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Abstract: We measure the coupling constant between the two per-
pendicularly polarized eigenstates of a two-frequency Vertical External
Cavity Surface Emitting Laser (VECSEL). This measurement is performed
for different values of the transverse spatial separation between the two
perpendicularly polarized modes. The consequences of these measurements
on the two-frequency operation of such class-A semiconductor lasers are
discussed.
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1. Introduction

Two-frequency lasers have proved to be interesting sources for the optical distribution and
generation of radar local oscillators [1], the optical generation of high spectral purity CW THz
radiation [2], or for pulsed or CW lidar-radar systems [3]. In all these examples of use, the
two-frequency lasers were based on solid-state active medium, such as Er-Yb doped glasses
or Nd doped crystals. Due to the long lifetime of the upper level population, typically in the
100 us to 10 ms range, these lasers are the so-called class-B lasers, i. e., their photon lifetime
is much shorter than the population inversion lifetime. This means that these lasers exhibit
relaxation oscillations. In the case of a two-oscillating-mode laser, there are two relaxation
oscillation frequencies, corresponding respectively to the in-phase and the antiphase oscillation
of the intensities of the two modes [4]. The presence of these resonances leads to a strong
intensity noise in the kHz to MHz frequency domain [5] which constitutes the actual limitation
of the noise of these lasers when they are used to generate low noise microwave signals [6, 7].
However, it has recently been shown that Vertical External Cavity Surface Emitting Lasers
(VECSELSs) can belong to the class-A dynamical regime and exhibit a very low intensity noise
[8, 9]. This is why we recently investigated the possibility to reach two-frequency oscillation in
a VECSEL [10]. However, the simultaneous oscillation of the two modes of the laser relies on
the value of the nonlinear coupling constant C between these modes [11]. In order to decrease
C well below the critical value of 1, we implemented a spatial separation of the two polarization
modes in the active medium [10]. Then, it seems important in the present context to control the
value of C in order to reach a stable two-frequency regime for a minimum spatial separation of
the two modes. Indeed, a very large spatial separation would allow differential noises to appear,
thus increasing the beat frequency jitter. Moreover, it is well known that the value of C plays an
important role in the noise correlations between the two modes in class-A lasers [12]. The aim
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Fig. 1. Experimental setup. BC: birefringent crystal; HWP: half-wave plate; M: cavity mir-
ror; E: étalon; FPI: Fabry-Perot interferometer. PBS: polarization beam-splitter; BS: beam
splitter; L: lens; D: detector; OI: optical isolator; OSA: optical spectrum analyzer.

of the present work is consequently to measure the value of C in a two-frequency VECSEL for
different values of the spatial separation of the two otrhogonally polarized modes, as a first step
in optimizing this kind of lasers.

2. Description of the experiment

The experimental setup is schematized in Fig. 1. The laser is based on a 1/2-VCSEL grown
by Metal Organic Chemical Vapor Deposition (MOCVD) [13] consisting in a 27.5-period
GaAs/AlAs Bragg mirror (99.9% reflectivity). Gain at 1 ym is provided by six strained bal-
anced InGaAs/GaAsP quantum wells covered by an anti-reflection coating. The structure is
bonded to a SiC substrate and maintained at 20 °C thanks to a Peltier thermo-electric cooler.
The pump system consists in a 808 nm pigtailed diode laser delivering up to 3 W and focused
on the gain chip to a 100 ym diameter spot with an incidence angle of about 30°. The cav-
ity is closed with a 50 mm radius of curvature concave mirror reflecting 99% of the intensity.
The cavity length is about 47 mm. In these conditions, the photon lifetime is of the order of
15 ns, which is much longer than the carrier lifetime (which is of the order of 3 ns), thus en-
suring class-A dynamical behavior for the laser [8]. In these conditions, the laser threshold
corresponds to a pump power of about 270 mW.

Dual-polarization oscillation is achieved by introducing a birefringent YVOy4 crystal (BC)
inside the cavity. This crystal, which is anti-reflection coated at 1 ym, introduces a polarization
walk-off d proportional to its thickness. We have three different crystals of thicknesses 1, 0.5,
and 0.2 mm, corresponding to d = 100, 50, and 20 um, respectively. When the horizontal posi-
tion of the pump spot is carefully adjusted to provide as much pump power to the two spatially
separated beams, one can achieve the simultaneous oscillation of the two perpendicularly lin-
early polarized beams which correspond to the ordinary and extraordinary polarizations of BC
and are separated by d in the active structure. Perfect spatial overlapping of the beams between
the crystal BC and the cavity mirror M is ensured by the fact that M is concave while the Bragg
mirror is plane. To make each polarization oscillate at a single frequency, a 150-um thick un-
coated glass étalon is introduced inside the cavity. The orientation of the étalon is adjusted to
make the two cross-polarized modes oscillate in the same longitudinal mode of the cavity, as
checked using an optical spectrum analyzer. The frequency difference between the two polar-
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izations, which is thus smaller than the 3.2 GHz free spectral range (FSR) of the cavity, can
then be measured using either a 10 GHz FSR Fabry-Perot interferometer or a fast photodiode
followed by an electrical spectrum analyzer. We also use these apparatus to make sure that no
high-order transverse mode is oscillating. The powers of the two polarizations can be equalized
by adjusting the horizontal position of the pump beam. In these conditions, with the 200 um-
thick crystal for example, the laser threshold increases up to 1.1 W. An output power of 220 mW
with a stable dual-frequency behavior is obtained with a pump power of 2600 mW. For higher
pump powers, the dual-frequency behavior of the laser is no longer stable.

3. Principle of the measurement

In a class-A laser, the intensities I, and /. of the two ordinary- and extraordinary-polarized
modes obey the following differential Eqs. [14]:

dl, I [ To ]

- = —|-1+ ) 9]
dr To 1+ (10 + Eoele)/lsat

dl. I [ re ]

—= = = |1+ , 2)
i | T (et Ealo) e (

where T, and T are the lifetimes of the ordinary and extraordinary polarized photons, r, and
re are the excitation ratios of the two modes (ratio of the unsaturated gain to the losses), I
is the saturation intensity of the active medium, and &, and &, are the ratios of the cross- to
self-saturation coefficients for the two modes.

The steady-state solution of Eqgs. (1) and (2) corresponding to the simultaneous oscillation of
the two modes is given by:

(ro_l)_éoe(re_l)

Iy = ILa 1-C ) (3)
(re=1) = &eolro— 1)
L = I , 4
. at e @)
where
C= Eoefeo (5)

is the nonlinear coupling constant, as defined by Lamb [11]. The solution given by Egs. (3)
and (4) may be stable only if C < 1 [11]. Different methods have been used to measure C
[15, 16, 17]. Here, we choose to observe the response of the intensities of the two modes to
the introduction of extra losses for only one of these modes. From Egs. (3) and (4), we can see
that the values of &, and &, can be deduced from the observation of the response of the mode
intensities to a modification of the losses and/or of the gain of the modes:

01 /07,

Eeo _dlo/ﬁro ) (6)
B ol,/0re.

Eoe - _016/(9}’6 . (7)

Thus, by modulating the losses of the ordinary mode and by measuring the modulation am-
plitudes of the intensities of the two modes, we can use Eq. (6) to determine &.,. The same
procedure can be performed using Eq. (7) to measure &, by modulating the losses of the ex-
traordinary mode.
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4. Results and discussion

In our experiment, we perform this modulation of the losses experienced by one mode only by
using a knife-edge introduced in the part of the cavity in which the two modes are spatially
separated (see Fig. 1). This knife-edge is mounted on a piezo-electric transducer in order to
modulate the amount of diffraction losses introduced. The truncation losses introduced by the
knife-edge are much smaller than 1 %, allowing us to neglect any modification of the spatial
profile of the beam.

100 | Ny |
e
% 98 (a) loss modulation] %
5 5
96 |-
s N R
94 - 1 o
loss modulationT
92 1 1 92 1 1 J
0.00 0.01 0.02 0.00 0.01 0.02
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Fig. 2. Experimental results for a spatial separation d =20 ym. (a) Evolution of the powers
of the ordinary and extraordinary modes when the losses of the ordinary mode are modu-
lated at 227 Hz. (b) Same as (a) when the losses of the extraordinary mode are modulated.

Figure 2 reproduces typical experimental traces obtained by this method. In this example,
the separation between the ordinary and extraordinary modes is d = 20 yum. Without the knife-
edge, the laser threshold corresponds to a pump power of 1.14 W. The introduction of the knife
edge inside one of the beams increases this threshold by about 50 mW. This Fig. was obtained
with a pump power of 2.21 W. The output powers of the two modes are about 100 mW. To
obtain the results of Fig. 2, the position of the knife-edge is modulated at 227 Hz. These results
show that, as expected from Eqs. (6) and (7), the modulations of the intensities of the two modes
are in antiphase. The modulation of the losses is slow enough compared to the time constants
of the system, namely the photon lifetime in the cavity and the carrier lifetime, to allow us to
consider that the steady-state analysis of section 3 is valid. Then, using Eqgs. (6) and (7), the
results of Figs. 2(a) and 2(b) lead to &, = 0.76 and &, = 0.85, respectively. This leads to the
following value of the coupling constant in this case:

Ca=20 HUm — Eoefeo =0.64. ()

We have checked experimentally that the value of C is independent of the pump power and of
the amount of losses introduced by the knife-edge. The values of &, and &, slightly vary from
one measurement to the other, as already observed in the case of Er,Yb doped glass [16] and
Nd:YAG [18], but their product C remains constant to = 0.05. We then performed the same
measurement for a larger spatial separation d = 50 um (see Fig. 3). These measurements were
performed in conditions similar to the ones of Fig. 2. By comparing Fig. 3 with Fig. 2, one can
clearly see that the intensity of the mode whose losses are not modulated is less affected by the
modulation of the losses of the other modes, illustrating the decrease in the coupling allowed
by the increase of the spatial separation d. By using again Eqs. (6) and (7), the curves of Figs.
3(a) and 3(b) lead to &, = 0.34 and &, = 0.53, respectively. Their product leads to:

Ci=s0 Um — Eoefeo =0.18. 9
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Fig. 3. Same as Fig. 2 for d = 50 pm.
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Fig. 4. Evolution of the coupling constant C versus spatial separation d. The filled circles
are the measurements and the full lines are given by Eq. (12) with Cy = 0.8 and wy =
41 pm (full red line), Cy = 0.75 and wo = 50 um (dashed green line), and Cy = 0.71 and
wo = 60 um (dot-dashed blue line)

We eventually used the 1-mm long birefringent crystal which introduces a transverse spatial
separation d = 100 um between the ordinary and extraordinary modes. With this crystal, we
could detect absolutely no variation of the intensity of one mode when the losses of the other
mode are modulated. We thus conclude that:

Cy=100 um =0 . (10)

These measurements are indicated as filled circles in Fig. 4. In principle, the coupling con-
stant should evolve like the overlap integral of the two modes in the active medium, namely
J 1 (x,y) b (x,y)dxdy
n 1 27
(J B2 (x,y)dxdy [ P2 (x,y)dxdy)
where Cj is the coupling constant for superimposed modes, and I;(x,y) and L (x,y) are the

mode intensity profiles in the active medium. By taking two Gaussian profiles of equal radii wy
separated by a distance d, Eq. (11) becomes:

C=GC

Y

C=Cye /M (12)
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To compare Eq. (12) with experiments, we tried to determine wg by two means. The first method
consists in carefully measuring the cavity length by measuring the beat note frequency between
two successive longitudinal modes when the laser is multimode. We then obtain a cavity optical
length L = 4.73 cm. Since the thicknesses of the 1/2-VCSEL, the étalon, and the birefringent
crystal are very small compared with the cavity length, we use this value as the cavity geomet-
rical length to compute the size of the waist for a simple planar-concave cavity. This leads to
wo = 60 Um. We then adjust the value of Cy to 0.71 in order to find the correct value of C for
d =20 pum. This leads to the dot-dashed blue line in Fig. 4, which provides only a poor agree-
ment with the measurements for d = 50 ym and d = 100 um. We then tried to determine wq by
measuring the divergence of the beam at the output of the laser. Then by taking into account the
divergent lens effect due to the traversal of the output mirror, we can deduce the divergence of
the intracavity beam and then, finally, the value of wy. With that method, we find wy = 50 uUm.
By adjusting the value of Cy to 0.75, we then obtain the dashed green line in Fig. 4. The agree-
ment with measurements is better than before but is still not perfect. A perfect agreement can be
obtained for wy =41 um and Cy = 0.8, as evidenced by the full red line in Fig. 4. The reasons
why the agreement cannot be better with the two other curves is that i) Eq. (12) leads to a very
fast variation of C with wy, and ii) our methods to determine wq lack precision. In particular,
the first one which supposes that our cavity is a planar-concave resonator is not true because
the thermal lens induced by the pump in the active medium is strong, preventing the structure
from behaving as a simple planar mirror. However, since the thermo-optic coefficients of GaAs
and AlAs are positive [19], we expect the thermal lens effect to be positive, which should lead,
for our cavity configuration, to an increase of the mode radius inside the structure instead of the
observed decrease. This point thus requires further investigations.

One potentially important conclusion of the present work is that the high value of Cy (of
the order of 0.8) explains why it is so difficult to obtain robust oscillation of the two modes
without performing a spatial separation. However, since Cy is smaller than 1, the simultaneous
oscillation of the two modes is in principle possible even in the absence of spatial separation.
However, it requires a careful balance of the losses and gains of the two modes to force them
to oscillate simultaneously.

5. Conclusion

In conclusion, we have measured the coupling constant for the two perpendicularly polarized
modes of a laser based on strained balanced InGaAs/GaAsP quantum wells. The values of
the coupling constant that we obtained are useful for the design of relaxation-oscillation-free
two-frequency lasers [10]. In particular, it is found that the simultaneous oscillation of two
perpendicularly polarized modes is in principle possible without spatially separating them in
the active medium. In the future, we plan to gain better understanding of the values we get for
this coupling constant using either models based on the introduction of carrier spin dynamics
[20, 21] or on a more complete microscopic theory of the anisotropy of gain saturation in such
quantum wells [22]. This should help us to optimize these lasers and, in particular, reduce their
noise.
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