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We present an ultrabroadband, high-speed wavelength-swept source based on a self-modulated femtosecond
oscillator. Photonic crystal fiber was pumped by a mode-locked Yb:CaF, laser, resulting in a strong spectral broad-
ening from 485 to 1800 nm. The pump laser cavity could be realigned in order to achieve total mode-locking of the
longitudinal and transverse TEMy, and TEM|;, electromagnetic modes. This led to spatial oscillations of the output
beam, which induced modulation of the coupling efficiency to the fiber. Due to the fact that nonlinear spectral
broadening was intensity dependent, this mechanism introduced wavelength sweeping at the fiber output. The
sweeping rate could be adjusted between 7 and 21.5 MHz by changing the geometry of the pump cavity. By con-
trolling the ratio of the transverse mode amplitudes, we were able to tune the sweeping bandwidth, eventually
covering both the 1300 nm and 1700 nm bioimaging transparency windows. When compared with previously
demonstrated wavelength-swept sources, our concept offers much broader tunability and higher speed. Moreover,

it does not require an additional intensity modulator.
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1. INTRODUCTION

Wavelength-swept laser sources have numerous applications in
biomedical sciences, e.g., frequency-domain fluorescence micros-
copy [1], swept-source phase microscopy [2], and optical coherence
tomography (OCT) [3,4]. Among these bioimaging methods, the
latter is definitely the most frequently employed in real-life clinical
practice, and it typically makes it possible to obtain micrometer
(um) resolution with a tissue penetration depth of several milli-
meters (mm). Typically, OCT systems operate at three different
IR transmission windows: ~800 nm [5], ~1300 nm [4], and
~1700 nm [6]. The long-wavelength range exhibits the highest
water absorption; however, it has been demonstrated that due to
the reduced impact of scattering it can support superior penetration
depth not only in low-water-level samples [6-8]. Except for the
spectral emission, which should be appropriate for the specific
transmission window, the other crucial parameters of the employed
swept source are the wavelength tunability range (which defines
the achievable resolution) and the sweeping rate (determining the
image acquisition time). Explicitly, it is favorable to use a broad-
band source with as high a tuning speed as possible.

Several various wavelength-swept sources have already been
demonstrated. One approach relies on a laser employing a
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mechanically tunable optical filter [9]; however, these devices
suffer from relatively low tuning speed, which is limited to
several tens of kilohertz (kHz). Higher sweeping rates up to
1 MHz can be achieved with actively mode-locked lasers rely-
ing on dispersion tuning [10,11] and Fourier-domain mode-
locking [12]. An entirely different approach is based on soliton
self-frequency shift (SSES) of ultrashort pulses in a highly non-
linear photonic crystal fiber (PCF). When a femtosecond
high-intensity pulse propagates along the fiber, the process
of intrapulse stimulated Raman scattering induces soliton spec-
tral redshift. Importantly, the shift is proportional to the inten-
sity of the coupled radiation, and thus the central wavelength of
the emitted beam can be tuned simply by controlling the input
power [13]. The magnitude of the shift can amount to a few
hundred nanometers, while the pulse maintains its sech? shape
as well as coherence [14—17]. Simultaneously, the blueshifted
part of the spectrum can be also broadened due to dispersive
wave (Cherenkov radiation) generation [18,19]. Raman SSES
has been exploited for wavelength-swept infrared laser sources:
the output of a mode-locked laser is coupled to PCF, and the
input power is controlled with an acousto-optical modulator
[20,21]. With an ytterbium-based pumping, tunability of
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220 nm at 1220 nm has been achieved with modulation fre-
quency of 1.3 MHz, and it has been subsequently applied for
OCT measurements [22,23]. A time-averaged spectrum mea-
surement of the output from such laser sources usually exhibits
a smooth supercontinuum-like shape. Due to the lack of tem-
poral coherence, it can be termed as a quasi-supercontinuum.

Here, we present an ultrabroadband wavelength-swept source
based on a different approach that does not require an additional
modulator. For wavelength tuning we employed a microstruc-
tured, dispersion-engineered silica fiber, which was pumped
by an ultrafast self-modulated Yb:CaF, laser operating at
1050 nm. The used fiber supported strong Raman self-frequency
shift up to 1800 nm and simultaneous generation of a dispersive
wave down to 485 nm. By a proper alignment of the pump laser
cavity, we could achieve simultaneous mode-locking of the two
transverse electromagnetic modes TEMyy and TEMy,. Such a
regime was investigated previously in Ti:sapphire oscillators
and has been termed as total mode-locking, considering concur-
rent locking of both the longitudinal and transverse modes
[24-27]. To the best of our knowledge, this is the first study
of total mode-locking in an Yb-doped bulk laser. This mecha-
nism introduced spatial sweeping of the output beam, which
consecutively modulated the coupling efficiency to the PCF.
Effectively, this induced wavelength sweeping at the PCF output.
The frequency of the modulation could be changed between 7
and 21.5 MHz by changing the geometry of the pump laser
cavity. By controlling the contribution of the TEM; mode,
we were able to continuously tune the sweeping bandwidth—
eventually covering both the 1300 nm and 1700 nm bioimaging
windows. When compared with previously demonstrated solu-
tions, our setup offers not only much broader tunability and
higher speed but also reduced complexity and cost, due to the
lack of an additional intensity modulator.

2. EXPERIMENTAL SETUP

The experimental setup of the ultrafast wavelength-tunable
laser source is presented in Fig. 1(a). The PCF was pumped
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by a mode-locked Yb:CaF, oscillator, which delivered nearly
transform-limited 85 fs sech’-shaped pulses with an average
power up to 290 mW [28]. The home-built laser was pumped
by a 1 W single-mode fiber-coupled laser diode and emitted a
14 nm broad spectrum centered at 1049 nm. The autocorre-
lation trace and the optical spectrum are presented in Fig. 1(b).
The repetition frequency was 65 MHz, resulting in a maximum
peak power of 46 kW.

When correctly aligned, the mode-locked laser emitted a
beam with a pure TEM, profile. However, we could simulta-
neously excite a higher TEM;; mode by slightly tilting the out-
put coupler (OC) end mirror. In such a case, the total electric
field is a sum of the fields of the two present TEM modes:

E(2) = Epuise ()1H 0 (x,y) + aH g1 (x,y) exp[-i(Awt + Ag)]}.
0]

Here, E () is a complex field amplitude associated with a
phase-locked superposition of longitudinal modes resulting in a
pulsed operation. H,,,(x,y) corresponds to the Hermite—
Gaussian function of a TEM,,, mode, which determines the
spatial profile of the beam. The contribution of the individual
modes is given by a parameter @, which is simply a ratio of the
mode amplitudes. Ag is a constant phase difference between
the two modes. However, the total phase difference A, (#) =
Awt + A@ varies with time as the frequency of the distinct
transverse modes is not the same. The frequency of a longi-
tudinal mode g corresponding to a transverse TEM,,, mode
is given by @,,,, = [q + (m + n+ 1)0/2x]cn/L, where L is
the resonator length, and 6 is a parameter associated with
the geometry of the cavity and can be derived with ABCD
matrix formalism [27]. The time-dependent phase difference
between the two fields will introduce a beating resulting in spa-
tial oscillations of the beam profile. This mechanism is illus-
trated in Fig. 2, which presents the profiles of the TEM, and
TEM,, modes as well as the resulting intensity of the total elec-
tric field (cross sections with constant y; with arbitrarily chosen
a = 0.2) at Ap,, = 0 and Ag,, = 7. Figures 2(c) and 2(d)
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(a) Schematic of the experimental setup: SESAM, semiconductor saturable absorber mirror; OC, output coupler; /2, half-wave plate.

(b) Output characteristics of the mode-locked Yb:CaF, oscillator: autocorrelation trace with a corresponding fit and (inset) optical spectrum.
(c) Dispersion of the PCF with indicated pump spectrum and (inset) scanning electron microscope cross-section image of the PCF.
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Fig. 2. Electric field profiles of the cross sections of TEM; and TEM; modes (dashed lines) with the resulting normalized intensity of the total
electric field (solid lines) at (a), (¢) A@, = 0and (b), (d) A@,,; = 7. The ratio of the mode amplitudes @ is equal to (a), (b) 0.2 in the upper row and
(c), (d) 0.7 in the lower row. For animation, see Visualization 1 (a = 0.7).

present the same case but with a higher parameter a = 0.7.
It is clear that an increase of the TEM;; mode contribution
(i.e., higher ) will result in a stronger modulation (i.e., increased
distance between the extreme beam positions). An animation
presenting how the beam profile changes with the relative phase
difference (with a = 0.7) is shown in Visualization 1. The
sweeping rate is equal to frequency separation between the trans-
verse modes and can be related to the mode-locked repetition
frequency @, Aw/w,, = 0/2m. Consequently, it can be con-
trolled by proper changes of the cavity geometry parameters.

The PCF used for spectral shifting had a silica core with a
3.07 pm diameter, which was surrounded by eight rings of air
holes. The distance between the holes was equal to 2.47 pm,
and the average diameter of the air holes was 1.84 pm. In the
experiment, we used a 4 m long piece of the fiber. Figure 1(c)
shows the chromatic dispersion curve of the PCF, together with
a scanning electron microscope (SEM) image of the end face.
The light was coupled to the fiber with an aspheric lens with a
focal length of 6.5 mm. Since the PCF is slightly birefringent
(due to its elliptical core shape), we employed a half-wave plate
to rotate the polarization in order to maximize the frequency
shift. The fiber was angle-cleaved (at around 15°) to prevent
backreflections, which can disturb stable mode-locked opera-
tion of the pump laser.

3. RESULTS

Initially, the pump laser operated in the stable regime with a
Gaussian output beam profile. When the light from the oscillator
was coupled to the PCF, we could observe a gradual frequency
shift of the soliton pulses. For the maximum coupling efficiency
of 41%, the central wavelength was shifted up to 1800 nm, and
several consecutive higher-order solitons were present. Moreover,
the blueshifted part stretched up to 485 nm (with the strongest
component at 540 nm) and exhibited a more complicated

structure. The entire spectrum emitted from the PCF is shown
in Fig. 3(a) together with the beam profile (registered with a
scanning slit beam profiler before the coupling lens) and stable
pulse train (measured with a fast photodiode after the fiber).

Importantly, the achieved coupling efficiency holds only for
the pump laser working at the basic transverse TEM, mode. If
we now consider the movement of the beam off-center of the
employed aspheric lens, the coupling efficiency will be reduced.
Consequently, spatial sweeping of the beam originating from
total mode-locking of the TEM; and TEM;; modes will result
in periodic changes of the power coupled to the PCF.
Variations of the pump pulse energy propagating along the
fiber will be translated to changes in frequency shift of the
Raman solitons, i.e., wavelength sweeping.

Consequently, we slightly tilted the end mirror in order to
introduce spatial beam sweeping as described in the previous
section. Despite the minor change of the beam profile, the
modulation of the pulse energy coupled to the PCF is clearly
visible in the pulse train [Fig. 3(b)]. In this case, the modulation
rate [ 4 was approximately 6 times lower than the repetition
rate of the pump laser f,., and amounted to 11 MHz. This
induced wavelength sweeping, which is depicted in the spec-
trum. It was registered with a standard optical spectrum ana-
lyzer, which obviously cannot resolve the pulse-to-pulse spectral
deviations and instead measures only a time-averaged spectrum.

We could control the relative amplitudes of the individual
transverse modes by changing the dilt of the end mirror. An
increase of the tilt led to a growing contribution of the
TEM,, mode, stronger spatial oscillations (see comparison
in Fig. 2), and hence to a buildup of the sweeping bandwidth.
For example, the longest wavelength component in Fig. 3(b) is
centered at 1645 nm and covers 210 nm (between the
maxima). However, the bandwidth can be continuously tuned:
as we increase the tilt, the distance between the extreme posi-
tions of the spatially sweeping beam is also increased, resulting
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Fig. 3. Averaged beam profiles at different regimes with corresponding pulse trains and spectra (in logarithmic scale) registered at the PCF output.
The set (a) corresponds to the pump laser operating at a stable, pure Gaussian regime; in (b) we started the modulation by exciting the TEM,; mode.
The modulation effect is more profound in (c), where the contribution of the higher transverse mode is stronger.

in a larger size of the registered (averaged) beam profile
[Fig. 3(c)]. Consequently, the modulation depth is considerably
higher, increasing the spectral sweeping range. The components
associated with individual Raman solitons overlap, resulting in a
quasi-continuous spectrum with a supercontinuum-like shape.

In order to better illustrate the wavelength-sweeping effect,
we performed additional measurement with a dispersive
Fourier transform (DFT) technique, which enables us to study
shot-to-shot spectral dynamics in real time [29]. In the DFT
experiment, the output pulses from the PCF were coupled into
1200 m of Corning Vascade S1000 fiber. The temporal trace
was observed with a 6 GHz oscilloscope (Agilent DSO90604A
Infiniium) coupled with a 12 GHz photodiode (Discovery
Semiconductors DSC-50S). Visualization 2 presents one of the
measurements: initially the PCF was pumped with a TEM,
beam, and we could observe three consecutive Raman-shifted
solitons. Subsequently, the beam sweeping was started by tilting
the mirror. The sweeping magnitude could be easily controlled
in a continuous manner by changing the mirror tilt. Finally, the
pump laser could be repetitively switched between the stable
and modulated regimes.

Once the cavity is aligned for a given modulation depth, the
operation and obtained spectral profile are stable. In long-term
tests, we have observed the gradual decrease of the pump laser
output power (by ~5 mW /h), inducing gradual spectral nar-
rowing at the red side of the spectrum. This behavior was
observed only for the multi-mode regime, and in the future
it can be compensated for by active control of the power of
the laser diode pumping the oscillator.

In addition to the modulation depth, its frequency (sweep-
ing rate) can also be controlled. As has been previously dem-
onstrated, the frequency separation between the transverse
modes can be changed by modifying the cavity geometry [27].
In Fig. 3, we present the case where it was approximately
6 times smaller than the repetition rate and amounted to
11 MHz. However, by a proper cavity realignment, we were
able to tune the modulation frequency. In our case, it was per-
formed by continuous change of the second folding mirror

(@) 7 MHz (b) 21.5 MHz
! L] et b
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Fig. 4. DPulse trains after the PCF at the modulation frequency of
(a) 7 MHz and (b) 21.5 MHz.

position. Figure 4 depicts the pulse trains measured at the
PCF output for modulation frequencies of 7 MHz and
21.5 MHz. Tuning of the sweeping rate introduced minor de-
viations to the final output spectrum. It is important to note
that the modulation frequency does not have to be an integer
divisor of the pulse repetition rate. If it is not the case, the pulse
train will not be locked to the modulating envelope, resulting
in pulse energy deviations between the subsequent sweeping
periods. Finally, we were naturally limited by a mode-locked
repetition rate of the employed laser source.

4. CONCLUSIONS

In summary, we have demonstrated a novel concept for a wave-
length-swept source based on total mode-locking of an Yb:CaF,
femtosecond laser. Wavelength tuning was achieved via intensity-
dependent SSES and dispersive wave generation in a highly non-
linear photonic crystal fiber. With a stable pump oscillator, we
achieved spectral broadening between 485 and 1800 nm. We
could introduce phase-locking of the longitudinal and transverse
(TEMyy and TEMg;) modes simply by tilting the pump laser
end mirror. This introduced spatial oscillations of the output
beam, which led to modulation of the coupling efficiency to
the fiber and effectively induced wavelength sweeping. The
sweeping bandwidth can be continuously adjusted by controlling
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the contribution of the TEM;,; mode (with a mirror tilt).
Simultaneously, the sweeping rate could be tuned between 7
and 21.5 MHz by changing the pump laser cavity alignment.
Our approach enables us to obtain higher speed and broader
tuning range when compared with previously demonstrated
solutions. It can operate in both the 1300 nm and 1700 nm bio-
imaging windows, and it does not require an additional intensity
modulator. Finally, this technique can be further developed con-
cerning possible pumping with multimode mode-locked fiber
lasers, a field that is currently rapidly developing [30,31].
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