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Abstract: We present a low coherence light source by direct supercon-
tinuum generation from a diode-pumped, passively modelocked
Er:Yb:glass-laser, which generates 198 fs transform-limited pulses with an
average power of 100 mW at a repetition rate of 75 MHz. The pulse train is
launched into a dispersion optimized highly nonlinear fiber for spectral
broadening. The optical bandwidth spans from 1150 nm to 2400 nm, which
is more than one octave. The potential for ultrahigh-resolution optical
coherence tomography (OCT) is demonstrated by coherence measurements
supporting an axial resolution of 3.5 umin air.
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1. Introduction

Optical coherence tomography (OCT) is an established method for cross-sectional imaging of
biological tissue and materials [1]. It has been particularly successful for biomedical imaging,
because high-resolution 2- and 3-dimensional images can be realized in a fast, non-invasive
way. Currently, OCT is mostly used in ophthalmology [2, 3] but its medical impact has also
been proven for gastroenterology [4], dermatology [5, 6], intra-arterial imaging [7] and
dentistry [8]. In addition, recent developments also revealed the potential of OCT for imaging
functional characteristics [6, 9, 10].
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The key element of an OCT system is the employed light source, because it sets the prin-
cipal resolution and penetration limits. The achievable resolution 1/4z= (mAL) / 2(In2)A? in-
creases for larger bandwidth and decreases for larger center wavelength. The penetration
depth is mainly determined by the absorption and scattering in the tissue, thus it depends on
the wavelength of the light source and the sample material. For OCT in high-scattering mate-
rials, longer wavelengths are desirable, because they usually increase penetration depth due to
a strong reduction of scattering [11]. However, a significantly larger optical bandwidth is
required to achieve the same resolution.

Ti:Sapphire laser oscillators had a large influence on OCT development. These systems
operate in the 800-nm region and achieve extremely broad bandwidth, resulting in highest
resolutions of about 1 um [12-16]. However, Ti:Sapphire oscillators can not be directly
diode-pumped, and their complexity and cost is a challenge for commercial applications.
Most clinical OCT-systems are currently based on superluminescent diodes, which are sig-
nificantly cheaper and less complex. Superluminescent diodes are available in different spec-
tral regions [17]; however, they still lack of equivalent bandwidth and do not support the same
resolutions as the state-of-the-art solid-state laser systems. Diode-pumped solid-state lasers
are an interesting alternative, combining ultrahigh-resolution and a compact, reliable and cost-
effective setup. Different schemes have been investigated and resolutions up to 2 pm at
1.3 um emission wavelength [18, 19] and up to 7.6 um at 1.5 um emission wavelength [20]
have been demonstrated.

In this article, we present a compact and reliable source of low coherence light based on a
passively modelocked femtosecond Er:Yb:glass laser operating at a wavelength of 1.5 um.
The laser output is directly launched into a dispersion-flattened, highly nonlinear fiber for
supercontinuum generation. By coherence measurements we confirm an axial resolution of
3.5 um in air, which is shorter than previously obtained in the 1.5-yum spectral region. In the
following section, we give a detailed description of our femtosecond Er:Yb:glass oscillator.
Subsequently, we address details of the supercontinuum generation. In the last section, the
potential for OCT applications is evaluated by coherence measurements.

2. The femtosecond Er:Yb:glass oscillator

Passively modelocked femtosecond solid-state lasers based on the Er:Yb:glass gain material
have a number of compelling advantages. They use standard telecom optical components and
can be directly pumped by high-brightness, telecom grade laser diodes. Stable and self-
starting modelocking can be achieved with a semiconductor saturable absorber mirror
(SESAM) [21, 22]. We previously demonstrated an Er:Yh:glass laser generating 58 mwW
average power in 255-fs pulses [23]. The laser reported here is an improved version, which is
more compact due to different dispersion compensation, generates shorter pulses and has
higher output power.

oc
sesav ol !

[ ]
GTI J GTI

M1

GTI

GTI GTI

500 mW
% =980 nm
PM-fiber coupled

2mm
M2 Er:Yb:glass M3

Fig. 1. Schematic of the laser cavity: SESAM, semiconductor saturable absorber mirror; M1 high
reflectors at 1550 nm, radius of curvature 300 mm; GTI, high reflective GTI-mirror, dispersion
-100 fs% M2, M3, high reflectors at 1550 nm, radius of curvature 75 mm; OC, output coupler,
transmission 1.7 %.

Our setup (Fig. 1) consists of a standard delta-type cavity enabling soliton modelocking
initiated by a SESAM [24]. For femtosecond pulse generation a low inversion level of the
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active Erbium ions is required [23]. This is accomplished by long gain length (2 mm Er/QX
phosphate glass with a doping concentration of 4.5-10* Er ions per cm® and 1.4-10% sensiti-
zing Yb ions per cm?), low intra-cavity loss and low output coupling (1.7%). The diffraction
limited, fiber coupled diode delivers up to 500 mW pump light at 980 nm. The laser mode
radius in the focus is only 28 um in tangential and 20 um in sagittal plane, respectively. This
ensures sufficient self-phase modulation for soliton formation despite the relatively low glass
nonlinearity (n, = 3-10™° cm*W). The SESAM initiates and stabilizes the pulse formation.
We employed a SESAM with a modulation depth of 0.5 %, a saturation fluence of 25 pJ/cm?,
and linear losses below 0.2 %. For achieving soliton modelocking, we balance the intracavity
self-phase modulation and negative group delay dispersion [24]. Our previous setup used a
pair of fused-silica prisms for dispersion compensation [23], which has the advantage that the
dispersion can be continuously optimized by changing the prism separation. In order to
reduce losses and achieve a more stable and compact setup, we replaced the prims by disper-
sive mirrors. We used eight Gires-Tournois interferometer (GTI) type mirrors with a group
delay dispersion (GDD) of -100 fs® each, corresponding to a total GDD of -1600 fs* per
roundtrip. Higher compactness could be achieved by using a multipass configuration between
two GTI-mirrors.

This laser produces stable soliton modelocking with up to 100 mW of average output
power at a repetition rate of 75 MHz. The pulses had a duration of 198 fs and an optical
bandwidth of 13.1 nm at FWHM (Fig. 2a,b). The corresponding time-bandwidth product of
0.321 exceeds the theoretical limit by only 2 %. The excellent agreement with the fitting
function indicates the high pulse quality of this laser.
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Fig. 2. Spectrum (a) and autocorrelation trace (b) of the generated pulses directly after the oscillator
plotted with fits for a sech®pulse.

3. Supercontinuum generation

Supercontinuum generation by propagation of femtosecond pulses in a highly nonlinear fiber
is an attractive method to provide a broad optical spectrum for OCT and other applications.
The underlying physical mechanisms have been intensively studied and are well-understood
[25-28]. In contrast to many other schemes based on diode-pumped femtosecond lasers, we
generated the supercontinuum directly in a highly nonlinear fiber (HNLF) from the laser
output without any additional pulse compression or pulse amplification stages (Fig. 3). This
allows for a simple, compact and highly stable setup. The Er:Yb:glass laser runs at low
saturated gain and low intracavity losses, resulting in lower quantum noise limit than for
typical fiber or semiconductor lasers [29]. At higher repetition rates, lasers with equal gain
characteristics have already proven a noise performance close to the quantum limit [30].
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Fig. 3. Overview of the experimental scheme: The oscillator output is directly broadened by a highly
nonlinear fiber (HNLF) and characterized by a Michelson Interferometer.

In order to generate a broad supercontinuum without any further amplification, we use a
dispersion optimized HNLF manufactured by Sumitomo Electric Industries, Ltd. [31]. This
fiber is realized in an all-solid design with a highly GeO,-doped core surrounded by depressed
cladding (Fig. 4). Diameters of the core and depressed cladding were optimized to provide a
zero dispersion wavelength of 1535 nm and a flat dispersion profile around the pump wave-
length (see red curve in Fig. 5, the dispersion slope is 0.02 ps/nm?%km at 1.55 um). The highly
GeO,-doped core and the small effective area of only 9.2 pm? result in a high nonlinear coef-
ficient of 25 W'km™. This permits to generate an extremely broad spectrum at pulse dura-
tions above 200 fs and moderate pulse energies below 1 nJ.

Index of Ge02-Si02
refraction
D
|l —2
sio2  _Ll......
Dy
—|F-si02 —

Fig. 4. Index of refraction profile of the highly nonlinear fiber (HNLF). The dispersion profile was
adopted by the diameter D, of the highly doped core and the diameter Dy, of the depressed cladding.

The optical spectrum was measured with a commercially available monochromator
(Spectral Products), which is optimized for operation in the infrared and far-infrared spectral
region. For detection, an extended InGaAs photodiode with a sensitivity range up to more
than 2.4 um was employed. A polarization dependent calibration of the monochromator and
the detector was performed with a white light source. The output pulses after the fiber were
nearly unpolarized, and only minor differences between spectra of the horizontal and vertical
polarization were observed. Fig. 5 shows the recorded spectrum of a 10- and a 5-meter long
fiber piece at p-polarization. An additional 1-meter long piece of regular single mode fiber
with a standard FC-connector was spliced to the end of the 10-meter HNLF for more conven-
ient handling of the output.

O_

o [ —

g
'i 5 A\ Vg™ 0 g
= 104 L 9}
B 10 .10 g
g .15+ L0 S
5 204 =
3 30 3
(_EU -25 3
S 30 F40 3
Z 35 --50

T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Wavelength (um)

Fig. 5. Generated supercontinua. Blue line: spectrum of the 10-meter fiber; green line: spectrum of
the 5-meter fiber; grey line: unbroaded laser spectrum; red line: dispersion profile of the HNLF.
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In case of the 10-m long fiber, the HNLF generated a spectrum ranging over more than
one optical octave from 1150 nm up to 2400 nm (at -20 dB level). More than 50 mW average
power was measured at the output for an incident power of 100 mW. Using the 5-m long
fiber and slightly increased pulse duration resulted in improved flatness of the generated
spectrum (green curve in Fig. 5). In soliton modelocking, the pulse duration can easily be
increased by providing larger GDD or lower pulse energy. For reasons of simplicity, we only
reduced the pump power, resulting in nearly transform-limited 338-fs pulses with 61 mW
average power. We obtained 31 mW supercontinuum with slightly reduced bandwidth, but
improved flatness. These results are in agreement with the discussion presented in [26].

In order to evaluate the stability of our source we performed noise measurements. Noise
characteristics are important indicators of the underlying physics and crucial for applications
relying on stable signals. In particular, excess amplitude noise can reduce the high sensitivity
commonly achieved by OCT systems. Usually, amplitude noise is quantified as relative
intensity noise (RIN), which is often measured by monitoring the current of a photodiode
directly on a microwave spectrum analyzer. This measurement technique, however, does not
provide sufficient sensitivity to detect the very low noise levels of our laser. Therefore, we
used a different method, which measures the RIN around zero frequency in the time domain.
The AC-part of the photocurrent of this measurement was amplified, digitized, Fourier-trans-
formed and normalized to the DC-power. Great care was taken to verify that the absolute
noise level is determined correctly and that no distortion of the noise curves was caused by the
transfer functions of the utilized electronics. This measurement near baseband is sensitive
only to amplitude noise and is not affected by timing jitter. Fig. 6 shows the measured RIN of
the oscillator, of the supercontinuum generated with the 10-m and the 5-m long fiber and the
measurement system noise floor.

-100+
0 Supercontinuum after 10m HNLF
_11 -""—'-"1- . - Avdn - e SRTT TIST S r~a
B 120 arinenra ettt e
) Supercontinuum after 5m HNLF
2 130
Z -140+ Oscillator
4
-150+
-1601 System Noise Floor
10° 10° 10 10°
Frequency (Hz)

Fig. 6. Measured relative intensity noise (RIN). Blue line: RIN of the oscillator; green line: RIN of
the supercontinuum generated with 10 m HNLF, red line: RIN of the supercontinuum generated with
5 m HNLF, grey line: RIN of the measurement system noise floor.

The cut-off frequency of the transimpedance amplifier gives an upper limit of the measurable
frequency range. Within this range our laser has extremely low RIN better for example than
reported by Chen at al. [32]. The peaks below 1 kHz are probably of technical origin, and
have been largely reduced by replacing a standard laser diode driver with a low noise one. As
the measurement confirms, supercontinuum generation gives rise to excess amplitude noise.
In the literature different reasons for this behavior have been pointed out [33, 34]. Among the
most important is amplification of input shot noise as well as spontaneous Raman emission
during the supercontinuum generation itself. These effects also explain the white noise
characteristics of the supercontinuum. As expected the excess noise of the longer fiber is
higher due to its stronger nonlinear effects. Despite the increase of RIN during
supercontinuum generation, the absolute level of the supercontinuum noise is still low.
Although better noise performance has been achieved with a different supercontinuum

#94786 - $15.00 USD Received 8 Apr 2008; revised 27 Jun 2008; accepted 28 Jun 2008; published 1 Jul 2008
(C) 2008 OSA 7 July 2008/ Vol. 16, No. 14/ OPTICS EXPRESS 10577



generation scheme [27], high sensitive OCT imaging has also been demonstrated at compara-
ble noise levels [20, 35, 36]. Typically, OCT imaging does not exceed sensitivity levels of
110 dB [13], so it can be expected that the excess supercontinuum noise does not compromise
OCT imaging sensitivity. In addition, OCT imaging is often performed with balanced detec-
tion, which strongly suppresses input noise.

4. Demonstrating OCT resolution

The extremely broad optical spectrum supports OCT imaging at high axial resolution. The
coherence length was measured with a Michelson Interferometer, which was optimized for
low chromatic aberration and a minimal dispersion difference between both interferometer
arms. We used a Cr-Ni coating on a 100 pm thin fused silica substrate as beam splitter and
compensated the material dispersion in the second arm with another 100 um thin fused silica
plate. With the spectra shown in Fig. 5, we measured the interferograms depicted in Fig. 7.

1.0 e 1.01
i 3.5 um 3.5 um
—~ 0.51 — \— ~ 0.54 ] | e—
=} =}
& Al & A
z o.o-mw\/\[\/w}[\‘/v V\A}W\/\/W 2 o.o-wwwwv\‘fv J\NW&/»«VW»M
[%2] [%2]
c c
i) IS
= -0.51 = -0.57
-1.04, . . . . . . -1.04, . . ; : : .
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Delay (um) Delay (um)

Fig. 7. Measured interferograms of the 10-meter (blue) and the 5-meter HNLF (green). The coher-
ence length supports an axial resolution of 3.5 um in air.

The recorded interferograms demonstrate the power for ultrahigh-resolution OCT. A
coherence length of 3.5 um is determined from the FWHM of an exponential fit. This cor-
responds to a maximum obtainable resolution in biological tissue of about 2.5 um, which is to
our knowledge the highest resolution ever obtained in this wavelength region.

Taken the high bandwidth AA =1um of the supercontinuum, one can estimate the princi-
pal limit of axial resolution to Az = 2(In2)A*/ (RAL) = lum. There are mainly two reasons
why this limit was not reached experimentally. First, a smooth spectral profile with flat edges
is required to obtain maximum resolution. For this reason a more flat spectrum would be de-
sirable, which could be achieved for instance with absorptive filters [13]. Second, the
interferometer must handle the full bandwidth without distortion. A comparison between the
spectrum, which is retrieved from the interferogram by Fourier-Transform and the one
measured with the monochromator clearly reveals, that some filtering by the interferometer
takes place (Fig. 8). This is mainly due to the spectral response of the detector but also due to
remaining chromatic aberrations of the transfer optics and the beam splitter. These aberra-
tions may have prevented higher resolutions in case of the 5-meter HNLF, which was at the
output not spliced to a standard fiber, because the numerical aperture was considerably larger.
Customized optics would overcome these limitations making a further increase in resolution
feasible.

#94786 - $15.00 USD Received 8 Apr 2008; revised 27 Jun 2008; accepted 28 Jun 2008; published 1 Jul 2008
(C) 2008 OSA 7 July 2008/ Vol. 16, No. 14/ OPTICS EXPRESS 10578



a) b)

= retrieved from interferogram
= measured with monochromator|

= retrieved from interferogram
= measured with monochromator|

Normalized intensity (dB)
Normalized intensity (dB)
=
(42

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
Wavelength (pm) Wavelength (um)

Fig. 8. Comparison between the spectrum retrieved from the interferogram and the spectrum
measured with the monochromator (both curves include the response of the same detector) using (a)
10-meter HNLF and (b) 5-meter HNLF.

5. Conclusion

In conclusion, we have demonstrated a compact source suitable for ultrahigh resolution OCT
operating in the 1.5-um spectral region. This wavelength region is attractive for OCT appli-
cations, because in many types of biological tissues, optical backscattering is strongly reduced
at longer wavelength, supporting a larger penetration depth [11]. The system is based on a
compact, turn-key SESAM-modelocked Er:Yb:glass laser and spectral broadening in a highly
nonlinear fiber. The Er:Yb:glass laser uses GTI-type mirrors for dispersion compensation and
generates transform-limited 198-fs soliton pulses with an average output power of 100 mW.
An octave-spanning supercontinuum was obtained from the dispersion-flattened, silica-based
fiber. Due to the well-engineered fiber dispersion and nonlinearity, no pulse compression or
pulse amplification before the supercontinuum generation is necessary, which would intro-
duce additional noise. The coherence length of the supercontinuum was determined by a
Michelson-Interferometer. We demonstrate a maximum obtainable resolution of about
3.5 um in air, corresponding to about 2.5 um in tissue, which is more than a factor of two
better than previously achieved in the 1.5-um wavelength regime.
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