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The basic mechanisms of the polarization switching in vectorial bistable lasers are studied both
theoretically and experimentally versus internal parameters. In particular, by scanning the frequency of
a gas laser with two linearly polarized eigenstates, two quite different flipping processes with hysteresis
occur according to the linear-phase-anisotropy value of the cavity. Indeed, when the anisotropy in-
creases, rotation and inhibition mechanisms appear successively. The variations of the hysteresis loop for
different anisotropy and excitation values are theoretically found to be opposed in the two processes.
Additional evolutions of the polarization, such as multiple switchings in the inhibition mechanism and
“hybrid” hysteresis loops, are predicted. The experiments, essentially performed on a monomode 3.39-
um 3He-®Ne laser containing an adjustable linear phase anisotropy, confirm the existence of the two
processes and their corresponding properties. These processes may also occur in other quasi-isotropic
lasers versus other internal parameters, such as, for instance, the injection current in semiconductor
lasers. In this case the TE and TM modes flip only in the inhibition mechanism when the bistability con-
ditions are satisfied. The knowledge of the basic flipping mechanisms in the laser itself enables us to un-
derstand and realize the external optical-polarization control by an anisotropic feedback (one-frequency
systems). Induced-rotation and induced-inhibition mechanisms are then theoretically predicted and ex-
perimentally verified. Sensitive optical gates are realized by varying the feedback phase in both process-
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I. INTRODUCTION

Optical bistability is a rapidly expanding field of
current research because of its applications to all-optical
logic [1,2] and because of the interesting phenomena it
encompasses [3]. Most of the classical bistable devices
are passive and scalar [3] with the incident intensity as
the fundamental parameter. Bistability, however, was
first studied in active systems, i.e., in lasers, by Lamb and
co-workers [4]. Indeed, Lamb noted the close connection
between van der Pol’s work [5] developed on electrical os-
cillators and a two-longitudinal-mode laser with a fixed
linear polarization. In his analysis he introduces a
mode-coupling constant C that fixes the behavior of the
two oscillating modes. On one hand, for a low coupling-
constant value, i.e., C <1, the two longitudinal modes
with the same polarization can oscillate simultaneously at
two different frequencies. On the other hand, for a high
coupling-constant value, i.e., C > 1, there can be a mode
inhibition mechanism with hysteresis when the frequency
is scanned. Only a few experiments have been performed
on the competition between two longitudinal modes be-
cause its analysis needs a separation in frequency of the
two modes [6]. In contrast to the scalar bistability, vec-
torial bistability between two eigenstates of a single-mode
cavity seems more attractive because the polarization can
be simply isolated by a polarizer. Polarization bistability
was observed in the earlier years of gas-laser physics
[7-12]. Unfortunately, the dynamic of this bistability was
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of great complexity from both the experimental and
theoretical points of view. In particular, the possible
changes of the polarization switching processes due to a
variation of the cavity phase anisotropy, for instance,
were not investigated. More recently, the spatial repre-
sentation of the “generalized potentials” associated with
the two eigenstates of a quasi-isotropic monomode laser
in the frame of the Landau theory [13] predicted two
different types of first-order phase transitions according
to the phase-anisotropy values [14]. The system may
switch from one linearly polarized eigenstate, for in-
stance, to the other one either by a rotation of the electric
field or by an inhibition mechanism. In this latter mecha-
nism one eigenstate switches off while simultaneously the
other one switches on at a different frequency. A polariz-
er allows one to distinguish clearly between these two
processes. Indeed, if it is rotated at +£45° from an eigen-
state only the rotation mechanism gives an extinction
(dip) or a doubling (peak) of the transmitted intensity
during the eigenstates flips. It has been shown that when
the frequency is scanned, the two processes occur in
quasi-isotropic *He-?’Ne gas lasers depending on the
value of an internal adjustable linear birefringence [14].
Control of the polarization by an external anisotropic
feedback [15-18] including the spurious reflection from
the window of a detector has also been realized. Howev-
er, as the nature of the polarization flipping was not iso-
lated in these last works, this prevented a complete inter-
pretation of the observations.
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The aim of the first part of this paper is to give a de-
tailed description of the properties of the basic polariza-
tion flipping mechanisms occurring in quasi-isotropic
lasers. This will then allow us to give insights into the
polarization control by anisotropic feedbacks [19]. In
Sec. II we discuss theoretically and verify experimentally
the polarization switching processes occurring in a gas
laser when an internal parameter such as the laser fre-
quency for instance is varied. The evolutions of the hys-
teresis loops for different phase anisotropy and laser exci-
tation values are given. The existence of multiple switch-
ings in the inhibition mechanism will also be investigated.
We also wonder whether it is possible to obtain one of
each mechanism for a given particular hysteresis loop,
i.e., to realize a hybrid hysteresis loop. The basic flipping
mechanisms may also occur in other quasi-isotropic
lasers when another internal parameter is varied. As an
example, we will consider the flip between TE and TM
modes in a semiconductor laser [20,21]. The complete
knowledge of the basic mechanisms then allows one to in-
vestigate in Sec. IIT a vectorial control by anisotropic
feedbacks, i.e., in one-frequency systems.

II. THE BASIC MECHANISMS
OF THE POLARIZATION FLIP

A. Prediction of the rotation and of
the inhibition mechanisms

Let us first recall that for a monomode laser with a
fixed linear polarization, the time evolution of the field
amplitude E near threshold is written according to
Lamb’s model [4]

E=E(a—BE?) , (1)

where the temporal net gain o and the self-saturation 8
depend on the laser frequency v. We recall also that as in
Landau’s theory of structural phase transitions [13], the
steady-state solution of Eq. (1) can be associated with a
potential [22-24]

V(E)=—1aE*+1BE*, )

which will be generalized later. This type of potential is
adapted to lasers with strong anisotropies, i.e., with an in-
tracavity element that selects one state of linear polariza-
tion of the electromagnetic field by strongly increasing
the losses for the other state. A question then arises:
what is the behavior of the polarization when the aniso-
tropies become weak, but remain well known and adjust-
able? To answer this question let us consider a quasi-
isotropic monomode gas laser containing an adjustable
linear phase anisotropy A®,, as shown in Fig. 1(a). This
linear phase anisotropy can be obtained by a stressed
plate inserted in the cavity. The determination of the
eigenstates is performed by the resolution of the reso-
nance condition ME=AE, where M is the 2X2 Jones
matrix [25] for one round trip in the cavity and E is the
electric-field vector. The eigenvectors of matrix M con-
tain the intensities and polarizations of the two eigen-
states and the associated eigenvalues A lead to the

(b)

FIG. 1. (a) General setup for the polarization flipping
analysis. A®,, is a linear phase anisotropy introduced by a
stressed plate. (b) Position of the eigenstates frequencies within
the Doppler profile for a given laser cavity length.

knowledge of their eigenfrequencies [26]. In the follow-
ing we will deal with an active medium which oscillates
on a preferentially linearly polarized emission line as, for
instance, the 3.39-um line (@ J=1—J =2 transition)
[8—10]. Then the eigenstates polarizations depend only
on the optical elements of the cavity and are along the x
and the y axes of the phase anisotropy. The two linear
eigenstates have slightly different eigenfrequencies whose
difference is

AD
Avxyzvx—vy‘—‘iTxy ,
whiere L is the cavity length and c is the velocity of light.
Once these eigenstates are defined, one must investigate
their possible oscillating regime. If a stress is applied
along the x axis, the optical path for an electric field po-
larized along this axis is shorter than that for a field po-
larized along the y axis implying v, >v,. One can then
predict that the eigenstate which reaches first the thresh-
old when the frequency increases (decreases) is always the
x (y) eigenstate [Fig. 1(b)]. Furthermore, as the gain of
the x and the y eigenstates is different according to their
position within the Doppler frequency profile, either the
x or the y eigenstate is favored. Polarization flipping can
then occur when the frequency is scanned and this behav-
ior will be confirmed experimentally for different A®,,
values. Let us see now how the phase-anisotropy value
governs the nature of the flipping process.

We begin by the case of small A®,, phase-anisotropy
values, i.e., for close eigenstates frequencies. It is well
known that in such case a locking phenomenon occurs
between the two nonlinear oscillators as, for example, be-
tween two electrical oscillators [S], between the o com-
ponents in a Zeeman laser [27], or between the two coun-
terpropagating waves in a ring laser [28]. Then during
the flip there is a single oscillator E=E, +E, whose po-
larization may rotate in the E, -E, plane and one may ask
what is the potential associated with this system. During
the flip from x to y, for instance, the electric-field fre-

(3)
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quency v is shifted from v, to v,. None of the E, and E,
field components is exactly at cavity resonance during the
flip. This results in a loss term [29] noted Ap(8) which
depends on the rotation angle 0 of the polarization from
the x axis. An evaluation of these losses is obtained in
Appendix A, where we find

Ap(0)=~8ADL [0 cos’0+(m/2—0)sin*0] /7% . (4)

In Fig. 2 we have represented Ap(6) for different A®,,
values. We notice a quadratic dependence on A®,, and
verify that the losses cancel for =0 and 8=1/2 posi-
tions for which the laser is at resonance. For 0= /4 the
losses are maximum and take the value
Ap(7r/4)=A<I>iy /2. This allows us to give now a first
analysis of the rotation mechanism. The potential
V(E,0) associated with the system can be deduced from
Eq. (2) by including the extra losses Ap (6) and a frequen-
cy shift with 6. The net gain for the field amplitude be-
comes

v(0)—wv, 2

A'VD/Z

<
2L

a(f@)=ayexp | — —p— Ap(6), (5)

where a is the unsaturated gain coefficient for the field
amplitude at the resonance frequency of the atomic tran-
sition vy, p are the average cavity losses per second, and
Avy, is the full Doppler width at 1/e. The self-saturation
B is written as

2

0)= +—r
B( ) ﬂ()‘ ‘}/2+[‘V(0)_‘V0]2
2

WO —v,
A'VD/2

X exp , (6)

where B, characterizes the self-saturation at line center
and y is the homogeneous width of the transition [half
width at half maximum (HWHM)]. We have chosen for
simplification a linear variation of v with 6. As we shall
see it is sufficient to give for a low anisotropy value and
for given eigenstates frequencies a representation of the
potential V(E,0). In Fig. 3 we can follow the deforma-
tion of such a potential with the laser frequency. Let us

Ap(8)

ADyy = 1.6°

240" 4|

0.8°

0.4°

0 /4 /2
0

FIG. 2. Losses Ap(8) of the amplitude of the field E after one
round trip, vs the rotation angle 6, for different anisotropy
values.

increase the laser frequency from the threshold. As stat-
ed above, the laser oscillates initially on the x eigenstate.
Then for v=v,, the working point is in the well 4 as
shown in Fig. 3(a). We note the existence of a second well
B corresponding to the nonoscillating y eigenstate. The
two wells A and B are separated by a potential barrier
due to the rotation losses Ap(6). If the relative heights of
A and B are varied by increasing the laser frequency for
instance, the polarization can rotate from x to y and for
v, =v,+50 MHz [Fig. 3(b)], it is the y eigenstate which
now oscillates. The existence of these two potential wells
A and B related to the two different order parameters E
and E, implies that the rotation of the polarization corre-
sponds to a first-order phase transition and so occurs
with hysteresis when the laser frequency is scanned. As
the rotation losses vary like A<I>§y, for greater anisotropy
values the barrier becomes so high that we can expect
that the rotation mechanism no longer occurs.

For greater anisotropy values, ie., A®,, R 1.3 as it
will be confirmed experimentally, the differences between
the resonance frequencies are too large and the oscillators
E, and E, are no longer locked together. So during the
flip two oscillators oscillate simultaneously at frequencies
v, and v,, respectively. The time behavior of the eigen-
states amplitudes can be written in a form derived from
Lamb’s theory [4,7,8],

E,=E (a,—B,E}—6,,E}), )
E,=E,(a,—B,E}—6, E}), ®

where a, and a, are the net gain coefficients and j,,B,
and 6,,,0,, the self- and cross-saturation coefficients.
The steady-state solution for the amplitude of the two
competing eigenstates can be associated, as in a laser with
two longitudinal modes [30], with a potential

V(E,E,))=—1a,El—la,E}+ 1B E}+ 1B E}
+19, EXE? )

27 xyTx Ty 0

where we have assumed that 6,,=6,,. The potential
V(E,,E,) and the corresponding equipotential curves are
represented in Figs. 4(a) and 4(b) for v,=v, and
v, =vo+50 MHz, respectively. The barrier between the
two wells 4 and B corresponding to the x and y eigen-
states, respectively, is due in this case to a strong-
coupling value C=6,,6,, /B,B,>1. The variations of
the relative heights of 4 and B obtained by scanning the
laser frequency lead to a mode inhibition. During the x-
to-y flip for instance, the x eigenstate oscillating at fre-
quency v, switches off while simultaneously the y eigen-
state switches on at a different frequency v,. The ex-
istence of this barrier related to two order parameters im-
plies that the inhibition mechanism corresponds also to a
first-order phase transition and occurs with hysteresis.

So, the spatial representation of the generalized poten-
tials associated with the two linear eigenstates of a quasi-
isotropic laser, in the frame of the Landau theory, pre-
dicts two different types of first-order phase transitions
with corresponding polarization flips and hysteresis loops
[31]. Their nature being quite different, we analyze sepa-
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Ex

FIG. 3. Deformation of the potential V' (E,#) following the position of the eigenstates frequencies within the Doppler profile for
AD,,=1.2°. a,=139X10°s"'; B,=13.9X10°s™%; p =83 X 10°s™; L =0.54 m; Av, =350 MHz; y =60 MHz. The potential unit is
107 s™1. (a) v, =w, (v, is the resonance frequency of the atomic transition). Top: spatial representation of V(E,0); bottom: corre-
sponding equipotential curves. (b) v, =v,+50 MHz. Top and bottom: same as in (a). Note that there is no stable solution any more

on the x axis.

Ex

FIG. 4. Deformation of the potential ¥V (E,,E,) following the position of the eigenstates frequencies within the Doppler profile for
A¢,, =10°. The potential unit is 10" s™!. (a) v, =v,. Top: spatial representation of V(E,,E,); bottom: corresponding equipotential
curves. a,=56X10° s~ @, =55.98X 106 s~ '; B, =15.290X 10° s~'; B, =15.287X10° s '; 6,,=15.5X10° s™". (b) v,=v,+50
MHz. Top and bottom: same as in (a). Note that there is no stable solution any more on the x axis. a,=45.10X 100 s71;
a,=50.68X10°s71; B, =13.56X10°s™'; B, =14.37X10°s™}; 6,, =15.5X 10°s ™",
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rately in the following sections the flip of the polarization
in these two mechanisms, when the laser frequency is
scanned, for instance, so as to compare with the experi-
mental results.

B. The rotation mechanism

1. The flip condition

As the polarization does not remain strictly linear dur-
ing the rotation, due to the phase anisotropy, the model
introduced in the preceding paragraph for the prediction
of the rotation mechanism must be completed for a quan-
titative study of this process. The ellipticity of the polar-
ization induces in the active medium a circular phase an-
isotropy. Indeed, any elliptically polarized field is the
sum of two circularly polarized components with
different amplitudes £, and E_ and the corresponding
saturated indexes are different. So the variation of the
phase between the circular components leads to the rota-
tion of the main polarization axis. The evolution of the
polarization can be derived, as done by Tomlinson and
Fork [11], from the differential equations which describe
the time behavior of the amplitudes £, and E_ and of
their corresponding phases @, and ®_. As pointed out
by de Lang and van Haeringen [9,10] the polarization
state can also be expressed in terms of the orientation 6
of the main axis, of the ellipticity

x=tan WE_—E_ )/(E_+E.)

and of the total intensity I =E% +E?% of the elliptically
polarized field. In Appendix B, expressions for § and ¥
are given by calculating separately three contributions,
i.e., that of the active medium and that of the phase and
loss anisotropies. In particular, the role of these anisotro-
pies on an incident elliptically polarized field is derived
directly. By adding all contributions we get finally the
same results as in [10] which are obtained by introducing
in the electromagnetic field wave equation a loss tensor
containing the isotropic cavity loss as well as the initial
cavity anisotropies. For comparison with experimental
results, in Appendix C an approximated analytic condi-
tion for the polarization flip including all anisotropies is
derived from these equations. Without any x-y loss an-
isotropy, the flip condition from the x to the y eigenstate,
for instance, can be derived from Eq. (C5) and is written
as

1P+
- oA,

2 By

c 1 S+1

+ —
L 4a, 28

AL |>0.  (10)

The first term in square brackets represents the effect of
the medium. The ratio p /B, of the dispersive and ab-
sorptive nonlinear coefficients versus the frequency may
be written [10] as

/B, = (vo—v)/y
o S  l(ve— ) /7 P
+8[(vo—v)/Avp [(y /Avp) . (11)

The second term of Eq. (10) represents the effect of the
linear phase anisotropy. It depends not only on Ad,, but

also on the medium which acts on the ellipticity of the
polarization [see Appendix C, Eq. (C2)]. §=—3 for a
J =1—J =2 transition and a is the net gain of the o+
component and is defined by

v—v,)

AVD/2

a =ayexp —p . (12)

The effects of the active medium and of the anisotropy
can be in competition according to the frequency offset
from v,. Indeed, the medium leads to the rotation from x
to y for v> v, as the ratio —p /B, is positive while the
anisotropy defavors this rotation as S is negative. If the
effect of the medium can overcome the effect of the an-
isotropy the polarization flips following the rotation
mechanism [32]. For a more convenient graphical resolu-
tion, so as to compare with experimental results, the flip-
ping conditions are written as

20, L
c

28
S+1

N
B+

where + and — signs correspond to the x-to-y and y-to-x
flips, respectively.

AD, > AD2 (13)

xy

2. Evolution of the hysteresis loop with
the anisotropy. Comparison with experiment

The solid and dashed lines in Figs. 5(a) and 5(b)
represent, respectively, the left- and right-hand sides of
the x-to-y and y-to-x flip conditions (13) versus the fre-
quency for different phase-anisotropy values. The «
value which appears in the a, term is deduced from the
average losses per second p which are known and from
the experimental oscillation range. We shall use the re-
sults of a third-order theory even for pump parameter
values higher than the usual limit value (y~1.2). Indeed,
the third-order theory results are found to be quite close
to those given by a high-intensity theory for the 3.39-um
line considered [33]. The theoretical hysteresis loops are
shown in Fig. 5(c). For a very small anisotropy value the
active medium overcomes the effect of the anisotropy for
a frequency near v, allowing the flip. When the anisotro-
py increases the width of the hysteresis loop also in-
creases. Indeed, according to Eq. (10) the effect of the
medium varies linearly with A®,, while the effect of the
anisotropy varies as A<I>,2cy. So when the anisotropy in-
creases the polarization can flip only at a frequency far-
ther from v, for which the effect of the medium is
greater. We can note also the existence of a maximum
anisotropy value (A®,, ~1.3°) for which the effect of the
medium can be just sufficient to compensate the effect of
the anisotropy. In this case the hysteresis loop is the
greatest. Note that this maximum anisotropy value de-
pends on the laser excitation as can be deduced from the
study of the evolution of the hysteresis loop with the exci-
tation done in the next section. For greater anisotropy
values, for instance, A®,,=1.5°, the medium cannot
overcome the effect of the anisotropy and the rotation
mechanism no longer occurs.

Experimental study of the two processes and of their
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properties is performed with a 3.39-um external cavity
laser. The discharge tube, magnetically shielded, has a 5
mm inner diameter and is filled with a 7:1 *He-2’Ne gas
mixture at a total pressure of about 1 Torr. It is closed
with slightly tilted windows in order to avoid any spuri-
ous Fabry-Pérot effects. The cavity is composed by two
mirrors with a radius of curvature of 1.2 m. The output
mirror reflectivity is 64% while the other one’s is 95%.
The cavity length in this experiment is L =54 cm. The
laser oscillates on a single longitudinal mode and a
diffracting aperture selects only the TEM,, fundamental
Gaussian mode. The adjustable linear birefringence
A®,, can be measured outside the cavity as function of
the stress F,. A polarizer aligned along one of the
birefringence axes in front of the output mirror allows us
to investigate the hysteresis domain and also to detect the
rotation mechanism if peaks or dips appear when the po-

NO SWITCHING

IN THE ROTATION
MECHANISM

FIG. 5. Theoretical and experimental increase of the hys-
teresis loop with the phase anisotropy A®,, in the rotation
mechanism. (a) Graphical resolution of the x-to-y flip condition
(13). The arrows represent the frequency sweep direction. (b)
Graphical resolution of the y-to-x flip condition. (c) Theoretical
hysteresis loops. a,=128X10°s™!; p =83X10° s~! (the corre-
sponding pump parameter is 7=1.5). (d) Experimental hys-
teresis loops. Top: the polarizer in front of the detector is along
the x axis. The intensity on the x axis is I, (I, axis, 3u W/div;
L axis, 60 MHz/div). Bottom: the polarizer in front of the detec-
tor is at 45° from the x axis. The dips show that the polarization
flips following the rotating mechanism. Note that in (a) and (b)
the horizontal axes represent the frequencies v, and v,, respec-
tively, while in (c) and (d) the axes represent the experimental
parameter, i.e., the cavity length L. The shift between the ori-
gins of the v, and v, frequency axes is proportional to A®,,
and is here negligible.

larizer is rotated at +45° from the x axis. The experimen-
tal evolution of the hysteresis loop with the anisotropy is
reported in Fig. 5(d) (top curves). In Fig. 5(d) (bottom
curves) the rotation dips appear distinctly. We can note
that for an increase of the laser frequency, i.e., for a de-
crease of the cavity length L obtained by a piezoelectric
transducer, the oscillation always starts on the x axis be-
cause the x eigenstate is the first above the threshold.
The experimental hysteresis loops [Fig. 5(d)] are found to
be in good agreement with the theoretical ones [Fig. 5(c)].

3. Evolution of the hysteresis loop with
the excitation. Comparison with experiment

Contrary to the preceding analysis, here the anisotropy
is fixed at A®,,=1.2° and the laser excitation varies, the
other experimental parameters remaining unchanged.
The x-to-y and y-to-x flip conditions are represented, re-
spectively, in Figs. 6(a) and 6(b) for three values of the
laser excitation current. The corresponding theoretical
hysteresis loops in Fig. 6(c) show that the width of the
hysteresis loop increases when the excitation decreases.
Indeed, when the excitation decreases the effect of the an-
isotropy [second term of (10)] increases so that the medi-
um can overcome the effect of the anisotropy only for a
frequency farther from v,. This theoretical evolution of
the hysteresis loop is verified experimentally in Fig. 6(d)
(top curves). In Fig. 6(d) (bottom curves), the rotation
dips are visible for high excitation values. For a low
current value about 8 mA we verify that the rotation dips

i=15mA i=10mA i=8 mA
@_ . A/_}\_ _____ S I
f
i VX ! VX yX
50 MHz | |
1
(b) - |
_/__\__'_____ SR Y ISR I A
H ! 1N
% /% N %
| |
(© | NO SWITCHING
[ IN THE ROTATION
T 1 MECHANISM
“T T

FIG. 6. Theoretical and experimental increase of the hys-
teresis loop when the current decreases in the rotation mecha-
nism: (a)-(d) same as in Fig. 5. L axis: 50 MHz/div;
ap=158X10° s™! for i =15 mA; a,=128%X10° s™! for i =10
mA; ay=111X10°s"! fori =8 mA; p =83 X 10%s™ ..
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disappear. The system switches then in the inhibition
mechanism which we are now going to investigate.

C. The inhibition mechanism

1. The flip condition

As stated above, the system switching following the in-
hibition mechanism may be considered during the flip as
two independent oscillators which oscillate at two
different frequencies. Following Lamb’s analysis [4] used
for a laser with two longitudinal modes with the same
linear polarization, the condition for the flip from x to y
is written

a,—6,.I,>0, (14)

where I, =a, /B, is the intensity of the x oscillating
eigenstate. This condition means that the y eigenstate
builds up if its net gain a, is sufficiently large to over-
come the competition term 6, I,. In other words, this
last term represents the self-stabilization of the x lasing
eigenstate to resist the onset of the y eigenstate. In a
similar way the y-to-x flip condition is

ax—exyly>0, (15)

with I,=a,/B,. The different coefficients appearing in
the flip conditions (14) and (15) have been calculated in
[8]. Their frequency variations are similar to those ob-
tained by Lamb in the scalar case [4]. Let us recall below
these expressions in the absence of velocity-changing col-
lisions [34—36]. The net gain «; (i =x,y) is written as

Vi~V

A'VD/Z

a;=agexp | — —pi > (16)

where p; represents the average losses per second of the
eigenstate i. The self-saturation 3; is

Vi~ Yo
Avp /2

Bi=Bol1+L (vy—v;)]exp , (17)

where B, depends on the atomic parameters and on the
excitation. The Lorentzian L is defined by

L(Vo“Vi)=7’2/[7’2+(Vo_Vi)2] .

The cross-saturation coefficient ;; can be written if we
neglect spatial hole burning effects [4],

Vi™ V%o ’
Avp/2

X exp (18)

For Av,, <<2y, i.e., for small birefringence values the ex-
pression of 6,; reduces to

Vi~ Vo
Avp /2

eijzeo[l“l'L(Vo_Ui)]exp - ’ (19)

so that an inhibition term such as 6, I, becomes using
(17) and (19)

0,1, =(6¢/Bya, . (20)
The coupling constant can be written as
C zexy eyx /BxBy 'z(eo/BO)2

and the preceding inequalities (14) and (15) lead then to
the following approximated x-to-y and y-to-x flip condi-
tions:

a,,—VCa,,>0. @n

As the coupling constant C between the two eigenstates is
strong [37], that is C > 1, this implies vectorial bistability.
Expressions (21) can still be used if we take into account
the velocity-changing collisions and are sufficient to inter-
pret the main properties of the inhibition mechanism.

2. Evolution of the hysteresis loop with
the anisotropy. Comparison with experiment

We suppose here that the laser excitation is constant
and that the losses p, and p, of the two eigenstates are
equal (same value as in Fig. 5). As the gain and the inhi-
bition terms of Eq. (21) are frequency shifted one from
another proportionally to the anisotropy value, the flip
conditions will be fulfilled at different crossing points of
the corresponding curves. So for a small anisotropy

A(I)xy =1.8°
(@ A

-

L

FIG. 7. Theoretical and experimental decrease of the hys-
teresis loop when the phase anisotropy A®,, increases in the in-
hibition mechanism. (a) Representation of the x-to-y flip condi-
tion. (b) Representation of the y-to-x flip condition. (c),(d)
Theoretical and experimental hysteresis loops (I, axis, 3u
W/div; L axis, 60 MHz/div). Note that for large values of Ao,
the shift between the origins of the v, and v, frequency axes is
noticeable. a,=139X10® s™!; C=1.4 for low anisotropy and
1.2 for 8°.
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value Eq. (21) will be satisfied near threshold and as the
anisotropy increases at a frequency value nearer the fre-
quency v,. This evolution is confirmed in Fig. 7 for in-
creasing values of A®,,. In Fig. 7(a) the solid and the
dashed lines represent the a, and the nylxz\/fax
terms, respectively. The reverse y-to-x flip condition is
represented in Fig. 7(b), where the dashed lines represent
the a, term while the solid lines represent the
0.1, =V C a, term. The corresponding hysteresis loops
are represented in Fig. 7(c). For A®,,=1.8° the inhibi-
tion mechanism appears at a low-intensity value near
threshold. The hysteresis domain then occupies almost
the whole laser intensity profile. When the anisotropy in-
creases the net gain of the nonoscillating eigenstate can
compensate the inhibition term only for a frequency near-
er the resonance frequency of the atomic transition v,. So
in contrast to the rotation mechanism, in the inhibition
mechanism the hysteresis loop shrinks for increased
values of A®,,,. The experimental hysteresis loops in Fig.
7(d) (top curves) obtained with the setup used above for
the rotation mechanism are in good agreement with the
theoretical curves. In Fig. 7(d) (bottom curves), the ab-
sence of peaks or dips with the polarizer at +45° from
the x axis confirms that the flips occur in the inhibition
mechanism.

3. Evolution of the hysteresis loop with
the excitation. Comparison with experiment

According to the flip condition (21) we can note that
an increase of the intensity of the oscillating mode stabi-
lizes this mode more and leads then to an increase of the
hysteresis loop width. This can be verified by represent-
ing the x-to-y and y-to-x flip conditions (21) in Figs. 8(a)
and 8(b), respectively, for different laser excitation values.
In this experiment the anisotropy is constant and fixed at
A®,,=4° and the length of the cavity is now L =44 cm.
The hysteresis loops in Fig. 8(c) show that the hysteresis
domain shrinks here when the current decreases as shown
by the corresponding experimental curves in Fig. 8(d)
(top curves). The absence of peaks or dips in Fig. 8(d)
(bottom curves) shows that the polarization switches
again following the inhibition mechanism.

4. Peculiar evolutions of the hysteresis loop

Until now we have studied the evolution of the hys-
teresis loop with the anisotropy and with the excitation
for birefringence values such as Av,, <<2y. We investi-
gate here what happens in lasers when this condition is
no longer satisfied, i.e., for high anisotropy values and for
low gas pressure which leads to a low y value. In this
case the approximation 6,1, ~V'C a, is no longer valid.
With use of expressions (17) and (18), the inhibition term
is then written as

0 =_9£ L(Av,, /2)+L(vy—v,/2—v,/2)
yxtx BO
As resonances appear in this inhibition term we can ex-

pect peculiar evolutions of the hysteresis loop.
Let us first consider the evolution of the hysteresis loop

(22)

14+ L (vg—v,) O

i=10mA

i=15mA
/ \50 >E‘Hz

i=11.5mA

FIG. 8. Theoretical and experimental decrease of the hys-
teresis loop with the excitation current in the inhibition mecha-
nism. (a)-(d) same as in Fig. 7. L axis: 50 MHz/div; C =1.4;
ay=262X10°s! for i =15 mA; a,=188X10°s™! for i =11.5
mA; a,=163X10%s~! for i =10 mA; p, =p,=102X 106571

with the anisotropy A®,, in the case where different
losses between the x and y eigenstates are introduced.
This will be obtained by tilting the stressed plate for in-
stance [38]. In Fig. 9 we have displayed with the same
graphical representations used previously the two flipping
conditions (21) with p, >p, for two different values of
A®,,. For the x-to-y flip [Fig. 9(a)] we find when the an-
isotropy value is increased from 10° to 12° a new crossing
point between the two curves below the atomic transition
frequency v,. On the contrary, for the y-to-x flip [Fig.
9(b)] there is practically no change for the crossing point.
So, the width of the hysteresis loop abruptly shrinks as
shown in Fig. 9(c) when the anisotropy is slightly in-
creased. The whole bistable domain is below v, corre-
sponding to a smaller frequency domain for the x eigen-
state oscillation. The corresponding experimental evolu-
tion shown in Fig. 10 for p, > p, is in agreement with this
analysis. On the contrary, if we choose p, > p, we obtain
a similar evolution but now with the whole bistable
domain above v,. We can notice that this peculiar evolu-
tion occurs only for low gas pressure of about 0.8 Torr.
Indeed, for higher gas pressure (=1.4 Torr) the Lamb
dip disappears and we observe then a continuous shrink
of the hysteresis loop when the anisotropy is increased
(Fig. 11).

Let us now consider another possibility for having new
crossing points at a lower gas pressure (=0.6 Torr).
Taking account of the expression (22) for the inhibition
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L L

FIG. 9. Theoretical evolution of the hysteresis loop with the
phase anisotropy (A®,, > 10°) in the inhibition mechanism for
low gas pressure (=~0.8 Torr). (a),(b) Representation of the x-
to-y and y-to-x flip conditions, respectively. (c) Corresponding
hysteresis loops. Note the abrupt shrink of the bistable domain
for A®,,=12%p, —p,=1.6X106s7".

term the x-to-y and y-to-x flip conditions represented in
Fig. 12 show that new crossing points appear when the
laser excitation increases. So, the x-to-y and y-to-x flips
can occur at several frequencies. There are multiple
switchings when the laser frequency increases as shown in
Fig. 12(c) due to the enhancement of the Lamb dip ap-
pearing in the inhibition term 6,, I, at low gas pressure.

P>Py b < Py

FIG. 10. Experimental evolution of the hysteresis loop with
the phase anisotropy in the inhibition mechanism for low gas
pressure (=~0.8 Torr). p,>p,. Top: A®,,=10". Bottom:
A®,,=12°. The hysteresis loop evolution is in agreement with
the corresponding theoretical one [Fig. 9(c)]. p, < py- Top:
Ad,, =10". Bottom: A®,,=12".

(a)

FIG. 11. Experimental evolution of the hysteresis loop with
the phase anisotropy in the inhibition mechanism for high gas
pressure (=1.4 Torr). The hysteresis domain shrinks continu-
ously. (a) A®,,=10°. (b) AD,, =12°.

This new behavior is also well verified by the experimen-
tal curves in Fig 13.

In preceding sections we have considered hysteresis
loops for which the switchings occur in the same process,
i.e., either in the rotation or in the inhibition mechanism.
A last question then arises: Is it possible to obtain one of
each mechanism for a given hysteresis loop, i.e., to realize
finally a hybrid hysteresis loop?

FIG. 12. Theoretical evolution of the polarization switching
with the current in the inhibition mechanism for low gas pres-
sure (=~0.6 Torr). A®,,=12°. (a),(b) Representation of the x-
to-y and y-to-x flip conditions, respectively. (c) Corresponding
switchings when the laser frequency increases. For an increase
of the current value, multiple switchings appear.
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FIG. 13. Experimental results corresponding to the theoreti-
cal Fig. 12(c) for low gas pressure ( =0.6 Torr).

D. Hybrid hysteresis loop

Realization of any hybrid hysteresis loop needs, on the
one hand, to choose the phase anisotropy near the fron-
tier value of the two mechanisms. On the other hand, to
allow the rotation only in one direction during the scan
prohibiting it in the other direction, one must favor one
eigenstate by decreasing its losses. This can be obtained,
for instance, by tilting an internal plate. Taking into ac-
count the x-y—type loss anisotropy introduced by the
tilted plate, the flip condition from x to y derived in Ap-
pendix C [Eq. (C5)] may be written as

2a L

c

28
S+1

P+
B+

where ¢, and ¢, are the transmission coefficients of the ti-
lted plate for the field amplitude and where we have as-
sumed that ¢, /t, ~1. In a similar way the y-to-x flip con-
dition is obtained by changing the sign of the two terms
in square brackets.

We have represented the two flipping conditions in
Figs. 14(a) and 14(b), respectively. The phase anisotropy
is fixed at the maximum limit value for the rotation pro-
cess, i.e., A':ny =1.7° for the excitation current con-
sidered here and the y eigenstate is favored, i.e., t,>1,
with ¢, /t.,—1=2X1073. Figure 14(a) shows that the
effect of the loss anisotropy favors the rotation from x to
y when the frequency increases. On the contrary, when
the frequency decreases the losses no longer favor this
process and the effect of the medium is not sufficient to
produce the rotation. Then the system switches follow-
ing the inhibition mechanism as shown in Fig. 14(c)
where the y-to-x flip condition (21) is represented. For
the small value of the phase anisotropy considered here
this switching occurs at a frequency near the threshold.
This leads to the theoretical hybrid hysteresis loop
represented in Fig. 14(d) which corresponds to the experi-
mental hysteresis loop reported in Fig. 15(a). If now the
x eigenstate is favored the polarization switches then fol-
lowing the inhibition mechanism when the laser frequen-
cy increases and following the rotation mechanism when
it decreases as shown in Fig. 15(b).

Until now we have investigated the properties of the
basic polarization flipping mechanisms in gas lasers. One
may wonder what processes appear in usual macroscopic
and microscopic quasi-isotropic lasers that show polar-
ization flips. We can also wonder if this vectorial bista-
bility can be observed versus parameters other than the
laser frequency. As an example let us considerer a micro-

AD,, —(1,/t,—1) | >AD;, , (23)

Hybrid Hysteresis Loop
50.144Hz
(@) AN

(d)

FIG. 14. Theoretical hybrid hysteresis loop. (a),(b) Repre-
sentation of the switching conditions in the rotation mechanism
when the laser frequency increases and decreases, respectively.
(c) Representation of the y-to-x switching condition in the inhi-
bition mechanism, when the laser frequency decreases. (d) Cor-
responding hybrid hysteresis loop. @,=141X10° s~}
p=83X10%s~; C=1.4.

INHIBITION
{

ROTATION
|

()

ROTAT:ON INHIBITION
]

(b)

FIG. 15. Experimental hybrid hysteresis loop. (a) p, >p,.
Top: hybrid bistable domain corresponding to Fig. 14(d). Bot-
tom: polarizer at —45° from the x eigenstate allows to detect the
two processes. (b) p, <p,. Top: hybrid bistable domain. Bottom:
detection of the two mechanisms.
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scopic system such as a TE-TM bistable semiconductor
laser.

E. Polarization flip in bistable semiconductor lasers

In a semiconductor laser the possible eigenstates are
polarized parallel (TE modes) and perpendicular (TM
modes) to the junction. As the facet reflectivities are
different for the TE and TM modes, for instance for an
In-Ga-As-P/InP laser R1p=0.39 and Ry =0.26 [39],
the oscillation occurs generally on the TE modes. How-
ever, it has been noticed that a stress can induce a greater
gain for TM modes allowing their oscillation [39-41].
This stress can be obtained thermally, for instance, as
done by Chen and Liu [41] by cooling In-Ga-As-P/InP
lasers down to about 180 K. Taking into account the
high phase-anisotropy values induced by the stress, we
can predict that the polarization will flip following the in-
hibition mechanism. The condition for the flip from TM
to TE modes is then similar to condition (21) derived
above for a gas laser and is written [21] as

aop —Opm(Pg /Pylaoy >0, (24)

where ay; (ag,,) is the unsaturated net gain of TE (TM)
mode, Pg (P,) the losses of TE (TM) mode, and Oy, the
cross-saturation coefficient. In standard semiconductor
lasers the frequency cannot be scanned as simply as in
usual lasers. However, the current can be taken as the
control parameter in this case. Indeed, as the increase of
the ay gain versus current is greater than that of the
agy gain [21] it will be possible, when condition (24) is
fulfilled, to observe the TM-to-TE polarization flip with a
current variation. Note that a variation of the current in-
troduces also a small shift of the frequency which has no
effect in the flipping mechanism as the width of the gain
curve is quite large. Figure 16 displays the flips between
TE and TM modes with hysteresis for a 1.3-um semicon-

™ TE

CURRENT

FIG. 16. Polarization-resolved power vs current characteris-
tics of a polarization bistable laser at various temperatures (Ref.
[20D).

186.7K

CURRENT

FIG. 17. Output power vs current with the polarizer at 45°
from the TE direction: the absence of peaks or dips at the
switching points (arrows) shows that the polarization flips fol-
lowing the inhibition mechanism.

ductor laser at low temperatures versus the injection
current. If a polarizer is rotated at 45° from the eigen-
states there is as shown in Fig. 17 no peak (nor dip) in the
output power of the laser through the switching point
confirming the inhibition process as predicted.

The inhibition mechanism may occur also in high-
power CO, ring lasers [42]. Indeed, in this case for an
odd number of mirrors, as each mirror is equivalent to a
half-wave plate, the whole cavity is equivalent to a single
half-wave plate leading to an important phase anisotropy
AD,,.

The knowledge of the eigenstates flipping processes
and their corresponding properties in the laser itself when
an internal parameter is varied allows us now to investi-
gate the polarization control by an anisotropic feedback,
i.e., in one-frequency systems.

III. CONTROL OF THE EIGENSTATES
BY AN ANISOTROPIC FEEDBACK

The feedback method is usually performed to obtain
single longitudinal mode operation [43], higher output
power [44], and (or) frequency stability improvement
[45]. As the feedback is isotropic in most of these de-
vices, only scalar parameters such as, for instance, the in-
tensity and the frequency can be changed. de Lang was
the first to use an anisotropic feedback to modify the po-
larization to our knowledge [9]. More recently, Hendow
et al. [16] experimentally controlled the polarization of
an He-Ne laser with this method. Unfortunately, as the
mirrors were sealed they could not control the anisotropy
and the frequency, parameters which govern the two flip-
ping processes. Let us try to isolate an induced-rotation
and an induced-inhibition mechanism and interpret a po-
larization control in these two processes in a laser with an
external cavity.

A. The principle of the control

The general setup for the polarization control is de-
scribed in Fig. 18. The laser cavity with the mirrors M,
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FIG. 18. General setup for the polarization control by an an-
isotropic feedback. P, P;,; are polarizers aligned along the x
axis, P, is along the y axis. At are additional calibrated attenua-
tors and D,, D, are detectors.

and M, is coupled via the mirror M, to an anisotropic
cavity composed by the mirrors M, and M; and by the
polarizer P, ;. To prevent any modification of the x and y
eigenstates directions the polarizer P,,; is aligned along
the x axis. The anisotropic cavity is similar to an aniso-
tropic mirror with equivalent mirror reflectivities R3;
and RZ; along the x and y axes, respectively. If we sup-
pose that the laser oscillates on the y axis and that the po-
larizer in the feedback cavity is along the x axis then
R%;=R,. On the contrary, when the laser oscillates on
the x axis the end mirror M, can be replaced by a Fabry-
Pérot feedback cavity. For low feedback intensities the
Fabry-Pérot reflectivity along the x axis is [46]

R33=R,+2a(R,R;)"*(1—R,)cos® , (25)

where a is the amplitude transmission of the attenuator
for a round trip in the feedback cavity and ®=4xL’'/A is
the phase of the return beam relative to the output beam,
where L' is the feedback cavity length and A is the laser
wavelength. Expression (25) shows that R 7; is maximum
for L'=mA/2 and is minimum for L'=(2m +1)A/2
where m is an integer. By varying the phase & the
effective reflectivity R3; can be greater or smaller than
R%;. So, the oscillation of the x eigenstate can be favored
or not as seen later leading to a possible polarization con-
trol either in an induced-rotation or in an induced-
inhibition process.

B. The induced-rotation mechanism

1. Shift of the hysteresis loop

We have seen that for the laser without feedback and
with equal eigenstates losses, the hysteresis loop is
symmetrical about v,. According to Eq. (25) the aniso-
tropic feedback cavity introduces a linear loss anisotropy
which is written for a low transmission value

172 172
R
23

R,
=~l—a|—= (I1—R,)cosd . (26)

R

x
23

With this feedback, as the x and y loss difference can
be time modulated with ®(¢), we can predict a shift of the
hysteresis loop. For example, the hysteresis loop will be

shifted towards high frequencies if the losses of the x
eigenstate are lower than that of the y eigenstate. The x-
to-y flip condition, for instance, can be obtained by let-
ting t,/t, =(R%;/R3;)'/? in relation (23). Figure 19(a)
shows the theoretical curves related to both sides of the
relation (23) when the laser frequency is scanned for
different @, values where ®, is the feedback phase
defined at v=v,. Figure 19(b) gives the corresponding
curves for the induced y to the x rotation. The resulting
theoretical polarization hysteresis loops in Fig. 19(c)
show that the hysteresis domain is indeed shifted with the
phase @, while keeping a quasiconstant width. The ex-
perimental hysteresis loops shown in Fig. 19(d) are in
good agreement with the theoretical curves. In this ex-
periment the laser cavity length is L =48 cm, the feed-
back cavity length is L'=57 cm, the amplitude transmis-
sion of the attenuator is @ =0. 64, and the phase anisotro-
py is A®,,=1.3°. By varying the phase ®, for a given
laser cavity length we can then favor alternately the x
and y eigenstate and so induce flips from x to y and y to
x. We can hence realize optical gates.

2. Optical gates

Let us label L, the maximum cavity length for the x-
to-y flip and L, the minimum cavity length for the y-to-x
flip [Fig. 19(c)]. It will be possible to control the polar-
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FIG. 19. Theoretical and experimental shifts of the hysteresis
loop in the induced-rotation mechanism for two values of the
external parameter ®,. The unperturbed hysteresis loop is used
as reference. (a),(b) Representation of the x-to-y and y-to-x flip
conditions, respectively. a,=168X10° s~!; p=94X10° s
(c),(d) Theoretical and experimental hysteresis loops. Output
power I, vs cavity length (I, axis, 3uW/div; L axis, 50
MHz/div).
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@

FIG. 20. Induced-rotation gate. (a) Output power I, of the x
eigenstate vs time (I, axis, 10uW/div; ¢ axis, 10 ms/div). (b)
Output power I, of the y eigenstate vs time (I, axis, 10 uW/div;
t axis, 10 ms/div). (c) Sawtooth voltage applied to the feedback
piezoelectric transducer ( V axis, 50 V/div; ¢ axis, 10 ms/div).

ization only if L, >L, on the one hand, a condition
which implies a shift of the hysteresis loop, and if the
cavity length L is such as L, > L > L, on the other hand.
Then we obtain by modulating the feedback cavity
length, i.e., ®,, optical gates with high signal-to-noise ra-
tios as show in Fig. 20. By rotating the polarizer P, at
—45° from the x eigenstate there are dips and peaks [Fig.
21(b)] in the transmitted intensity. The polarization con-
trol is then performed following the rotation mechanism.
In contrast to the on-off logic (corresponding to
high—low-level intensities) used in most scalar devices,
this x —y polarization logic where the two orthogonal x
and y eigenstates are the two logic states has several ad-
vantages. In particular, it seems well suited for cascading
[47] where the remaining power on the off output of one
gate can serve as input for the following gate. Further-
more, high sensitivity is expected in this polarization log-
ic. We can evaluate the switching energy involved in the
experiment by noting that for very weak return beams
the feedback-induced power changes [46] are proportion-
al to 2a(R,R;)""2(1—R,)I, where [ is the internal laser
intensity. For a =3.2X107% R,=R,;=0.64,1 =5uW,
and a typical switching time of 7=1us, we obtain a
switching energy of the order of 0.8 fJ [48]. Femtojoule
switching energy has also been obtained in scalar semi-
conductor laser amplifiers [49]. In this case the switching
time is about 3 ns, but the switching power is still of 1
uWw.

(@
(b)

)

d
t

FIG. 21. Detection of the induced-rotation mechanism. (a)
Same as in Fig. 21. (b) Output power with polarizer P, at —45°
from the x axis: induced-rotation dips and peaks are visible.
(I _4s5 axis, 2.5 uW/div; t axis, 10 ms/div). (c) Zero intensity for
I_,s. (d) Same sawtooth voltage as in Fig. 20.

For an anisotropy value greater than about 1.3° we
have seen in Sec. I B2 that, in the laser itself, the polar-
ization does not flip any more following the rotation
mechanism, but following the inhibition mechanism. In
the next section we investigate the possibility of vectorial
control in an induced-inhibition mechanism.

C. The induced-inhibition mechanism

1. The flip condition

The flip conditions are written here by taking into ac-
count the different losses p, and p, due to the anisotropic
feedback. According to (25) these losses are written as

1 ¢ x
sz_ZZln(Rles)
172
__lc _c R _
== TR R = 5a 2t | (=Ry)cose,
(27a)
py=—%%ln(R1R{3)=—%%ln(Rle). (27b)

The x-to-y and y-to-x flip conditions are represented in
Figs. 22(a) and 22(b), respectively, when the laser fre-
quency is scanned for different @, values. The anisotropy

With Feedback : With Feedback
@~ 16 Without Feeback @,= 41/5

N\

FIG. 22. Theoretical and experimental shifts of the hysteresis
loop in the induced-inhibition mechanism for two values of the
external parameter ®,. The unperturbed hysteresis loop is used
as reference. (a),(b) Representation of the flip conditions when
the laser frequency increases and decreases, respectively.
a,=168X10° s1; p=94X10%s™!; C=1.1. (c),(d) Theoretical
and experimental hysteresis loops. Output power I, vs cavity
length. (I, axis, 3uW/div; L axis, 50 MHz/div).
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FIG. 23. Induced-inhibition gate. (a) Output I, of the x
eigenstate vs time. (I, axis, 10 uW/div; ¢ axis, 10 ms/div). (b)
Output power with the polarizer P, at —45° from the x axis
(I _45 axis, 2.5 uW/div; t axis, 10 ms/div). (c) Zero intensity for
I_,s. (d) Sawtooth voltage applied to the feedback piezoelec-
tric transducer ( V axis, 50 V/div; ¢ axis, 10 ms/div).

is fixed at A®,,=9° and a =0.52. The corresponding
theoretical hysteresis loops in Fig. 22(c) show the ex-
istence of loop shifts when the phase &, varies. This is

well verified by the experimental hysteresis loops in Fig.
22(d).

2. Optical gates

Let us define the maximum cavity length for the x-to-y
flip by L, and the minimum cavity length for the y-to-x
flip by L, [Fig. 22(c)]. When the laser cavity length is
fixed between these two lengths we also obtain by varying
the phase @, optical gates with high signal-to-noise ratios
as shown in Fig. 23. There are no dips at the switching
points when the polarizer P, is rotated at 45° from the x
eigenstate. So the anisotropic feedback induces the po-
larization flip following the inhibition mechanism. The
switching energy in this process has been evaluated like
for the rotation mechanism. By the measurement of the
calibrated attenuation the switching energy must be in-
creased by a factor of 25, leading to a 20-fJ switching en-
ergy.

So with an anisotropic feedback, i.e., in a one-
frequency system, an external perturbation leads to a
shift of the hysteresis domain allowing a polarization
control following the induced-rotation and the induced-
inhibition mechanisms. Optical gates with high signal-
to-noise ratios are obtained with low switching energy.

IV. CONCLUSION

We have given a detailed description of the basic mech-
anisms, i.e., the rotation and the inhibition mechanisms,
that occur in the polarization flipping of vectorial bist-
able quasi-isotropic lasers. We have pointed out the quite
different properties of both processes. Indeed, the evolu-
tions of the hysteresis loops versus laser frequency with
phase anisotropy and laser excitation are opposed in
these two processes. Additional evolutions of the polar-
ization, such as multiple switchings, hybrid hysteresis
loops, have been also isolated and understood in a gas
laser. The polarization switchings occur in other quasi-
isotropic lasers such as in semiconductor lasers. For in-
stance, in a bistable semiconductor laser the bistability

between TE and TM modes is shown to be due to the in-
hibition mechanism. In fact, in general, it is the inhibi-
tion mechanism which appears the most frequently in
vectorial bistable lasers, the rotation mechanism existing
only for low anisotropy values. We have also investigat-
ed the optical control of vectorial bistabilities in a one-
frequency system. A small injected signal by an aniso-
tropic feedback controls the polarization both in
induced-rotation and in induced-inhibition mechanisms.
In contrast with most scalar bistable devices, in vectorial
systems no energy is wasted during the flip. Indeed, there
is only a shift of the energy from one to the other eigen-
state. We obtain then optical gates with low switching
energy especially in the induced-rotation mechanism with
high signal-to-noise ratios. We have shown that for both
descriptions of the basic mechanisms and of the polariza-
tion control by an anisotropic feedback the theoretical re-
sults are in good agreement with experiments.
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APPENDIX A

Here we calculate the losses Ap(68) introduced by a fre-
quency shift in the rotation mechanism. We suppose that
for small anisotropy values the electric field remains in
first step linearly polarized during the flip. At instant ¢
the x component may be written as

E,=E cos(0) exp(i2mvt) . (A1)

Neglecting the shift of the frequency and the variation of
6 for one round-trip in the laser cavity, the x component

becomes
E,=E cos(0)exp[i(2mvt +P,)], (A2)

where the phase shift ®, of the x component from the
resonance may be written as

O, =2m(v—v,)(2L /c) . (A3)
We can deduce the losses Ap,

Ap, =[E cos(6)—E cos(0) cos®, ]/E cosb , (A4)
which reduces, for small values of the phase ®,, to

Ap,=~®2/2 . (A5)

With a similar method we derive the Ap, losses on the y
axis

Ap,=®}/2, (A6)
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where @, =2m(v—v, )(2L /c). The total amplitude losses
Ap are derived by noting that the total intensity
I =1I, +1I, after one round-trip becomes

I'=EX1—Ap)?
=(E cos6)(1—Ap, )*+(E sin6)(1—Ap,)* . (A7)

As the losses Ap,,Ap,, and Ap are small, we deduce in
first order

Ap(6)=Ap, cos’6+ Ap, sin®6 . (AB)

For simplification we assume that the phase shifts ®, and
®, vary linearly with 6, i.e.,

&, =—2A0,,0/m/2 and ®,=2A®,,(7/2—0)/7/2 .
(A9)

Expressions (A5) and (A9) for Ap, and (A6) and (A9) for
Ap, lead then to the following total losses for the field
amplitude after a round-trip,

Ap(6)=B8ADZ,[6% cos*(0)+(m/2—6)*sin’6] /7 .
(A10)

APPENDIX B

In this appendix we derive the evolutions of the rota-
tion angle 0 of the main axis and of the ellipticity y of an
elliptically polarized field due to the active medium, to a
linear phase anisotropy and to a loss anisotropy. We
separate directly the contribution of the active medium
from that of the two anisotropies.

1. Contribution of the active medium

The electric field E can be defined in the circularly po-
larized basis (07,0 ") where 0T =2"1"%(x+iy). For an
isotropic cavity the evolutions of the amplitudes E . and
E _ may be written [4] as

E,=E (a,—B.E%—6,_E%), (Bla)

E_=E _(a_—B_E*—6_,E%), (B1b)

where a and a_ are the net gain coefficients and B.,,8_
and 6, _,0__ the self- and cross-saturation coefficients.
The angular frequency-determining equations are

v,+®,=Q+0,—p,E% —7,_E% , (B2a)

v_+®_=Q+0_—p_E* —7_,E% , (B2b)

where v and v_ are the angular frequencies of the circu-
larly polarized components, @, and ®_ their phases, Q
is the angular resonant frequency of the empty cavity, o
and o_ are the linear pulling terms, and p,,p_ and
T4+ —,7T— 4 are the self- and cross-pushing terms.

(a) Rotation of the main axis

The phase shift between the circular components in-
duces a rotation whose evolution is written as

b=Ld_—d,). (B3)

In our case there is no magnetic field, so v, =v_ imply-
ing o,=0_, py=p_, 7_=7_,. According to Egs.
(B2a) and (B2b), Eq. (B3) becomes

6=2L(r, _—p)Msin2y, (B4)

where I is the total intensity defined by
I=E?% +E%* =I_+1_ and y is the ellipticity defined by

x=tan NE_—E,)/(E_+E.)
=lsin M I_—T1,)/I_+1,).

(b) Variation of the ellipticity

Time derivation of the first expression which defines y
leads to

X=(E.E_—E_E.)/I. (BS)

According to Egs. (Bla) and (B1b), noting that o, =a_,
Bi=p_,0,_=06_,,and that E  E_ =1 cos2y, the evo-
lution of y may be written as

X=MO,_—B,)Isindy . (B6)

2. Contribution of the linear phase anisotropy

An elliptically polarized field can be defined either by
the azimuth 8 of the main axis and by the ellipticity x or
by the angle 6, (Fig. 24) defined by tan6,=b /a, where a
and b are the amplitudes of the field components along
the x and y axes, and by the phase shift ¢ between the x
and y components. The variables 6,x,6, and ¢ are

linked together by the following relations [50]:
sin2y =sin(26;)sing , (B7a)
tan2y =sin(26) tang . (B7b)

When the elliptically polarized field passes through the
linear phase anisotropy the phase shift increases by an
amount A®,, leading to a variation of 6 and .

(a) Rotation of the main axis

By elimination of y between Egs. (B7a) and (B7b) we
obtain

yb

FIG. 24. Definition of the parameters 0,6,, a, and b for an el-
liptically polarized electric field.
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tan26= tan(26,) cosg . (B8)

The differentiation of this equation, letting dp=A®P
leads to

xy?

A, 5 )
do=— > tan(26,) cos“(20)sing . (B9)

So according to Eqgs. (B8) and (B7b) the time evolution of
6 due to the phase anisotropy is

c Ady
L 2

(B10)

tan(2y) cos26 .

(b) Variation of the ellipticity
Similarly, by differentiation of Eq. (B7a) one obtains

o,

dx= sin(26,) cos(gp)/ cos2y , (B11)

and relations (B7a) and (B7b) lead then to the time evolu-
tion of the ellipticity

< AP

L 2

= = sin26 . (B12)

3. Contribution of a loss anisotropy

We investigate now the effect of an x-y —type loss an-
isotropy introduced, for instance, by an intracavity tilted
plate. The loss axes x and y are chosen to be parallel to
those of the phase anisotropy A®,,,.

(a) Rotation of the main axis

Let us consider an elliptically polarized field with a
small ellipticity. Then in first approximation the azimuth
6 of the main axis can be defined by

tand~E, /E, . (B13)

After a passage of the vibration through the plate 6 be-
comes 6’ with

tand' =1,E, /1,E, , (B14)

where ¢, and ¢, are the x and y transmission coefficients
of the tilted plate for the field amplitude. From Egs.
(B13) and (B14) we derive

tand

—_— . (B15)
1+(¢, /t,) tan”0

tan(6'—0)=(t,/t, —1)

As t,~t, then 6'~0 and the time behavior of 6 due to
the loss anisotropy may be written as

6= (1, /1~ sin26 . (B16)
(b) Evolution of the ellipticity
The differentation of Eq. (B7b) leads to
dy= cos’(2y)cos(26) tangp d0 . (B17)

According to the low ellipticity y value we write

cos(2y)=~1 and the time evolution of x due to the loss an-
isotropy reduces to

X= cos(26) tan(@)6 . (B18)
Insertion of Egs. (B7b) and (B16) in (B18) leads then to

X~ F(t, /t, =Dy cos26 . (B19)
We can note that for low ellipticity and loss anisotropy
values the contribution of the loss anisotropy to Y is
negligible.

4. Total time evolution of 0 and y

As the phase and loss anisotropies are small, it is there-
fore possible to write 6 and y as the sum of the contribu-
tions of the active medium and of the phase and loss an-
isotropies. Then Egs. (B4), (B10), and (B16) lead for low
ellipticity values to

9=(T+,—p+)Ix—%A(ny)( cos20+ i(ty /t,—1)sin26,

(B20)
and Egs. (B6), (B12), and (B19) to
AP
- _ < xy .
x=0,_—B )Ix+ . 2 sin26
+ (8, /t,— 1)y c0s26 . (B21)

Equations (B20) and (B21) are in agreement with those
obtained by van Haeringen [Ref. [10], Egs. (13) and (14)]
for low ellipticity values with 8,=60,=a’'=®'=H,=0
and with 8,=28,, ,=260, _, p;=2p,, p,=27,_. The
coefficient 2 is due to the fact that the vectors of the cir-
cularly polarized basis used by van Haeringen are not un-
itary.

APPENDIX C

From Egs. (B20) and (B21) we deduce here the x-to-y
flipping condition in the rotation mechanism. The cou-
pled equations for 6 and ¥ can, in general, be solved only
by numerical integration. Approximate analytic solu-
tions can, however, be obtained by assuming I =y =0
[10]. Equations (Bla) and (B1b) lead to

I=E% +E?> =2a,/(B,+6,_). (C1)
Letting Y=0 we can deduce from Egs. (B21) and (C1)

for a low ellipticity value and neglecting the contribution
of the loss anisotropy

c 1 S+1 .
X = L %a, 28 A®, sin26 ,

where

S+1_ 6+ 1B+
25 0:-—B+ .
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For a J =1—J =2 transition § = — 2 [10]. Insertion of

(C2) in (B20) gives for a low anisotropy value

1P+
—Lsm(20) 2 B, AP,
c 1 S+1 3
L4a+ 35 5o AP, cos(20)
+3(,/t,—1) |, (C3)
where
Pt _TH- TP
B+ 0, 0,_—B+

Let us consider a small rotation angle € of the electric
field from the stationary solution 6=0 which corresponds
to the x eigenstate. The expression (C3) becomes

._ € 1P+ c 1 S+1,.,
=2 |————A S-—ADY
L7285, AT L, s
+ 4t /t,—1) | +0(€), (C4)

where O (€?) represents terms of the order of €2 which
can be neglected for sufficiently small deviations from the
x axis. The polarization flips from 6=0 to 6=7/2, i.e.,
from x to y, if € builds up, that is if €>0. So the x-to-y
flip condition may be written as

1 P+ c 1 §+1 5
- —=A
2 B, Ay L 4a, a, 28 P
+3[t,/t,—1]1>0. (C5)

The y-to-x flip condition derived in a similar fashion
shows that only the signs of the first and third terms of
(CS) are changed.
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FIG. 10. Experimental evolution of the hysteresis loop with
the phase anisotropy in the inhibition mechanism for low gas
pressure (=0.8 Torr). p,>p,. Top: AP, =10". Bottom:
A®,, =12°. The hysteresis loop evolution is in agreement with
the corresponding theoretical one [Fig. 9(c)]. p, <p,. Top:
A®,,=10°. Bottom: AP, ,=12°.



FIG. 11. Experimental evolution of the hysteresis loop with
the phase anisotropy in the inhibition mechanism for high gas
pressure (=~ 1.4 Torr). The hysteresis domain shrinks continu-
ously. (a) A®,,=10". (b) AP, =12".



FIG. 13. Experimental results corresponding to the theoreti-
cal Fig. 12(c) for low gas pressure ( =~0.6 Torr).
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FIG. 15. Experimental hybrid hysteresis loop. (a) p,>p,.
Top: hybrid bistable domain corresponding to Fig. 14(d). Bot-
fom: polarizer at —45° from the x eigenstate allows to detect the
two processes. (b) p, <p,. Top: hybrid bistable domain. Bottom:
detection of the two mechanisms.



With Feedback : , With Feedback
= - T Without Feeback D= -T/6

FIG. 19. Theoretical and experimental shifts of the hysteresis
loop in the induced-rotation mechanism for two values of the
external parameter ®,. The unperturbed hysteresis loop is used
as reference. (a),(b) Representation of the x-to-y and y-to-x flip
conditions, respectively. a,=168X10% s™'; p=94x10% s,
(c),(d) Theoretical and experimental hysteresis loops. Output
power I, vs cavity length (I, axis, 3uW/div; L axis, 50
MHz/div).
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FIG. 20. Induced-rotation gate. (a) Output power I, of the x
eigenstate vs time (I, axis, 10uW/div; ¢ axis, 10 ms/div). (b)
Output power I, of the y eigenstate vs time (I, axis, 10 uW/div;
t axis, 10 ms/div). (c) Sawtooth voltage applied to the feedback
piezoelectric transducer ( V axis, 50 V/div; t axis, 10 ms/div).



FIG. 21. Detection of the induced-rotation mechanism. (a)
Same as in Fig. 21. (b) Output power with polarizer P, at —45°
from the x axis: induced-rotation dips and peaks are visible.
(I_45 axis, 2.5 pW/div; t axis, 10 ms/div). (c) Zero intensity for
I_ 4. (d) Same sawtooth voltage as in Fig. 20.



With Feedback : With Feedback
Oo= /6 Without Feeback D= 470/5

FIG. 22. Theoretical and experimental shifts of the hysteresis
loop in the induced-inhibition mechanism for two values of the
external parameter ®,. The unperturbed hysteresis loop is used
as reference. (a),(b) Representation of the flip conditions when
the laser frequency increases and decreases, respectively.
ap=168X10%s"'; p=94X10%s"'; C =1.1. (c),(d) Theoretical
and experimental hysteresis loops. Output power I, vs cavity
length. (I, axis, 3uW/div; L axis, 50 MHz/div).



FIG. 23. Induced-inhibition gate. (a) Output I, of the x
eigenstate vs time. (I, axis, 10 uW/div; ¢ axis, 10 ms/div). (b)
Output power with the polarizer P, at —45° from the x axis
(I _4s axis, 2.5 uW/div; t axis, 10 ms/div). (c) Zero intensity for
I_ 4. (d) Sawtooth voltage applied to the feedback piezoelec-
tric transducer ( ¥ axis, 50 V/div; ¢ axis, 10 ms/div).
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FIG. 5. Theoretical and experimental increase of the hys-
teresis loop with the phase anisotropy A®,, in the rotation
mechanism. (a) Graphical resolution of the x-to-y flip condition
(13). The arrows represent the frequency sweep direction. (b)
Graphical resolution of the y-to-x flip condition. (c) Theoretical
hysteresis loops. a,=128x10°s"'; p=83X10°s™! (the corre-
sponding pump parameter is 7=1.5). (d) Experimental hys-
teresis loops. Top: the polarizer in front of the detector is along
the x axis. The intensity on the x axis is I, (I, axis, 3u W/div;
L axis, 60 MHz/div). Bottom: the polarizer in front of the detec-
tor is at 45° from the x axis. The dips show that the polarization
flips following the rotating mechanism. Note that in (a) and (b)
the horizontal axes represent the frequencies v, and v, respec-
tively, while in (c) and (d) the axes represent the experimental
parameter, i.e., the cavity length L. The shift between the ori-
gins of the v, and v, frequency axes is proportional to A®,,
and is here negligible.
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FIG. 6. Theoretical and experimental increase of the hys-
teresis loop when the current decreases in the rotation mecha-
nism: (a)-(d) same as in Fig. 5. L axis: 50 MHz/div;
ay=158X10° s7! for i =15 mA; a,=128X10¢ s~' for i=10
mA; a,=111X10°s ! for i =8 mA; p =83X10°s .
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FIG. 7. Theoretical and experimental decrease of the hys-
teresis loop when the phase anisotropy A®,, increases in the in-
hibition mechanism. (a) Representation of the x-to-y flip condi-
tion. (b) Representation of the y-to-x flip condition. (c),(d)
Theoretical and experimental hysteresis loops (I, axis, 3u
W/div; L axis, 60 MHz/div). Note that for large values of A®,
the shift between the origins of the v, and v, frequency axes is
noticeable. a,=139X10° s™!; C=1.4 for low anisotropy and
1.2 for 8°.



i=15mA i=11.5mA i=10mA

FIG. 8. Theoretical and experimental decrease of the hys-
teresis loop with the excitation current in the inhibition mecha-
nism. (a)—(d) same as in Fig. 7. L axis: 50 MHz/div; C =1.4;
ap=262X10%s"! for i =15 mA; a,=188X10°s' for i =11.5
mA; ap=163X10°s~! for i =10 mA; p, =p,=102X10°s~".



