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1. Introduction

Optical bistability has received much attention from researchers
as well as theorists during the past decade. Bistable optical
devices may play an important role in such fields as optical
computing in addition to optical signal processing and photo-
nic switching in optical communication systems. Bistable
optical devices may potentially be used as optical transistors,
memory elements, and logic elements.

Most bistable optical devices built until today require both an
optical resonator and a nonlinear medium to operate. Passive
devices have been demonstrated in both nonlinear dispersive
[1, 2] and absorptive media [3]. The first active devices, i. e.
laser resonators containing a saturable absorber, were demons-
trated over 20 years ago [4, 5]. Experimental results from
experiments on instabilities in lasers with saturable absorbers
have stimulated continuing theoretical research [6—8] aimed
at describing time-dependent behavior observed in this kind of
laser. Steady-state analysis of the performance of lasers with the
saturable absorber developed in Ref. [9—12] have been limited
to the mean field approximation. This is due to the fact that, in
this case the laser field is assumed to vary slowly over the length
of the resonator. A laser with a uniform intensity inside the
cavity is extremely appealing because of its analytical simplicity.

However, in a two-mirror laser with a saturable absorber, the
uniform intensity model could give an incorrect estimate of the

laser intensity and the output power characteristics. Additional-
ly, in inherently high gain systems (for example semiconductor
lasers) operating as a bistable device, the single-pass loss in the
nonlinear absorber may become appreciable, causing a con-
siderable change in the field intensity within the laser cavity.

Models using laser containing a saturable absorber, and also
take into account the axial field dependence have been develo-
ped in Ref. [13]. Results were obtained by numerical integ-
ration of the standard propagation equations for laser intensity
in an amplifying and absorbing medium, taking into account
boundary conditions at the two resonant end mirrors. This
approach, although providing specific solutions, is hardly
useful when designing real bistable structures, due to the large
number of characteristic parameters involved in the description.

In this paper we will present an approximate analysis of
a two-mirror laser with a saturable absorber inside the cavity.
Our approach is based on the energy theorem and threshold
field approximation, developed earlier for various structures of
interest [14—16]. It provides results agreement with exact
solutions for Fabry-Perot lasers [14] as well as for distributed
feedback lasers [15, 16] for the values of the system parameters,
which are likely to be of practical interest. In particular, less then
20% error was found for two-mirror lasers [14]. Our paper is
divided into two parts. In the first part we derive an approximate
expression showing the relation between small signal
(unsaturable) gain output power normalized to saturation



power in the active medium and system parameters. Saturable
losses in the structure are taken into account. Using this
expression, we derive the laser characteristics. The derived

characteristics reveal the optimal output coupling reflectivity ~

which in turn provides maximum output power for a given
pumping rate for the active medium as a function of the system
parameters such as linear loss in the structure, small signal loss
coefficient (describing the saturable losses at zero light inten-
sity level), saturation power of the absorptive medium as well as
the length of the laser.

In the second part of this paper we discuss the conditions for
bistable operation of the laser as a function of the system
parameters.

Part |. of this paper is organized as follows. In the next Section
we derive the approximate expression for small signal gain with
the help of the energy theorem and threshold field approxima-
tion. The expression takes into account nonlinear gain as well as
loss saturation in the laser medium. In Section 3, the laser
characteristics are presented, revealing the optimal coupling
strength which provides the maximal power efficiency of the
structure. Conclusions are presented in Section 4.

2. Energy theory

We begin our analysis with the basic Fabry-Perot laser equa-
tion. The equation for field amplitudes inside the cavity taking
into account nonlinear gain saturation as well as nonlinear loss
saturation can be written as follows
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where R and S are the complex amplitudes of two counterrun-
ning waves of the laser mode, é is the frequency parameter
describing the frequency shift of the mode from the passive
cavity resonance and «* denotes the coefficient of the
nonsaturable distributed, (linear) losses in the structure. For
homogeneous broadening, with spatial hole burning effects
neglected, the saturated gain «?*" in the medium can be related
to the small signal gain «2*" for central tuning by the following
equation
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where P is the saturation power of the active medium and
# , (z) is the normalized function describing spatial distribution
of the small signal gain in the active medium (which depends on
the pumping).

Similarly, we can express the saturable losses «'* in the
structure by the small signal loss coefficient af* in the following
equation

2= aldmfi (z)
T+ (IRF+ISP)/PE™

loss

(4)

where P*** is the saturation power of the nonlinear absorber and
F,(z) describes the spatial distribution of the small signal loss
coefficientin the absorptive medium (for example, this function
can describe the spatial distribution of absorptive centers in the
medium).

We normalize R and S in so that the expression | R (2)|*+
+|8 (2)|* describes the total power in the structure. Now,
multiplying equation (1) by A" (complex conjugate of R) and
Eq. (2) by S§* and adding these two equations and their
conjugates, we obtain
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The boundary conditions for our structure can be described by
the following equations

IR(L)IPr = 1S (L)% ISP =|R(0)?,  (6)
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where r, and r, are the real amplitude reflectivities of the end
mirrors; PR, + PS5, =P describes the total power escaping
from the structure; and L is the length of the laser cavity.
Integration of Eq.(5) from z =0 to z= L, while taking into
account boundary conditions, described by Egs. (6) and (7),
gives,
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This relation is exact and states that power escaping from the
ends of the structure is equal to the net power generated inside
the structure. We will use relation as a starting point for our
approximate analysis.

For our purposes, we will approximate the field distribution
appearing in the energy theorem, Eg. (8), including non-
linearities, by the one existing in the linear structure. In other
words, we will satisfy all linear equations (valid at the threshold
laser operation), with o#™ = g8 and o'* = off*) for the fol-
lowing boundary conditions

[R(L)Iry =1S(L)] and  [S(O)|r, = |R(0)]
It is worth noting, that the threshold operation in the case of the
bistable device is equivalent to the switch-up point (see Part II).

Thus we assume that the field amplitudes /A and S, appearing
in Eq. (8), are proportional to the threshold field distribution
and have unknown amplitude A. This gives us

A .
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where  y = (1/2L)In[1/(r,r;)] = aldfin—glyss —gfoss (10)
Itshould be noted that this approach has been verified earlier for
Fabry-Perot [14] and distributed feedback lasers [15, 16] with
linear losses.

Taking into account boundary conditions, Eq. (7), and the
field distribution, Eq. (9), we can relate the amplitude A to the
output power in the following way

P‘""
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Combining the approximate field distribution for R and S,
Eq. (9). and the expression for field amplitude, Eq. (11), with
the energy theorem, Eq. (8), we obtain
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where

fr(z) =exp(yz) and f5(2) = exp (—yz),

2
parameter f describes the ratio of the amplifier to absorber
saturation intensity, f = P2"/P¥* and the normalization factor
is defined as
ry ]
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For the normalized small signal gain coefficient «f™ L, the
normalized distributed linear coefficient «”** L, the normalized
small signal loss coefficient off* L, and the normalized propaga-
tion constant yL = I" we can rewrite Eq. (12) as:
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fr (&) = exp(I'Y) and
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Equation (13) is an approximate expression, describing the
normalized small signal gain coefficient 2&%“‘"!. as of output
power normalized to the saturation power of the active medium,
pout/pwain and system parameters. It takes into account gain
saturation as well as saturation of the loss coefficient in the
nonlinear absorptive medium. In the next section we use this
expression to obtain output power characteristics.

3. Numerical results

In this section we describe the results of a numerical integration
of equation (13). The results are obtained with the assumption
that we have uniform distribution of the small signal gain and the
small signal loss coefficients. Similarly the constant linear
distributed loss coefficient is assumed. Moreover, we putr, = 1.
In Fig.1a., the normalized small signal gain coefficient 2ad" is

plotted against the the output mirror reflectivity r, W|th the
normalized distributed linear loss coefficient o L as a parame-
ter. The normalized output power is P°“/PE" =1, the nor-
malized small signal loss coefficient is af* L =1 and f=2. Itis
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worth noting that 2¢%" L plots exhibit a minimum within the
presented range of the output mirror reflectivity r,. Thus, for
given output power level (keeping other parameters of the
structure constant) an optimum coupling strength exists. This
results in a minimum small-signal gain required to maintain the
output-power level. Correspondingly, there is a maximum
output-power level for a given pumping rate of the active
medium. Thus, for optimum coupling strength the laser struc-
ture has a corresponding maximum power efficiency.

It should also be noted that in general, this condition (i. e.
maximum power efficiency) can help to increase the operating
speed of the bistable laser device. In this case, however, the
laser structure operates at the given output power level with the
smallest pumping rate of the active medium. This condition is
important when designing a bistable laser device for
high-speed operation.

Moreover, the optimum coupling strength (i.-e. the optimum
output mirror reflectivity) depends on the linear loss level. With
the increasing linear losses the minimum becomes broader and
shifts towards $maller values of output mirror reflectivity. Thus,
for higher linear losses the power efficiency becomes less
sensitive to the value of the output mirror reflectivity. On the
other hand, however, the small signal gain required to maintain
given output power level increases and the laser structure
operates with a higher pumping rate of the active medium.

The plots of Fig.1b show the dependence of normalized small
signal gain 2oc""f"L as a function of output mirror reflectivity,
with normallzed small signal losses «ly** L as a parameter. The
other parameters of the structure are: poujpoain=1 =2 and
gle={ =0.01. Similar to the previous case an optimum value of
the output mirror reflectivity exists. Note that the characteristics
are less sensitive to the changes of the small signal losses than
to the changes of the linear losses (Fig. 1a). This fact may be
convenient when designing of a real laser acting as a bistable
device, since the changes of the small signal loss coefficient (as
occurs during modelling of the hystheresis loop of the device),
do not significantly affect its power efficiency.

In the next figure, Fig. 1c, the normalized small signal gain
coefficient 204" L is plotted as a function of the output mirror
reflectivity r,, wlth the normalized output power postfpgain ag
a parameter. One can clearly see that the minimum depends on
the output power level. With increasing output power the
minimum becomes broader and the optimal output mirror
reflectivity is shifted towards the lower values. Moreover, we
observe an interesting behavior in the characteristics. Note that
for small coupling strength (i.e. for small values of the output
mirror reflectivity) there is an inversion of characteristics. When
output power is increased, the small signal gain required
decreases. This is a manifestation of nonlinear losses decreasing
faster than the gain available in the structure (> 1).

The inversion of the characteristics disappears at higher
output power levels, since in this region the gain available in the
structure saturates significantly and a higher level of small
signal gain is required to provide a given output power level.
Thusin this region of operation the laser structure exhibits
bistable behavior. Inversion of the characteristics disappers also
at a given power level with increasing output mirror reflectivity.
In this case, the field intensity inside the cavity increases
simultaneously and saturates gain as well as losses in the
structure. As a result, the region of bistability is shifted toward
the smaller values of output power.

Fig. 1d shows the normalized small signal gain 205*{,""‘[
as a function of output mirror reflectivity r;, with the ratio of
saturation power in the active medium to the saturation power
in the absorptive medium, f8, as a parameter. The normalized
output power is P?/P%" =001, the normalized small signal
loss coefficient is ¢ L =1, and the normalized linear loss
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coefficientis a2 L = 0.01. With the increasing value of parame-
ter B the small signal gain required to maintain a given output
power level decreases. This behavior is obvious since the level
of losses in the structure decreases simultaneously due to the
increase in loss saturation. It is worth noting that the output
mirror reflectivity is shifted toward greater values when f in-
creases, and that it tends toward the value limited by linear
losses. This is caused because the loss level in the structure
decreases simultaneously due to the loss saturation effect.

Moreover, at higher output power levels, Figs. 1e and f, the
characteristics become less sensitive to changes of parameter
B since the increasing field intensity inside the laser cavity
saturates the nonlinear loss more effectively.

b)

al

4. Conclusions

In this paper, we have presented an approximate method to
analyse the operation of a laser with a saturable absorber.
Taking onto account axial field dependence in the cavity, we
extend the analysis method of the nonlinear operation of such
a laser device beyond the mean field approximation.

Using the energy theorem and threshold field approximation,
an approximate formula for the normalized signal gain coef-
ficient 289" [ is obtained as a function of the system parame-
ters. Laser characteristics revealing the optimum output mirror
reflectivity providing maximum power efficiency of structure
have been obtained. It has been shown that changes in the
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i 30 Fig.1.Normali-  small signal loss coefficient (characterizing the absorptive
f"i_, zed small sig-  noplinear medium) do not significantly affect the power ef-
- zilr;?:tm ‘;slrf:;f ficiency of the structure, i. e. they do not cause important
o e o5 L=10 reflectivity for ~changes in the optimum value of the output mirror reflectivity.
G o258 L=0.01 different para- Similarly, for higher output levels and higher small signal
2Lt ' meters losses in the structure, the optimum output mirror reflectivity
[ does not depend on the ratio of saturation power of the active
R =5 medium to the saturation power of the absorptive medium, i. e.
parameter f. This fact can be helpful, for an example, when
=10 modelling the hystheresis loop of a bistable device without
30'}- OI.B 0’9 3 significant changes in the power efficiency of the structure. On
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In the next figure, Fig. 1g, similar characteristics are shown as
in Figs. 1d —f, however, in this case the value for the normalized
small signal loss coefficient a* L is increased and is now
alvs [ =10. As in the case of increased output power level, the
increase in small signal loss coefficient in the laser structure
makes the optimum value of the output mirror reflectivity less
sensitive to the changes of parameter f.

Thus we can say that for higher output power levels as well as
for higher levels of small signal loss coefficient, changes of
parameter f during modelling, the hysteresis of the bistable laser
device, do not significantly affect the power efficiency of the
structure.
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the other hand, designing a bistable laser structure with the
optimum output mirror reflectivity (i. e. at the optimum power
efficiency) can help in obtaining higher operation speed since
the laser structure works at the lower pumping rate of the active
medium.

We believe that the presented technique facilitates the design
of bistable laser devices and the calculation of the optimum
output mirror reflectivity providing maximum power efficiency
in the structure.
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