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with an acousto-optic filter in an external fibre cavity

E.V. Andreeva, L.N. Magdich, D.S. Mamedov,

A.A. Ruenkov, M.V. Shramenko, S.D. Yakubovich

Abstract. A tunable semiconductor laser with a laser
amplifier based on a double-pass superluminescent diode as
an active element and an acousto-optic filter in an external
fibre cavity as a selective element is investigated. A
continuous spectral tuning is achieved in a band of width
60 nm centered at a wavelength of 845 nm and the ‘instant’
linewidth below 0.05 nm is obtained. The sweep frequency
within the tuning range achieves 200 Hz. The cw power at the
output of a single-mode fibre was automatically maintained
constant at the level up to 1.5 mW.

Keywords: tunable laser, semiconductor optical amplifier, super-
luminescent diode, acousto-optic tunable filter, optical coherence
tomography.

1. Introduction

Tunable semiconductor lasers have been studied in a vast
number of publications. Dozens of models of these devices
are now available in the optoelectronic market. These lasers
use most often optical schemes with an external cavity
containing a tunable spectrally selective element. In this
paper, we solved the problem of the development of a
prototype of a specialised near-IR source for new systems
of optical coherence tomography. The main technical requi-
rements imposed upon this source are a sufficiently broad
tuning range (more than 50 nm), the possibility of a
relatively fast (at a frequency of higher than 100 Hz) sweep
of the radiation wavelength and coupling radiation out
through a single-mode fibre (SMF). The requirement to the
‘instant’  spectral linewidth 84 is quite modest
(04 < 0.1 nm).

With these requirements in mind, we decided to use a
semiconductor optical amplifier (SOA) based on double-
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pass superluminescent diodes (SLDs) made of a single-layer
quantum-well structure (SQW) [1, 2] as an active element
and as a spectrally selective element in an external fibre
cavity — an acousto-optic tunable filter (AOTF). The
advantages of these filters, which are rarely used in tunable
semiconductor lasers [3, 4], are a broad tuning range and a
sufficiently fast response, while their disadvantages are a
relatively large size, a rather strong temperature dependence
of operating characteristics, and a high energy consumption.
In our case, these drawbacks did not prevent the use of an
AOTF because this device was applied in laboratory experi-
ments.

2. Laser components and design

A double-pass SLD was fabricated using the known design
with a bent active channel [5]. The end of the bent part of
the active waveguide, whose axis made an angle 7° with the
normal to the output facet of the crystal, was covered with
an antireflection dielectric coating. To optimise this
element, it was necessary to determine the length of the
active channel, the reflection coefficient of the rear end facet
oriented normally to the active-channel axis, and the
operating injection current providing a sufficiently high
level of the double-pass optical gain for the maximum
width of the gain spectrum and rather small residual
modulation by the Fabry—Perot modes. We determined the
design and operating regime of the SLD providing the
values of the latter three parameters equal to 20 dB, 45 nm,
and 3 %, respectively. The SOA modules were assembled in
standard Butterfly housings with coupling out radiation
through a polarisation-maintaining PANDA SMF. The
‘slow’ axis of the fibre corresponded to the TE polarisation
of radiation.

Figure 1 presents the typical light—current character-
istics and emission spectra of these modules. In the SLD
regime in the absence of a positive optical feedback, the
output characteristics are similar to those of conventional
SLDs based on the given SQW. When a cleave with the
reflection coefficient 4 % was made perpendicular to the
output SMF axis, these characteristics acquired a distinct
laser nature.

Such SOA modules, whose small-scale production was
started in 2005 (the SOA-371 model), can be used in single-
frequency lasers with fibre Bragg gratings (FBGs) employed
as external cavities. By using external cavities with control-
lable spectrally selective elements, it is possible to fabricate
tunable lasers. As mentioned above, we used an AOTF as
such an element in this paper.
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Figure 1. Light—current characteristics (a) and output emission spectra (b) of SOA modules in the SLD regime (/) (for the inclined cleave of the

output SMF) and in the lasing regime (2) (for the perpendicular cleave).

The choice of the AOTF design was determined by the
requirement of a high spectral resolution needed to obtain a
sufficiently narrow laser line. In this connection the solution
proposed in [6] seems to be the most promising. The
principal difference of the geometry of this acousto-optic
interaction from others used in AOTFs is that it does not
provide the interaction of a diverging light beam with a
sound wave because the tangents to the surfaces on which
the ends of the wave vectors of the incident and diffracted
light waves are not parallel to each other. The high
resolution is achieved due to an increase in the length L
of acousto-optic interaction. In the device under study,
radiation with the nearly diffraction-limited divergence is
used. Therefore, the abandonment of the requirement of
wide-aperture interaction allowed us to realise such inter-
action between light and sound in a very efficient acousto-
optic material — paratellurite (TeO5).

The direction of the phase velocity was chosen close to
that of the [110] crystallographic axis (the deviation was
2.2°). This provided high values of the acting coefficient of
acousto-optic quality and birefringence An. The light beam
was directed along the acoustic beam (Fig. 2). By calculat-
ing the FWHM of the AOTF instrumental function from
the known expression A4 = 42 /(AnL) (where A is the optical
wavelength), we obtain for 1 = 840 nm, An = 0.145 (TeO»)
and L = 25 nm the value A/ = 0.2 nm, which is close to the
spectral resolution directly measured for such AOTFs.

Figure 2. The AOTF scheme: (/) lithium niobate piezoelectric trans-
ducer; (2) incident polarised radiation; (3 ) paratellurite sound duct; (4)
sound absorber; (J5) transmitted light (zero diffraction order); (6)
diffracted (filtered) radiation; (7) high-frequency signal at the AOTF
input; (8) acoustic beam in a paratellurite crystal.

Based on the element described above and OZ Optics
fibre collimators, we developed a monolithic AOTF with
input and output Corning PANDA SMFs. The main
characteristics of this device are presented below:

Spectral range /Nm ..............ooooeiiiii 750-950
Spectral resolution / NIt <0.3
SMEF/SMF coupling efficiency (%) ..........ccooviiiiiiiiiiiin. 70
SWitChing tme /IS ... 40
Polarisation..........o.oiiiiiii i linear
SMEF type ...viiiiiiiii e SM85-PS-025A

To provide a positive feedback and coupling radiation
out of a fibre cavity, we developed the original design of a
broadband semitransparent fibre mirror by using the
modified manufacturing technology of broadband SMF
couplers [7]. One of such couplers with the division
coefficient 96:4 was used to couple a part of the output
radiation to an automatic power control (APC) system.

Figure 3 shows the scheme of the laser. The electronic
circuit of a commercial PILOT-4 SLD controller provided
power supply for the SOA, its thermal stabilisation, and the
constant output optical power in the APC regime. Only the
cw injection regime for the SOA was used. The APC system
could be switched off during experiments, and the SOA was

High-frequency

signal

[ s |

Figure 3. Scheme of a tunable semiconductor laser with an AOTF in an
external fibre cavity: (/) SOA-371 module; (2) AOTF; (3) fibre
collimator; (4) fibre mirror (R = 30%); (5) fibre Y-coupler; (6) pin
photodetector producing the input APC signal; (7) PILOT-4 SOA
controller; (8) AOTF controller.
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switched on to the automatic injection current control
(ACC) regime. The block diagram of the original AOTF
controller is shown in Fig. 4. This device provided the
output high-frequency signal of power up to 1 W, which
could be tuned in the frequency range from 85 to 113 MHz,
which corresponds to the optical tuning range of the AOTF
from 750 to 950 nm and overlaps with a great margin the
SOA gain band. The frequency of the high-frequency signal
(the central wavelength of the AOTF transmission spec-
trum) was determined by the control voltage 1/, which could
be supplied from an external source or an in-built control
voltage generator. The latter could supply a constant
voltage or a saw-tooth voltage changing in time. The
maximum rate of voltage variation (sweep frequency)
noticeably exceeded the AOTF time response.

3. Output characteristics of the laser

Figure 5a shows the light—current characteristic in the SLD
regime recorded in the zero diffraction order of the AOTF

High-frequency
generator

High-frequency
amplifier

Control voltage
generator

High-frequency
¢ signal
Vo——0

Figure 4. Block diagram of the AOTF controller.

and the light—current characteristics recorded in the lasing
regime for the AOTF tuned to a wavelength of 860 nm
corresponding to the maximum optical gain. Compared to
the curves in Fig. la, the lasing threshold was decreased
and the corresponding decrease in the external quantum
efficiency was observed. Figure 5b presents the emission
spectra in the lasing and SLD regimes for the SOA injection
current /=65 mA. In the lasing regime, the AOTF was
tuned to a wavelength of 840 nm corresponding to the
central wavelength of superluminescence. In this case, the
narrowing of the spectrum by more than three orders of
magnitude was observed. The laser linewidth 3/ measured
with an ADVANTEST-Q8347 analyser was ~0.045 nm. In
this band, a few hundreds of longitudinal modes of an
external cavity of length 1.5—-2 m were excited. The excess
of the line maximum over the pedestal was more than
60 dB. The polarisation degree of the output radiation was
98.5%.

Figure 6 shows the families of tuning curves of the laser
in the ACC (without the output coupler) and APC regimes
recorded upon a slow discrete variation of V.

As the SOA injection current increases, the tuning range
of the laser in the ACC regime broadens due to the
broadening of the SOA gain band [l, 2]. In the APC
regime, the tuning range narrows down with increasing
the level of the stabilised output power. The main factor
limiting the output power P, and the width of tuning range
AJ; is the requirement of a high reliability of the laser. In
this case, the most critical element from the point of view of
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Figure 5. Light—current characteristics (a) and output emission spectra (b) of the SOA before placing it into a external cavity (/) and in the stationary

laser regime (2) for the AOTF tuned to 4 = 860 (a) and 840 nm (b).
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Figure 6. Tuning curves of the laser in the ACC regime for the SOA injection current equal to 65 (1), 75 (2), and 85 mA (3) (a) and in the APC
regime for the output power equal to 0.5 (7), 1.0 (2), and 1.5 mW (3) (b).
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Figure 7. Width of the slow continuous tuning band of the laser as a
function of its output power in the APC regime.
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Figure 8. Maximum output power and the tuning band width of the laser
in the ACC regime for 7 = 85 mA as functions of the sweep frequency
for the amplitude AV corresponding to the AOTF tuning range from 800
to 880 nm.

the service life is the SOA. Our estimate shows that the
output power Py, = 2.0 mW in the final scheme of the laser
(Fig. 3) corresponds to the power ~20 mW on the SOA
output facet. Such a relation between the powers is
determined by total optical losses at the coupling unit in
the SOA module, fibre collimators, AOTF, Y-coupler, and
SMF splices (not shown in Fig. 3).

Preliminary resource tests of SOA-371 modules showed
that the service life of these devices decreased when the
output power exceeded 20 mW. For this reason, the output
power in the subsequent studies did not exceed this level and
the SOA operating current was limited by 100 mA. In the
APC regime, this value of the operating current determined
the extreme points and the width A/, of the tuning band.
The corresponding dependence is shown in Fig. 7.

Another factor limiting the output power and the width
of the tuning range of the laser in the sweep regime is a finite
time response of the AOTF. With increasing the sweep rate,
which is determined by the rate of variation in the frequency
of a high-frequency control signal, the chirp on a diffraction
grating produced by an acoustic wave in the TeO, crystal
increases, whereas the diffraction efficiency of the wave
decreases. Figure 8 shows the dependences of the maximum
output power for A =860 nm and the width of the tuning
band on the sweep frequency for the constant amplitude of
the control signal of the AOTF in the ACC regime for
I=285 mA. These dependences show that the output
characteristics of the laser under study rapidly degrade
upon sweeping within the entire tuning band at the
frequency above 120 Hz. We decided finally in the course
of laser modification to restrict the sweep frequency by
200 Hz. An increase in the fast response of the AOTF
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Figure 9. Oscillograms of the control voltage, synchrosignal, and output power in the APC regime for the sweep frequency 100 Hz, P,, = 1.5 (a) and
0.5 mW (b), and the stationary lasing spectrum (c) and the chronogram of radiation transmitted through the Fabry—Perot etalon (d) (sweep regime

corresponding to Fig. 9a).
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inevitably reduces its spectral resolution. To find the optimal
parameters of the AOTF providing the maximum sweep
frequency by preserving continuous spectral tuning, it is
necessary to perform further studies.

Figure 9 shows the oscillograms of a control signal
determining the laser wavelength, of synchropulses and
the output laser power for the sweep frequency 100 Hz.
The laser operated in the APC regime emitting 1.5 and 0.5-
mW pulses (after the Y-coupler). For sweep frequencies up
to 200 Hz, no increase in the ‘instant’ linewidth of the laser
was observed compared to the case of stationary lasing. This
is illustrated in Figs 9c,d. The first of them shows the
stationary lasing spectrum, and the second one presents the
chronogram of radiation transmitted through the Fabry—
Perot etalon with the free spectral range of 0.09 nm in the
sweep regime corresponding to Fig. 9a. The estimated
‘instant’ linewidth is ~0.05 nm, which slightly differ
from the stationary value.

4. Conclusions

Laser radiation sources with a rapid wavelength sweep
attract recent interest of the researchers involved in the
development of new systems of optical coherence tomog-
raphy [8, 9]. Based on our studies, we have developed a
laboratory prototype of a laser with the following technical
parameters:

Spectral range,/nm ... 815-875
Optical power at the SMF output/mW
JOW=POWET TEZIIME .+ . e ettt ettt et e eaeas 0.5
high-power regime ..ot 1.5
Tuning band Width/nm

low-power regime ....
high-power regime ...
Laser linewidth /nm..........................
Side-mode suppression degree / dB
Sweep frequency /Hz ...

To our knowledge, such a laser emitting in the near-IR is
developed for the first time.
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