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Dynamics of Laser Eigenstates
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The spatial representation of the generalized potentials associated with the two eigenstates
of a quasi-isotropic laser, in the frame of the Landau theory, predicts two different types of
first-order phase transitions. The different dynamics of the corresponding vectorial bistabili-
ties are confirmed by an experiment with a laser with two oscillating nondegenerate eigen-
states. Polarization instabilities predicted in the first type of transition are experimentally

shown.

PACS numbers: 42.55.Bi, 42.60.He

Great interest has been shown in recent years in
bistability! =% and instabilities* =7 of nonlinear opti-
cal systems. Most of the devices, especially the in-
trinsic ones, are concerned with scalar bistability,
the intensity being the essential parameter. Howev-
er, vectorial bistability was observed in the earlier
years of laser physics, exhibiting some hysteresis
phenomena.® Unfortunately the dynamics of this
bistability were of great complexity from both the
experimental®® and the theoretical'®!! points of
view. Indeed the experiments need quasi-isotropic
lasers, so as to allow the oscillation of the two near-
ly degenerate eigenstates, which are defined by the
resonance condition!> ME=\E. The 2x2 Jones
matrix M represents a complete round-trip pass in
the cavity, each optical element being represented
by its own Jones matrix. We propose in this Letter
to extend the Landau theory of phase transitions to
describe the spatial evolution of the two eigenstates
of a laser. Although the system is not in thermal
equilibrium,!? this model with two spatially compet-
ing order parameters'* provides new insights into
eigenstate dynamics and allows us to predict two
mechanisms corresponding to two different first-
order phase transitions. These predictions are ex-
perimentally confirmed and may lead to vectorial
instabilities and intrinsic fast switches with low-
level background. The phase-transition model has
already been used to describe injected—external-
signal lasers,'> 1® lasers with saturable absorbers,!”
and macroscopic quantum fluctuations in a laser.!3

Let us call E, and E, the two eigenstates oscillat-
ing in a laser with an adjustable linear phase ani-
sotropy A¢,,. The eigenstate degeneracy is then re-
moved with respect to the polarization and to the

918

frequency. The equations of evolution of the
eigenstates may be written in a form derived from
the Lamb theory'?:

Ey=E (ay—BEl— 0, E}) +q, (1),

2 2 2 ey
E,=E,(a,—B,E}—0,,E}) +q,(1),

where a, and «a, include losses and characterize the
“net gain” of the two eigenstates, B, and 8, their
self-saturations, and #6,, their coupling. The
Langevin noise terms, ¢,(¢) and q,(¢), represent
the spontaneous-emission fluctuations. The
steady-state solution for the amplitude of the two
competing eigenstates can be associated, as in an
injected-external-signal laser,!’ with a potential
V(E,.E,) = E2— =

1

_1 2,1 4
> 0l a,Ef+ 7B E,

+5B8,E} + 50, E2E.

Such a potential allows us to represent the whole
system with the spatial diagram of Fig. 1(a). On the
x and y axes this potential reduces to V(E) = —
><a:E2+%,3E4 as for the usual laser with a single
oscillating eigenstate. When the degeneracy of the
eigenstate frequencies is removed by an intracavity
birefringence, the tuning of the laser frequency
across the gain curve [Fig. 1(b)] allows us to vary
the relative heights of the working points 4 and B.
An investigation of the eigenstate dynamics versus
the frequency dependence is then possible. This
simple spatial diagram suggests two possibilities for
the eigenstate dynamics. The system may move
from A4 to B using two paths: (i) The electric field ro-
tates in the transverse plane, the system going along
the AMB line with a frequency drift. (ii) 4 mode in-
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FIG. 1. (a) Spatial representation of the generalized
potentials. (b) Positions of x and y eigenstates for
F, #0. (c) Experimental setup.

hibition takes place along the AOB path. A discussion
of the stability of the two eigenstates in the two
processes predicted by the spatial diagram may be
done as for the usual two-mode laser with the two
modes oscillating on the same eige_pstate.19 Sup-
pose that the laser oscillates around E,. If €, is the
small component on the y axis, the equation of
motion for €, is written as

éy=ey(ay—9xyax/l3x)+0(e3), 2)

where the O (€3) term is negligible and a,/B8, = E,2.
The eigenstate flips occur when the sign of the ex-
pression in parentheses changes and becomes posi-
tive. In both processes the intensity remains
quasiconstant during the flips, when there is no
other anisotropic loss in the cavity.

First, the rotation process requires a supplemen-
tary relation between the x and y eigenstates, i.e.,
E,=E,cos6 and E, = E;sin6, where 6 describes the
vector rotation in the x-y plane. In this process
where E, and E, have the same frequency, the po-
tential representing the whole system may be writ-
ten as a single oscillating eigenstate. The spatial
variation AV (E, 0) is readily obtained by noting
that, when 0 varies, the x and y components of the
electric field cannot simultaneously be at cavity res-
onance in a nondegenerate-eigenstate laser, result-
ing in related losses. Indeed the loss term Ap (6)
may be calculated for each value of the phase ani-
sotropy A¢,, as a function of the cavity finesse F,

i.e.,
Ap(8) = F2sin20(sing +cos®)AgL/2w2.  (3)

If this loss term is introduced into the a(6) coeffi-
cient of the potential, we obtain the variation
AV (Ey, 0) describing the AMB barrier. The mini-
ma occur for #=0° and 90°. For the maximum de-
fined at §=w/4 the Ap value is Ap(w/4)=
F?A¢2/V2n?. Furthermore, if Ad,, =0, the loss
vanishes and the potential V (E, 6) becomes flat
with respect to its § dependence, leading to the pos-
sibility of vectorial instabilities for the eigenstate ro-
tation dynamics as predicted by the Landau
theory.? This two-valley potential curve implies
the existence of a first-order transition, i.e., of a
hysteresis loop. Moreover, we note that, at a given
eigenstate flip frequency, an increase of the barrier
AMB due to an increase of the value of A¢,, for-
bids the flip. Indeed, within the parentheses in Eq.
2), a, decreases with an increase of the losses as-
sociated with the y component, which is then not
tuned to the cavity. So the expression in
parentheses remains negative. To restore the flip
one needs to scan the system to a higher slope on
the gain curve of Fig. 1(b), introducing a greater
difference of heights between the potentials at A4
and B and thereby increasing the hysteresis loop.

On the other hand, when the barrier AMB be-
comes too high, the rotation mechanism no longer
occurs, but the path 40B becomes possible if the
AOB barrier is lowered. In this inhibition mechan-
ism the x eigenstate intensity decreases and the y
eigenstate intensity increases at a slightly different
frequency, with EZ(v,) + E2(v,) = E§. Here, each
eigenstate remains at cavity resonance and equal
losses occur in a, and «,. The sign change of the
expression in parentheses in Eq. (2) may in this
case be obtained by a reduction of the nonlinear
negative term either by tuning the laser towards the
threshold frequency to reduce I, = a,/B, or by in-
creasing A¢,, to reduce 6,,. The physical meaning
is the reduction of the barrier 40B, allowing the
second mechanism to work. A further increase in
A¢,, reduces the atomic coupling coefficient 6,,
even more, changing the sign of the expression in
parentheses in Eq. (2), i.e., reducing the hysteresis
loop. So the two expected processes of different
nature both lead to first-order phase transitions.
However, their properties will be quite different
with respect to the phase anisotropy variations, the
photon statistics,?' and the possibility of vectorial
instabilities.

The experimental evidence of the two mechan-
isms and of their main properties is obtained with a
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FIG. 2. The rotation mechanism. (a) Output power /
of the x eigenstate polarization vs frequency for
Ad,,=0.8° (I axis, 3 uW/div; v axis, 60 MHz/div).
(b) I with polarizer rotated at 6 =m/4 for A, =0.8°.
(c) Same as (a) for A¢,=1.2° Same as (b) for
Ady=1.2°

3.39-um 3He-*Ne laser as shown in Fig. 1(c). The
magnetically shielded cell ends with quasiperpendic-
ular windows, and an additional stressed window
gives the main and adjustable linear phase anisotro-
py which may be measured outside the cavity. The
force F, leads to a longer optical path along the y
axis than along the x axis. Therefore, on the low-
frequency side, the oscillation begins on the x
eigenstate [Fig. 1(b)]. A polarizer allows us to in-
vestigate the frequency hysteresis domain, and also
to detect a rotation mechanism when it is rotated to
+45° from the x axis. Indeed this mechanism
gives an extinction (dip) or a doubling (peak) of
the transmitted intensity during the eigenstate flips.
With A¢,, = 0.8°, which corresponds to a relatively
weak barrier AV (E(, ), the hysteresis domain is
shown in Fig. 2(a). The dips in Fig. 2(b) prove the
existence of the rotation mechanism. A greater
value, A¢,, = 1.2°, gives, as predicted for the first
mechanism, a greater hysteresis domain [Fig. 2(c)].
When the A¢,, value reaches about 1.5° which cor-
responds to a loss Ap(m/4)=0.5%, the first
mechanism stops. The dips in Figs. (2b) and 2(d)
abruptly disappear. The x eigenstate oscillates until
the second mechanism appears for a sufficiently low
intensity near the threshold. The hysteresis domain
occurs indeed over almost the whole laser profile,
as shown in Fig. 3(a). In this inhibition mechan-
ism, the hysteresis loop shrinks, as shown in Figs.
3(c) and 3(e), for further increased values of A¢,,,
in agreement with the predictions. The * 45° polar-
izer test shows neither dips nor peaks, as shown in
Figs. 3(d) and 3(f), excluding therefore the rotation
mechanism. The two types of first-order transitions
corresponding to the two paths are clearly identi-
fied. Moreover, note that by reducing the excita-
tion, with the rotational losses remaining constant,
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FIG. 3. The inhibition mechanism. (a) Same as in
Fig. 2(a) for A¢,,=1.5°. (b) Same as in Fig. 2(b) for
Ady=1.5°. (c) Same as (a) for Ag,, =8°. (d) Same as
(b) for A¢,=8°. (e) Same as (a) for Ag,, =12°.
(f) Same as (b) for Ag,, = 12°.

it is always possible to reduce the barrier AOB com-
pared to the barrier AMB. This is confirmed by the
experiment; the rotational peaks that exist for
A¢,,=0.8° for instance abruptly disappear when
the excitation is decreased and the inhibition pro-
cess appears. Furthermore, the possibility of ob-
serving vectorial instabilities is easily obtained when
A¢,, goes to zero, the rotational first-order transi-
tion potential being flattened in its # dependence.
This is shown in Fig. 4(b) for the whole oscillation
domain. If the frequency tuning of the laser is
stopped, the instabilities remain and are observed
versus time with a 7-us period, as in Fig. 4(c).

FIG. 4. Vectorial instabilities for A¢,, =0°. Output
power (a) vs frequency without polarizer, (b) vs frequen-
cy with polarizer, and (c) vs time at fixed frequency (10
wus/div).
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In conclusion, the spatial extension of the Lan-
dau theory, in the study of the dynamics of laser
eigenstates, predicts two different types of first-
order phase transitions which are experimentally
confirmed. These dynamics may lead to new intrin-
sic devices based on the vectorial bistabilities and
instabilities and may give new insights in two-
eigenstate—laser injection locking experiments.
Similar eigenstate dynamics are expected on other
types of lasers with different basic eigenstates.
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FIG. 2. The rotation mechanism. (a) Output power /
of the x eigenstate polarization vs frequency for
Ady=0.8° (7 axis, 3 uW/div; v axis, 60 MHz/div).
(b) I with polarizer rotated at 8=m/4 for Ad, =0.8°.

(c) Same as (a) for Ady=1.2°. Same as (b) for
Ay =1.2°



FIG. 3. The inhibition mechanism. (a) Same as in
Fig. 2(a) for A¢,=1.5°. (b) Same as in Fig. 2(b) for
Ay =1.5°. (c) Same as (a) for Ap,, =8°. (d) Same as
(b) for Ag,,=8°. (e) Same as (a) for Ady=12°
(f) Same as (b) for Ay, =12°.



FIG. 4. Vectorial instabilities for A¢,, = 0°. Output
power (a) vs frequency without polarizer, (b) vs frequen-
cy with polarizer, and (¢) vs time at fixed frequency (10
ps/div).



