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Abstract 

Passive fiber ring resonators synchronously pumped by cw trains of ultrashort pulses are shown to exhibit polarization 
symmetry breaking. Application of this feature to all-optical storage is considered. The proposed storage device operates in 
the flip-flop mode which makes possible all-optical writing and erasing operations on individual bits. Numerical simulations 
suggest that a storage capacity of the order of thousand bits could be attainable at bit rates of hundreds of Gb/s with a 
maximum information processing rate of several Gb/s. 

1. Introduction 

Optical storage devices are essential elements of future 
ultra-high bit-rate fiber communication systems in which 
they will find applications to various vital functions. For 

instance, they will be used as buffers in slotted time-divi- 
sion-multiplexed networks where packets of data must be 
stored during clock recovery or rate conversion operations. 
In order to be compatible with fiber links bandwidth, data 
storage should ideally be performed all-optically. Pulse 
pattern storage has been demonstrated in various fiber loop 
devices [l-4]. These devices are based on regenerative 
loops [I ,2] or mode-locked fiber-ring laser configurations 
[3,4]. They involve various pulse control techniques in 

order to provide timing stability of the bit patterns. Most of 
these stabilization techniques are based on electro-optic 
modulation which limits the bit rates to a few tens of 
Gb/s. Moreover, erasing the data in these storage fiber 
loops requires switching off the system electro-optically. 
Individual bit addressing is therefore impossible, which 
considerably restricts the functionality of the devices. 
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In the present communication, we investigate the possi- 
bility of developing a new type of all-optical fiber loop 
storage devices. These devices consist of simple nonlinear 

passive fiber ring resonators synchronously and coherently 
pumped by a cw mode-locked train of ultrashort pulses. It 
is well known that these systems exhibit rich nonlinear 
dynamics involving, in particular. optical bistability and 
period-doubling instabilities [5]. Optical bistability is a 
feature which is naturally suited for applications to optical 
storage [6]. However, erasing the data in an optical bistable 
element requires to switch off the holding beam and is 
therefore not practical. Several solutions were proposed in 
the literature to overcome this difficulty. On one hand. one 
finds double-beam ring cavities [7,8] or Fabry-PCrot [9] 
configurations. Besides optical bistability, these devices 
exhibit a pitchfork bifurcation which makes possible set- 

reset flip-flop operations [lo,1 I]. On the other hand, some 
authors have suggested the use of the polarization of the 
electromagnetic field as information carrier and have de- 
veloped bistable elements based on polarization dynamics 
[ 12- 141. Hybrid bistable devices as well as Kerr-type 
Fabry-PCrot resonators based on this principle have been 
suggested and studied experimentally [ 131. These devices 
are based on bulk optics technology. They then require 
high nonlinear index changes. which can only be provided 
by slow physical processes such as thermally induced 
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Kerr-type nonlinearity [1X14]. Moreover, a high capacity 
memory hazed on this technology requires the integration 
of a large number of histable elements on the same sup- 
port. each of the elements being addressed individually by 
a separate laser beam in a way analogous to what is 
proposed by McDonald et al. [ I5] for the so-called spatial 
solitary-wave bistable memory. Such massive parallel ad- 
dressing requires rather complex technological develop- 
ments. In opposition to this. the use of optical silica fibers 
as nonlinear media with synchronous pulsed excitation 
makes possible the realization of high capacity storage 
with a single fiber loop. 

In a recent paper. Haelterman et al. [ 171 have studied 

the polarization dynamics of nonlinear dispersive ring 
cavities. They have shown in particular, by use of a 

mean-field approach to the problem. that these devices 
exhibit a polarization symmetry-breaking characterized by 
a pitchfork bifurcation analogous to that observed in the 
above mentioned double-beam nonlinear Fabry-Perot res- 
onator. As in that latter case, this feature can be applied to 
the development of a set-reset flip-flop all-optical fiber 
loop memory. Our communication aims at presenting the 
results of a preliminary investigation of such a storage 
device. The paper is organized as follows: In Section 2. the 
device and the mathematical model used to its description 

are presented. In Section 3 we briefly analyze numerically 
the dynamics of the polarization symmetry-breaking bifur- 
cation in the synchronous pulsed regime including disper- 
sion effects. A detailed analysis of the set-reset flip-flop 

operation mode in the synchronous pulsed regime is then 
given. Section 4 presents the result of numerical simula- 
tions of basic storage and switching operations on pseudo- 
random bit packets. Finally, Section 5 is devoted to our 
conclusions in which we discuss, in particular. the practi- 
cality of the proposed device. 

2. Device and theoretical model 

The fiber loop storage device is schematically depicted 
in Fig. I It consists of a ring cavity made of a single-mode 
dual-polarization passive fiber. Two couplers provide input 

and output ports for both the pump and the signal. The 
fiber ring is coherently and synchronously pumped through 
coupler I by a high repetition rate cw mode-locked pulse 
train. The cavity round-trip time rR is a multiple of the 
period tS of this pump wave. Each pulse of the periodic 
pump wave constitutes a bit of the optical memory. Syn- 
chronous pumping insures timing stability of these bits and 
thus no active stabilization elements are needed in the 
cavity. The second coupler provides the signal input port 
through which trigger pulses are launched in the cavity to 
write and erase the bit patterns. The principle of operation 
of the triggering is described in Section 3. 

For the sake of simplicity, we assume that the fiber 
birefringence is sufficiently low to be neglected in the 

Fig. I. Schematic of the nonlinear passive fiber ring cavity 

proposed as polarization based all-optical memory. 

model. We also assume that the couplers are polarization 
insensitive. We shall see in Section 4 that anisotropy does 
not modify the qualitative behavior described from this 
model provided that it is small. In terms of the circular 
polarization components E, = (E, & i E, )/(2)“‘, the 
propagation of the electromagnetic field during the nth 
round trip in the fiber cavity is ruled by the incoherently 
coupled nonlinear Schrodinger (NLS) equations [ 181: 

dE’; i i)‘E; 
-= --~+i(tie;12+~lE’;IZ)E’;, (I) 
az 2 dT’ 

where we have used the following dimensionless variables: 

Z = z/f. where : is the coordinate along the fiber axis and 
L is the cavity length. T = t( p”L)- ‘I’ where t is the time 
coordinate in a reference frame traveling at the group 
velocity of light and /I?” is the dispersion coefficient. 
Ei= (yL)‘/‘A i where A k is the electric field amplitude 
and y= 2n2w(cA,,)-‘, 11~ being the nonlinear index 
coefficient and A,, the effective fiber core area. Note that 
in accordance with the sign of the second derivative in Eq. 
(I). we only consider the normal dispersion regime. This 
allows us to avoid the detrimental effect of the temporal 
symmetry breaking instability that would lead to uncon- 
trollable changes in the pulse peak positions [ 161. 

The cavity field dynamics are completed by the follow- 

ing cavity boundary conditions: 

E’i’ ‘(Z = 0.T) = OE’“(T) 

+p’exp(-iB’)E’;(Z= 1.r) 

(2) 

where tJ and p are the amplitude transmission and reflec- 
tion coefficients of the couplers ( p2 + 0’ = I). E”‘(T) 
represents the normalized equal circular polarization com- 
ponents of the linearly polarized pump wave. The quantity 
c#J,, = 30’ is the linear phase detuning of the cavity. For 
simplicity, the detuning is described in the following by 
the scaled detuning parameter d = c#I~K’, where 0’ rep- 
resents the loss of the cavity. In the good cavity limit 0’ is 
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inversely proportional to the finesse of the cavity and d 

thus gives the deviation from resonance in terms of reso- 
nance widths. This allows us to quantify the detuning 

independently of the finesse. Iterating the map (21 requires 
numerical integration of the coupled NLS equations (1). 
To this end we used a standard split-step Fourier algo- 
rithm. 

In the case of cw excitation it is well known that the 
steady-state linearly polarized (scalar approximation) solu- 
tions of map (2) exhibit optical bistability [5]. Areshev and 
coworkers [ 191 found, in the equivalent spatial problem 
with linearly polarized plane wave excitation, the existence 

of a symmetry-breaking bifurcation characterized by the 
appearance of branches of elliptically polarized steady-state 
solutions. underlining that optical bistability description in 
nonlinear resonators without taking into consideration po- 
larization results insufficient. 

Fig. 2 shows the cavity steady-solutions obtained iterat- 

ing Eqs. (11 and (21 with cw input excitation 0’ = 0.05 
and 3 = 4. Besides optical bistability, symmetry-breaking 
appears as a pitchfork bifurcation of the linearly polarized 
(that is, symmetric) solution. At the bifurcation point, the 
linearly polarized solution exchanges its stability (with 
respect to cw perturbations) with two new stable ellipti- 
cally polarized solutions, with the same ellipticity and 
opposite handedness. Ref. [ 171 presents, through a mean- 
field description of our device, a simple analysis of this 

X,, 

Fig. 2. Steady-state responses obtained with linearly polarized cw 
input pump. Besides the bistable loop. a symmetry-breaking pitch- 

fork bifurcation appears with elliptically polarized states with the 

same ellipticity (defined as + tan(6, /a,) where b, and a, are the 

short and long axes of the polarization ellipse) and opposite 

handedness. Dashed curves correspond to unstable symmetric 

(linearly polarized) states. The cavity parameters are LI = 4 and 

0’ = 0.05. 

bifurcation with cw input excitation. In particular, it is 

showed that the polarization symmetry-breaking bifurca- 
tion requires a detuning A greater than (3)“’ (which in 

turn implies a scalar bistable response) and analytical 
expressions are obtained for the threshold intensity X,, bif. 

In the following section we show that polarization 
symmetry-breaking bifurcation still exists in the case of 
synchronous pulsed excitation. 

3. Polarization symmetry-breaking and flip-flop opera- 
tion 

Let us first consider the presence of the pump wave 
alone in the cavity. We assume that the pump wave is 

composed of ideal transform-limited linearly polarized sech 
pulses which we note E’” = Xi/‘sech(T/T,) where X, is 
the normalized input peak power and T, the normalized 
pulse duration. Fig. 3(a) shows the obtained response of 
the cavity to the periodic pump. It shows the peak power 
of each polarization component of the cavity pulses Yr = 
IE+(Z= O,T= O)lz and Z, = lE_(O.O)l” versus the input 
power X, for the following dimensionless parameters: 
pulse duration T, = 10, cavity detuning A = 4, and cavity 
loss 0’ = 0.05. As can be seen, at low input peak power 

the cavity response curve exhibits the usual scalar bistable 
cycle [16] where the two circular components are equal 
(Y, = Zr). However, for input peak power greater than a 
threshold X, blf, a polarization symmetry-breaking bifurca- 
tion clearly appears: the linearly polarized state becomes 
unstable and the field switches to either a right-handed or 
left-handed elliptical polarization state. The pulse profiles 
corresponding to the stable asymmetric branch are shown 
in Fig. 3(b) for X, = 0.078. a value greater than X,,,,,. 
Note that both pulses have the same total intensity. In Figs. 
3(c), 3(d) we plot the parameters of the corresponding 
polarization states. We show that locally both states have 
the same ellipticity but opposite handedness. 

This behavior has been observed over a wide range of 
parameters. Numerous simulations performed for values of 

r,, ranging from 1 to 20 have led to qualitatively similar 
results. We have observed however that the shorter the 
pulse width the larger the bifurcation intensity Xp,bif. This 
is graphically shown in Fig. 4 for the same cavity parame- 
ters than Fig. 3(a). The threshold intensity for T, = 2 
becomes an order of magnitude higher than with cw input. 
We have also verified that the symmetry breaking does not 
depend critically on the cavity finesse. It has been ob- 
served for cavity losses as high as 0.3. These results 
suggest that the polarization symmetry breaking would 
occur in many practical situations and that its application 
to optical storage is worth investigating. 

The proposed storage device uses the possibility to 
switch the polarization state of the cavity pulses from one 
asymmetric branch to the other. One way of performing 



Fig. 3. (a) Steady-state curves obtained for the cavity pulse peak intensity Y,, and Zp versus the symmetric pulsed input XI,+ = X,_ = X,. 

The histahle loop and the asymmetric solutions are shown. Dashed curves correspond to the unstable symmetric states. The parameters are 
3 = 4. r, = IO and p’ = 0.95. with no birefringence. (h) Power profiles of the two steady asymmetrical cavity-pulses (“I” and “0” of the 

memory proposed) corresponding to X, = 0.078 in (a). They have the same total intensity and only different polarization features. (c). Cd) 
Ellipticity and azimuth of the polarization ellipse corresponding to the two above asymmetrical cavity-pulses. 
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Fig. 4. Influence of the input pulse width on the threshold 

intensity of the symmetry-breaking bifurcation with the same 

parameters as in Fig. 3(a). The increase of X,,,,, for shorter input 

pulses is evidenced. The curve tends to the cw threshold intensity 

value as T,, goes to infinity. 

such a switching is simply to increase selectively the 

intensity of one of the polarization components of the 
pump pulses. This increase would break the balance be- 
tween the opposite circular polarizations and would force 
the cavity pulses to take the dominating polarization. The 
way in which switching occurs is illustrated in Fig. 5 

where we plot the cavity pulse intensities Y,, and Z, as a 
function of the power of one of the input pulse compo- 
nents. say, XP+, for a fixed value of the power of the other 
which we choose above the bifurcation point. X,_ = 0.078. 

t 
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1 

Fig. 5. Interleaved response curves of YP and ZP versus XP+ 

with the same parameters as in Fig. 3(a). The fixed left circular 

input intensity X,_ = 0.078 is chosen above the bifurcation point. 

The increase of the right circular intensity induces switching of 

the right circular power from I, to I, and the left one from I2 to 

‘1. 

The response curves take the form of two interleaved 

hysteresis cycles. The two intersecting points I,, I, corre- 

spond to the lower and upper asymmetric branches of Fig. 
3(a) for X, = 0.078. respectively. If the right circular 
intensity of the cavity pulse is initially on the lower branch 

(point I, ), a trigger pulse added to this polarization compo- 
nent in the pump field will make this polarization follow 
the bistable hysteresis cycle and switch to the upper branch 
(point 12). In the meantime the left polarization compo- 

nent. which was initially on the upper branch (point I?). 
has switched towards the lower branch (point I, 1. Natu- 
rally this operation can be repeated with the other polariza- 
tion component to reset the system to its initial state. This 
simple reasoning shows that set-reset flip-flop operations 

can be performed in the fiber ring, which then appears as a 
potentially interesting device for all-optical storage appli- 

cations. 
Although this way of performing flip-flop operation 

seems natural from Fig. 5. it is not practical. In fact the 
characteristic switching times of the hysteresis cycles of 
Fig. 5 are of the order of the cavity build-up time. This 
implies that the trigger pulse for the switching of a given 
bit must be hold on during several round-trips. Operations 
on individual bits are therefore slow and relatively com- 

plex. To avoid this difficulty the polarization state of the 
pulses should be switched within the cavity. Ideally. one 
could use an ultrafast all-optical nonlinear polarization 
switching element in the cavity in order to perform flip-flop 
operation on the time scale of the pulses duration. Here. 
we study a simpler technique: we consider triggering by 
injection in the cavity of polarized pulses of large inten- 
sity. As we shall see below. such injection forces the 

cavity pulses to take the polarization of the trigger pulses 
and allows therefore for flip-flop operations. 

Fig. 6 illustrates the switching dynamics obtained with 
this triggering technique. It shows the pulse peak intensi- 

ties YP and Z, of both polarization components within the 
cavity as a function of the number of round-trips. The 

Number of roundtrips (n) 

Fig. 6. Illustration. through the dynamics of the peak powers, of 

the flip-flop operation of a single pulse in the cavity. Same 
parameters as in Fig. 3(a) with X, = 0.078 and cavity trigger 

amplitudes E, = 0.56. 
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Fig. 7. Transient dynamics showing switching for some values of 

phase differences between trigger and pump pulses, cp E [0,2 r ). 

Down-switching is obtained for any value of q with an adequate 

trigger amplitude. The amplitude values of the circular left-handed 

triggers are E_ = 0.56 (qz = 0 and 37r/2), E_ = 1.19 (9 = n/2) 

and Em=0.69(~=n). 

parameters are those considered in Fig. 3. The first part of 
the curve corresponds to the initialization of the system. 
The pump intensity X, is increased abruptly beyond the 
bifurcation point up to X, = 0.078. As can be seen in Fig. 
6, after damped oscillations the system reaches the unsta- 
ble symmetric state. Due to small perturbations initially 
seeded, the symmetry is broken and the system tends to 
one of the stable asymmetric states of Fig. 3. With our 
convention this state corresponds to a low intensity in the 
right-handed polarization component (point I, in Fig. 5 or 

“0” in Fig. 3(b)). Once the steady state is established, a 
single trigger pulse is injected in the cavity with a purely 
circular right-handed polarization. an amplitude of E+= 
0.56 and same width as the input. As can be seen, under 
the effect of the trigger pulse. the polarization state swaps 
from one stable asymmetric state to the other. Lower 
amplitude values of the trigger do not lead to switching. 
After the transient a second trigger pulse is added to the 
system with a left-handed polarization in order to reset the 
system to its initial state. Hence, a complete cycle of 
set-reset type flip-flop operation is accomplished. 

The influence of the phase relationship between the 
trigger pulse and the input cavity field has been investi- 
gated. We have considered circularly polarized trigger 
pulses of the form EtrIB = X$& sech(T/T,) exp(i cp) with 
Xf,& the peak amplitude and cp the phase difference 
between the trigger and input pulses, ranging from 0 to 
27r. We have verified that up and down switching can be 
produced with any value of cp just taking an appropriate 
trigger amplitude. Fig. 7 shows the transient dynamics 
with some phase differences evidencing down-switching in 
all cases. 

4. Memory operation 

The above study of polarization switching in the fiber 
loop has been performed by numerical simulations of the 
propagation of a single isolated pulse synchronously 
pumped in the cavity. In order to assess the usefulness of 
the studied processes for application to optical storage, it is 
necessary to investigate the dynamics of pulse trains in the 
cavity. Pulses in these trains must be addressable indepen- 

dently in order to store information in the cavity. The 
capacity of a fiber loop memory is strongly dependent on 
the allowed pulse spacing. It is therefore important to 
study pulse interaction in the cavity. This is the aim of the 
present section. 

We performed numerical simulations on packets of 
eight pulses. Fig. 8 illustrates switching operations using 
the trigger mechanism studied above, it is representative of 
our simulations. It shows in the form of contour lines, the 
intensity of one of the polarization components (by con- 
vention, the predominantly right-handed polarized pulse 
associated with bit “I “). The cavity parameters are those 

of Fig. 6 and the input pulse separation is 5 times the pulse 
width. The system is initialized with a uniform sequence of 
eight bits “1”. A left-handed trigger pulse is launched in 

Fig. 8. Illustration of erasing (or writing) operations of individual 

bits. The stability of the bit patterns through several roundtrips is 

shown. The eight cavity-pulses initially represent the periodic 

binary code .., 1 I I 11 I 1 I,., After the first trigger launched. the bit 

packet stored becomes . ..l I IO1 I I I..., and finally. with the addi- 

tion of another trigger. we switch to . ..I 11001 I I... To clarify the 
switching dynamics, contour lines are plotted only for the highest 

intensities. The simulation is performed with X, = 0.078, A= 4. 

T,, = IO. p’ = 0.95 and pulse separation of 5 times the pulse 

width. 
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Fig. 9. Switching of one bit from ” I .’ to “0” while the surround- 

ing bits remain unchanged for a minimum pulse separation of 2 

times the pulse width. Same parameters as in Fig. 8. 

the fourth time slot in order to switch the corresponding bit 
to “0”. After the transient another left-handed trigger 
pulse is used now to switch the fifth bit to “0”. This 

simulation clearly shows that erasing (or writing if we 
consider the predominantly left-handed steady pulse as the 

“ 1”) can be performed independently on each pulse of the 
bit pattern. Our numerical experiments have also shown 
that flip-flop operation (i.e. erasing and writing on the 
same time slot) can be accomplished on individual bits of 
the stored pattern. The separation between the pulses in the 
bit string can be decreased to a minimum of 2 times the 

pulse width. This is illustrated in Fig. 9 where we show the 
switching of one bit from “1” to “0” while the surround- 
ing bits remain unchanged. Note that contrary to the usual 
fiber loop storage devices, the bit patterns in the syn- 
chronously pumped cavity do not need timing stabilization 
techniques. the stability of the pulse position being pro- 

vided by the synchronous periodic pumping. 
Because the principle of operation of the proposed 

device is based on polarization dynamics, it is essential to 
investigate the behavior of the system in the presence of 
birefringence in the fiber. In practice. residual or stress-in- 
duced birefringence is unavoidable in optical fibers and to 
be realistic our model should account for it. When consid- 

ering weak birefringence the coupled NLS equations de- 
scribing pulse propagation in the cavity become [20]: 

+ iKEnf+ i6E;. (3) 

where K and 6 respectively are the scaled linear and twist 
induced circular birefringence coefficients given by K = 

(/3, - p,.)L/2 and 6 = 0.08tL with 5 the number of 
twists per unit length [21]. Let us first consider the pres- 
ence of linear birefringence only. In this case the birefrin- 
gent terms in Eq. (3) do not break the symmetry of the 
system. Accordingly, numerical simulations have shown 

Z,(or 

Number of roundtrips (n) 

Fig. IO. (a) Influence of the linear birefringence on the threshold 

bifurcation intensity for cw input. Same parameters as in Fig. 2. 

Similar dependence is obtained with pulsed input. (b) Steady-state 

responses obtained with synchronously pulsed pump. weak linear 

birefringence (K = 0.4, S = 0) and A = 4, T, = IO and p’ = 0.95. 

The bifurcation presents threshold bifurcation intensity two orders 

of magnitude higher than without anisotropy, Fig. 3(a). Moreover, 
bistability appears between the symmetric and asymmetric 

branches. Cc) Flip-flop operation is shown to be possible with 

x, = 3.5. 



that aymmctry brcahing still occurs in cw and pulsed 
r-rgime. However. the threshold intensity for symmetry- 
breaking bifurcation is extremely dependent on the bire- 
fringrncr. This ih presented in Fig. IO(a) for cw input 
excitation, -I = 4 and H’ = 0.05. An equivalent depen- 
dence ir obtained with synchronously pulsed pump. Owing 
to the high input intensities required to operate the device 

in the symmetry-breaking domain, stable flip-flop opera- 
tions can only be performed with birefringence sufficiently 
small. As a general rule, the birefringence must be hn 5 
10 -’ for fiber loop lengths of the order of a few meters. 
Such a low birefringence can be obtained in especially 
designed fibers such as the so-called spun fibers [‘_I]. As 

illustrated in Fig. IO(b) for pulsed input, the symmetry- 
breaking bifurcation presents a threshold intensity two 
orders of magnitude higher than without birefringence and 
bistability appears between the asymmetric and symmetric 
branches. Fig. IO(c) illustrates flip-flop operations in the 

conditions of Fig. IO(b). 

( 

YP 

z* 

a) /. 

Number of roundtrips (n) 

Fig. 11. (a) Pulsed steady-state curves obtained with low circular 
birefringence (6 = I OK3, K = 0). For clarity, only the right-handed 

polarization is shown. (b) Flip-flop operation is shown to be 

possible with X, = 0.078. 

t 

Fig. 12. (a) Pulsed steady-states curves obtained with a strong 

twisting in the fiber. 6 = 27r, and weak linear birefringence 

K = 0.4. For clarity. only the right-handed polarization is plotted. 

The averaging of the linear birefringence to zero and the approxi- 

mated validity of the isotropic model of Eqs. (1) and (2) ia shown. 

(b) Illustration of flip-flop operation with X, = 0.078. 

In the presence of circular birefringence. the terms 

fiSE, must be considered in Eq. (3). These terms 
clearly break the symmetry of the equations and the sym- 
metry-breaking bifurcation can no longer be observed. 
However, in the case of low circular birefringence the 
cavity still exhibits multi-valued transmission curves. They 
are shown in Fig. II for the same parameters as those of 
Fig. 3(a) but with a circular birefringence coefficient of 
6 = 10P3. The curves are clearly reminiscent of the sym- 
metry-breaking bifurcation and. as shown in Fig. I I(b), 

flip-flop operation is still possible. This behavior has been 
observed for values of 6 up to 6 = 10P’. Note that 
circular birefringence can be controlled by applying a twist 
to the fiber. Twisting the fiber may therefore be used to 
compensate for residual circular birefringence in order to 
obtain values of 6 compatible with flip-flop operations. 
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Let us point out that twist-induced circular bire- 
fringence provides a way to recover the isotropic model. If 

the applied twist is strong, the resulting circular bire- 
fringence induces an averaging of the linear birefringence 
to zero and can therefore be neglected, which makes valid 
our model with Eqs. (1) and (2). This averaging effect can 
be easily understood from the following reasoning: Apply- 
ing the change of variables E c = F+exp( * i 6Z), the terms _ 
in 6 disappear in Eq. (3) and the linear birefringence terms 
become i K exp( f 2i 6Z)F,. Assuming strong twisting, the 
corresponding large value of 6 will induce fast oscillations 
of these terms. Integration of Eq. (3) will then average 
them to zero and Eq. (3) become identical to Eq. (I ). 
Naturally. in order to keep the same boundary conditions, 
Eq. (21, the twisting must be controlled such that the same 
detuning is obtained in both polarization components. In 
other terms, 6 must be a multiple of 7~. This condition can 
be obtained by means of a polarization controller in a way 
analogous to what was done in previous fiber cavity 

experiments [22]. Fig. 12(a) shows the obtained results for 
the same parameters of Fig. 3(a), but K = 0.4 and 6 = 2~. 

Flip-tlop operation is shown in Fig. 12(b) for the birefrin- 
gent conditions of Fig. 12(a). This brief analysis of bire- 
fringence effects suggests that flip-flop operations seem 
possible in practical nonlinear fiber loops. 

5. Discussion and conclusion 

In conclusion. we have investigated the possibility of 
realizing a passive all-optical fiber loop memory based on 
polarization dynamics. The principle of operation is based 
on a polarization symmetry-breaking bifurcation. This fea- 

ture allows for set-reset flip-flop mode of operation which 
constitutes a significant advantage with respect to usual 
fiber loop storage devices. Another advantage of the pro- 
posed device is the high potential bit density. Due to the 
good stability of the system the pulses can be packed at a 
high density. The maximum number of bits that can be 
stored in the cavity is Nhlt, = I~/[TT,,( p”L)‘/‘], where 7 

is the ratio between the pulse spacing and the pulse width. 
We choose here T = 2 as in the illustration of Fig. 6. For a 
fiber length of 1 m, a cavity loss of 0’ = 0.05, a normal 

dispersion of IO ps’/km. and an input pulse width of 
T,, = IO which corresponds in real units to I ps, the 
roundtrip time is approximately 5 ns and the number of 

stored bits is 2.5 X 10’. This value corresponds to a bit 
rate of 500 Gb/s. This bit rate is the rate at which the 
pump pulses have to be supplied and is thus also the rate at 
which the “read-out” of information stored is delivered. 
Another important parameter is the rate at which informa- 
tion can be processed. Typically the time for a bit to be 
encoded is around loot,. Thus, the maximum information 
processing rate (IPR). i.e. the number of bits encoded by 
unit of time is 2.5 X IO3 bits/500 ns = 5 Gb/s, assuming 
that every bit in the circulating binary string is required to 

be changed. On the other hand, if only one bat in the string 
is required to be changed then the IPR drops to 1 bit/500 
ns = 2 Mb/s. 

The above physical conditions correspond to the fol- 
lowing power requirements: if we consider a wavelength 

of 800 nm with nonlinear coefficient y = 60 km ’ W _ ’ 
[?3], the bias intensity X, = 0.078 corresponds then to a 

peak power of approximately 2.5 W. and the cavity pulse 
peak power is of the order of 10 W, while the value of the 
trigger pulse peak power in the cavity is 5 W. 

The stability of the synchronous and coherent pumping 
is another important issue to be addressed. In the theory 
presented above. we considered that the cavity phase de- 
tuning has a given constant value. In order to obtain such a 
condition in practice, the cavity length must be interfero- 
metrically stabilized. This can be performed by means of 

the technique proposed by Reynaud et al. [24] in which 
interferometric stabilization with an accuracy of A/200 of 
fiber lengths of several tens of meters has been described. 
As a matter of fact, on the basis of this technique we are 
now making an experiment [25] on the scalar version of 
the nonlinear fiber loop presented here. Results indicate 

that cavity length stabilization can be performed at an 
accuracy of h/200 using a picosecond mode-locked Ti- 
Sapphire laser. Note that the principle of operation of the 
proposed flip-flop memory can be used in other systems 
exhibiting a polarization symmetry-breaking bifurcation. 
For instance, a spatial memory could be realized in the 
so-called A-system [36]. This device consists of a Fabry- 
Perot cavity filled with a two-level atomic vapor. A polar- 
ization symmetry-breaking similar to that described here 

for silica fibers has been observed experimentally in this 
system. 
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