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Broadband light generation by noncollinear
parametric downconversion
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Broadband light generation is demonstrated by noncollinear spontaneous parametric downconversion with
a cw pump laser. By use of a suitable noncollinear phase-matching geometry and a tightly focused pump
beam, downconverted signals that feature a bell-shaped spectral distribution with a bandwidth approaching
200 nm are obtained. As an application of the generated broadband light, submicrometer axial resolution in
an optical coherence tomography scheme is demonstrated; a free-space resolution down to 0.8 um was

achieved. © 2006 Optical Society of America
OCIS codes: 190.2620, 190.4410.

Broadband optical sources are needed for many cur-
rent scientific and technological applications as di-
verse as wavelength division multiplexing, signal
generation and amplification for telecommunlca—
tions,! generatlon of short pulses and phase-
stabilized pulses,® optical metrology,* tunable high-
precision spectroscopy,5 and optical coherence tomog-
raphy (OCT).® A powerful route to generating
broadband light is supercontinuum generation. Cur-
rently, pulsed solid-state lasers in combination with
photonic-crystal fibers and tapered fibers’ make su-
percontinuum generation a promising technique that
is being exploited to produce broadband spectral
sources. However, for most applications, a smooth
rectangular or quasi-Gaussian spectrum, together
with a high bandwidth, is desirable. A salient ex-
ample of this need is OCT, a noninvasive imaging
technique with many applications in biology and
medicine, in which axial resolution is thus enhanced
by the use of a broadband source.™” However, irregu-
lar spectral profiles cause sidelobes to appear in the
acquisition 1nterferograms 19 and thereby adversely
affect the quality and precision of the measurements.

The spectrum obtained by use of photonic-crystal
fibers is often nonuniform and can even contain gaps,
which limit their usefulness. The supercontinuum
light generated by such sources can be optimized by
either of two approaches. One is the use of spectral
shapers to smooth the envelope (see, for example,
Ref. 11). However, these filters must be designed for a
specific operating wavelength, and their performance
is restricted as a result of their limited spectral range
and high losses. The second approach relies on opti-
mizing the conditions under which the supercon-
tinuum is generated, including using input pulses
with different chirps, polarizations, and powers as
well as fibers with different lengths and core sizes.'?
However, by and large, the generation of smooth bell-
shaped spectra is complicated and cumbersome.

A potential alternative for specific applications is
parametric downconversion. Quadratic nonlineari-
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ties have been considered for broadband tunable gen-
eration in most of the applications mentioned above,
as nonlinear optical-frequency conversion can be
used to extend the useful wavelength range of avail-
able laser sources. For example, important advances
have been made by use of ultrashort-pulse nonlinear
frequency conversion in aperlodlc quasi-phase-
matched lithium niobate (L1Nb03) However, the
potential for broadband light generation based on
quadratic nonlinearities in noncollinear phase-
matching geometries has not yet been fully explored.

Here we demonstrate a new way to obtain broad-
band light based on noncollinear spontaneous para-
metric downconversion. With reasonable pump inten-
sities, the source generates a low power output, a
property that restricts its potential applications.
However, it is robust, easy to implement, and, impor-
tantly, offers the possibility of readily engineered
spectra with greatly enhanced bandwidths. In prin-
ciple, such sources can be made to operate at many
different central frequencies that may be of interest,
including those for which other broadband sources
are not available. Indeed, noncollinear parametric
downconversion in a quasi-phase-matched crystal
has been shown to be a source of broadband infrared
light.* Moreover, it was shown theoretically that
there is a direct relation between the spatial shape of
the pump laser beam and the spectral properties of
the downconverted light in such geometries.

The central point of our scheme is the use of an ap-
propriate noncollinear angle, together with a tightly
focused pump beam, a recipe that makes possible the
generation of downconverted photons with clean
broadband spectral shapes. To illustrate the applica-
tion of the technique, we demonstrate submicrometer
axial resolution in an OCT configuration.

The experimental setup is sketched in Fig. 1. Light
from a monochromatic cw Kr*-ion laser, operated at a
wavelength \,=406 nm, after passing through a
prism and an aperture (not shown) to remove the
spontaneous glow of the laser tube, pumps a 1.5 mm
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long type I lithium iodate (LilOs) nonlinear crystal,
cut at #=41.7° for degenerate collinear phase match-
ing. Proper rotation of the nonlinear crystal permits
phase matching at the desired noncollinear angle.
Lenses of different focal lengths are placed before the
crystal to control the input pump beam waist. The
downconversion angle selected for our purposes was
$»=9°. The formalism of Ref. 15 for the single-photon-
detection case predicts a clean, broad, bell-shaped
spectrum for tightly focused pump beams, with beam
waists of the order of 1 um for this angle, a predic-
tion confirmed by our observations.

The signal beam, of central wavelength X\,
=812 nm, is directed into a Michelson interferometer
(labeled MI in Fig. 1). After passing though a
variable-sized aperture and a long-pass filter with
cutoff wavelength 515 nm, removing the residual
pump radiation, the output of the MI is focused into a
multimode optical fiber and directed to a single-
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Fig. 1. Experimental setup. BS, beam splitter.
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Fig. 2. (a), (c) Measured interference fringes normalized to

the constant-background value versus the displacement of
the delay line. (b), (d) Normalized power spectrum (ob-
tained from the Fourier transform of the envelope of the in-
terferogram) for a reflective mirror sample and two spot
sizes of the input pump beam. (a), (b) 131 um spot size
pump beam. (¢), (d) 2.6 um spot size pump beam. The
downconversion angle was ¢=9°, the total pump power
was 50 mW, and a 1 mm detection aperture with a 2 s
counting time was used.

photon-counting detector (EG&G, SPCM-AQR-15).
By moving the mirror in steps of 30 nm in the refer-
ence arm (M) of the MI, we were able to obtain the
OCT interferogram of the sample (S) placed in the
other arm. All optical components of the system were
selected to provide optimal performance in the 400—
1000 nm wavelength range. The typical power at the
detector for our system was of the order of picowatts.
However, notice that optimized spontaneous para-
metric downconversion sources, employing periodi-
cally poled materials with large effective nonlineari-
ties and pumped with higher-power lasers, can
produce output powers of the order of several

microwatts. '

The spectral width, hence the attainable resolution
in the OCT scheme, was predicted to depend on the
pump beam waist,'® potentially opening the possibil-
ity of tailoring the spectral bandwidth of a given crys-
tal by proper selection of the pump-beam width. Our
experimental data confirm such expectations, as il-
lustrated in Fig. 2, where we display the drastic dif-
ference encountered for two different input pump-
beam waists. In Figs. 2(a) and 2(c) we plot the
observed interference patterns for a sample that com-
prises a mirror, normalized to the constant back-
ground. In Figs. 2(b) and 2(d) we plot the correspond-
ing power spectra versus deviation of the wavelength
from its central value, AN=\,—\y. The power spec-
trum of the source is obtained by Fourier transform-
ing the envelope of the interferogram.!” For a large
pump beam of 131 um (upper row) a resolution of
38.5 um and a power spectrum with a FWHM value
of 6.2 nm were obtained. However, resolutions of
1.2 um and a power spectrum of 148 nm FWHM were
obtained when the pump was focused down to beam
waists of ~2.6 um (bottom row). Visibilities of 85%
were obtained. The results are in excellent agree-
ment with the predictions presented in Ref. 15.

Notice that spectra broader than the one presented
here should be achievable in this configuration by fo-
cusing the input pump beam more tightly. Input
pump-beam waists of ~1 um provide a resolution of
0.8 um in air for $=9° and a clean spectrum with a
width of 185 nm. The measured spectral width in this
case is smaller than the theoretical calculation,
mainly because of the limited spectral response of the
silicon avalanche photodiode single-photon-counting
detector. The measured interferogram and its enve-
lope are displayed in Figs. 3(a) and 3(b), respectively,
for this case. The visibility attained was 42%. How-
ever, enlarged visibilities can be obtained for smaller
detection apertures. Visibilities of 85% were obtained
by use of a detection aperture of 1 mm. The scans
were taken in a few minutes. Although speed optimi-
zation is beyond the scope of this Letter, notice that
Fourier domain schemes can be used to drastically
increase the speed of the measurement.

As a further confirmation, we used the generated
broadband light to image the thickness of a thin film.
For that purpose, we replaced the reflective mirror
with a sample that comprised a polymer-film mem-
brane of refractive index n=1.47 and thickness L
=1.6 um. The OCT interferogram is expected to con-
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Fig. 3. (a) Measured interference fringes normalized to

the constant-background value versus the displacement of
the delay line. (b) Normalized power spectrum (obtained
from the Fourier transform of the envelope of the interfero-
gram) for a 1 um spot size pump beam of 30 mW total
power. The downconversion angle was ¢=9°, and a 1 s
counting time with the detection aperture fully open was
used.
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Fig. 4. Normalized interferograms for a 1.6 um thick
polymer-film membrane of refractive index 1.47 for two de-
tection apertures: (a) a fully opened detection aperture
with a 1 s counting time and (b) a 1 mm detection aperture
with a 2 s counting time. The downconversion angle was
$=9°, and the pump beam, of total power 30 mW, was fo-
cused to a 1 um spot.

sist of a double-peaked envelope corresponding to the
two surfaces of the sample, each with a visibility cal-
culated to be 36%, and with their centers separated
by the optical path length of the sample, nL
=2.3 um. The experimental result is displayed in Fig.
4(a). The peaks of the envelope, separated by nL
=2.3 um, exhibit a visibility of 27%. Enhanced vis-
ibilities can be obtained by use of smaller detection
apertures, as illustrated in Fig. 4(b), for which the
same interferogram was collected with the detection
aperture reduced to 1 mm. The 32% visibility ob-
tained in this case is very close to the theoretical
value, although larger exposition times are required
in this case.

To conclude, it is worth noting that spectral band-
widths higher than the one obtained with the scheme
demonstrated here are achievable with schemes
based on photonic-crystal fibers pumped with pulsed
lasers. For example, with a source pumped by a
Ti:sapphire laser with sub 10 fs/pulses, OCT resolu-
tions of ~0.75 um at a central wavelength of 725 nm
have been reported.18 However, in contrast to such
schemes, our source employs a cw pump laser, can be
made to operate over a wide range of different central
frequencies, and, importantly, produces bell-shaped
spectra without the need for any spectral shapers.

For the conditions of our experiment, the source op-
erates at picowatt power levels. However, note that
orders-of-magnitude improvements are achievable by
making use of optimized schemes such as parametric
downconversion in quasi-phase-matched periodically
poled nonlinear crystals. Quasi-phase-matching engi-
neering also permits noncollinear geometries. Fi-
nally, we stress that our results are relevant to a
wide range of applications for which broadband light
is required.
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