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Ultrahigh-resolution optical coherence tomography
with a fiber laser source at 1 um
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We report a compact, high-power, fiber-based source for ultrahigh-resolution optical coherence tomography
(OCT) near 1 um. The practical source is based on a short-pulse, ytterbium-doped fiber laser and on gen-
eration of a continuum spectrum in a photonic crystal fiber. The broadband emission has an average power
of 140 mW and offers an axial resolution of 2.1 um in air (<1.6 um in biological tissue). The generation of
a broad bandwidth is robust and efficient. We demonstrate ultrahigh-resolution, time-domain OCT imaging
of in vitro and in vivo biological tissues. © 2005 Optical Society of America

OCIS codes: 140.3510, 320.7090.

Optical coherence tomography (OCT) permits nonin-
vasive, cross-sectional imaging of biological tissue.!
The distinct capabilities of the imaging modality are
facilitated by the properties of a low-coherence beam.
There have been continual efforts in the development
of optical sources, as high-power, high-brightness,
and broad-bandwidth light sources are essential in
high-speed, high-resolution OCT imaging. For
artifact-free images, a Gaussian-like spectrum of the
beam is desired. Also, practicality of the source is im-
portant if OCT imaging is to find use in clinical envi-
ronments.

Superluminescent diodes are currently popular
low-coherence beam sources in clinical OCT systems
owing to their compactness and economy. However,
semiconductor-based sources typically have a limited
spectral width of less than 100 nm, which corre-
sponds to an axial resolution of 10—20 um. In the
past few years, highly nonlinear photonic crystal fi-
bers (PCFs) have drawn attention because femtosec-
ond pulses can generate supercontlnuum with band-
widths of several hundred nanometers.? Ultrahigh-
resolution OCT with a mode- locked Ti:sapphire laser
and a PCF has been reported

The depth range of biophotonic imaging, e.g., OCT,
is ultimately limited by the penetration of light into
biological tissues. The wavelengths for maximum
depth range are 1.0—-1.3 um, where the attenuation
that is due to absorption and scattering is minimum.
A previous study described the use of a mode-locked
Nd:glass laser at 1.06-um wavelength and a high nu-
merical aperture single-mode fiber for ultrahigh-
resolution, real-time OCT imaging.” The range near
1 um is particularly interesting in ophthalmology be-
cause it offers OCT imaging with minimum
dispersion.® Currently ophthalmic OCT imaging is
done predommantly at ~0.82-um  center
wavelength.” However, eye-safe exposure at 1 pum is
a factor of 3.3 larger than that at 0.82 um,® which
permits the use of a higher incident power for ocular
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imaging. Therefore, with deeper penetration and im-
proved sensitivity, OCT imaging near 1-um wave-
length could be more beneficial than near 0.82 um.

Bulk solid-state lasers are expensive, and they are
cumbersome in clinical OCT applications for which
small volume and stable operation of an imaging sta-
tion are critical. Rare-earth-doped fiber-based sys-
tems, which offer lower cost and freedom from the
need for alignment, could be practical alternatives. A
system based on an erbium ﬁber and a highly nonlin-
ear fiber has been introduced.” However, the wave-
length of the mode-locked pulses used in the scheme
is far from the targeted center of broadband output.
Only a small fraction of the supercontinuum is useful
for imaging, and as a result low average power
(~4 mW) illuminates the Michelson interferometer.
Recently a Raman continuum light source near
1.3 um with a high-power (10-W) cw ytterbium-
doped fiber laser was reported. The novel broadband
generation was rather inefficient (3.3%), and it pro-
vided 330 mW of power, with 6.3-um free-space axial
resolution for high-speed, in vivo, time-domain OCT
imaging.

We demonstrate here a fiber-based, compact, high-
power source for ultrahigh-resolution OCT imaging
in the spectral range near 1 um. The device exploits
high-energy pulses from a practical mode-locked
ytterbium-doped fiber laser. Generated with a PCF,
the broad spectrum at 1.04-um center wavelength
permits a free-space longitudinal resolution of
2.1 um. Spectral filtering of the continuum is not
necessary, because the wavelength of the short-pulse
source is already within the transparency band of tis-
sue. The continuum generation is efficient and deliv-
ers a high average power of 140 mW to the interfer-
ometer. The utility of the source in an ultrahigh-
resolution, time-domain OCT system is confirmed by
imaging of biological tissues. The low-coherence
beam from the compact fiber device is robust and

© 2005 Optical Society of America


http://dx.doi.org/10.1364/OL.30.001171

1172

stable and therefore is well suited for clinical OCT
applications.

The experimental configuration is depicted in Fig.
1. A self-starting, stretched-pulse Yb fiber laser™ gen-
erates ultrashort pulses at a repetition rate of
50 MHz. The net (path-averaged) intracavity disper-
sion of the oscillator is approximately -0.02 ps?. The
beam from the fiber oscillator is guided into an
ytterbium-doped fiber amplifier 12 yia a 10% fiber cou-
pler, so the short-pulse part of the system is inte-
grated. Mode-locked pulses are temporally stretched
in a 10-m single-mode fiber and amplified in
ytterbium-doped fibers pumped with two 980-nm di-
ode lasers, each capable of as much as 500-mW aver-
age power (total 1-W average power). After dechirp-
ing in external grating pairs (1200 lines/mm),
linearly polarized, nearly transform-limited pulses
are obtained. The amplified-pulse source in the ex-
periment occupies 30 cm X 45 ¢cm X 12 ¢m, but it can
be condensed into a much smaller space. The whole
system can be transported conveniently. The PCF
(2-m length, 0.2 NA, 5-um core diameter; from Crys-
tal Fibre A/S) in the experiment has a zero-dispersion
wavelength at 1065 nm. The launched pulse is in a
small normal- d1sper51on region of the fiber, so modu-
lational instability is suppressed A coupling effi-
ciency of 35% is routinely obtained. A half-wave plate
controls the input polarization.

We verified the utility of the generated light in
ultrahigh-resolution, time-domain OCT by imaging
of biological tissues. First we measured the coherence
length with a mirror in the probe arm of the interfer-
ometer. The reference arm was scanned with a voice
coil translation stage with a frequency of 10 Hz. For
imaging tissues, a neutral-density filter was inserted
to attenuate the reference beam for enhanced sensi-
tivity, and a fused-silica prism pair compensated for
the second-order dispersion (Fig. 1).

From the fiber oscillator, mode-locked pulses with a
bandwidth of 30-nm FWHM are generated. After the
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Fig. 1. Experimental configuration: YDFL, ytterbium-

doped fiber laser; YDFA, ytterbium-doped fiber amplifier;
HWP, half-wave plate; ND, neutral-density filter; FS,
fused-silica prisms; HR, high-reflector mirror; PD, InGaAs
photodiode.
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Fig. 2. Spectra of (a) the continuum from a PCF (solid

curve), the output from the oscillator (dashed curve), and
the amplified pulse (dotted curve) on logarithmic scales; (b)
the continuum on a linear scale.

ytterbium-doped amplifier and the grating dechirper,
nearly transform-limited pulses were obtained. The
dechirped pulse duration was 170 fs, and the average
power was 400 mW. The spectral narrowing during
the amplification is caused primarily by the finite
bandwidth of ytterbium gain [Fig. 2(a), dashed and
dotted curves]. Through propagation in the PCF the
spectrum was uniformly broadened until it extended
from 850 to 1250 nm (Fig. 2, solid curve). The output
spectrum is modulated with the center at 1.04 um.
The shallow dip at ~1.06 wm is associated with split-
ting of soliton and dlsperswe waves at the zero-
dispersion wavelength of PCF.** The average power
of the continuum was 140 mW, which is 35 times
higher than that from the erbium—based fiber source.
The continuum generation is stable, and the effi-
ciency (~35%) was ten times higher than through a
Raman process (as was employed in the cw
ytterbium-fiber systemlo). We measured the electric-
field autocorrelation, and the axial point-spread func-
tion yielded 2.1-um resolution (<1.6 um in biological
tissue) with small secondary structures [Fig. 3(a)l.
The Fourier transformation from the measured
power spectrum is illustrated in Fig. 3(b). The devia-
tion between the temporal and the spectral measure-
ments arises from the spectral responsitivity of the
InGaAs photodiode used in the detection.

Figure 4 shows three tomograms, which corre-
spond to in wvitro bovine bone, onion skin, and
in vivo African frog tadpole, from top to bottom. Fig-
ures 4(a) and 4(b) consist of 2000 X 400 pixels show-
ing areas of 2.0 mm X 0.4 mm in the samples. In the
in vitro experiment the mid-shaft portions of bovine
femurs were sectioned into 2 cm X3 cm blocks and
used for imaging. The corresponding OCT image in



Fig. 4(a) shows the surface profile and the highly
scattering lamella structures of the bone. In Fig. 4(b),
pleomorphic mesenchymal cells in the onion can be
identified. In the in vivo imaging experiment a
35-day-old tadpole was anesthetized and kept in a
water chamber to prevent dehydration. Figure 4(c)
consists of 1000X400 pixels showing an area of
1.0 mm X 0.4 mm near the eye of the tadpole. The
highly scattering structures in the cell, such as cell
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Fig. 3. Autocorrelation: (a) direct temporal measurement
and (b) Fourier transform from the measured power
spectrum.
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Fig. 4. Ultrahigh-resolution OCT images of biological
samples acquired with the system described here: (a) in
vitro bovine bone, (b) onion skin, (¢) in vivo African frog
tadpole. Scale bar, 100 um.
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membranes and cell nuclei, as well as nearby tissue
morphology, can be seen.

In conclusion, we have demonstrated a compact,
high-power, fiber-based OCT source in the range near
1-um wavelength. The device produces a broad band-
width efficiently and stably, with 35 times higher av-
erage power than a previous erbium-doped fiber-
based source. The axial resolution is 2.1 yum in air
(<1.6 um in tissue). We have demonstrated use of
this optical source in ultrahigh-resolution, time-
domain OCT imaging of biological tissue. We antici-
pate that the scheme presented will be implemented
with a fiber interferometer in the near future and
that the portable system will be valuable in biomedi-
cal applications in clinical settings.
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