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Abstract

We demonstrate a novel high power broadband laser source for low coherence interferometry that is based on a simple
three mirror diode-pumped c.w. Cr 3q laser. The cavity design utilises a single intracavity prism to spatially disperse the
oscillating laser mode within the pumped region of the laser crystal in order to counteract spectral gain narrowing. We
demonstrate continuous wave spatially coherent output beams with spectral widths as wide as 37 nm, which are tunable
across the gain linewidth of the laser. Using a single 100 mm stripe width 670 nm diode pump laser we obtained output

Žpowers up to 105 mW for incident pump powers of 410 mW. We demonstrate the application of this source adjusted for a
.13 nm bandwidth output to 3-D imaging through a diffuse medium using photorefractive holography. q 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Low coherence interferometry for 3-D imaging,
particularly through turbid media, has become an
important application of ultrafast lasers. Optical co-

w xherence tomography 1 and whole-field coherence
w xgated imaging, e.g. 2,3 , are two such applications

that exploit the broad spectral width of ultrashort
pulses, rather than their temporal properties. An
important attribute of ultrafast lasers for this applica-
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tion is that they provide broadband radiation with
high average power. Furthermore they also deliver a
spatially coherent output beam that may be effi-
ciently coupled into single mode optical fibres. The
relative complexity and cost of mode-locked lasers,
however, makes them undesirable for many practical

w xapplications. Superluminescent diodes 1 and optical
w xfibre ASE sources 4 have been demonstrated as

alternative sources of broadband, spatially coherent
radiation. The former are particularly simple and
cheap but their output powers and spectral widths are
too low for many applications. Fibre ASE sources
are currently limited in their spectral coverage and,
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given their relatively high cost and typically nar-
rower linewidths, do not usually compete with ultra-
fast lasers. Another approach is to synthesize a short
coherence length light source by rapidly tuning a
laser across its gain bandwidth, as has been demon-
strated using a swept-frequency dye laser for holo-

w xgraphic imaging 5 . This approach, however, can
suffer from the complexity of an active intracavity
tuning element and usually results in a relatively
long image acquisition time. The ideal source would
simultaneously provide high power spatially coher-
ent radiation across the desired spectral range. We

Ž .note that a Light Emitting Diode LED can provide
100’s mW average power with spectral widths ex-
ceeding 50 nm, but these are spatially incoherent
sources and so are only suitable for whole field
coherent imaging techniques such as heterodyne de-

w x w xtection 6 and photorefractive holography 7 . OCT
and related techniques would benefit from a simple
approach to a high average power broadband spa-
tially coherent source that avoids the complexity of
mode-locked lasers, but is still applicable to any
laser medium, preferably in a diode-pumped configu-
ration.

We present what is, to the best of our knowledge,
the first tunable, diode-pumped, solid-state, c.w.,
broadband laser source. By exploiting spatial disper-
sion of the laser spectrum within the diode-pumped
gain medium, we demonstrate an approach to a

Žlow-cost spectrally broadened high brightness dif-
.fraction-limited source that is readily scaleable to

higher powers and exhibits the benefits of a solid-
state laser that can utilize high power broad-stripe
pump diodes while avoiding the problems associated
with mode-locking such a system.

2. Intracavity spatial dispersion

The technique of spatially dispersing the beam
inside the gain medium of a laser in order to counter-
act the effect of gain narrowing was first proposed

w xand demonstrated in 1989 in a dye-laser 8 and then
w xin a dye amplifier 9 . It was later applied to a

Nd:YAG laser in order to sustain multi wavelength
w xoperation 10,11 and more recently applied to a

Ti:Sapphire laser exploiting the large fluorescence
bandwidth of this vibronic medium and ultrabroad-

w xband pulsed operation was obtained 12 . The con-

cept has also been applied to a Ti:Sapphire regenera-
w xtive amplifier 13 to reduce the impact of gain

narrowing. Other lasers comprising intracrystal spa-
tial dispersion include designs for compact mode-
locked lasers where it arose as an incidental property

w xof the cavity 14 , or where it was a consequence of
pursuing less complex and more compact

w xdispersion-compensated oscillators 15,16 . We note
that in these mode-locked lasers the intracrystal spa-
tial dispersion was considered a bandwidth limiting
factor.

In this paper we describe a 3-mirror spatially
dispersed cavity using either Cr:LiSAF or Cr:LiSGAF
plane-Brewster cut laser crystals. Our cavity design
spatially disperses the laser mode in the horizontal
plane, resulting in a flattened elliptical gain region.
This geometry is suitable for diode pumping since
the typical output beam from a broad stripe diode or
diode array results in a similarly orientated elliptical
pump volume if the diode is aligned with its widest
facet dimension in the plane of the cavity.

3. Experimental set-up

Fig. 1 shows the layout of the 55 cm long laser
cavity. The diode beam shaping optics L1, L2 and
L3 collimate and expand the beam in the horizontal
axis. This pump beam is then focused into the rod,
by L4, through the plane face of the crystal. This
degree of focusing may be varied to optimize the
degree of ellipticity in the pump region with respect
to the spatially dispersed laser mode.

The main difference between a spatially dispersed
spectrally broadened laser and a conventional three-
mirror cavity prism-tuned laser is the position of the
spectrally dispersive element from the folding mir-
ror. This is set at a distance determined by the focal
length of the particular folding mirror being em-
ployed and the angular dispersion of both the prism
itself and the Brewster angle-cut rod. The degree of
gain competition between neighbouring monochro-

Ž .matic spectral beam components beamlets in the
pumped region of the gain medium is dependent on

w xthe degree of spatial separation between them 8 .
This in turn is determined by the spot size of each

Žmonochromatic beamlet determined by the choice
of focal length of the folding mirror and the cavity

.length and the degree of spatial dispersion. In our
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Fig. 1. Schematic of diode-pumped, three mirror spatially dis-
Ž .persed laser. LD1, 100-mm stripe diode at 670 nm 500 mW ; L1,

4.5-mm focal length aspheric lens; L2, 6.4-mm focal length
cylindrical lens; L3, 100-mm focal length cylindrical lens; L4,
50-mm focal length spherical lens; M1, end-coated high reflector

Ž .mirror HT@;670 nm and HR@;830 nm ; M2, 37.5-mm focal
length folding mirror; P, quartz prism; S, adjustable slit; M3, 0.5%
plane output coupler.

design, the distance of the rod from the folding
mirror, a, is determined by optimizing the focusing
for a monochromatic beam into the rod so that it
creates an appropriate beam waist at the plane mirror
in the pump focus. The distance of the prism to the
folding mirror, b, is set following two requirements:
to have all wavelength components collinear in the
long arm, and to match the spatial dispersion due to
the crystal–air interface at the rod, given that all
‘monochromatic’ beams in the rod are parallel to
each other and perpendicular to the mirror M1.

The angle between two single beamlets at two
different wavelengths on passing through the prism
Žgiven that they were initially collinear in the long

.arm is shown in Fig. 1 as a . This angle is easily
calculated from the geometry of a prism and the
dispersion of the material. On reflection at mirror
M2, they must have a relative angle equal to b , the
angle between two parallel beams at the same dis-

Ž .tinct wavelengths initially both perpendicular to M1
that would be acquired on exiting the rod, which is
simply given by Snell’s Law for refraction at an
interface and is dependent on the dispersion of the
rod material. The position of the prism, P, can
therefore be set, using the simple mirror formula:

1robject q 1rimage sy 1rfŽ . Ž . Ž .dist dist

Ž .The distance b becomes equal to f 1ybra .
The degree of spatial separation in the rod between
these two distinct wavelengths is then determined by
the distance of the rod’s Brewster face from M2,
which is in turn determined by the distance a and the
length of the particular rod. Suitable positioning of
the prism and adjustment of the slit S, ensures that
light not dispersed in the rod, but dispersed in the
long arm of the cavity experiences higher loss than
light that is spatially dispersed in the rod.

In practice the accuracy required for the prism
alignment was not critical and we observed broad-
ened spectra for up to 20% deviation in b away from
the optimum prism location. Beyond this point the
prism simply acted as a tuning element in the cavity
of an essentially monochromatic laser. With the prism
at the appropriate position, a suitable narrowing of
the slit resulted in broadband c.w. laser operation

Ž .with a spatially coherent i.e. non-dispersed output
beam at M3. We note that this combination of prism
and Brewster angle-cut rod ensures that longer wave-
lengths experience a longer optical path length in the

w xcavity, resulting in negative GVD 15 . This negative
group velocity dispersion is small, however, com-
pared to the material dispersion in the cavity.

4. Results

The precise form of the output signal was a
sensitive function of the cavity mode adjustment, the
pump beam and their relative position. In general, it
was observed that the broader the spectral profile,
the more modulated it became. Fig. 2 shows typical
broadband spectra from our spatially dispersed 3-
mirror cavity laser with different prism and folding
mirror alignments. In general we observed no signifi-
cant difference when using the Cr:LiSGAF or
Cr:LiSAF laser crystals. Both crystals were nomi-

Ž .nally 3% doped from VLOC . All spectra were
acquired with 410 mW incident pump power from a
single 100 mm stripe laser diode operating at 670
nm.

The cause of this spectral modulation was investi-
gated. The modulation depth was observed to in-
crease as the pump power density decreased, sug-
gesting that a more powerful pump diode would
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Ž .Fig. 2. Spectra of output beam from broadband c.w. laser with a
Ž .;12 nm linewidth with 53 mW b ;37 nm linewidth with 56

Ž . ŽmW output power c ;65 nm with 39 mW output power 55%
of available cavity bandwidth, determined by tuning a normal

.3-mirror cavity using the same components .

result in smoother broader spectra. We speculated
that, even though the elliptical pump beam was well
matched to the elliptical shape of the dispersed laser
beam in the crystal, spatial structure on the diode
pump beam might cause the irregularities in the
resulting spectrum. The intensity profile of the fo-
cused diode beam parallel to the diode stripe, ob-
served in the plane of incidence of the cavity using a
CCD camera, displayed a clearly visible mode struc-
ture, the physical spacing of the peaks in this pump
beam profile when focused into the rod did not
correlate with the physical spacing of the modulated
gain profile that would be required to produce the
observed spectral modulation.

In order to investigate further the effect of pump
beam quality on the spectrum, the spectrally dis-
persed Cr:LiSAF laser was pumped at 488 nm with a
spatially uniform beam from an argon ion laser.
Despite only being able to reach 2.5 mW output
power from this spectrally dispersed laser, compared

Žto )50 mW with the diode pumped laser due to
inappropriate rod coatings, the higher quantum de-
fect in Cr:LiSAF at 488 nm and the thermal damage

.threshold , we still observed highly modulated spec-
tra. The origin of this structure was not structure in
the pump beam and so we attribute it to path depen-
dent loss in the laser crystal due to scattering centres
andror facetrcoating irregularities.

The effect of translating the rod horizontally,
perpendicular to the pump beam, was to tune the
entire spectrum and to ‘slide’ the spectral modulation
through the spectrum. Vertical translations of the rod
resulted in variations in the intensity of the spectral
peaks and troughs and disappearance and reappear-
ance of particular structures. These observations sug-

Žgest that it is inhomogeneities in the laser rod and
.therefore the gain profile that are responsible for the

spectral modulation. This was further confirmed by
an experiment with the diode-pumped broadband
laser in which we added a second pump diode,
combined using the orthogonal polarization in an
attempt to compensate for any troughs in the pump
beam profile by ‘steering’ the more intense peaks of
the second pump beam profile into these troughs. We
observed that we could only locally increase and
narrow the existing peaks in the spectrum, while
decreasing the intensity in the troughs, which ap-
peared to remain fixed relative to the horizontal
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position of the crystal in the cavity. In terms of the
different laser rods, we observed that while the
Cr:LiSAF laser generated the highest output power

Žof 105 mW compared to the Cr:LiSGAF laser as
.expected due to its higher gain coefficient there was

no notable improvement in the continuity or smooth-
ness of the spectra, suggesting that the density of
scattering centres in both crystals was comparable.

5. 3-D imaging using photorefractive holography

To demonstrate its utility for low coherence inter-
ferometry and depth-resolved imaging, the broad-
band Cr:LiSAF spatially dispersed laser was used as
the source to achieve depth-resolved 3-D imaging
through a liquid scattering medium. The imaging
technique employed was photorefractive holography
using the experimental set-up represented in Fig. 3,

w xwhich was similar to that described in 3 .
The output from the broadband laser was coupled

into a single mode fibre using a =20 microscope
objective with 75% coupling efficiency and provided
45 mW of spatially coherent, broadband incident
radiation, which was collimated using a 4.5 mm
focal length aspheric lens and used as the source
beam for the 3-D imaging experiment. The output
spectrum from the fibre was identical to the spec-
trum of the beam observed directly out of the laser.
Fig. 4 shows a typical output spectrum used for this
experiment together with its coherence function as
recorded using a Michelson interferometer. As the
output spectrum from the laser is not Gaussian in
shape we observe residual low intensity lobes on

Fig. 3. Schematic of 3-D photorefractive holographic imaging
set-up.

Ž .Fig. 4. a Broadband laser spectrum with 13 nm full-width half
maximum, corresponding to 45 mW output power from the laser

Ž .and b corresponding interferogram recorded using a Michelson
Ž .interferometer with a longer scale insert, in the top right corner .

either side of the main fringes. Ideally these should
be minimised by tailoring the spectral profile in
order to optimise the depth resolution of the system.
We note that these side-lobes would present less of a
problem in a microscope imaging system for which
the depth resolution would be determined by the
convolution of the coherence function and the depth

Ž . w xof field of the imaging objective lens 6 .
Fig. 5 shows depth-resolved images of a 100

mm-stepped 3-dimensional test object consisting of
four concentric machined aluminium cylinders. These
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Ž . Ž . Ž .Fig. 5. a – c holographic images and d reconstruction of 3-D
test object acquired through ;10 mean free paths of liquid
scattering medium using spectrally broadened Cr:LiSAF laser.

were imaged through an aqueous suspension of 0.46
mm radius polystyrene spheres that exhibited a scat-
tering depth of 9.8 mean free paths in the reflection
geometry. As expected from the measured coherence
function of the source, the 100-mm steps are easily
resolved. The data were acquired in real time and
Fig. 5 also shows a computer generated three-dimen-
sional reconstruction of the test object from these
experimental data.

6. Conclusions

We have demonstrated a high power, all-solid-
state diode-pumped, spectrally broadband and spa-
tially coherent c.w. laser source that takes advantage
of the broad gain bandwidths of Cr:LiSAF and
Cr:LiSGAF lasers but avoids the complexity of mode
locking. This approach inherently counteracts gain

narrowing and should readily scale to higher powers,
providing that thermal lensing and other issues asso-
ciated with high pump powers can be addressed. We
note that this technique may be applied to any
broadband laser medium. We observed tunable
smooth spectra with widths up to ;15 nm and
discontinuous spectra extending up to ;65 nm wide.
We attribute the observed spectral modulation to
scattering inhomogeneities in the laser crystal caus-

Žing path dependent and therefore wavelength depen-
.dent losses in the cavity. This could potentially be

counteracted by eliminating all inhomogeneities in
the laser rod or by compensating for them using an
element such as an intra-cavity spatial light modula-
tor to ensure a uniform loss for all beamlets. This
could also be used to shape the laser spectrum to a
desired profile. Using higher pump intensities, e.g.
from a diode-array, would allow more flexibility in
adjustment of the spatial dispersion while maintain-
ing the laser high above threshold over a broad
spectral region, thereby reducing the impact of local
scattering centres. These lasers represent a poten-
tially compact, cheap, simple diode-pumped broad-
band source that can be readily coupled into a fibre
for applications such as OCT. We have demonstrated
the application of this source to 3-D imaging using
depth-resolved photorefractive holography through a
scattering medium for the first time.
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