching curves for (a) the HE11
(LP01) mode and (b) the HE12 (LP02) mode of a strand of silica
in air, giving the signal and idler wavelengths as functions of
pump wavelength for particular diameters. The thicker curves
are for diameters of (a) 0.952 μm and (b) 2.86 μm, in each case
chosen to generate 400 and 800 nm light for a 532 nm pump. The
thinner curves are for increments of 5% diameter of the thick
curves, increasing from left to right [0.571 to 1.90 μm in (a)
and 0.858 to 5.72 μm in (b)]. γP is set to an arbitrarily low value.
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Fig. 2. Nonlinear phase matching for fibers A, B, and C. Solid
lines are calculations for peak pump powers of 500 and 2000 W.
Points are experimental results for a 532 nm pump laser.
Dashed lines are the ZDWs. Inset is an SEM image of fiber B.
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Fig. 3. Experimental setup. HWP, half-wave plate; MF, mode
filter; MC, mode converter. Inset: typical near-field mode
pattern at 532 nm.
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limit of the OSA a UV spectrometer (Ocean Optics

USB4000) was used instead.
Figure 4 shows output spectra for 2 m of LP02-mode

propagation in fiberA.The∼140 pscalculatedwalk-off be-
tweenpumpand idlerpulses for this lengthof fiber ismuch
less than thepumppulseduration (pump-signal andsignal-
idler walk-off are smaller). The calculated signal and idler
wavelengths were 393 and 824 nm, respectively, and the
observed signal wavelength was 390 nm. This demon-
strates that the plane wave calculation based on the SEM
image was sufficiently accurate to predict FWM wave-
lengths, which is fortunate because the dispersion of
higher-order modes is difficult to measure directly [22].
For low pump power we see FWM peaks rise just

above the background noise at locations well-separated
from the pump wavelength. Around the pump wave-
length there are also two stimulated Raman scattering
(SRS) Stokes peaks at 545 and 558 nm and an anti-Stokes
peak at 520 nm at about 15 dB less intensity than the
545 nm Stokes. Amplification of the anti-Stokes peak is
due to weak coupling between SRS and FWM, as has
been observed in the fundamental mode [7].
At an output power of 1.6 mW (∼400 W coupled peak

power) the signal remains narrowband (FWHM �
∼1 nm), Figs. 4 and 5(a). The Raman Stokes wavelengths
near the pumpwavelength are longer than the ZDW in this
fiber, and have sufficient power to form a continuum
[6,23]. CascadedRaman peaks appeared in the signal after
just a slight increase of output power to 1.7mW, indicating
sufficient UV power to generate new wavelengths. This
can be alleviated by shortening the fiber to an appropriate
length for the particular pump power [9]. The idler is in
the anomalous dispersion regime of the fiber, and we
attribute its long-wavelength broadening to pulse breakup
and the formation of Raman-shifting solitons. As well as
the expected FWM, Fig. 4 shows weak sidebands at other
wavelengths, such as those at 482 and 595 nm in Fig. 4.

These are not measurement artifacts and are consistent
with an energy-conserving FWM process pumped at
532 nm, but we do not yet understand the corresponding
phase-matching condition.

The near-field mode patterns at the pump and FWM
wavelengths were checked regularly during the experi-
ments and showed LP02 mode purity of ∼20 dB through-
out, as determined by measurement of the intensity node
[24]. Discrete images were made at wavelengths for
which we have 10 nm bandpass filters, Fig. 4, and dis-
persed images produced by a diffraction grating provided
information across all wavelengths.

To test for fiber uniformity, another mode filter and
mode converter were made in a new section of fiber A
and the experiment was repeated. Small differences in
the FWMwavelengths were observed, Table 1. These cor-
respond to a variation in fiber dimensions of around 0.2%,
which is consistent with the uniformity of the fiber draw-
ing process and potentially provides a way to measure
core diameter variations to an accuracy of a few
nanometers.

We repeated the experiment using fiber B, which had a
slightly longer ZDW. The device had 1.7 m of LP02 propa-
gation after the mode converter. The signal and idler
were more widely separated than in fiber A, as expected
from the phase-matching curve in Fig. 2. The signal spec-
trum, with a peak at 375 nm, is shown in Fig. 5(b). For
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Fig. 4. Output spectra at different output powers in 2 m of fi-
ber A. Resolution is 2 nm, each spectrum is vertically offset by
20 dB for clarity. Top row: output near-field patterns at selected
wavelengths.
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Fig. 5. (a), (b), (c) Signal spectra for fibers A, B, and C, respec-
tively, at specific output powers. (a) and (b) were recorded by
an OSA, (resolution 0.2 nm) while (c) was obtained by a UV
spectrometer (resolution 1.3 nm). Insets: output near-field im-
ages at the signal wavelengths.

Table 1. Theoretical (Th.) and Experimental (Exp.)
Fiber Parameters and FWM Peaks

ZDW (nm) Signal (nm) Idler (nm)

Fiber Th. Th. Exp. Th. Exp.

A (test 1) 545 393 390 824 839
A (test 2) 545 393 392 824 829
B 550 376 375 910 918
C 567 344 342 1171 1198
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1.7 m of LP02 mode propagation in fiber C, which had an
even longer ZDW, the signal wavelength was shorter still
at 342 nm, Fig. 5(c). In this case the calculated walk-off
between pump and idler pulses was 330 ps, more than
twice that of fiber A, and the calculated FWM gain band-
width was also narrower. The wavelength conversion ef-
ficiency was therefore reduced and we did not observe
any Raman Stokes line in the signal, even for a total out-
put power of 3.2 mW.
UV power measurements were challenging for the low

powers in our experiments. We measured the total out-
put power for fiber B with and without a UV bandpass
filter. The measured powers were 90 μW and 1.6 mW, re-
spectively, corresponding to a conversion efficiency of
about 6%. Unfortunately the long wavelength transmis-
sion edge of the filter coincided with the peak signal
wavelength of 375 nm so this measurement is an under-
estimate—the real value should be rather higher. How-
ever, the easily observed cascaded Raman peaks in the
signal peaks of fibers A and B indicate high conversion
efficiency to short wavelengths.
In conclusion, we have experimentally demonstrated

parametric FWM in the LP02 mode via low-loss mode con-
vertors pumped by a pulsed 532 nm laser. This provides
an efficient way to generate well-defined UV wavelengths
using an inexpensive source. If necessary, all three light
waves could be converted back to the fundamental mode
by a reversed mode converter at the output [12]. Appli-
cations for light of such wavelengths include fluores-
cence microscopy.

Y. C. acknowledges the support of the China Scholar-
ship Council. The authors would like to thank D. M. Bird
for assistance with plane wave modeling of PCFs.
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