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Nonlinear Dynamics of Semiconductor Laser
Emission Under Variable Feedback
Conditions

Joachim Sacher, Wolfgang Elsisser, and Ernst O. Gobel

Abstract—We have studied the behavior of external cavity semicon-
ductor lasers with tilted external cavity mirrors providing variable
feedback. We d tate the appearance of intermittent breakdowns
of the light intensity induced by the tilting of the external mirror. The
rate of the breakdowns of the light intensity is directly related to the
relaxation oscillation frequency of the external cavity semiconductor
laser. We are able to describe the experimental observations theoreti-
cally by the coupled rate equations for the electric field density and the
carrier density.

I. INTRODUCTION

HE optical properties of semiconductor lasers with external

feedback are of profound interest because of the practical
importance as well as the basic properties of this nonlinear sys-
tem. External cavity semiconductor lasers, for instance, are used
for linewidth reduction [1] or short pulse generation [2]. Semi-
conductor lasers with external feedback, however, have also re-
ceived considerable attention for the investigations of optical
chaos [3]-[9]. In particular two of the universal transitions to
chaos have been found: the quasi-periodic [8] and the intermit-
tency route [9]. The quasi-periodic route is observed in external
cavity semiconductor lasers with an increase of the feedback
level from zero to strong feedback. The intermittency route has
been demonstrated in the case of strong feedback in the regime
of the coherence collapse [9], i.e., at an injection current cor-
responding to the laser threshold without feedback. ‘

The behavior of the external cavity semiconductor laser is
theoretically described by the coupled rate equations for the
electric field and the carrier density. The laser with delayed
feedback due to the external cavity mirror represents a system
with infinite dimension according to its mathematic description
[10]. However, there are only a finite number of dimensions
excited [5], [11]. This number of the excited degrees of free-
dom is determined by the system parameters as well as by the
feedback conditions.

In this paper we report the influence of the feedback condi-
tions on the optical output of the semiconductor laser. We dem-
onstrate the occurence of an intermittent transition from the sta-
ble regime to a regular self-pulsating operation. The system is
in a stable region of operation for optimum adjustment of the
external cavity mirror. The feedback under optimum alignment
is the highest. The injection current is chosen to be below the
coherence collapse [9]. The optical output of the laser system
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becomes unstable by tilting the external cavity mirror. First, for
small tilting angles of the external cavity mirror we observe
intermittent behavior in the light intensity, which corresponds
to a breakup of the regular torus describing the system in phase
space. This is accompanied with an increase of the required
dimensionality of the phase space. Further tilting of the mirror
leads to regular self-pulsations [12]. We demonstrate that the
frequency of these self-pulsations reflects the coupled light in-
tensity—carrier density—oscillations, i.e., the relaxation oscil-
lations.

The paper is structured as fellows. After this introduction we
shall now describe the experimental setup and the experimental
observations in Section II. In Section III we present the theo-
retical model and in Section IV we compare the model calcu-
lations with our experimental results.

II. EXPERIMENTAL

The experimental setup is shown in Fig. 1. We use a tem-
perature-stabilized GaAs-GaAlAs channeled substrate planar
semiconductor laser (HLP1400, denoted as LD in Fig. 1). The
external cavity (on the right-hand side of the LD) consists of an
antireflection coated microscope objective to collimate the laser
beam and a high-reflecting dielectric mirror (98%), which is
revolvable in the horizontal and vertical direction. The detec-
tion part is on the left-hand side of the LD. The optical spec-
trum of the semiconductor laser is measured using a 1 m
Czerny-Turner grating monochromator and a scanning plane
Fabry-Perot interferometer. The time-averaged laser light in-
tensity is measured by a slow p-i-n diode. The fast fluctuations
are detected by an avalanche photodiode (APD, risetime <100
ps). Its electrical output is amplified and then analyzed in the
frequency and in the time domain using a RF spectrum analyzer
and a transient digitizer (bandwidth 600 MHz), respectively.

We achieve a threshold reduction of 9.2% from 52.4 mA
down to 47.6 mA under optimal feedback conditions (optimum
external mirror alignment). The injection current is kept at 51.6
mA through the measurements, which is below 52.4 mA where
the coherence collapse value occurs [9]. In the present studies
the feedback is varied by tilting the external cavity mirror in
horizontal as well as in vertical direction. Therefore we have a
two-dimensional parameter space.

Tilting of the mirror has a pronounced influence on the time-
averaged optical output power of the laser. The dependence of
the laser intensity on horizontal and vertical mirror tiltings is
depicted in Fig. 2(a). The contour plot depicted in Fig. 2(b) is
calculated from the data set of Fig. 2(a). The case of optimal
feedback conditions no tilting of the external cavity mirror) cor-
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Fig. 1. The experimental setup consisting of the feedback part on the RHS
of the semiconductor laser (LD) and the detection part on the LHS.
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Fig. 2. The time averaged light intensity is shown versus the horizontal
and vertical mirror tilting angle. Part (a) shows the experimental data in a

three-dimensional plot. The dashed curves indicate the mirror angle. Part
(b) shows a contour plot of the experimental data.

responds to the maximum of the light intensity. This point is
chosen to define the zero point of the tilting angles in horizontal
as well as vertical directions. Starting from this zero point and
tilting the mirror in the horizontal direction, the light intensity
decreases until it reaches a minimum value at an angle of 79
urad. The light intensity increases again with further increase
of the tilting angle until a side maximum is reached at an angle
of 117 urad. This pronounced side maximum does not appear
for vertical tilting. For negative tilting angles in horizontal as
well as vertical direction, the light intensity behavior is quite
similar. Complementary to this characteristic behavior of the
time-averaged light intensity of the external cavity semiconduc-
tor laser, we also observe characteristic transitions in the fast
fluctuations of the laser light.

With an increasing tilting angle of the external cavity mirror,
the laser output starts from stable operation at the zero point,
then passes an intermittent regime, and finally shows regular
self-pulsations. These transitions are summarized in detail by
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the data in Fig. 3, where the laser output is characterized by the
power spectrum (left column), by single-shot traces of the time
signal (center column), and by two-dimensional projections of
the attractor (right column). The external mirror tilting in the
horizontal direction amounts to O prad in Fig. 3(a), 4 prad in
Fig. 3(b), 8 urad in Fig. 3(c), and 17 prad in Fig. 3(d), respec-
tively.

The behavior of the laser output can be classified in five dif-
ferent regimes according to the dependence of the fast fluctua-
tions of the laser light on the tilting angle of the external cavity
mirror and the dependence of the time-averaged light intensity
of the laser on the tilting angle: 1) regular external cavity mul-
timode laser, 2) intermittency in the light intensity, 3) external
cavity relaxation oscillations and frequency locking, 4) side
maximum, and 5) double round-trip. They will discussed in
more detail below for the case of horizontal (Section II-A) and
for the case of vertical mirror tilting (Section II-B).

A) Horizontal Tilting of the External Cavity Mirror

On the base of the general overview presented so far we begin
with the detailed discussion of the five different operation re-
gions. Therefore, we start at the point of maximum output power
(zero point) and then the mirror is tilted in the horizontal direc-
tion. The discussion will be completed in (Section II-B) de-
scribing the behavior under vertical tilting of the external cavity
mirror.

1) Regular External Cavity Multimode Laser: We start with
a description of the system for optimum feedback. This case is
depicted in Fig. 3(a). The left part of Fig. 3(a) shows the power
spectrum. The peak at 352 MHz in the power spectrum corre-
sponds to the beat frequency of the external cavity frequencies.
This frequency fz is determined by the length L of the external
cavity according to fr = ¢/2L. The origin of the broad peak
shifted by 29 MHz to a higher frequency is mot completely
understood, however, this peak will not be considered in the
present paper. The middle part of Fig. 3(a) shows the observed
time signal. The trace is nearly flat because the external cavity
oscillation period (2.5 ns) is not resolved on this time scale.
The two-dimensional projection of the phase space in the RHS
of Fig. 3(a) is reconstructed by the data set of the time signal.
The projection is a fixed point as expected by the stable time
signal.

2) Intermittency in the Light Intensity: The intermittency in
the light output is observed for small tilting angles of the ex-
ternal cavity mirror. This small tilting (typically of the order of
4-30 prad) causes a change in the feedback geometry of the
external cavity laser. This means that the light refiected back to
the laser facet facing the external mirror is not coupled exactly
into the active region of the semiconductor laser. Therefore the
coupling between the laser and the external cavity is reduced
and the output power decreases. However, the system is not in
a stable regime and the laser output shows pronounced fluctua-
tions. In Fig. 3(b) we depict the experimental results for a hor-
izontal tilting angle of 4 urad. We observe the appearance of
low frequency noise in the power spectrum [LHS of Fig. 3(b)]
and simultaneously a weak line broadening of the external cav-
ity beat frequency. The time signal [middle part of Fig. 3(b)]
shows statistically distributed breakdowns. These breakdowns
are the origin of the low frequency noise in the power spectrum
as confirmed by a Fourier transformation of the experimental
time signal data. The RHS of Fig. 3(b) depicts the correspond-
ing projection of the phase space. We recognize the breakup of
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Fig. 3. Power spectra (left column), time signal (central column), and two-
dimensional attractor projection (right column) of the optical output power
of the laser. From the top to the bottom the different lines correspond to a
tilting angle of (a) O prad, (b) 4 prad, (c) 8 prad, (d) 17 prad. The power
spectrum and the time signal in one line are simultaneously measured. The
attractor projection is reconstructed by the delay time method of Takens.
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The delay time of all projections amounts to 7.81 ns.

the fix-point attractor of Fig. 3(a) by intermitting events. How-
ever, the attractor describing the system is restricted to a limited
area in the phase space as seen in the right column of Fig. 3.
In addition to the occurence of intermittency we would like to
point out that after the breakdown the laser emission relaxes
into its stationary value with a characteristic oscillation behav-
ior [middle part of Fig. 3(b)]. A further increase of the tilting
angle of the external cavity mirror results in an enhanced oc-
curence of the breakdown events. This leads to an interesting
phenomena at a mirror angle of 8 urad where both the break-
down rate and the characteristic oscillation frequency coincide.
As seen in the middle part of Fig. 3(c) the behavior of the light
intensity is determined by the breakdown rate instead of exhib-
iting a relaxation oscillation process. This means that the char-
acteristic relaxation oscillation process will be a limitation of
the breakdown rate as seen in the middle part of Fig. 3(d) which
corresponds to an even larger tilting angle of 17 urad. Under

this condition of strong tilting, the power spectrum [LHS of
Fig. 3(d)] exhibits a structured low-frequency noise corre-
sponding to the relaxation process. With a further increase of
the mirror angle these sharp frequencies will become even more
pronounced. Obviously, a relation between the breakdowns and
the characteristic relaxation oscillations exists. In the following
we will show that the characteristic oscillations correspond to
the intrinsic relaxation oscillations of the coupled external cav-
ity semiconductor laser system. We therefore shall first discuss
the dependence of the characteristic oscillation frequency of the
tilting angle.

3) External Cavity Relaxation Oscillation and Frequency
Locking: The characteristic frequency for the relaxation of the
laser emission to its equilibrium value after an intermittent burst
depends on tilting of the external cavity mirror. Fig. 4 shows
the variation of this relaxation frequency plotted against the tilt-
ing angle. The marked points are the experimentally observed
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Fig. 4. Frequency of the external cavity semiconductor laser relaxation
oscillations versus the horizontal tilting angle of the external cavity mirror.
The marked points are the experimental data. The lines are connections
between the experimental points as a guide for the eye.
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Fig. 5. (a) power spectrum corresponding to a horizonal tilting angle of
67 urad. The ratio of the characteristic oscillation frequency with respect

to the external cavity frequency is 2 /5. (b) power spectrum corresponding
to a horizontal tilting angle of 73 prad.

frequencies, the lines between the points are linear interpola-
tions as a guide for the eye. The frequency of the characteristic
oscillation is shifted from ~3 up to & of the external cavity fre-
quency with an increase of the mirror angle from 30 to 79 prad.
The noise in the power spectrum disappears between 30 and 60
urad. For larger tilting between 60 and 79 urad we observe pro-
nounced sharp peaks in the power spectrum. Fig. 5 shows two
typical power spectra exhibiting these sharp frequencies, Fig.
5(a) for 67 prad and Fig. 5(b) for 73 prad. In both sets of data
the peak at 369 MHz corresponds to the lasing external cavity
modes. In Fig. 5(a) the peak at 148 MHz is the characteristic
oscillation frequency, in Fig. 5(b) the peak is at 155 MHz. Fur-
ther peaks are caused by higher harmonics or by beat frequen-
cies of the characteristic frequency with the external cavity
modes. A very interesting feature to point out in Fig. 5(a) is the
observation of a rational ratio of 3 for the value of the frequency
of the characteristic oscillation and the external cavity lasing
frequency.

B
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The minimum in the emitted light intensity is reached with a
tilting angle of 79 urad. Here we observe a characteristic relax-
ation oscillation frequency of about 3 of the external cavity fre-
quency. With further increase of the tilting angle of the external
cavity mirror in the horizontal direction, the light intensity in-
creases again and the characteristic oscillation disappears.

The identification of the characteristic oscillation as the in-
trinsic relaxation oscillation of the external cavity laser will be
given in Section IV of this paper where the theoretical predic-
tions for the relaxation oscillations are applied to these experi-
mental data.

4) Side Maximum: Now we discuss the tilting regime where
a pronounced side maximum is observed. This side maximum
appears for a horizontal mirror tilting larger than 79 urad (com-
pare Fig. 2). In this regime no relaxation oscillations are ob-
served. In Fig. 6 we show a power spectrum for an angle of 83
prad. The characteristic oscillation frequency at 360 MHz has
nearly completely disappeared and we observe the low-fre-
quency noise again. The behavior in the side maximum region
is similar to regime 2) with respect to intermittency and low-
frequency noise behavior. The same phenomena has been ob-
served by Park et al. [16]. The origin of the side maximum has
been explained as a positive interference effect of the feedback
light with the emitted light.

5) Double External Cavity Round-Trip: Now we discuss the
regime of tilting angles of the external cavity mirror where the
double round-trip frequency replaces the single round-trip fre-
quency. This phenomen appears for tilting angles of external
cavity mirror larger than approximately 200 prad in horizontal
direction as well as in vertical direction. In this case the light
intensity is reflected once at the facet of the semiconductor laser
before it reenters the active region of the semiconductor laser
as reported by Park er al. in [12]. This means that the light is
propagating twice through the external cavity before reentering
into the laser.

In Section II-A we have followed a horizontal tilting path.
Now in Section II-B we discuss a vertical tilting path to give a
complete overview of the titling behavior.

B. Vertical Tilting of the External Cavity Mirror

The observation of regime 1), 2), 4) and 5) is not restricted
to horizontal mirror tiltings. We achieve the same results for
vertical mirror tiltings, only the tilting angles are a little differ-
ent. However, regime (4) does not appear in the case of vertical
tilting (compare Fig. 2). In this case regime 3) is directly fol-
lowed by regime 5) without observation of regime 4). This re-
flects the asymmetry of the geometric structure of the active
region of the semiconductor laser. The width of the active re-
gion is about one order of magnitude larger than its height.
Therefore the angle where the side maximum would occur for
vertical tiltings is larger than the angle where the double exter-
nal cavity round-trip occurs.

Now, we compare the observations for horizontal and verti-
cal tilting of the external cavity mirror. The parameter to clas-
sify the behavior of laser output is the light intensity. The out-
put behavior of the laser remains the same following a contour
line for constant light intensity in Fig. 2(b). As we will see in
Section III, this means that the characteristic oscillation fre-
quency which determines the instable behavior in regime 3) re-
mains constant following a contour line.

The differences in the behavior for horizontal and vertical
tilting can be attributed to the different lateral and transversal
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Fig. 6. Power spectrum for a horizontal tilting angle (83 urad) correspond-
ing to the transition region from the minimum in the output power to the
side maximum. The external cavity laser characteristic oscillation fre-
quency has nearly disappeared and the low-frequency noise increases again.

extension of the active region of the semiconductor laser.
Therefore the angles, where the regimes appear, are different
for horizontal and vertical tilting and this is the reason that re-
gime 4) does not appear for the vertical tilting direction.

In the following section of the present paper we discuss the-
orefically the external cavity laser relaxation oscillation fre-

quency on the base of the model proposed by Land and Kobay-
ashi [17].

III. MODEL

In order to explain our experimental findings theoretically,
we start with the model which was first proposed by Lang and
Kobayashi [17] and continued by several groups [12], [16],
[18]-[23]. In this method the electric field density € and the
carrier density N are described by two nonlinear nonautono-
mous differential equations:

€ = liwW) + JIGIN) =T - €@ + k- G — 1) (1)
N=J-vy-N-GN) - |CO @
where the symbols have the following meanings:

w(N) eigenfrequency of the semiconductor laser,
G(N) optical gain function,

r electric field decay rate,

K feedback rate,

J electrical pumping rate,

% carrier density decay rate, and

G and N are the electric field and the carrier density, respec-
tively. With the usual ansatz

G(t) = E@t) - exp liwp + i0(®)]. 3)

we split the electric field density into amplitude E and phase ¢.
We then obtain the characteristic equation for the eigenvalues.

DN =0 @

by small-signal analysis around the equilibrium values of the
solitary semiconductor laser. D(N) in (4) is defined via

DN = N3 — N2 - [Tg + 2(k * A7) - cos woT]
+ N[k - AT + 2TR - (k- AD)
- COS woT + wal
—_ I‘R . (K .

AT — w% - (k- A7)

+ [cos wer — a - sin wp7]. S)
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The symbols have the following meanings:

AT =1 —exp (A7) ©)

w2 =T - Gy - E} square of the relaxation oscillation fre-
quency of solitary semiconductor
laser, 7

Trx = v + Gy E5 relaxation rate of the solitary semicon-
ductor laser, 8

Gy = 3G/4N differential optical gain,

E, equilibrium value of the electric field
density amplitude,

wg equilibrium value of the frequency of

the laser light,
a=2"@w/dN)/
(3G /dN) linewidth enhancement factor.
In our case injection current is chosen to be in the region above
the threshold with feedback but below the value which is re-
quired for the coherence collapse. In this region we can expect
that the laser is determined by the eigenfrequencies of the ex-
ternal cavity. Therefore we can set wyr = 27 * n (n € N).
Furthermore, we assume that the observed frequencies are
nearly undamped and close to the eigenfrequencies of the ex-
ternal cavity. This results in A7 = —\r for (6). Inserting these
assumptions into (4) yields for the imaginary part of A:

IM(N\? =whg=—"——--Th )

Equation (9) is very similar to the formula obtained by Fujiwara
et al. [14]. However, different to Fujiwara ez al. we have taken
into account the damping term because the damping enters into
the magnitude of the relaxation frequency. Equation (9) can now
be easily interpreted. In the case of no feedback (x = 0) the
well-known formula for the relaxation oscillation frequency is
obtained. However, with feedback this frequency becomes re-
normalized by the product of the feedback level and the delay
time of the external cavity. Inserting the expressions for w%and
I'Z into (9) yields a quadratic equation for w}g in terms of the
observed light intensity I, = E}.

1 1 iy
wék:_zcﬁ.15+[l+xr_if]

TGy L

1 2

RS 10
The renormalized relaxation oscillation frequency of the exter-
nal cavity semiconductor laser w%g depends parabolically on the
light intensity /,. We would like to point out that this behavior
is markedly different from the behavior of the solitary semicon-
ductor laser. For the solitary laser « is equal to zero. Conse-
quently, in (9) the term with w% is larger by several orders of
magnitude than the term with I'%. This results in the well-known
linear relation (7) between the square of the relaxation oscilla-
tion frequency and the light intensity. In the case of strong feed-
back the term with w? is no more dominant compared to T2

In the following chapter we compare this model with the re-
sults of two set of experiments.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

We now compare the model with our experimental results.
First we consider experiments where the tilting angle of the ex-
ternal cavity mirror is kept constant and the injection current is
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changed. In the second type of experiment the injection current
is kept constant and the tilting angle is changed. In particular
we will show that we are able to identify the characteristic os-
cillation frequencies observed so far as the relaxation oscilla-
tions of the coupled system.

A. Constant Mirror Tilting

In the first set of experiments, we have tilted the external
cavity mirror until regime 3) is reached and the external cavity
laser characteristic oscillation frequency have been observed.
Then we increase the injection current and determine the fre-
quency of the characteristic oscillations with the RF spectrum
analyzer. The marked points in Fig. 7 are the square of the
observed frequencies plotted versus the time-averaged light in-
tensity. The curve in Fig. 7 is fitted to the experimental data
according to (10). A very good fit is obtained, which proves
that the characteristic oscillation in fact corresponds to the re-
laxation oscillation of the coupled cavity laser. As a result of
the fit we obtam the values for the differential gain Gy = 2.441

10 ' cm’ and the carrier relaxation rate y = 4.043 - 108
s correspondmg to an electronic lifetime of 7, = 2.474 ns.

Comparing the fitted curve with the experimental data in Fig.
7 we find reproducible flat plateaus in the experimental data for
some frequencies, whereas these plateaus are absent in the cal-
culated curve. These plateaus in Fig. 7 are indicated with frac-
tions corresponding to a locking of the relaxation oscillation
frequency in rational ratios with respect to the lasing external
cavity frequency. These steps obviously correspond to fre-
quency locked states where the relaxation oscillation period is
locked to the external cavity frequency. This is the same phe-
nomena as shown in Fig. 5(a) and discussed in Section III-A-3.
In Fig. 7 the most pronounced plateau corresponds to a locking
ratlo of }. The next clear step corresponds to a lockmg rat10 of
3 Funhermore, we can identify the locking ratio of £ and 3 be-
tween the external cavity frequencies and the relaxation 0sc1l—
lation frequency. The observed steps give indications that the
locking ratios follow the hierarchy of the Farey tree.

B. Constant Injection Current

In the second set of experiments, we have kept the injection
current constant at 51.6 mA, which is between the threshold
value of the external cavity laser and the value where the co-
herence collapse is observed. We then have tilted the external
cavity mirror until regime (3) is reached where the external cav-
ity relaxation oscillations are observed (cf. the data of Section
II-A-3). A quantitative discussion of the data requires the
knowledge of the feedback rate x. This quantity, however is not
directly measurable, because of the uncertainty of the coupling
losses. We therefore have used the averaged light intensity as a
measure of the feedback rate. We obtain the feedback rate as a
function of light intensity by the stationary solution of the rate
equations [(1) and (2)]. As a result, we find the following re-
lation between the feedback rate and the average light intensity
(for injection currents between the threshold values with and
without feedback):

= |-

“ Gy L an

N -

Inserting (11) into (10) yields a relation between the light in-
tensity and the relaxation oscillation frequency with only an im-
plicit dependence on the feedback rate «. In our experimental
results we have found a relation between the light intensity and
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Fig. 7. Square of the relaxation oscillations (wkg) versus light intensit_y.
The points represent the measured values of frequency and light intensity
corresponding to one fixed tilting and different values of the injection cur-
rent. The full line represents a fit to the data points according to (10).
Deviations (plateaus) between the calculated curve and the data points are
attributed to frequency locked states which fractions are indicated in the
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Fig. 8. Square of the relaxation oscillations (wZg) versus light intensity.
The points represent the measured values of the relaxation frequency and
the emitted intensity corresponding to different tilting angles at fixed injec-
tion current. The full line represents a fit through the data according to
(12).

the relaxation oscillation frequency with a power of —0.54. In
order to compare with these results, we expand the equation for
wzn and obtain, neglecting higher order terms:

L, -1, Gy
w =
Ty G -2/ 4y -2/

We have plotted w? versus the light intensity in Fig. 8. The
marked points are thc experimental data for different tilting an-
gles of the external cavity mirror. The solid curve is fitted to
the data points according to (12). We obtain Gy = 9.992 - 107¢
s~' cm® for the differential gain and v = 4.800 - 10° s~ for
the carrier relaxation rate by the analysis of the fit parameters.
These values are slightly different from the values determined
from the variation of wg, with the injection current in the first
type of experiment (Section IV-A). However, both values are
within the accuracy of the independently determined parame-
ters. We therefore conclude that the dynamics of the external
cavity semiconductor laser is determined by the relaxation os-
cillations of the coupled laser system. The relaxation oscillation
frequency acts as an internal clock which determines the distri-
bution of intermittencies in the unstable regime and sets a lower
limit for the time interval between intermittent breakdowns of
the light intensity.

L. (12)

V. CONCLUSION

We have investigated the behavior of semiconductor lasers
with external feedback under variable feedback conditions. We
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have classified the behavior of the light output into five regions
according to the tilting angle (misalignment) of the external
cavity mirror. We have shown the appearance of an intermittent
instability in the originally stable regime of the external cavity
laser, caused by the tilting of the external cavity mirror. The
rate of the break downs of the light intensity is directly related
to the relaxation oscillation frequency of the external cavity
semiconductor laser. The observed increase of the relaxation
oscillation frequency with an increase of the tilting angle is re-
lated to the decrease of the external cavity Q value. We have
described the experimental observations by a theoretical model
based on the coupled nonlinear rate equations for the electric
field density € and the carrier density N which allows a physical
interpretation of the experiment. However, the model cannot
explain the microscopic origin of the instability. Therefore noise
terms should be included into the rate equation model for a
complete description of our experimental findings.
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